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Abstract 

Studying protonated or metal cationized amino acids and small peptides in the gas 

phase offers an opportunity to better understand these systems on a molecular level, not 

often afforded for macromolecules in solution. In the current thesis, proline containing 

complex ions were electrosprayed and isolated in an FTICR cell where their unimolecular 

chemistries, structures, and kinetics were explored using sustained off-resonance 

irradiation collision-induced dissociation (SORI-CID), infrared multiple photon 

dissociation (IRMPD) spectroscopy and blackbody infrared radiative dissociation (BIRD). 

These experiments were augmented by computational methods such as electronic structure, 

simulated annealing, master equation modeling and atoms in molecules (AIM) calculations.  

The purpose of the present study is to examine the gas phase structures of the 

proton- and sodium-bound proline amino acids. Later the unimolecular chemistries of the 

complexes of proline containing doubly charged first row transition and alkaline earth 

metals were explored. Finally, the structures and the energetics of the complexes containing 

isomeric ProLeu and LeuPro dipeptides bound alkali metal cations were discussed. 

Reasonable agreements between the experimental data obtained from IRMPD spectroscopy 

and BIRD results with the theoretical calculations for the lowest energy forms were 

achieved. In the following sections the influence of the size and identity of the metal cation, 

the gas-phase basicity of the amino acid, anchor site of each ligand and peptide sequence 

on the structures and energetics of molecules were considered. 
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Chapter 1 

Introduction 

1.1. Studying Biological Molecules. Molecular level knowledge about the intrinsic 

structures of small to large biological molecules such as amino acids, peptides, and proteins 

is the starting point for a detailed understanding of their functionality under physiological 

conditions. Details regarding protein–ligand interactions, where the ligand could be any 

other species such as enzymes, water molecules, or even another protein, reveal the nature 

of the various activities happening within the living cells.1 A lot of unknown processes 

causing diseases in living cells are identified in more detail by understanding the structures 

and reactivities of these molecules which may be related to their abnormal 

functionality.2,3,4,5 

The very first proposed concept of the interactions between atoms resulting from 

their tendency to equally share electrons forming a covalent bond, or the electrostatic 

interaction between very polar bonds and electronegative atoms resulting in hydrogen 

bonding, refers back to 19196 and 1936,7 respectively. Although covalent bonding is the 

strongest interaction between atoms, the importance of non-covalent interactions in 

molecular associations cannot be neglected.8 Metal cation interactions in complexes 

involving amino acids, peptides, and proteins through strong inter- and intramolecular 

interactions are key components controlling many chemical processes in living things. 

Identification of the nature of these interactions has had an important impact in 

understanding much of the chemistry of life at the molecular level. 
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Since each protein has a unique amino acid sequence, the details of many protein 

interactions with other biologically important molecules such as enzyme active sites, metal 

cations, other proteins, peptides, and amino acids are still unknown. The presence of a metal 

cation can change the structural properties of these systems resulting in different biological 

functionalities. Understanding the structures and thermodynamics of metal cation chelation 

to macromolecules helps in identifying the details of interactions between these species. 

For example, the selectivity of the epithelial sodium channel (ENaC) to Na+ is important in 

the regulation of sodium ion in the extracellular fluids (ECF) and hence controlling blood 

pressure. Since sodium channels contain a proline side chain in ENaC, structural changes 

caused by mutation of channel subunits result in abnormal binding sites and consequently 

cause diseases such as kidney or Liddle’s syndrome.9,10,11,12 Interestingly, the structures of 

the voltage-gate Na+ channel from Magnetococcus marinus (NavMs) shows high selectivity 

of the channel to create a pore and discriminate between certain ions. Coordination of 

hydrogen-bonded water molecules in sodium channels prevents the direct interaction of 

ions with the side chains of sodium channels. In contrast, in potassium channels, ions can 

directly interact with the side chain of the polypeptide rather than coordinate to water 

molecules (see Figure 1.1).13 

Metal ion coordination can stabilize the zwitterionic (ZW) form of amino acids, but 

depends on factors such as the size and valency of the metal ion and the gas-phase basicity 

of the amino acids, or even on the presence of a solvent such as water.15,16,17,18 Brief details 

of amino acids and peptides, along with their possible structures, are discussed in later 

sections. 
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Figure 1.1. Comparison of ion binding in a sodium (left) and potassium (right) channel. Left: 

Selectivity of NavMs channel to sodium ions (cyan color). Right: Selectivity filter of KcsA channel 

to potassium ions (dark blue color). For clarity, only two monomers are shown. Figure adapted with 

permission from EMBO, 2016, 1-11.14 

 

The rest of this chapter describes the purpose of studying biomolecular ions in the 

gas phase and how mass spectrometric techniques provide detailed insights into the gas 

phase chemistry of ionic complexes involving biologically-relevant molecules. In Chapter 

2, the instrumentation and in Chapters 3-6, applications of mass spectrometric techniques 

in the characterization of non-covalent interactions and thermodynamics of protonated and 

metal cation-bound proline and proline containing peptide complexes are discussed. 

Several experimental techniques such as infrared multiple photon dissociation (IRMPD) 

spectroscopy, sustained off-resonance irradiation collision induced dissociation (SORI-
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CID), and blackbody infrared radiative dissociation (BIRD) were used in this research and 

are discussed in these chapters. In addition, details about how gas phase mass spectrometric 

techniques are combined with theoretical methods to help in deducing the most probable 

gas-phase structures are revealed. Computational methods such as density functional theory 

(DFT) and simulated annealing (SA) help to determine the dominant structures of different 

complexes in the gas phase. The current thesis can serve as an example of research on gas-

phase ion-molecule reactions that provides wider understanding into molecular properties 

such as, structure, thermochemistry, and reactivity of these interesting molecules. 

1.2. The Purpose of Studying Biomolecular Ions in the Gas Phase. The detailed 

structures and the reactivity of biologically interesting molecules can be obtained when the 

disrupting effects induced by other chemical agents such as solvent molecules are at a 

minimum. Research on gas-phase ions and ion-molecule reactions provides information on 

their intrinsic physical properties in the absence of solvent. In addition, under low pressure 

conditions, the time between collisions is long enough to slow down rates of reactions 

which would, under normal conditions, be too fast to follow. Since the pressure is so low, 

ions can be stored for a long time and spectroscopic studies of mass selected ions are 

possible for these typically reactive species.  

Interestingly, the effect of solvation can be studied systematically by generating and 

studying a series of ions of the type (M(solvent)k)
n, where k is the number of neutral solvent 

molecules such as water or alcohol and M is the ion of interest with the charge, n.19,20,21,22 

For example, by increasing the number of solvent molecules, the intrinsic properties can be 

compared with solution phase properties that can help us understand the role of solvent. 
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This cooperation explains why we believe gas phase investigations allow us to gain some 

insight into the physical chemistry of these complexes that, in principle, may be useful to 

rationalize the behavior of more complicated systems which present similar basic sites but, 

are too complicated to study in the solution phase. Gas phase studies of protonated or metal 

cationized amino acids or peptides offers an opportunity to better understand these systems 

on a molecular level, not often afforded for macromolecules in solution. Gas phase studies 

provide a good understanding of non-covalent interactions and useful structural 

information on biomolecular and other gaseous ions. These fundamental intrinsic 

properties lead to an understanding of how non-covalent interactions stabilize biomolecules 

in living organisms. 

1.3. A Brief History of Important Early Scientific Advancements Leading to the 

Development of the Study of the Physical Chemistry of Gas-Phase Ions. In 1906,23 J. 

J. Thomson was awarded the Nobel prize in physics for the development of a way to 

conduct electricity in gases and separating isotopes. In 1913 Thompson and F. W. Aston 

created a “mass spectrograph” for the very first time. Aston was awarded the Nobel prize 

in chemistry in 1922 for development of the mass spectrograph which was able to 

differentiate between the isotopes of large numbers of naturally occurring elements by 

expressing that the atomic mass of isotopic elements is a whole number multiple of 

hydrogen atomic mass.24,25,26    

In 1961, John Charles Polanyi discovered infrared chemiluminescence based on the 

idea that when molecules are excited, they emit infrared light. He was able to measure the 

emitted light through chemical reactions, and differentiate between vibrational and 



6 

 

rotational energies. The importance of his work had a significant impact in the discovery 

of the sources of infrared radiation lasers. Along with Dudley Herschbach and Yuan T. Lee, 

the three were awarded the Nobel Prize in chemistry in 1986 for their work related to the 

dynamics of chemical reactions. 

German physicist, Wolfgang Paul, conducted pioneering work on 

developing electric quadrupole fields to trap charged particles in three dimensions. The 

quadrupole ion trap was nicknamed a Paul trap in honor of his work in this field. He 

invented the ion trapping mass analyzer and was awarded the physics Nobel prize27 in 1989 

together with Norman Ramsay and Hans Dehmelt who developed ion-cyclotron resonance 

spectrometers.  

John B. Fenn and Koichi Tanaka received one-quarter of the Nobel prize for 

chemistry in 2002, for the invention of soft ionization methods (ESI and MALDI).28  This 

brief review of the history of science reveals that the genesis of the advanced instruments 

in MS is built on the earlier work by others.29 

1.4. Determining the Structures of Biomolecules Using Mass Spectrometric 

Techniques. A mass spectrometer is typically composed of three main parts: the ion source, 

the analyzer and the detector. However, the proper choice of ion source and analyzer type 

depends on the nature of the sample and the desired information, respectively. Many 

different types of mass spectrometers have been developed using different types of 

ionization sources, mass analyzers, and mass analyzer configuration.  
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The ion source is an essential part of every mass spectrometer where ions are formed 

by a wide range of methods. In the present work, electrospray ionization (ESI) was used 

exclusively as the method of ionization and is described in more detail in the next chapter. 

The mass analyzer is the heart of every mass spectrometer since the mass of ionized species 

is determined in this part of the MS instrument. In all mass analyzers, ions are essentially 

organized according to their mass–to–charge ratio (m/z). Mass analyzers are characterized 

by a few parameters, including resolving power, mass range, mass accuracy, and coupling 

compatibility. They can generally be categorized into two classes: (1) beam type mass 

analyzers and (2) ion trapping mass analyzers. In beam type mass analyzers, such as time 

of flight (TOF), after their formation, ions travel continuously through a path from the 

source to the detector. On the other hand, trapping analyzers like the Fourier transform ion 

cyclotron resonance mass analyzer (FTICR–MS) can isolate and store ions for long periods 

of times giving more control of ions. Ions of interest can be isolated based on mass and 

stored inside the ion trapping instrument for further desired manipulations and experimental 

activation processes, such as photodissociation experiments.30 

The FTICR mass spectrometer has found a wide range of applications. This mass 

analyzer is known as an ultra-high resolution mass analyzer with great mass accuracy that 

is able to resolve isotopic fine structures of proteins with masses up to 100 kDa. The FTICR 

has many advantages, such as a high upper mass limit. The theoretical upper mass limit is 

the mass in which the radius of the ion cyclotron achieves the radius of the trap. For 

example, using a 7 Tesla ICR in a trap size of one-inch cross-sectional radius, for a singly-

charged ion at room temperature, this theoretical upper mass is around 5.89 MDa.31,32 Other 
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advantages are the mass resolving power, the number of ions trapped, and trapping 

duration. The FTICR mass spectrometer is an excellent mass analyzer especially when 

using slow activation techniques like low energy CID and BIRD is desired. Some of these 

benefits and limitations are discussed in the activation technique section (next section). 

On the other hand, there are other ion trapping mass analyzers such as quadrupole 

ion traps, orbitraps,31 and high order linear traps such as the 22-pole ion trap33 that are 

valuable tools for investigating ion-molecule reactions.34 All these trapping instruments are 

used in conjunction with techniques such as CID and IRMPD in which the fragmentation 

of ions is required.35 22-Pole ion traps are particularly useful for collision processes and 

when chemical reactions are to be studied at low temperatures.  In the 22-pole36,37 ion trap, 

twenty two rods with lengths of 50 mm and 1 mm diameters are used to generate an electric 

radio frequency field with opposite phases. In the axial direction, ions are trapped using 

electrostatic voltages applied to the two cylindrical electrodes. Therefore, in a 22-pole ions 

are confined by oscillating electric fields which excite the ions translationally, whereas in 

an ICR cell the ion translational energy is in thermal equilibrium with the surroundings and 

trapped with a high-field magnet. The 22-poles are capable of performing experiments at 

low temperatures in which ions are cooled using a buffer gas (down to a nominal 3.8 K). 

However, under multiple collisions with the gas molecules in the trap, ions are well 

thermalized and trapped for a long period of time.38,39 

1.5. Mass Spectrometric Fragmentation Techniques of Gas Phase Non-Covalently-

Bound Complexes. Mass spectrometry provides useful information such as the mass-to-

charge ratio of the ion, but to obtain further information, it is necessary to employ 
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fragmentation techniques. Fragmentation methods are used to determine structural 

characteristics as well as thermochemical quantities. To fragment an ion, the energy of that 

ion is increased above its dissociation threshold by one of many methods such as collisions, 

laser absorption, electron attachment, or absorption of ambient blackbody infrared 

radiation. Besides fragmentation patterns, appearance and disappearance rates of species 

can be determined to obtain useful information about their structures.  

As mentioned earlier, proteins and peptides function through non–covalent 

interactions with metals, other peptides or proteins, or even cofactors.40,41 Due to the larger 

number of structural conformations in larger molecules compared to simple amino acids, 

the identification of macromolecular structures is more difficult. Therefore, gas phase 

studies are appropriate models to understand the physical properties of the amino acids, 

peptides and proteins.42 For example, low energy CID is a useful characterization technique 

to slowly activate lower energy dissociation channels of large peptides and proteins. 

For this work, gas phase fragmentation techniques such as CID, IRMPD, and BIRD 

are used to study the properties of proline and proline-containing dipeptide complexes.  

1.5.1. CID. CID is one of the earliest activation techniques used in mass spectrometry and 

it is the most common. During the CID process, the translational energy of an ion is 

increased and it is collided into an inert target gas, converting a portion of its translational 

energy to internal energy. The ion dissociates as the amount of energy deposited surmounts 

the dissociation threshold. CID can be coupled to any mass spectrometer including beam 

type instruments and ion trapping mass spectrometers, but its performance and applications 

are highly dependant on the type of mass analyzer. There are two regimes of translational 
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energy that are used, depending on the mass spectrometer. For example, in TOF or sector 

instruments, the kinetic energies of the ions can be in the kV range so that only one collision 

is necessary to induce dissociation. In ion trapping devices, the collision energies are on 

the order of a few tenths of an eV up to about 100 eV so that multiple collisions are 

necessary to affect fragmentation. Low energy is useful to slowly activate (or heat) the ion 

of interest, resulting in only the lower energy dissociation channels being accessed. 

As shown Figure 1.2, when a protonated peptide undergoes fragmentation, the 

cleavage typically occurs from either the C-terminus, producing b ions, or N-terminus, 

producing y ions. Bleiholder and co–workers43 used collision induced dissociation to 

discover the fragmentation patterns of protonated peptides that contain proline and alanine, 

(Ala-Ala-Xxx-Pro-Ala when Xxx = Ala, Ser, Leu, Val, Phe, and Trp,). The results showed 

that the higher proton affinity at the C-terminus of a peptide is due to the existence of 

proline possessing high proton affinity, which favors the production of y2 species in the 

fragmentation pattern. In order to perform the experiment, an electrospray/quadrupole/time 

of flight (QqTOF) mass spectrometer was used. As shown in Figure 1.2, the cleavage of 

the amide bond N-terminus to proline residues results in y-ion formation. The most 

dominant peak in the main fragmentation channel of Ala-Ala-Xxx-Pro-Ala peptides, when 

Xxx = Leu, Val, Phe, and Trp, is the y2 product ion (depicted in Figure 1.2 top). The 

dominating y2 product ion in the Pro-Ala sequence, formed by cleavage of the amide bond, 

is the result of the existence of proline residue in the peptide backbone. As indicated in 

Figure 1.2 top, the production of the y2 ion is followed by a less abundant b3 peak. In 

addition, the y3 fragment due to protonated Xxx-Pro-Ala that is generated from loss of C-
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terminus Ala residue. The very weak peaks shown in the CID spectrum correspond to 

the b3 and b4 ions that reveal the b3 ion is produced from the cleavage of the Xxx-Pro amide 

bond instead of b4 → b3 pathway. In order to rationalize the observed pathways, 

computational techniques were applied to calculate the relative energies of different 

backbone protonation sites and transition structures of the amide bond cleavage.  

The obtained threshold energies of the mechanistic channel of transition structures 

for the cleavage of amide bonds of the backbone N-terminus to the proline were measured 

to be the lowest pathway. The N-terminus amide bond cleavage of the proline residues is 

preferred. This is due to the existence of this amino acid in the peptide backbone which 

stabilizes the protonation of the amide nitrogen position in Ala-Pro. The reason for the 

observed cleavage was the high proton affinity of proline as a result of this bond breakage. 

This cleavage increases the proton affinity of the generated C-terminus fragment and 

therefore, the formation of the y2 fragment.  

1.5.2. IRMPD. IRMPD is performed by taking advantage of the fact that ions can reach 

the dissociation threshold through sequential absorption of photons from a high intensity 

infrared laser, typically a CO2 laser. IRMPD activation is a slow process, like CID, and the 

lowest energy dissociation pathways are observed. IRMPD is affected by an intense source 

of light that is used to simply dissociate ions, much like in the collisional activation method. 

Using a tunable infrared laser, one can also do spectroscopy experiments by determining 

which wavelengths of the laser are resonant with vibrational modes of the ion, causing 

dissociation. 
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Figure 1.2. (Top) Fragmentation pathway and dominant peaks obtained for cleavage of protonated 

Ala-Ala-Ala-Pro-Ala, upon 16 eV collision energy. (Bottom) Fragmentation pathways correspond 

to the protonated Ala-Ala-Xxx-Pro-Ala. Along with computed threshold energies (kcal mol−1) as 

well as the activation entropies (cal mol−1 K−1) for the cleavage of amide bond for the protonated 

Ala-Ala-Ala-Pro-Ala. Figure adapted with permission from Journal of the American Society for 

Mass Spectrometry. 2011, 22, 1032–1039.43 
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An IRMPD spectrum can be obtained by recording ion fragmentation as a function 

of laser wavelength. IRMPD spectroscopy is considered a consequence spectroscopy since 

the consequence of multiphoton absorption dissociation is detected.44,45 More details of this 

fragmentation technique are discussed in the next chapter. 

Williams and coworkers46 combined IRMPD with DFT calculations to investigate 

the effects of hydrogen bonding on the structures of anionic glycine dimers. They recorded 

the IRMPD spectra in the 600 to 1800 cm-1 region as shown in Figure 1.3. The results 

showed that the formation of intramolecular hydrogen bonding stabilizes the zwitterionic 

form of the complex. Previous gas phase studies of the cationic protonated dimers of 

glycine using IRMPD47,48 and BIRD49 techniques showed the non-zwitterionic form of 

glycine dimers to be the predominant form. The ZW form, also known as salt bridge (SB) 

form, is different from the non-zwitterionic (NZ) form in which the proton has been 

transferred toward NH2 to form NH3
+ on one side and the CO2

− group on the other side of 

glycine. It was found that, in the anionic complex, the intramolecular hydrogen bonding 

and the Coulombic attraction stabilize the ZW form. As shown in Figure 1.3, in the non-

zwitterionic form, the deprotonated glycine is attached to the O–H group of the carboxylic 

acid in the intact glycine which forms a strong ionic hydrogen bond (O⋯H–O). The N–H 

bond in each NH2 group is also involved in an intramolecular hydrogen bond to an oxygen 

atom of a carboxyl/carbonyl group. In the ZW form, shown in Figure 1.3, both oxygen 

atoms of the deprotonated anionic glycine are attempting to form two hydrogen bonds with 

hydrogen atoms located in the NH3
+ group. There are also two intramolecular hydrogen 

bonding N–H⋯O between N–H bonds and the carboxylate groups. In the experimental 
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spectrum, the positions of prominent modes, such as, NH2, CH2 wagging, and 

NH3
+ umbrella vibrations agree with the computed spectrum of the SB form.  

 

 

 

 

Figure 1.3. Comparison of (a) the experimental IRMPD spectrum and calculated IR spectra for the 

lowest energy structures of each form of the NZ and SB isomers of [Gly2–H]- complex, at the 

B3LYP/6-311++G(d,p) level of theory using scaling factor of 0.985. Figure adapted with 

permission from Phys. Chem. Chem. Phys. 2015, 17, 30642–30647.46 
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More importantly, the existence of a sharp experimental band at 1704 cm−1 is in 

agreement with the computed IR spectrum for the SB isomer and indicates that this is a 

possible form of this complex. It should be noted that in this study, the theoretical results 

showed a difference of 16 kJ mol-1 in the Gibbs energies of the two lowest energy forms. 

Altogether, the computed IR spectra of the anionic zwitterion complex, which is the best 

matched with the IRMPD spectrum, reveals the ZW form as the possible structure. 

1.6. Other Mass Spectrometric Techniques for Studying Structures and Dynamics of 

Biological Complexes. There are other spectrometric techniques to study the physical 

chemistry of gas phase ion-molecules such as ion mobility spectrometry (IMS)50,51 and H/D 

exchange52,53,54,55 These techniques are not used in this thesis but, it is worth briefly 

mentioning some of their functionalities. 

1.6.1. Ion Mobility Spectrometer (IMS). IMS is a gas phase spectrometric technique in 

which ions are essentially separated according to their mobilities through a higher pressure 

region followed by mass analysis. This method has the ability to identify species not only 

based on their mass-to-charge ratio, but also according to their collision cross section (Ω).  

IMS has a lot of applications, ranging mainly from the structural identification of 

biological ions and conformational dynamics of species56 to chemical detectors that are 

used in security and drug detection.57,58 An important advantage of this method over other 

techniques is that two ions with the same mass but different shapes are separable due to 

their differing speed through a buffer gas. In this method, under the influence of an electric 

field, the movements of molecules under study are dictated by their mobility. A drift gas 
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such as helium, neon, nitrogen, argon or carbon dioxide that impedes the ion of interest’s 

motion is also present.59,60 In IMS, ions are generated in an ionization region using various 

ionization techniques and then enter a drift region where they can be pulsed into a drift 

tube. Figure 1.4 shows a block diagram of an ion mobility spectrometer. Because ions have 

different sizes, the time required to traverse the drift tube varies. Larger ions with higher 

collision cross section (Ω) undergo more collisions with the inert buffer gas and take longer 

to reach the detector. Therefore, in IMS, ion separation is based on both m/z and the 

mobility of ions. Coupling ESI or MALDI with IMS increases the efficiency of this method 

for conformational analysis in the millisecond time scale.61 There are three main types of 

IMS, linear drift tube (LDT), travelling wave ion guide (TWIG), and high field asymmetric 

waveform ion mobility spectrometry (FAIMS).62,63 Details about the functionality of each 

of the types are beyond the scope of this thesis. But, it should be stated that in order to have 

a complete understanding of molecular structure, computational methods are typically 

required. IMS has advantages of high sensitivity and precision, being very fast and having 

a very low detection limit. In addition to the advantages described above, a lot of 

capabilities of IM-MS have been achieved through the speed of this method, such as the 

investigation of the dynamics of protein folding process.56 

Previous structural investigations of metal cationized 4-substituted proline 

diastereomers have been conducted by Bartberger and coworkers64 using a traveling wave 

ion mobility–mass spectrometry (TWIMS–MS). Since these isomers have the same m/z, 

they cannot be identified by only their m/z, hence, IMS was employed to differentiate 

between isomers. 
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Figure 1.4. (a) A block diagram of key computational steps of an ion mobility mass spectrometry 

(IM–MS) (b) Schematic diagram of a drift cell along with detector electrodes. Figure adapted with 

permission from Anal. Bioanal. Chem. 2008, 391, 905–909.65 

 

As a result of change in chirality of the substituents on proline, the metal cations 

adopt different binding sites. Results of TWIMS-MS spectra are shown in Figure 1.5 and 

revealed that the measured collisional cross sections for N2 (ΩN2) of [trans-hydroxyproline 

+ Na]+ was larger than that of the [cis-hydroxyproline + Na]+. In addition to this, the ΩN2 

of [M + Na]+ for both cis- and trans-hydroxyproline was larger than the ΩN2 of  the 

protonated complexes. Comparison of the TWIMS spectra for the protonated 

hydroxyprolines, Figure 1.5. (a) and [M + X]+, where X = Li, Na, K, and Cs, Figure 1.5. 

(b-e), indicates the effect of the metal cation size on the gas phase structure of cis- and trans- 
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Figure 1.5. Comparison of TWIMS spectra of (a) protonated and [M + X]+, where X = (b) Li, (c) 

Na, (d) K, or (e) Cs, for cis- and trans-hydroxyproline using N2 as drift gas. Figure adapted with 

permission from Journal of the Anal. Chem. 2015, 87, 3300–3307.64 
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hydroxyproline. In general, by increasing the metal size, the measured ΩN2 difference 

between diastereomers decreases.Therefore, this method was able to distinguish between 

the structures of the diastereomers. In order to compare the experimentally obtained ΩN2 

results, theoretical calculations were done with the aim of finding the values of ΩN2, 

theoretically. In the lowest energy structures of these complexes (Figures 1.6 and 1.7) the 

position of the proton is on the nitrogen atom of the pyrrolidine ring in both cis- and trans-

hydroxyproline. There are also small differences in the orientation of the hydroxyl 

substituent of the ring. Generally, the experimentally observed ΩN2 values for the 

protonated cis and trans forms agree with the theoretical results. As shown in Figures 1.6 

(a) and 1.7 (a), both cis/trans protonated structures have similar conformations (charge-

solvated, or CS), while the cis/trans conformation differs when a metal cation is present. In 

the experimental data, as the size of the metal cation increases, in the alkali metal groups 

of elements from Li+ to Cs+, the resolution of both cis/trans isomers decreases. Based on 

the obtained results, the metallated cis-hydroxyproline was found to be in the CS form. The 

experimental data also indicate a smaller ΩN2 value for the cis-hydroxyproline isomer 

which is in a compact CS form. 

According to the theoretical results, the larger metal cations with higher steric 

effects contribute in a weaker interaction, hence destabilizing the compact CS cis-proline 

structure. On the other hand, theoretical calculations showed that the metal cation bound 

trans-hydroxyproline form adopts a SB conformation that is also consistent with 

the ΩN2 values as shown in Figure 1.7. Therefore, combination of both theoretical methods 
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and experimental IM-MS technique helped them to determine both the cis/trans and the 

SB/CS forms of the cationized 4-substituted proline diastereomers. 

 

 

 

Figure 1.6.  Illustration of the lowest energy structures for (a) protonated and [M + X]+, where X = 

(b) Li, (c) Na, (d) K, or (e) Cs, for cis-hydroxyproline. Energies are in B3LYP level of theory and 

6-31++G(d,p) basis set for all atoms except for Cs for which the pseudopotential-corrected SVPD 

basis was used. Reported energies are in kcal mol–1 and the arrow shown in (a) indicates the 

protonation site. Figure adapted with permission from Journal of the Anal. Chem. 2015, 87, 3300–

3307.64 
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Figure 1.7.  Illustration of the lowest energy structures for (a) protonated and [M + X]+, where X = 

(b) Li, (c) Na, (d) K, or (e) Cs, for trans-hydroxyproline. Energies are in B3LYP level of theory 

and 6-31++G(d,p) basis set for all atoms except for Cs for which the pseudopotential-corrected 

SVPD basis was used. Reported energies are in kcal mol–1 and the arrow shown in (a) indicates the 

protonation site. Figure adapted with permission from Journal of Anal. Chem. 2015, 87, 3300–

3307.64 

 

1.6.2. Hydrogen–Deuterium Exchange Mass Spectrometry (HDMS). In this technique, 

the rate that the amide hydrogen of a peptide or protein undergoes exchange with a 

deuterated reagent in the gas- or solution-phase, is measured. The availability of the amide 

hydrogen in each residue, (except for proline which does not have an amide hydrogen), 

depends on the backbone environment of the residues. Therefore, the rate of this exchange 
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is significantly influenced by the structure and the dynamics of the specific residue of the 

peptide or protein due to its involvement in intramolecular hydrogen bonds.66 

For example, if an amide participates in an intramolecular hydrogen bond, its 

hydrogen exchange rate will be slower than an amide hydrogen which is exposed to the 

solvent molecules on the surface of the protein. Until a few years ago, hydrogen exchange 

was observed by NMR in solution in order to understand the conformations and dynamics 

of protein folding.67 Some types of hydrogens within peptides or proteins undergo very 

rapid exchange with the solvent to be measured. These hydrogens are the ones located on 

the side chains, such as —NH2, —OH, —SH, —CONH2, —COOH. Hydrogens that are 

covalently bonded to the aliphatic and aromatic carbons, are very hard to exchange. 

Backbone amide hydrogens do exchange with varying rates depending on their 

environment as mentioned above. When a protein is in its folded form, due to the 

intramolecular interactions, some hydrogens are tightly shielded, therefore these backbone 

amide hydrogens are harder to be replaced than those from an unfolded protein. Since the 

mass of hydrogen differs from the mass of deuterium by one unit, introducing a mass 

spectrometer gives the capability to record this increase of one mass unit for the entire 

protein.  

H/D exchange is a very good technique to study conformational changes associated 

with processes such as the protein folding,68 due to the high sensitivity of amide hydrogens 

in the folded stage. Besides, the conditions around the side chain amide hydrogen, the rate 

of HD exchange depends on factors such as, pH, temperature and solution components. In 

general, a decrease in both temperature and pH will decrease the rate of H/D exchange so 
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these factors can be adjusted accordingly.69,70  HDMS in both the solution– and gas–phase 

provides useful information about the intramolecular hydrogen bonding or van der Waals 

interactions vs interactions with solvent molecules.71,72,73 Comparison of the results 

obtained from the gas and solution phase reveals the importance of intramolecular 

interaction and solvent contribution to protein structure. A combination of 

hydrogen/deuterium (H/D) with electrospray ionization as the ionization source74 and tools 

such as ion mobility separation75,76,77 or other techniques78 has facilitated the study of 

biomolecules in the gas phase. More details regarding the instrumentation and procedure 

of how to dilute the solutions of proteins of interest, or the labeling methods will not be 

discussed here. 

1.7. Motivation for Studying Proline and Proline Containing Dipeptides. Proline is 

different than all other 19 DNA-encoded amino acids because it is the only one that has a 

secondary amine, involved in a five-membered ring, giving uncommon rigidity to this 

amino acid and locally in peptides in which it is involved. Since proline does not provide 

any amide hydrogen,79 it is not able to participate in hydrogen bonding stabilization and, 

therefore, breaks α-helices. However, it is frequently found in the first residue of alpha 

helices and in the edge strands of beta sheets, where the hydrogen bond to the imino 

nitrogen does not play a key role in the stabilization of polypeptide. Proline’s rigidity, due 

to its cyclic form, allows the peptide backbone to adopt a suitable angle in a beta turn. 

Proline’s high basicity and proton affinity make it a good proton acceptor and, therefore, 

under physiological conditions it is one of the most soluble amino acids.80 The rigidity of 

the proline ring makes proline very suitable in stabilizing hydrogen bonding interactions.81 
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It induces a lot of important functionalities in plants such as, osmoprotective 

functionality,82 or behaving as a signaling molecule in order to modulate mitochondrial 

functions in peptides.83 Proline also plays a critical role in the recovery of plants under 

environmental water stress.84,85 One of the rate-limiting steps in the protein folding is the 

cis/trans isomerization of the proteins that contain proline.86,87,88 

1.8. Contents of This Thesis.  In this thesis, applications of mass spectrometric studies to 

protonated and metal cationized proline and the ProLeu or LeuPro peptides are presented. 

In Chapter 2 the instrumentation required to perform the experiments and computational 

techniques are described in more detail. In Chapter 3 the structures of proline proton–bound 

complexes are investigated using IRMPD spectroscopy in the 3200 to 3800 cm-1 and in the 

1000 to 2000 cm-1 regions.  

In Chapter 4, the unimolecular chemistry and structures of M(Pro2-H)+ where M = 

Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Cu, Zn, using different MS methods, such as CID and 

IRMPD spectroscopy are described. In both Chapters 3 and 4, the naming system is 

simplified with the use of the word dimer for proline complexes. But in fact, in Chapter 3 

one proline is protonated or sodiated, while in Chapter 4 one proline is deprotonated and 

the other one is in its intact form. Chapter 5 examines the application of IRMPD as a useful 

technique in determining peptide sequences and demonstrating structural differences in 

different peptide sequencing when bounded to alkali metals. In Chapter 6 it is shown that 

BIRD kinetic measurements in combinations with the IRMPD spectroscopy can be used to 

differentiate between the binding energies and structures of the [Na(ProLeu)3]
+ vs the 

[Na(LeuPro)3]
+ complexes in the gas phase. 
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Chapter 2 

Methods of Study 

 

The purpose of this chapter is to introduce the experimental and theoretical methods that 

have been used to study the intrinsic properties of ion-molecule complexes in the gas phase.  

2.1. Experimental Methods. The experimental results were conducted in the Laboratory 

for the Study of the Energetics, Structures, and Reactions of Gaseous Ions at Memorial 

University which houses a Bruker Apex Qe7 Fourier transform ion cyclotron resonance 

(FTICR) mass spectrometer. A photograph of this instrument is shown in the top of Figure 

2.1. The basic principles of FTICR instrumentation, electrospray ionization, and gas phase 

fragmentation techniques will be introduced in this section. A schematic of the FTICR 

coupled with an Apollo II electrospray ionization source is depicted in the bottom of Figure 

2.1 and shows the ionization source, quadrupole/hexapole region, ion transfer optics and 

ICR cell. The low-pressure environment of the FTICR facilitates the incorporation of ion 

dissociation techniques such as collision induced dissociation (CID), infrared multiphoton 

dissociation (IRMPD), and blackbody infrared radiative dissociation (BIRD). The 

mechanism of fragmentation involved in each method will also be discussed below.  

2.1.1. Principles of FTICR Mass Spectrometry. The mass analyzer used in this work was 

an FTICR mass analyzer. The FTICR mass spectrometer allows ions to be isolated and 

stored for long times with minimal collisions.1,2,3 
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Figure 2.1. Top: The OPO lasers/Bruker Apex Qe 70 FTICR-MS located at Memorial University. 

Bottom: The schematic describes the Apollo II included, ion source, Qh (quadrupole/hexapole) 

collision cell, ion transfer optics and ICR cell at Memorial University of NL. 

 

According to equation 2.1 and as shown in Figure 2.2, once ions of mass, m, moving 

with velocity, �⃗�, and charge, q, enter into a uniform magnetic field, �⃗⃗�, they are influenced 

by the magnetic component of the Lorentz force. 

�⃗� = 𝑞�⃗� 𝑥�⃗⃗�                                                                              (2.1) 
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When an ion is introduced into a uniform magnetic field that is perpendicular to its velocity, 

the particle will undergo a circular motion.45 Because the Lorentz force is equal to the 

centrifugal force, the following can be written, 

𝑞𝑣𝐵 =
𝑚𝑣2

𝑟
                                                                           (2.2) 

The frequency of an ion in a magnetic field orbiting perpendicular to the direction of �⃗⃗� is 

called the cyclotron frequency, ωc, and is related to the velocity of the ion by equation 2.3. 

               ωc =
𝑣

2𝜋𝑟
             𝑜𝑟         2ωc𝜋𝑟 = 𝑣                                                    (2.3) 

Rearranging equation 2.2 for v yields  

𝑣 =
𝑞𝑟𝐵

𝑚
                                                                                (2.4) 

and equating to equation 2.3 yields  

𝑚

𝑞
=  

𝐵

ω
                                                                                 (2.5) 

According to equation 2.5, ω is directly proportional to the strength of the magnetic field 

B, as well as the reciprocal of m/q of ion.6,7,8 As a result, when B is constant, all ions of a 

given m/q ratio rotate with the same cyclotron frequency which is independent of ion 

velocity. Because q=ze, where z is the charge number and e is the elementary charge, in a 

uniform magnetic field, the m/z ratio of an ion can be determined by measuring the 

cyclotron frequency, 
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𝑚

𝑧
=  

𝐵𝑒

ω
                                                                                 (2.6) 

The strength of the magnetic field is sufficient to trap ions in the xy or radial direction 

(Figure 2.2, right). To trap ions in the third dimension, an electric field is applied at both 

ends of the ICR cell. 

 

 

 

 

 

 

Figure 2.2. Left: Circular trajectory of charged ion in a uniform magnetic field. Right: How 

magnetic field confine ions only in xy direction. 

 

The configuration, depicted in Figure 2.3 where ions are trapped both in the radial 

and axial dimensions using a magnetic and an electric field, respectively, is known as a 

Penning trap. As depicted in Figure 2.3, a cylindrical ICR is composed of two trapping, 

two excitation, and two detection plates. Figure 2.4 shows the excitation and detection 

plates and their position with respect to each other. Before detection, a radio frequency, RF, 

electric field is applied to the two excitation plates, and if the ion’s cyclotron frequency is 
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in resonance with this RF potential, the trapped ions start accelerating and their radius of 

orbit and velocity increases, leaving the frequency of orbit unchanged (Figure 2.4). 

 

 

 

 

 

 

 

 

Figure 2.3. A schematic of the side view of a cylindrical geometric FTICR mass analyzer located 

within a strong magnetic field generated by a superconducting magnet in which an RF potential is 

applied to the excitation electrodes.  

 

During excitation, all RF frequencies are swept to excite all masses of ions to a 

detectable radius. In the cross section view of the ICR cell shown in Figure 2.3, the 

excitation plates are the top and bottom plates. As depicted in the left of Figure 2.4, the 

excitation event is a critical step to convert the incoherent orbital motion of the ion packet 

to a detectable coherent motion (Figure 2.4 right side). 
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Figure 2.4. A schematic of the cross section view of an FTICR mass analyzer located within a 

strong magnetic field generated by a superconducting magnet in which an RF potential is applied 

to the excitation electrodes. The purple trace shows the excitation of ion packets.  

 

As the ions orbit the centre of the ICR, they pass the detection plates. The electric 

fields of the coherently orbiting ion packets induce an image charge in the two detection 

plates depicted on the left and right sides in the cross section view of the ICR cell in Figure 

2.3. For example, if positive ions pass close by the detection plate, electrons are drawn 

toward the surface of the plate. As they continue to orbit and pass the second detection 

plate, the image charge is drawn through a circuit to the second plate. This sinusoidal 

oscillation of the image charge is known as the image current. The image current contains 

the frequency and abundance information for all the ions present in the ion trap (also called 

transient sinusoidal signal or transient for short) which is measured as a function of time. 

The transient is converted to the frequency domain using a mathematical procedure known 

as a Fourier transform, and finally the frequencies are converted to m/z using equation 2.6 

(Figure 2.5).  
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Details about the description of Fourier transform algorithms is beyond the scope 

of this work and are unnecessary to describe here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Illustration of the processing of transformation of the time domain transient of raw data 

to the frequency domain, and this resulting spectrum is then calibrated in terms of m/z.  
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The trapping allows ions to be stored long enough (order of second to hours) to 

determine the cyclotron frequencies with high precision. Trapping ions for extended 

periods of time provides plenty of time for the ions to experience desirable interactions 

with neutral molecules or to undergo unimolecular decompositions, or be irradiated with a 

laser. In addition, by isolating only the desired ion, all other ions can be excited and 

removed from the ICR cell guaranteeing that the products of dissociation originate from 

only the parent ion. Hence, the ICR cell is a very suitable mass analyzer for extracting the 

information about structure, thermochemistry, reactivity, and kinetics of ionic complexes.9 

2.1.2. Electrospray Ionization (ESI). Since 1968, when Malcolm Dole10 used the first ESI 

source coupled with mass spectrometry, the combination of ESI and MS has significantly 

broadened the application of MS for the characterization of biomolecules.11,12,13,14,15 ESI is 

used to softly transfer ions from solution to the gas phase under atmospheric pressure. First, 

the sample is dissolved in a proper solvent, and then passed through a thin conducting 

capillary at high voltage. Under the influence of a strong electric field, around 106 V m-1, 

at the tip of the capillary, the assemblage of charge near the droplet surface is converted to 

a cone, known as the Taylor cone.16,17,18,19,20 Charged droplets containing analyte, with a 

strong potential applied across the capillary, are emitted from the Taylor cone apex. In a 

heated glass capillary, the droplets undergo evaporation and are stressed due to repulsive 

Coulombic forces, the charged droplets will begin splitting into smaller droplets. 

Eventually, the desolvated ions are released to the gas phase and enter the high vacuum 

region of the mass spectrometer, Figure 2.6.  
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Figure 2.6. Schematic depiction of an electrospray ionization process for a positive ionization 

mode.  

 

There are two proposed mechanisms that explain the formation of gas phase 

charged analyte which very briefly will be discussed here.19,21,22,23 The first mechanism is 

called the charge residue model (CRM), and second one is the ion evaporation model 

(IEM), shown in Figure 2.7.  

Depending on the size, geometry, and polarity24 of the analyte, either of the two 

mechanisms are at play. The IEM, which is depicted in the top of Figure 2.7, explains the 

electrospray process for relatively small analytes containing high charge density. In the 

IEM, once the droplet has shrunk to around 20 nm size, as a result of Coulombic repulsion 

of the ions in the droplet, the small analyte ion is emitted from the surface directly to the 

gas phase before complete evaporation of the solvent molecules. 

The CRM is used to explain the electrospray process for large biomolecular ions. 

As depicted in the bottom of Figure 2.7, in CRM some droplets contain as few as one 
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analyte ion. In this model, the analyte ion is left behind when the solvent molecules 

evaporate resulting in multiply charged ions. In the CRM only one analyte owning a part 

of the charge of the initial droplet remains, whereas in IEM when the droplet size decreases 

close to the Rayleigh limit to reduce the Columbic repulsion at the surface, singly or less 

multiply charged ions are directly desorbed from the droplet to the gas phase.25  

 

 

 

 

 

 

 

Figure 2.7. Schematic depiction of the IEM and CRM models to produce gas phase ions.  

 

It is worth mentioning that the reason the ICR cell is separated from the ion source 

is that different pressures are needed for the operation of the ion source (high pressure, 

~mbar) and the mass analyzer which works in high vacuum, ~10-10 mbar. After ESI is 

completed, and ions are transferred to the gas phase, they enter sequentially lower pressures 

until they reach the ICR cell.  
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2.1.3. Ion Dissociation Techniques. Once the ions are trapped in the ICR cell, a mass 

spectrum can be generated as discussed above.  On the other hand, by similar RF excitation 

techniques, all ions except a particular m/z ion can be ejected from the ICR, thereby 

isolating an ion of interest. Once trapped and isolated, ions can be further studied by a 

number of activation techniques.  Three activation techniques; collision induced 

dissociation (CID), infrared multiple photon dissociation (IRMPD), and blackbody infrared 

radiative dissociation (BIRD), will be explained here. 

2.1.3.1. Sustained Off-Resonance Irradiation Collision Induced Dissociation (SORI-

CID). In CID experiments in general, the information about the structure of the mass-

selected precursor ion is determined by collisionally activating the ions and observing the 

fragmentation. In high (keV), low (10-100 eV), or very low (<10 eV) energy CID, collision 

with an inert target gas (Ar, N2, CO2 or He) converts a portion of an ion’s translational 

energy to internal energy resulting in fragment ions that can be analyzed. SORI-CID is 

considered a very low energy activation process. 

The maximum kinetic energy converted into internal energy is called the centre of 

mass collision energy, Ecom, equation 2.7. Ecom depends on the lab frame kinetic energy, 

Elab, and the molar mass of the target gas and parent ion, represented by N and mp, 

respectively: 

𝐸𝑐𝑜𝑚 =  𝐸𝑙𝑎𝑏(
𝑁

𝑚𝑝 + 𝑁
)                                                        (2.7) 
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In SORI-CID the trapped ions are irradiated with a 250 ms radio-frequency pulse 

off-resonance with the ion’s cyclotron frequency by about 500 Hz during which they 

undergo translational excitation. In order to surpass the dissociation threshold, in SORI-

CID, many 100’s of collisions are required.26 In SORI, the kinetic energy varies during the 

activation time. The maximum kinetic energy that ions obtain during SORI, Elab, can be 

obtained from equation 2.8 

𝐸𝑙𝑎𝑏 = (
ß2𝑞2𝑉𝑝−𝑝

32𝜋2𝑚𝑑2𝛥𝑣2
)                                                     (2.8) 

where ß is a geometrical factor (0.92 for our instrument), d is the diameter of the ICR cell 

(0.06 m), q is the charge on the ion, Vp–p is the peak to peak excitation voltage, m is the 

mass of the ion, and 𝛥𝑣 is the difference between the ion natural cyclotron frequency and 

RF excitation frequency (500 Hz). 

SORI-CID can be performed to explore the fragmentation pathways of both 

precursor and fragment ions which is due to the ability of the FTICR mass spectrometer to 

act as a tandem-in-time instrument. In the first stage of tandem mass spectrometry, the 

parent ion is isolated using an rf pulse ejecting all but the ion of interest. A second stage is 

then used by isolating one of the products of primary fragmentation. This procedure can be 

repeated on all fragment ions as well as the products of secondary, tertiary, etc. 

fragmentation.   

2.1.3.2. Infrared Multiple Photon Dissociation (IRMPD).  IRMPD is a slow activation 

process, like CID, due to the absorption of small amounts of energy equal to the photon 
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energy, between 10 and 40 kJ mol-1 with the lasers used in this thesis. As such, the lowest 

energy dissociation pathways are typically observed.27–32 For IRMPD to occur, there must 

be a vibrational mode belonging to the ion of interest in resonance with the IR laser 

frequency allowing the laser photons to be absorbed (ν= 0      1 transition). After the first 

absorption, subsequent absorptions of a monochromatic laser are strictly non-resonant with 

a subsequent transition due to anharmonicity, as depicted in Figure 2.8. However, in the 

absence of collisions, the energy of the absorbed photon can be distributed throughout the 

ion in a process known as intramolecular vibrational energy redistribution (IVR). 

Following IVR, the original mode, resonant with the laser, is free to absorb another photon. 

The repeating process of absorption followed by IVR, slowly increases the total internal 

energy of the ion until it exceeds the threshold for dissociation.33 Figure 2.9 shows how the 

IR laser photons are sequentially absorbed to activate bonds.  

IRMPD spectroscopy is a special case of IRMPD activation performed with a 

tunable infrared laser. By observing fragmentation due to IRMPD as a function of laser 

wavelength, an IRMPD spectrum can be obtained. IRMPD spectroscopy is a useful 

technique in determining structures of species in the range of small complexes, such as 

amino acids34–43 or nucleic acid bases44–48 peptides,49–52 proteins and other interesting 

biomolecules.27–32,53–61 The intensity in an IRMPD spectrum, the IRMPD efficiency, is 

determined  from the relative intensities of the parent ion and fragment, Ip and If, 

respectively, according to the following equation: 

𝐼𝑅𝑀𝑃𝐷 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = −𝑙𝑛 ( 
𝐼𝑝

𝐼𝑝 + ∑ 𝐼𝑓(𝑖)𝑖
  )                                   (2.9) 
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Figure 2.8. Schematic of the comparison of a) Harmonic vibrational energy levels and b) 

Anharmonic vibrational energy levels. The arrows depicted in figure show the transitions that are 

in resonance with the laser photons. 

 

 

In this thesis, two sources of tunable infrared radiation were used in two different 

wavelength regions. A free electron laser (FEL) at the Centre Laser Infrarouge d’Orsay 

(CLIO) just outside Paris, France covers the fingerprint region (~900 – 2000 cm-1) and an 

optical parametric oscillator (OPO) at Memorial University of Newfoundland covers the 

C-H/N-H/O-H stretching region (2700 – 3800 cm-1). 
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Figure 2.9. Schematic of the mechanism of IVR process in IRMPD. IVR, leads to an increase in 

the internal energy of the molecule which increases in the density of the vibrational states. The IVR 

continues till the dissociation threshold of the interested ion is reached.  

 

A detailed description of laser operation is not discussed in this thesis. The 

application of IRMPD to determine structures of ionic complexes, particularly for systems 

composed of amino acid and peptides, will be discussed in Chapters 3, 4, 5 and 6. 

2.1.3.3. Blackbody Infrared Radiative Dissociation (BIRD). In BIRD, ions undergo a 

very slow unimolecular dissociation, the rate of which is increased via absorption of a 

single infrared photon provided by the vacuum chamber acting as a blackbody emitter. The 
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first hypothesis of the activation of unimolecular dissociation by blackbody radiation 

absorption was introduced by Perrin in 1919.62 However, Perrin’s radiation hypothesis was 

discredited by Langmuir.63 who showed that the radiation field was not intense enough, or 

of high enough energy to cause dissociation of strongly-bound molecules. The 

subsequently accepted Lindemann collision theory of unimolecular activation,64 was that 

energy exchange occurs through bimolecular collisions.  

However, the radiation hypothesis was reinstituted after the first observation of 

unimolecular dissociation of very weakly bound ion-molecule complexes, in the absence 

of collisions, in an FTICR by the McMahon group in 1994.65 McMahon was the first to use 

an FTICR for trapping weakly bound ions in an extremely low-pressure environment, in 

the absence of collisions. In these experiments, the energy required for the dissociation of 

weakly-bound complex ions is achieved through the exchange of blackbody radiation with 

the ion’s surroundings.  

2.1.3.3.1. BIRD Mechanism. Since BIRD is a very slow process, observation of ion decay 

times on the order of seconds or even 100’s of seconds is required. Because of the long 

trapping timescale required under thermal conditions, these experiments are typically 

conducted in an FTICR.66 An important factor in BIRD is that the trapped ions are 

thermalized and the internal energy distribution of the trapped ions can be described by a 

Boltzmann distribution. The mechanism for activation and dissociation of AB± under BIRD 

conditions is shown in equation 2.10. 

𝐴𝐵±
k

k

abs

em

 

 
𝐴𝐵±∗ kd  𝐴 + 𝐵±                                          (2.10) 
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Here, kabs and kem are the rate constants for absorption and emission, respectively, and kd is 

the dissociation rate constant. Using the steady-state approximation, the apparent rate 

constant for unimolecular decomposition, kuni, is given in by equation 2.11. 

𝑘𝑢𝑛𝑖 = ( 
𝑘𝑎𝑏𝑠𝑘𝑑

𝑘𝑒𝑚 + 𝑘𝑑
  )                                                        (2.11) 

From the slope of the logarithmic plot of precursor ion abundance as a function of reaction 

time, the corresponding observed unimolecular dissociation rate constant, kuni, is 

determined.67 If I is the normalized intensity, and t is the time, 𝑘𝑢𝑛𝑖 can be determined using 

equation 2.12.  

[𝐼] = 𝑒−𝑘𝑢𝑛𝑖𝑡                                                            (2.12) 

By plotting logkuni as a function of inverse temperature, T, according to equation 2.12, the 

Arrhenius activation energy of the dissociation, Ea, and pre-exponential factor, A, are 

obtained where kB is the Boltzmann constant, 

𝑘𝑢𝑛𝑖 = 𝐴 𝑒
−𝐸𝑎

𝑘𝐵𝑇⁄
                                                         (2.13) 

The entropy of activation (ΔS†) can be determined using equation 2.14, 

𝐴 =
𝑘𝐵𝑇

ℎ
𝑒

(1+(
ΔS†

𝑘𝐵
))

                                                         (2.14) 

If the molecules are large they have many vibrational degrees of freedom and 

emission and absorption rate constants are expected to be large. Furthermore, at the 

threshold for dissociation for larger molecules, the dissociation rate constant is expected to 

be smaller because the energy randomized throughout the molecule must find itself in the 
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correct modes to undergo dissociation. For large molecules, the rate of dissociation is 

expected to be significantly smaller than the rate of emission and the observed kuni, can be 

simplified from equation 2.11 to 2.15.  

𝑘𝑢𝑛𝑖 = ( 
𝑘𝑎𝑏𝑠𝑘𝑑

𝑘𝑒𝑚
  )       𝑘𝑑 ≪ 𝑘𝑒𝑚                              (2.15) 

For large molecules, in the absence of collisions, thermal equilibrium can be 

reached through the rapid exchange (REX) of radiation.68,69,70,71,72 At the REX limit, also 

known as the high-pressure limit due to the similarity of reaching thermal equilibrium, 

kabs=kem therefore, equation 2.15 simplifies to: 

𝑘𝑢𝑛𝑖 = 𝑘𝑑                                                                     (2.16) 

In this large molecule limit, the ions have reached thermal equilibrium and the Arrhenius 

analysis of the temperature dependence of the rate constants, kuni, is expected to yield the 

true energy threshold for dissociation. 

If the size of the system is smaller, however (less than about 100 degrees of 

freedom) then the dissociation may be too fast compared to the absorption and emission 

rate constants so that the above assumptions cannot be made, and thermal equilibrium of 

the ions with their surrounding may not fully be reached. Here, the rate of dissociation is 

larger than the rate of emission, therefore the Ea values underestimate the true dissociation 

threshold, E0. Because of this, the experimentally obtained values differ from the true high 

pressure limit values and a proper kinetic modeling method must be used.73,74,75 Dunbar’s 

regime for hydrocarbon-derived molecules depicted in Figure 2.10 provides an overview 

of unimolecular dissociation kinetics of small or medium to large size ions based on specific 
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variables. The relation between the number of degrees of freedom, entropy of activation, 

and the reaction rate reveals whether the dissociation process is in the REX limit or not. In 

general, the number of degrees of freedom and the temperature dependent dissociation rate 

constants in which the reaction takes place are not sufficient to describe the minimum size 

necessary for REX behaviour of systems. The third variable that needs to be considered is 

the entropy of activation based on the information about the nature of the transition state of 

the reaction. (loose or tight transition state) 

The detailed analysis of the relative size regimes of ions is not discussed here, but 

a solution, when the REX limit is not attained, is that the dissociation energies can be 

extracted using master equation analyses. The systems in Chapter 6 have 321 vibrational 

degrees of freedom and are expected to be strongly absorbing in the infrared. However, the 

room temperature BIRD rate constants for these complexes, in the 10-3 s-1 regime, are on 

the border between small and large molecule kinetics. As such, master equation modeling 

of the Arrhenius plots is required to obtain true thermal dissociation thresholds. 

2.1.3.3.2. Master Equation Modeling in BIRD Kinetics. One solution to obtain quasi-

experimental thermodynamic parameters from experimental BIRD dissociation of ions is 

to use master equation modeling (MEM). For small molecules that do not obey the REX 

limit, the correct thermodynamic factors can be obtained using MEM. MEM simulates the 

changes in population of the internal energy levels of the system over time. In simple terms, 

it simulates all of the processes occurring in the BIRD mechanism and evaluates all of the 

rate constants composing equation 2.11. 
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Figure 2.10. The number of degrees of freedom necessary for the Arrhenius activation energy Ea 

to lie within 10% of the limiting high-pressure Ea
∞ corresponding to the same dissociation reaction. 

Figure adapted with permission from John Wiley and Sons. Mass Spectrom. Rev., 2004, 23, 127.76 

 

This model uses a set of coupled linear first-order ordinary differential equations 

which take into consideration all possible energy transfer processes, including radiative 

absorption, emission, and dissociation. If i and j are the two-energy levels, Ni(t) and Nj(t), 

show the energy population of the corresponding levels, respectively. The coupled 

equations are equal to  

𝑑𝑁𝑖(𝑡)

𝑑𝑡
= ∑ 𝑘𝑖,𝑗𝑁𝑗(𝑡)

𝑗≠𝑖

− 𝑘𝑑𝑁𝑖(𝑡)                                            (2.17) 

In the equation 2.17, ki,j and kd are the rate constants for radiative exchange and dissociation 

processes, respectively. The first term in equation 2.17 is called the radiative exchange rate 

which, in the zero-pressure environment of BIRD experiments, is calculated using equation 

2.18.  
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𝑘𝑖,𝑗 = 𝑘1,𝑟𝑎𝑑 − 𝑘−1,𝑟𝑎𝑑                                            (2.18) 

k1,rad  and k-1,rad are the radiative absorption and emission rates, respectively. There are a 

few adjustable parameters in the modeling process including E0, which is selected in a range 

that fits better based on the specificity of the reaction. Two other factors are transition 

dipole moment (μ), and the high-pressure pre-exponential (A∞) which are varied over a 

range of reasonable E0 values, to give acceptable fits of the model to the experimentally 

measured results. 

In the modeling process, once a Boltzmann distribution has reached a steady-state 

at a desired temperature, from the linear BIRD kinetics, the unimolecular decomposition 

rate constant can be obtained. The defined MEM rate constants at the highest and lowest 

temperatures are compared with the values of the BIRD experiment and the threshold 

activation energies are calculated.  

2.2. Computational Methods. In this thesis, theoretical methods are used to determine 

structures and thermochemistries to compare to the experimentally obtained results. 

Described here are the details of the computational techniques that were used. 

2.2.1. Ab Initio Methods. Ab initio techniques are methods in which the Born-

Oppenheimer approximations are used to simplify the Schrödinger equation for many 

electron systems. Based on the Born-Oppenheimer approximation, the nuclear motion is 

decoupled from electronic motion.77 This allows ab initio methods to be applied for a fixed 

nuclear configuration to systematically vary nuclear degrees of freedom to obtain the 

electronic energy of the ground state. The obtained electronic energy as a function of the 

reaction coordinate determines the potential energy surface (PES).  
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The Hartree-Fock (HF) scheme is one of the ab initio methods used to solve the 

Schrödinger equation, a form of a single determinant type, which is popular since it is a 

computationally fast method. The post-Hartree-Fock methods, such as Møller-Plesset 

(MP)78,79 and configuration interaction (CI), were developed and account for the correlation 

energy to a certain extent. However, these calculations become computationally expensive 

and require significantly more computational time. Second order perturbation MP2 is also 

a post-Hartree-Fock method which applies the effects of electron correlation to the total 

energy. 

2.2.2. Density Functional Theory (DFT) Methods. The computationally expensive nature 

of post Hartree–Fock wave function methods, like MP2 was an incentive to the 

development of methods based on the electron density, density functional theory (DFT). 

DFT methods are based on the Hohenberg--Kohn theorem that states existence of a unique 

one--to--one map between the electron density and energy of the system. Kohn--Sham 

theory provided a scheme/method to obtain energy of the system from the electron density. 

Using this theory, the energy is expressed as a functional of the electron density which is 

obtained from the molecular orbitals. In this thesis, DFT methods are the main ones that 

are used to predict the minimum energy structure of given molecules in the gas phase. 

Using this theory (kohn-sham) the energy is expressed as a functional of the electron 

density which is obtained from the molecular orbitals. In this thesis, DFT methods are the 

main ones that are used to predict the minimum energy structure of given molecules in the 

gas phase.  
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2.2.3. Basis Sets. All the above calculations are performed using a number of functions 

known as basis sets. A basis set is a finite set of functions called basis functions to make 

molecular orbitals. Gaussian type functions (GTF) are extensively used.80,81,82,83,84 

Depending on the type of the basis set one or more basis functions might be assigned to 

describe the core and the valence shell orbitals. The split-valence basis set represented as 

K-LMG nomenclature, is a popular class of basis set and the basis set used in this thesis. 

The K part represents the number of core Gaussian functions (G) and the LM part 

corresponds to the valence shell atomic orbitals which may include extensions with 

optional polarization and diffuse functions to them. 

Polarization functions, which are functions of higher angular momentum quantum 

number, unoccupied in the atom, can be added to the basis sets to add more flexibility and 

gain better results. They are, for example, shown as (d or *), meaning that a d-function is 

added to the heavy atoms in the selected basis set, or (d,p or **) in which polarization 

functions are also added to light atoms (a p orbital). In addition to the polarization functions, 

the proper diffuse function, shown as plus sign + or aug, might be added to the basis set. 

The use of polarization and diffuse functions depend on the type of atoms in the molecule. 

For instance, in the case of anions and excited states, basis sets with diffuse functions 

should be used to obtain more reliable results.85 For larger atoms containing many 

electrons, such as the complexes studied in Chapters 4 and 5, effective core potentials 

(ECP) are used. ECP is a method in that a pseudopotential is used instead of Gaussian 

functions for core electrons. For example, in Chapter 4 and 5, the Def2TZVP basis set is 

applied for Sr, Ba, Rb and Cs atoms. 
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The calculations usually start with an initial guess of the geometry constructed from 

chemical intuition which is done using the Gauss view program followed by the geometry 

optimization and the frequency calculations. A full geometry optimization is an iterative 

process based on geometry convergence criteria, which is continued until the minimum 

geometry is achieved. In the frequency analysis based on the forces applied to each nucleus 

(from the second derivative/gradient of potential energy) the normal mode calculation is 

performed. 

By determining the second derivatives of the energy with respect to the Cartesian 

nuclear coordinates, the vibrational frequency, v of each of the n normal modes is 

calculated. Generally, in a molecule with N atoms, the vibrational energy, Evib is the sum 

of the energy of each normal vibrational mode which is calculated using equation 2.19 

where h is Planck’s constant. 

                       Evib =  ∑ (
1

2
ℎ𝜈𝑖)

�̇�

                                                    (2.19) 

After the normal mode analysis, the frequency of each vibrational normal mode is defined. 

The energy of each mode is used to account for the zero-point energy and this energy is 

added to the electronic energy. From the frequency calculations and their contributions to 

the enthalpy (H) and entropy of the molecule, the enthalpy and Gibbs energy (G) of the 

system is computed. Therefore, the frequency analysis on the optimized structure yields the 

thermochemistry and the obtained IR spectrum could be compared with the spectrum 

resulted from the IRMPD experiment. 
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If the Etot represent the total internal energy of the molecule which is the sum of the 

electronic, vibrational, rotational, translational, and zero-point energies in based on 

equation 2.20 

                       E𝑡𝑜𝑡 =   Eelec +  Evib +  Erot +  Etrans +  Ezp                      (2.20) 

H, and G, can be calculated from the internal energy by the following thermochemical 

relations 

𝐻 =   E𝑡𝑜𝑡 +   𝑅𝑇                                                                       (2.21) 

𝐺 =  E𝑡𝑜𝑡 +   𝑅𝑇 − 𝑇S𝑡𝑜𝑡 = 𝐻 − 𝑇S𝑡𝑜𝑡                                 (2.22) 

In most computational parts of this thesis, depending on the type of system, different 

basis sets and level of theory were selected. Single point calculations are then carried out 

in a higher level using a geometry which was optimized at a lower level of theory.  

In this research, all ab initio and density functional calculations were done with the 

Gaussian 0986 program. For the purposes of this thesis, the selected computational methods, 

mainly density functional methods, are used to obtain the geometry optimization, enthalpies 

and Gibbs energies. The final comment is about including dispersion correction to DFT 

methods. The dispersion correction mainly considers the short–range and London 

dispersion interactions between molecules and improves the performance of DFT methods. 

B3LYPD3 is a modified version of the DFT methods with extension to more elements using 

Grimme’s version with the original D3 damping function87 which was applied to 

optimizations. 
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Determining the global minimum is difficult and it is highly dependent on the 

starting structure. Molecular dynamics simulations are powerful tools that are used in 

Chapters 3, 4 and 5 to overcome the global minimum problems. To more fully explore the 

potential energy surface and as many possible structures and conformations as possible, 

methods such as simulated annealing (SA), have been developed. Simulated annealing is a 

method implemented in molecular dynamics packages, is designed to solve this problem.  

2.2.4. Molecular Dynamics (MD) Methods. MD is a computer simulation technique that 

is based on integrating Newton’s second law of motion to obtain trajectories of particle 

interactions through classical potentials between them. In MD, particles propagate in time 

based on the bonding and nonbonding forces that are applied to them. In order to find the 

structures of molecules, the laws of classical physics are used. In MD, a proper force field 

is used for simulation of biological and organic systems to calculate the intermolecular and 

intramolecular interactions. Since the MD techniques alone might not be computationally 

efficient, a combination of molecular dynamics simulation and DFT methods can be used 

as a powerful complementary tool. For instance, MD is used to do the conformational 

search of a given molecule. Afterward, a number of minimum energy structures obtained 

by MD are selected as initial structures of DFT calculations. In MD, a force field has been 

used to calculate the intermolecular and intramolecular interactions. For example, for the 

conformational search in SA, GAFF88 force fields are carried out. A successful force field 

should work for both biological and organic molecules. Several general force fields such 

as AMBER, MMFF94, MM3, MM4, CHARMM, and OPLS have been developed. 

MMFF94, MM4, MM3 and OPLS force fields can not be widely used in studying 
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biological systems, but AMBER and CHARMM are used for both biological and organic 

systems. In General AMBER force field (GAFF) potential energy is; 

𝐸𝑝𝑎𝑖𝑟 = ∑ 𝑘𝑟(𝑟 − 𝑟𝑒𝑞)
2

𝑏𝑜𝑛𝑑𝑠

+ ∑ 𝑘𝜃(𝜃 − 𝜃𝑒𝑞)
2

𝑎𝑛𝑔𝑙𝑒𝑠

+ ∑
𝑉𝑛

2
[1 + 𝐶𝑜𝑠(𝑛𝜙 − 𝛾)]

𝑑

+ ∑ [
𝐴𝑖𝑗

𝑅𝑖𝑗
12 −

𝐵𝑖𝑗

𝑅𝑖𝑗
6 +

𝑞𝑖𝑞𝑗

𝜀𝑅𝑖�̈�
]

𝑖<𝑗

 (2.23) 

This equation consists of two parts, bonded and nonbonded. The bonded part 

includes, bond and angle harmonic vibrations, shown as req and θeq that are equilibration 

bond length and angle and kθ and kr that are force constants. The next bonded interaction 

in the equation 2.23 is corresponded to the dihedral energy. The nonbonded part includes 

the Van der Waals and electrostatic interaction. Aij and Bij Lennard-Jones parameters and 

qi, qj are partial charges. More details about the force fields and molecular dynamics is 

beyond the scope of this thesis and is not described here.34 
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Chapter 3 

The Protonated and Sodiated Dimers of Proline Studied by 

IRMPD Spectroscopy in the N–H and O–H Stretching Region 

and Computational Methods 

This chapter is reproduced with permission from  

Jami-Alahmadi, Y.; Gholami, A.; Fridgen, T. D. 

“The protonated and sodiated dimers of proline studied by IRMPD spectroscopy in the 

N–H and O–H stretching region and computational methods” 

Phys. Chem. Chem. Phys., 2014, 16, 26855-26863. 

 

 

3.1. Introduction 

Research on gas-phase ions and ion–molecule reactions provides us with 

information on the intrinsic properties of ions. Mass spectrometric techniques are uniquely 

suited to determine the reactivity and thermochemical properties of gas phase ions and can 

even be used to elicit structural characteristics. These techniques include blackbody 

infrared radiative dissociation (BIRD),1-4 high pressure mass spectrometry (HPMS),5–9 

collision induced dissociation (CID),10,11 high energy CID,7,12–14 and the kinetic method.15–

17 

The three dimensional structures of biological macromolecules such as proteins are 

governed by non-covalent interactions such as hydrogen bonding and ionic hydrogen 

bonding. Typical ionic hydrogen bonds can have energy higher than 130 kJ mol−1, 

significantly higher than the normal hydrogen bond.18–20 The strength of these ionic 
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hydrogen bonds and their ubiquitousness in biomacromolecules make their fundamental 

study of utmost importance. Over the last decade, infrared multiple dissociation (IRMPD) 

spectroscopy21–24 has been providing much more direct information on the subtleties of 

bonding, allowing for elucidation of the detailed structures of gaseous ions involving, for 

example, amino acids21,22,25–32 and peptides.22,33–40 IRMPD spectroscopy combined with 

electronic structure calculations is indeed a powerful combination of tools to help 

determine the structures of gas phase ions. Protonated amino acid dimers have been the 

topic of several recent IRMPD spectroscopic studies due to the existence of strong 

intermolecular ionic hydrogen bonding in these species as well as strong intramolecular 

hydrogen bonding interactions.25,29,41–44 For example IRMPD spectroscopic studies on 

glycine, alanine, valine,25 and serine43 protonated dimers showed that the non-protonated 

amino acid in the dimer was canonical (i.e. non-zwitterionic) but in the proline protonated 

dimer, neutral proline is predominantly zwitterionic.42 Due to a band observed at 1733 cm−1 

which could not be ascribed to the zwitterionic protonated dimer, Wu and McMahon42 also 

concluded that an isomer where the neutral proline was in its canonical form was also 

present in the gas-phase mixture. These small proton-bound dimers can be models for larger 

systems where strong ionic hydrogen bonding exists, such as proteins. Metal ions also play 

a huge role in stabilizing biological polymers. Metal ion complexation can stabilize 

zwitterionic structures of amino acids depending on the size and valency of the metal atom 

and gas-phase basicity of the amino acids.30,45,46 

Proline is one of the twenty common amino acids that comprise proteins and 

obviously plays an important role in human biology. Proline and its post-translationally 
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modified analogue, hydroxyproline, are secondary amines and are among the main 

structural materials of fibrous proteins from which bones, tendons, ligaments, and skin are 

composed, owing to the rigidity of the cyclic structure.47 Proline helps tissue repair 

following injuries such as burns, and after surgery.48,49 

The present work is focused on the structural characterization of the protonated and 

sodiated dimers of proline using IRMPD spectroscopy in the N–H and O–H stretching 

region, 3200–4000 cm−1. We also augment the experimental results with electronic 

structure calculations. Due to the existence of an immense number of possible structures of 

the gas phase ions under study, using only chemical intuition to come up with starting 

structures may not be a robust method to determine the global minimum. In order to fully 

explore the potential energy surface, different methods such as simulated annealing (SA) 

have been developed and used.33,50,51 

3.2. Methods 

3.2.1. Experimental Methods.   

The protonated proline dimers, [(Pro)2H]+, were electrosprayed from 100 

micromolar aqueous solutions of proline to which a few drops of 100 micromolar aqueous 

formic acid were added. Similarly, the sodiated proline dimers, [(Pro)2Na]+, were 

electrosprayed from solutions to which a few drops of 100 micromolar NaCl were added. 

The laboratory for the study of energetics, reactions, and structures of gaseous ions at 

Memorial University houses an ApexQe Bruker FTICR mass spectrometer to which a 

tunable IR laser (OPO) has been mated. The coupling of these two instruments and their 
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details have been published previously.21,52,53 Briefly, the laser power is at a maximum of 

60 mJ at about 3800 cm−1 and decreases smoothly to about 10 mJ at 3100 cm−1. Spectra 

presented in this paper have not been corrected for power fluctuations. Electrosprayed ions 

were stored in the hexapole storage cell for about 2 s before being transferred to the ICR 

cell where they were isolated by standard FTICR techniques. Ions were irradiated for 3 s at 

each wavenumber value between about 3820 and 3180 cm−1 at 2 cm−1 intervals. The 

IRMPD efficiency is the negative of the natural logarithm of the ratio of the precursor ion 

intensity over the sum of the precursor and fragment ion intensities. The IRMPD spectrum 

is a plot of the IRMPD efficiency vs. wavenumber. 

3.2.2. Computational Methods.  

The AMBER954 suite of programs with the Generalized AMBER force field 

(GAFF)55 was used to explore the conformational space of [(Pro)2H]+ and [(Pro)2Na]+. For 

the [(Pro)2Na]+ complexes Na was positioned in chemically relevant positions between the 

organic components and assigned an integer charge. Minimized energy conformations of 

the complexes were equilibrated for 10 ps at time steps of 0.5 fs at 300 K before undergoing 

2000 cycles of simulated annealing (each 31 ps total, 0.5 in fs time step) starting with drastic 

heating from 300 K to 750 K over 3.00 ps and equilibrated for 1 ps. This was followed by 

cooling increments of 50 K over 2 ps with 1 ps of equilibration at each temperature until 

300 K. The lowest energy structure from each annealing cycle was used to begin the 

subsequent round of simulated annealing. After each cycle the low energy conformation 

was cooled to 0 K over 5 ps, minimized, and the potential energy calculated. 
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Simulated annealing resulted in many different structures for [(Pro)2H]+ and 

[(Pro)2Na]+. For example, 8000 structures were obtained for [(Pro)2H]+ from four different 

simulated annealing runs, two for protonated proline complexed to zwitterionic proline, 

and two for protonated proline complexed with canonical proline. A potential energy vs. 

simulated annealing cycle plot is shown in Figure A1.1. Rearrangement of these data in the 

order of energy along the abscissa reveals groups of structures with similar energies as can 

be seen in Figure A1.2. From the 8000 structures produced from the simulated annealing 

runs, about 120 unique structures were chosen for geometry optimization and frequency 

calculations using B3LYP/6-31+G(d,p). These optimized structures were then subjected to 

single point calculations using B3LYP in conjunction with the 6-311+G(3df,3pd) basis set. 

All ab initio and density functional calculations were done with the Gaussian 0956 suite of 

programs. To compare the computed IR spectra with the experimental IRMPD spectra, the 

former were scaled by 0.964 along the wavenumber axis.57 The relative enthalpies, ΔrelH, 

and 298 K Gibbs energies, ΔrelG, denoted as B3LYP/6-311+G(3df,3pd)//B3LYP/6-

31+G(d,p) are the electronic energies from the single-point calculations combined with the 

thermal corrections to the enthalpy and Gibbs energy from the B3LYP/6-31+G(d,p) 

calculations and are reported relative to the lowest energy structure found. All relative 

energies are provided in kJ mol−1 and were calculated using a temperature of 298 K. For 

comparison, geometry optimizations were done at the B3LYP/6-311+G(3df,3pd) and 

MP2/6-31+G(d,p) levels and basis sets and ΔrelH and 298 K ΔrelG were computed with 

these electronic energies with thermal corrections from the B3LYP/6-31+G(d,p) frequency 

calculations. MP2/6-311+G(3df,3pd) single point calculations were also done on the 

MP2/6-31+G(d,p) optimized geometries. Finally, for comparison, dispersion corrected 
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B3LYP (B3LYPD3) calculations using Grimme's D3 version with the original D3 damping 

function58 were done with optimizations and frequency calculations using the 6-31+G(d,p) 

basis set and single point calculations using the 6-311+G(3df,3pd) basis set. All the 

thermochemistries from these calculations are reported in Tables A1.1 and A1.2.  

3.3. Result and Discussion  

Upon resonant absorption of the infrared OPO laser, the only dissociation pathway 

observed was loss of proline for both [(Pro)2H]+ and [(Pro)2Na]+. The IRMPD spectra of 

[(Pro)2H]+ and [(Pro)2Na]+ are compared in Figure 3.1 in the 3200–3800 cm−1 region. Both 

spectra contain a strong absorption at about 3600 cm−1 corresponding to an O–H stretching 

vibration of a carboxylic acid group. Both also contain a feature associated with what is 

most likely an N–H stretch at 3400 cm−1. The IRMPD spectrum of [(Pro)2H]+ also contains 

a broad absorption spectrum centered at about 3260 cm−1 which most likely corresponds to 

N–H stretches that are red shifted due to hydrogen bonding. These IRMPD spectra can be 

compared with infrared spectra computed for various isomers in order to help determine 

their structure. The structures and spectra of both [(Pro)2H]+ and [(Pro)2Na]+ are discussed 

in turn below. 

3.3.1. [(Pro)2H]+ 

[(Pro)2H]+ consists of a protonated proline bound to a neutral proline. It is 

fundamentally important to know whether the neutral proline is zwitterionic (ZW) or 

canonical. In the literature when the amino acid is canonical and bound to an ion the 
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structure has been coined “charge-solvated,” (CS) and we adopt this term for the present 

paper. 

 

 

Figure 3.1. Comparison of the IRMPD spectra from 3200 to 3800 cm−1 for [(Pro)2H]+ (top) and 

[(Pro)2Na]+ (bottom). 

 

A combination of simulated annealing and “chemical intuition” led to 42 unique 

structures for [(Pro)2H]+. Of these structures, 21 are within 16 kJ mol−1 in Gibbs energy 

based on MP2/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p) calculations. There is good 

correlation in ordering and magnitude between the MP2 calculations and the B3LYP 

calculations as can be seen in Table A1.1. The ten lowest-energy structures are shown 

in Figure 3.2, and the remaining 11 below 16 kJ mol−1 are shown in Figures A1.3a and 

http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig2
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A1.3b. Of the top 21 structures within 16 kJ mol−1, two thirds are ZW, and 8 of the 10 

lowest energy structures, in fact the six lowest, are ZW. The first two lowest energy 

structures differ only in ring puckering of the protonated proline (on the right side of each 

figure) and are separated by only 1.3 kJ mol−1 in Gibbs energy according to the MP2/6-

311+G(3df,3pd)//B3LYP/6-31+G(d,p) calculations. The conformations of the protonated 

proline in ZW1 and ZW2 are identical to the first and second lowest-energy structures 

determined by Marino et al.59 for bare protonated proline, exo and endo conformations, 

respectively, and with the carbonyl oxygen interacting with both the protonated amine and 

hydroxyl hydrogens. The zwitterionic prolines in both ZW1 and ZW2 are in endo 

conformations, similar to the lowest energy structure of neutral, non-zwitterionic 

proline.59 ZW5 is similar to ZW1 except that the ring puckering of the zwitterionic proline 

is exo, and is almost 5 kJ mol−1 higher in Gibbs energy. The prolines in ZW3 have the same 

ring puckering as ZW1, but the two differ by what is effectively a rotation about the O–

H+–N. In all the zwitterionic structures, one of the carboxylate oxygens of the zwitterionic 

proline is involved in an intramolecular hydrogen bond to an amine hydrogen. In ZW1, 2, 

3, 5 and 6 the zwitterionic proline is bound to the protonated amine by the other carboxylate 

oxygen. In ZW4 and ZW8, however, the zwitterionic proline is bound through the same 

carboxylate oxygen that is also hydrogen bonded to the amine hydrogen, leaving one 

carboxylate oxygen free from any hydrogen bonding interactions. This is important as the 

infrared spectra of these two sets of ZW structures may be expected to be different in the 

C O stretching region, vide infra. ZW4 is only 3.7 kJ mol−1 higher in energy than ZW1 

while ZW8, which differs in ring puckering of the protonated proline, is 8.1 kJ 

mol−1 relative to ZW1. 

http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#cit59
http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#cit59
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The lowest energy CS structure, CS7, is calculated to be 7.5 kJ mol−1 higher in 

Gibbs energy than ZW1. The conformations of the prolines are identical in CS7 and ZW2, 

the only difference is that the neutral proline in the latter is zwitterionic. In Figure 3.3, the 

computed spectra of the five lowest-energy ZW structures along with CS7 are compared to 

the experimental IRMPD spectrum. All the zwitterionic structures have virtually identical 

predicted spectra in the N–H/O–H stretching region, an O–H stretch at about 3600 cm−1, 

and a free N–H stretch of the zwitterionic proline predicted at about 3390 cm−1. A third 

vibration corresponds to the stretching of the N–H bond in protonated proline that is not 

bound to the neutral proline, but is involved in an intramolecular interaction with the 

carbonyl oxygen which is responsible for its red-shifting to between 3200 and 3300 

cm−1 from a normal amine N–H stretch. The fluctuation in the position of this band in 

different structures is due to that mode being sensitive to hydrogen bond strength. All of 

the ZW structures agree well with the experimental spectrum. The breadth of the 

experimental band at about 3260 cm−1 is about 50 cm−1 (fwhm) significantly broader than 

the 3600 cm−1band which is about 20 cm−1 (fwhm). The range of predicted positions for 

the N–H stretch responsible for the 3260 cm−1 feature is consistent with more than one 

structure being responsible for the observed infrared spectrum. 

This is also consistent with so many (5) low-energy structures predicted to be within 

5 kJ mol−1 in Gibbs energy of the lowest energy structure. The other N–H stretch for the 

zwitterionic proline in the ZW structures is predicted to occur below 2850 cm−1, strongly 

red-shifted due to a strong hydrogen bonding interaction with the carboxylate oxygen and 

outside the range of our laser. The CS structures also have bands predicted at about 3600 

http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig3
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cm−1 and between 3200 and 3300 cm−1, which correspond to the same vibrational modes 

as discussed above for the ZW structures. The difference is the free N–H stretch of the 

neutral proline. For the CS structures this band is predicted to be ∼50 cm−1 to the blue of 

that predicted for the zwitterionic structures. The predicted lower wavenumber N–H stretch 

for the ZW structure is due to a slight weakening of the free N–H bond due to protonation 

at the N. While this band is weak, there is no sign of it in the experimental IRMPD spectrum 

and this is consistent with the predicted thermochemistry, being 7.5 kJ mol−1 higher in 

energy corresponding to a population of only 4.9% relative to ZW1. It is concluded, based 

on the agreement of the IR spectra of the ZW structures with the IRMPD spectrum and the 

computed thermochemistries, that [(Pro)2H]+ is zwitterionic. Previous research has been 

conducted on the proton bound dimer of proline using IRMPD spectroscopy in the 1000–

2000 cm−1 region in conjunction with electronic structure calculations.42 Their calculations 

showed that the four lowest energy structures of [(Pro)2H]+ were zwitterionic and the next 

seven structures are CS structures, more than 8 kJ mol−1 higher in energy. The results 

presented here are perfectly consistent with Wu and McMahon in that the first CS structure 

is almost 8 kJ mol−1 higher in energy than the lowest energy structure.42 Their IRMPD 

spectrum also better matched the IR spectrum of a ZW structure consistent with the results 

in the 3200–3800 cm−1 range presented here. However, none of their ZW structures had a 

predicted band that could account for a nicely resolved band observed at 1733 cm−1.  Their 

lowest energy CS structure, identical to CS7 in Figure 3.2 here, did have a predicted band 

matching the one observed at 1733 cm−1 due to the carbonyl of neutral proline, red shifted 

from the normal ∼1800 cm−1 position due to interaction with protonated proline. 

http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#cit42
http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#cit42
http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig2
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Figure 3.2. Ten lowest energy structures for [(Pro)2H]+. MP2/6-311+G(3df,3pd)// B3LYP/6-

31+G(d,p) and MP2/6-311+G(3dp,3pd)//MP2/6-31+G(d,p); (italicized) 298 K relative Gibbs 

energies, ΔrelG, and enthalpies, ΔrelH, (parentheses). Energies are provided in kJ mol−1. 
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Figure 3.3. Comparison of the experimental IRMPD spectrum of [(Pro)2H]+ with calculated IR 

spectra of different isomers of the dimer. 

 

They concluded that the species responsible for their IRMPD spectrum were a 

combination of zwitterionic structures and the high energy canonical structure. However, 

we present another explanation for this 1733 cm−1 band. ZW4 in Figure 3.2 is 3.7 kJ 

mol−1 lower in energy than CS7, and has a predicted C O stretching vibration consistent 

with the 1733 cm−1 band in the Wu and McMahon spectrum42 (see Figure A1.4). The C O 

http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig2
http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#cit42
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stretch responsible for this band is the free carbonyl from zwitterionic proline which is blue 

shifted from the normal carboxylate C O stretching position because it is not involved in a 

hydrogen bond; the other is involved in two hydrogen bonds. 

The lowest energy structures for [(Pro)2H]+ were optimized using MP2/6-

31+G(d,p) and the electronic energies were refined with MP2/6-311+G(3df,3pd) single 

point calculations. Dispersion corrected B3LYP calculations were also done for 

comparison. The thermochemistries computed for [(Pro)2H]+ structures are in Table A1.1 

and are also included in Figure 3.2. It can be seen that the calculations using MP2/6-

311+G(3df,3pd) on either the B3LYP/6-31+G(d,p) or MP2/6-31+G(d,p) geometries are 

consistent with a few minor differences. For example, structure ZW4 actually becomes the 

second lowest energy structure and higher in Gibbs energy than ZW1 by only 0.6 kJ mol−1, 

corresponding to a ZW4 population 78% that of ZW1. A simulated spectrum constructed 

of a weighted average of ZW1 and ZW4 in the 900–2000 cm−1 region is provided in Figure 

A1.4 and shows an excellent match to the experimental spectrum. We conclude that the 

IRMPD spectra in both the 1000–2000 and 3200–3800 cm−1 regions, as well as the 

computed thermochemistries are most consistent with a mixture of ZW structures and the 

lowest energy CS structure is probably a minor, unobserved component. 

3.3.2. [(Pro)2Na]+ 

[(Pro)2Na]+ consists of a sodium cation bound to two proline dimers. Unlike the proton in 

[(Pro)2H]+, the sodium ion is more evenly shared between the two monomers. Simulated 

annealing calculations combined with chemical intuition resulted in 36 unique structures 

of [(Pro)2Na]+. The B3LYP/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p) thermochemistries 

http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig2
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were used to rank the sodium bound dimer structures and it has been observed in the past 

that density functional theory provides better agreement with experimental 

thermochemistries for alkali and alkaline earth metal containing complexes.60 

The eight lowest energy structures are shown in Figure 3.4. The rest of the 

structures that were identified computationally are available in Figures A1.5a, A1.5b and 

the thermochemistries are summarized in Table A1.2. Fifteen of these structures are within 

10 kJ mol−1 of Gibbs energy and in all of these at least one of the prolines is ZW. The 

lowest energy structures are a mixture of ZW–ZW, where both prolines are zwitterionic, 

and ZW–CS, where one of the prolines is canonical. The lowest energy CS–CS structure is 

about 12 kJ mol−1 with respect to the lowest energy structure, ranked 18th of all the 

structures computed. This is consistent with previous research which shows that for the 

sodiated monomer, proline is zwitterionic,45,61,62 so it would be expected that lower energy 

structures might have at least one of the prolines in its zwitterionic structure. 

The O–H stretching band at 3600 cm−1 in the IRMPD spectrum of the sodium bound 

dimer (Figure 3.5), clearly suggests that at least part of the population of observed ions 

contains a structure in which there is at least one canonical proline with a non-hydrogen 

bonded—or free—O–H bond. The ZW–ZW structures do not have a hydroxyl group, and 

the O–H stretch is red-shifted out of the range of the laser for ZW–CS structures (i.e. ZW–

CS1 which has an identical predicted spectrum to ZW–CS3 in the N–H/O–H stretching 

region) where the hydroxyl group is hydrogen bonded to the amine.  

 

http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#cit60
http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#cit45
http://pubs.rsc.org/en/content/articlehtml/2014/cp/c4cp03104k#imgfig5
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Figure 3.4. Eight lowest energy structures for [(Pro)2Na]+. B3LYP/6-311+G(3df,3pd)// B3LYP/6-

31+G(d,p), B3LYP/6-311+G(3df,3pd)//B3LYPD3/6-31+G(d,p) (italicized), 298 K ΔrelG, and 

enthalpies, ΔrelH, (parentheses). Energies are provided in kJ mol−1. 

 

However, structures such as ZW–CS4 and ZW–CS6 (which have identical 

predicted spectra in the N–H/O–H stretching region which are only 3.1 and 3.7 kJ 

mol−1 higher in energy than the lowest energy structure, respectively) can account for the 

O–H stretching vibration with a free O–H moiety. In fact, ZW–CS4 is the lowest energy 

structure computed using dispersion corrected density functional theory (B3LYPD3, Table 

A1.2) with ZW–ZW2 and ZW–CS6 being 1.5 kJ mol−1 higher in Gibbs energy. The relative 

intensities of the experimental N–H stretch and O–H stretch are also most consistent with 

the predicted spectrum of ZW–CS4 (and ZW–CS6). It is concluded that [(Pro)2Na]+ is 
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predominantly composed of a zwitterionic proline bound to Na+via the two carboxyl 

oxygens and the canonical proline is bound through the carbonyl O and the amine N with 

a free O–H bond that is observed to absorb at about 3600 cm−1. 

3.4. Conclusions 

A combination of IRMPD spectroscopy and computational chemistry has been used 

to determine that the proton- and sodium-bound dimers of proline exist as a mixture of a 

number of different structures. Simulated annealing computations were also used to 

augment chemical intuition to determine the unique structures of the dimeric complexes. 

The proton-bound dimer structure exists as an N-protonated proline bound to zwitterionic 

proline. No spectroscopic evidence in the 3200–3800 cm−1 region was observed for a 

canonical structure. A well resolved C O band at 1733 cm−1 from a previous spectroscopic 

study42 was reassigned from a high energy canonical isomer to a lower energy zwitterionic 

structure. 

Computationally, there are many low energy sodium bound dimers of proline 

computed to be within 10 kJ mol−1 in Gibbs energy and eight structures within 5 kJ mol−1. 

None of the ZW–ZW structures can necessarily be ruled out based on the experimental 

spectrum. They all have an N–H stretching band predicted in the same position as that 

observed experimentally. However, only ZW–CS structures that have a free O–H bond can 

be responsible for the band at ∼3600 cm−1. The sodium-bound dimer may exist as a mixture 

of a number of different structures, but at least one of these must be a ZW–CS structure, 
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such as ZW–CS4 with a free hydroxyl group. Diffusion corrected B3LYP calculations 

predict this ZW–CS4 structure to be the lowest-energy structure. 

 

 

 

 

Figure 3.5. Comparison of the experimental IRMPD spectrum of [(Pro)2Na]+ with calculated IR 

spectra of different isomers of the dimer. 
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Chapter 4 

Structures and Unimolecular Chemistry of M(Pro2-H)+ (M = 

Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Cu, Zn) by IRMPD 

Spectroscopy, SORI-CID, and Theoretical Studies 

This chapter is reproduced with permission from  

Jami-Alahmadi, Y.; Fridgen, T. D. 

“Structures and unimolecular chemistry of M(Pro2-H)+ (M = Mg, Ca, Sr, Ba, Mn, Fe, Co, 

Ni, Cu, Zn) by IRMPD spectroscopy, SORI-CID, and theoretical studies” 

Phys. Chem. Chem. Phys., 2016, 18, 2023-2033. 

 

4.1. Introduction 

Interactions between transition or alkaline earth metal dications and biomolecules 

are of great interest and have garnered much attention due to the important roles they play 

in biological processes. Furthermore, it is anticipated that the detailed fundamental 

chemistry that can be learned from studying these small complexes will be transferrable to 

larger, more biologically relevant systems. Transition metals are present in trace amounts 

in living organisms complexed by peptides, proteins, or nucleic acids. The effects of metal 

cations can be positive, in fact necessary, stabilizing or binding substrates or acting as redox 

centres in enzyme catalyzed reactions; their effects can also be negative, destabilizing 

proteins or helical structures and acting as poisons. The nature of their effect depends on 

factors such as the identity of the metal cation and its concentration.1 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit1
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The coordination of amino acids to transition metal ions has been studied in solution 

using techniques such as, X-ray diffraction, electron paramagnetic resonance 

(EPR),2 optical absorption and FTIR studies,2 HNMR,3 UV-Vis spectroscopy,3 and 

computational chemistry.4,5 Gas-phase studies of metal-bound amino acid complexes have 

the advantage that the effects of counter ions and solvent can be eliminated. A more detailed 

understanding of the intrinsic physical chemistry of the ion/molecule complex can be 

obtained in the gas phase, providing a baseline to which solvent-phase experiments can be 

compared and provide information for models of metal ion–biomolecule interactions. 

IRMPD spectroscopy has proven to be one excellent tool to probe of the structures of amino 

acid bound metal ion complexes.6–20 The positions of prominent modes, such as the C O, 

N–H, and O–H stretch can shift significantly with changes in their bonding environment 

making this technique especially useful for the structural investigation of ionic amino acid 

complexes. 

Proline is one of the twenty DNA-encoded amino acids and is unique in that its 

amine group is bound to its side chain making it a highly basic, secondary amine. Due to 

the ring structure of proline, when incorporated into a peptide or protein, it imparts a rigidity 

in the peptide backbone. For example, it has been proposed that a rate-limiting step in the 

protein folding is the cis/trans isomerization of the proteins that contain proline.21 Recently 

in our lab, IRMPD spectroscopy and theory were used to conclude that the structure of the 

[Zn(Pro-H)]+ complex in the gas phase can be described as an N/C2 or N/C5 

dehydrogenated proline molecule (i.e. Deprotonated at N and either C2 or C5 of proline) 

with ZnH+ bound to the imine N and carbonyl O. It was also found to predominantly lose 

neutral Zn upon collisional or IRMPD activation leaving the protonated dehydrogenated 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit2
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit2
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit3
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit3
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit4
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit6
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit21
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proline as the ionic product. Interestingly, the major fragmentation product for the 

“dimeric” [Zn(Pro2)-H]+ complex was found to be sequential double dehydrogenation 

unlike any of the primary amines studied. Sarcosine, another secondary amino acid, also 

underwent dehydrogenation.22 To our knowledge this is the first report of dehydrogenation 

of a gas-phase amino acid complex and one of the motivations of this study was to 

determine whether Zn2+ is unique or whether other [M(Pro)2-H]+ complexes would also 

dehydrogenate in the gas phase. Dehydrogenation of amino acids in biological systems 

occurs under the influence of amino acid oxidases using FAD as an oxidizing agent to 

dehydrogenate the substrate amino acid to the imino acid form. Following oxidation, the 

imino acid is transaminated to the alpha-keto acid.23,24 

Transition metals in complexes can differ in terms of the metal oxidation state. To 

determine the geometry of transition metal bound ligand complexes, the degree of splitting 

of the d orbitals is significant and directs how orbitals can be filled and whether the complex 

is high spin vs. low spin. Metals such as Mn, Fe, Co and Ni are capable of different d-

orbital splitting and can adopt different possible spin states; this makes it more complicated 

to calculate all of the possible electronic geometries of these complexes.25–29 The 

cooperation between mass spectrometry techniques and density functional theory (DFT) 

calculations would allow gaining some understanding on the structural information of 

amino acid bound metals that, in principle, may be useful to rationalize the behavior of 

more complicated systems which present similar basic sites. 

In this work we explore the unimolecular fragmentation pathways of the [M(Pro)2-

H]+ complexes initiated by sustained off-resonance irradiation collision-induced 

dissociation (SORI-CID) in a Fourier transform ion cyclotron resonance (FTICR) mass 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit22
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit23
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit25


84 

 

spectrometer. We also present IRMPD spectroscopy in the 2700–3800 cm−1 region, and for 

some complexes, in the 1000–1800 cm−1 region which is backed by theory to help 

determine the structures of these [M(Pro)2-H]+ complexes. 

4.2. Methods 

4.2.1. Experimental 

All mass spectrometry experiments were performed using a Bruker ApexQe 7.0 

FTICR. [M(Pro)2-H]+ (M = Mn, Fe, Co, Ni, Cu, Zn, Mg, Ca, Sr, and Ba) ions were formed 

by electrospray ionization (ESI) of 1 mL of 10 mmol L−1 aqueous solution of proline to 

which 15 μL of 10 mmol L−1 aqueous transition metal salt or 5 μL of the aqueous alkaline 

earth metal salt were added. ESI was done with an Apollo II ESI source using a syringe 

pump operated at 100 μL h−1. MnCl2, FeCl2, Co(NO3)2, NiCl2, CuCl2, ZnCl2, MgSO4, 

CaCl2, SrCl2, and BaCl2 were the source of metal dications used in these experiments. 

For SORI-CID experiments, the ions of interest were first isolated in the ICR cell 

then accelerated into argon gas under multiple collision SORI conditions. SORI/CID was 

completed inside the ICR cell which was followed by an Ar pulse to a pressure of 

∼10−6 mbar. SORI powers were applied in the range of 0.19–1.40 eV for 250 ms. 

IRMPD experiments were performed by using two setups. IRMPD spectra in the 

2700–4000 cm−1 region were obtained in the Laboratory for the Study of the Energetics, 

Structures, and Reactions of Gaseous Ions at Memorial University using an FTICR coupled 

to an IR OPO, manufactured by LaserSpec. This laser is tuneable from 1.4 to 4.5 μm, with 

a bandwidth of 2 cm−1. The OPO, built around a periodically poled LiNbO3 crystal, is 
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pumped by a diode pumped solid state Nd:YAG laser. The OPO operates at 20 kHz, with 

pulse duration of few nanoseconds and generates output power near 3 W at 3 μm, however, 

the power was limited to 1 W in the present experiments. For IRMPD spectra in the 

fingerprint region an FTICR was coupled to a mid-infrared free electron laser (FEL)30 with 

a 5 cm−1 bandwidth at the Centre Laser Infrarouge d’Orsay (CLIO). IRMPD irradiation 

times were between 1 and 2 s. The experimental IRMPD spectra were obtained by plotting 

the IRMPD efficiency (negative logarithm of the complex intensity divided by the total ion 

intensity) as a function of the radiation wavenumber. No attempts were made to correct the 

IRMPD spectra for fluctuations in laser power. 

4.2.2. Computational Methods 

All calculations were performed using Gaussian 09.31 Since all the transition metals 

studied here, except zinc, have unpaired electrons in their valence shells, the unrestricted 

open shell version of the B3LYP method (UB3LYP) was used. For Zn, which is a full d-

shell orbital, and the alkali metals the restricted B3LYP was used. Geometry optimizations 

and calculations of the infrared spectra for the optimized structures were carried out using 

the 6-31+G(d,p) basis set on all atoms except for Sr and Ba, for which the Def2SVP basis 

set was used. Empirical correction for dispersion was done using Grimme’s D3 version 

with the original D3 damping function, B3LYPD3.32 All harmonic frequencies were 

corrected using scaling factors of 0.980 and 0.955 in the fingerprint and C–H/N–H/O–H 

stretching regions, respectively. These scaling factors are typical for the complexes and 

regions studied. Computed IR spectra were convoluted using Gaussian functions with a 10 

cm−1 width (fwhm). Electronic energies were refined with single point calculations using 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit30
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit31
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit32
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B3LYPD3/6-311+G(3df,3pd) for all atoms except Sr and Ba for which the Def2TZVP basis 

set was used. Just for comparison, geometry optimizations and frequency calculations were 

done using B3LYPD3 in with the cc-pVTZ basis set on some of the Co, Mn, and Mg 

complexes. 

The bonding within the lowest-energy structures was analyzed by locating the bond 

critical points (BCPs) using atoms-in-molecules (AIM) theory,33 which is based on a 

topological analysis of the electronic density at the BCPs, and is a good descriptor of the 

bond strength or weakness. This analysis was conducted using AIMAll software.34 

4.3. Results and Discussion 

4.3.1. SORI/CID of [M(Pro)2-H]+ 

4.3.1.1. M = Mn, Fe, Co, Ni, and Cu. As depicted in Figure 4.1, all the [M(Pro)2-

H]+ complexes containing doubly charged first row transition metals, except Cu, were 

found to lose H2, H2O, and CO2 as the primary fragmentation pathways upon SORI 

activation. The Zn complex was found to undergo the same primary fragmentation 

processes.22 The MS/MS spectra for the [M(Pro)2-H]+ complexes where M = Mn, Fe, Co, 

and Ni are in Figure A2.1–A2.4, respectively, and confirm the three primary fragmentation 

pathways. The SORI mass spectra and MS/MS spectra also reveal secondary 

fragmentations which include further H2 losses. [Mn(Pro)2-H]+ and [Fe(Pro)2-H]+ also lose 

a second CO2 molecule. Interestingly, [Co(Pro)2-H]+ and [Ni(Pro)2-H]+ seem to not lose a 

second CO2, but formic acid, HCOOH, instead. While this loss of 46 Da could originate 

from a loss of CO2 followed by H2 loss, or vice versa, MS/MS experiments were not able 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit33
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit34
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig1
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit22
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to reveal the ion resulting in two CO2 losses. However, the MS/MS on some CO2 loss 

products which were also dehydrogenated were indeed found to lose CO2. For example, the 

ion at m/z 240 in the SORI spectrum of [Co(Pro)2-H]+ is the result of double 

dehydrogenation and loss of CO2. When isolated and subjected to SORI-CID, m/z 240 was 

found to produce fragment ions resulting from loss of 44 and 46 Da (Figure A2.3). HCOOH 

is apparently a neutral loss, rather than loss of CO followed by loss of H2O or vice versa. 

In Figure A2.1, for example, Mn(Pro2-H)+ loses H2O to form 266 and also forms 238 with 

loss of 46 Da. However, 266 does not lose 28 Da, ruling out sequential H2O + CO loss. No 

CO loss was observed for these complexes; this indicates but does not prove that CO loss 

followed by H2O loss does not occur. 

[Cu(Pro)2-H]+ (m/z 292) has a significantly different unimolecular chemistry—it 

was found to undergo loss of CO2 as its sole primary dissociation producing m/z 248. 

MS/MS studies (Figure A2.5) show that this primary loss of CO2 is followed mainly by 

loss of HNCO, forming m/z 205 as well as a minor loss of H2O. The fragment ion at m/z 205 

was found to lose HCOOH. It is worthwhile noting that none of these complexes lose 

proline, clearly due to very strong metal–proline interactions. Also, the fragmentation 

patterns and extent of fragmentations—no loss of N in any fragmentation except for 

secondary HNCO loss in [Cu(Pro)2-H]+—signifies strong metal–N binding in the 

complexes. 

4.3.1.2. M = Mg, Ca, Sr, and Ba. The SORI-CID spectra for [M(Pro)2-H]+, where M are 

the alkaline earth metals are shown in Figure 4.2. The Sr and Ba complexes were found to 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig2
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Figure 4.1. SORI/CID spectra obtained for [Mn(Pro)2-H]+, [Fe(Pro)2-H]+, [Co(Pro)2-H]+, 

[Ni(Pro)2-H]+and [Cu(Pro)2-H]+. 

 

primarily undergo loss of proline as their main fragmentation, although [Sr(Pro)2-

H]+ underwent a small amount of successive H2O loss as seen by fragment ions at m/z 299 

and 281. [Ca(Pro)2-H]+ also underwent a significant amount of proline loss, but loss of H2O 

strongly competes. A small amount of HCOOH loss was also observed for [Ca(Pro)2-H]+. 

MS/MS (Figure A2.7) confirms that the ion at m/z 207 is due to a secondary loss of 

CO2 following H2O loss. Interestingly, following the loss of proline, [Ca(Pro-H)]+ was seen 

to exhibit H2 loss. 
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Figure 4.2. SORI/CID spectra obtained for [Mg(Pro)2-H]+, [Ca(Pro)2-H]+, [Sr(Pro)2-H]+, [Ba(Pro)2-

H]+. 

 

The main primary fragmentation observed for [Mg(Pro)2-H]+ (m/z 253) was loss of 

water with a small peak also observed for loss of HCOOH at m/z 207, as seen from the 

MS/MS data in Figure A2.6. The fragment ion at m/z 217 is due to a second water loss 
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from m/z 235. The small peaks at m/z 205, 191, and 189 are due to secondary losses of 

H2CO, CO2 and HCOOH, respectively.  

The trend in the fragmentation patterns observed for the alkaline earth metals is 

expected if the binding to the metal cation is electrostatic. The larger Ba2+, with less charge 

density, binds less strongly to proline resulting in its loss. The smaller the central cation, 

the higher the charge density and the stronger the metal to proline interaction, resulting in 

fragmentation of the proline ligand. The binding in [Mg(Pro)2-H]+ is so strong that, like the 

transition metal cation complexes, which have a similarly small size and high charge 

density, no loss of proline and only proline fragmentation is observed. 

4.3.2. IRMPD Spectroscopy of [M(Pro)2-H]+ 

4.3.2.1. M = Mn, Fe, Co, Ni, Cu and Zn. The experimental IRMPD spectra in the 2700–

3800 cm−1 and 1000–1850 cm−1 ranges for [M(Pro)2-H]+, (M = transition metal) are 

depicted in Figure 4.3a and b, respectively. The spectra for all transition metals contain 

absorptions at about 3550 cm−1 and about 3370 cm−1 corresponding to a carboxylic acid O–

H stretch and a free N–H stretch, respectively. The presence of the O–H stretch in the 

IRMPD spectrum clearly indicates structures in which one of the prolines has an intact 

carboxylic acid group—not deprotonated and non-zwitterionic. Weak bands below 3000 

cm−1 can be ascribed to C–H stretching. In the fingerprint region, 1000–1850 cm−1, for the 

metals we have spectra for, each have two bands between 1650 cm−1 and 1800 

cm−1 assigned to the C O stretching of two different carbonyl groups, one free (∼1780 

cm−1) and one that has been weakened by an interaction, probably with the metal cation 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig3
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(∼1660 cm−1). Also there is a set of pronounced features at around 1230 cm−1 in the region 

corresponding to modes such as COH bending, as well as CH2 rocking. The spectrum in 

the fingerprint region for [Mn(Pro)2-H]+ is clearly different than the rest. It contains an 

intense band at 1450 cm−1 that could correspond to C–COO stretching and HNC bending 

as well as a pronounced shoulder at about 1620 cm−1 that could be assigned to 

NH2 scissoring motions. The intense 1330 cm−1 band is also unique to [Mn(Pro)2-H]+.  

4.3.2.2. M = Mg, Ca, Sr and Ba. A comparison of the experimental IRMPD spectra in the 

2800–3800 cm−1 region for the [Mg(Pro)2-H]+, [Ca(Pro)2-H]+, [Sr(Pro)2-H]+, and 

[Ba(Pro)2-H]+ complexes is displayed in Figure 4.3c.  

The IRMPD spectra of the [Mg(Pro)2-H]+ complex is similar to the transition metal-

bound complexes, containing absorptions corresponding to a free N–H stretch as well as 

an O–H stretching vibration, along with C–H stretching observed below 3000 cm−1. 

Interestingly, the complexes where M = Ca, Sr or Ba do not have the O–H stretching band, 

and only show the free N–H stretching feature corresponding to the zwitterionic form of 

proline at 3370 cm−1. There are also very strong and broad bands below 3200 cm−1, that are 

indicative of hydrogen bonded N–H or O–H stretches. 

4.3.3. [M(Pro)2-H]+ Structures and Comparison of Computed IR Spectra to IRMPD 

Spectra 

Based on calculations, [M(Pro)2-H]+ complexes consist of a deprotonated proline 

and an intact proline, the latter of which could adopt either a canonical or zwitterionic form,  

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig3
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Figure 4.3. Comparison of the experimental IRMPD spectra (a) from 1000 to 1900 cm−1 where M 

= Mn, Fe, CO and Ni, (b) from 2700 to 3800 cm−1 where M = Mn, Fe, Co, Ni, Cu, Zn and (c) from 

2800 to 3800 cm−1 where M = Mg, Ca, Sr and Ba. 

 

both coordinated to the metal cation. The carboxylic acid is the most acidic site in proline 

and is the site of deprotonation in these M(Pro2-H)+ complexes. The [M(Pro)2-

H]+ complexes can adopt one of four main groupings of structural isomers as depicted 

in Scheme 4.1. The first label (NO or OO) describes the coordination of the intact proline 

to the metal cation and the second corresponds to binding of the deprotonated proline. The 

third label, CS or ZW, corresponds to canonical (charge solvated) or zwitterionic intact 

proline. First, NO–NO–CS structures are those where the metal cation is coordinated to N 

and an O atom of the carboxylic acid group of both canonical intact proline and the N and 

one of the O atoms of the carboxylate group of deprotonated proline. In the NO–OO–CS 

structures the metal cation is also bound through N and carbonyl-O of the canonical proline 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgsch1
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and both oxygens of the carboxylate group of deprotonated proline. In the third general 

group of structures, OO–OO–ZW, both zwitterionic proline and deprotonated proline are 

bound through the carboxylate oxygens. Finally, in OO–NO–ZW structures a zwitterionic 

proline is bound through both carboxylate oxygens and deprotonated proline is bound 

through one carboxylate O and N. As in a previous work on the protonated and sodiated 

dimers of proline,20 the same expressions for the ring puckering type as outlined by 

Marino et al.35 are used, E for endo, and X for exo puckering. The first label in the name 

corresponds to intact proline, and the second corresponds to deprotonated proline.  

 

 

Scheme 4.1. The four main [M(Pro)2-H]+ structures. 

 

 

4.3.3.1. M = Mn, Fe, Co, Ni, Cu and Zn. Cu2+ and Zn2+ each have one spin state, doublet 

and singlet, respectively. Cu2+ complexes are all four coordinate while Zn2+ structures all 

have tetrahedral coordination. Mn can potentially have a doublet, quartet, or sextet spin 

state, but the high spin sextet complexes are significantly lower in energy (Table A2.1). 

The lowest energy sextet complexes are tetrahedral whereas the doublets and quartet all 

optimized to be square planar. Similarly, for Fe, the high spin quintet complexes are the 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit20
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit35
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lowest in energy (Table A2.2) and are all tetrahedral. In contrast, the lowest energy Co and 

Ni complexes are the low spin doublets and singlets, respectively (Tables A2.3 and A2.4), 

and form square planar complexes. For Co, the quartet OO–NO–ZW, NO–OO–CS, and 

OO–OO–ZW complexes are lower in energy than the doublet. For Ni, the triplet OO–NO–

ZW structures are lower in energy than the singlet. All of the high spin Co and Ni 

complexes were computed to be tetrahedral and the low spin complexes were square planar. 

There is not as much difference in energy between the higher spin and lower spin states for 

the Co NO–NO–CS complexes as there is for the Ni, Mn, and Fe complexes, but the 

difference is enough (∼10 kJ mol−1) that only the lowest energy NO–NO–CS spin states, 

in fact the lowest energy spin states for each of the four general structural isomer groups, 

will be discussed further. 

The lowest energy structures for all of the [M(Pro)2-H]+ complexes are NO–NO–

CS and there is little difference in the energies of the different ring puckering conformers. 

As can be seen from Figure A2.10, for [Cu(Pro)2-H]+ and [Ni(Pro)2-H]+, the computed 

spectra for all four of the ring puckering conformers of the NO–NO–CS complexes are 

virtually identical and infrared spectroscopy could not be used to distinguish between them 

in either the N–H/O–H stretching or the fingerprint regions. In the discussions below we 

only compare the computed IR spectrum of the lowest energy conformer for each of the 

four structural isomer groups. 

In Figure 4.4 the experimental spectra for both the [Zn(Pro)2-H]+ and [Cu(Pro)2-

H]+ complexes in the 2700–3800 cm−1 range are compared to the computed IR spectra for 

the lowest energy structures of each of the four structural isomer groups. The positions of 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig4
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the experimental O–H, N–H, and C–H stretching vibrations are well- and best-reproduced 

by the computed spectra for the lowest energy NO–NO–CS structures. Also, in Figure 4.5, 

Figure A2.17, and A2.18, the experimental spectra in both the fingerprint and 2700–3800 

cm−1 regions are compared to computed IR spectra for [Co(Pro)2-H]+, [Fe(Pro)2-H]+, and 

[Ni(Pro)2-H]+, respectively. Once again, and in both regions of the infrared, the lowest 

energy NO–NO–CS structures best reproduced the experimental IRMPD spectrum. 

As mentioned above, the experimental spectrum for [Mn(Pro)2-H]+ is more 

complex than the other transition metal complexes having intense bands at about 1330 and 

1450 cm−1 and a strong shoulder at about 1620 cm−1. In Figure 4.6, the experimental 

IRMPD spectrum is compared with the computed spectra for the lowest energy structure 

from each of the structural isomer groups. It is clear that the lowest energy NO–NO–CS 

structure does not account for the 1620, 1450, or 1330 cm−1 bands observed in the 

experimental spectrum. The NO–NO–CS structure also does not account for the 

observation that the N–H stretch is stronger than the O–H stretching band which is not 

observed for any of the other transition metal cation complexes. Calculations were done on 

each of the isomers shown in Figure 4.6, where two water molecules were added to the 

complex. The lowest energy structures found for each are shown in Figure A2.19 but most 

importantly, the energy of the solvated OO–OO–ZW structure is the lowest in energy, 13 

kJ mol−1 lower than the NO–NO–CS structure. The grey spectrum underlying the 

experimental IRMPD spectrum in Figure 4.6 is a simple sum of the computed IR spectra 

for the NO–NO–CS and OO–OO–ZW structures and better reproduces the experimental 

spectrum than either of the two individual computed spectra. Admittedly, the hydrogen 

bonded N–H stretch region is not well reproduced by the OO–OO–ZW complex, but this 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig5
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig6
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig6
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is expected for harmonic calculations. For comparison, the same solvation calculations 

were done on [Cu(Pro)2-H]+ (Figure A2.20) and while the energies of the zwitterionic 

structures did decrease slightly with respect to NO–NO–CS for the solvated complexes, 

they were still found to be significantly higher in energy, by 13 and 56 kJ mol−1. The 

observation of both the charge solvated and zwitterionic structures for [Mn(Pro)2-H]+ can 

be attributed the zwitterionic structure being more stable when microsolvated. During the 

last stages of desolvation, the energy barrier for the zwitterionic to charge solvated structure 

is too high to surmount and the lowest energy, microsolvated zwitterionic [Mn(Pro)2-

H]+ complex survives in the gas phase. It has been shown in the past that the last stages of 

desolvation during electrospray, as well as the amount of energy imparted during 

desolvation can influence the structure of the gas phase ions observed.36 

4.3.3.2. M = Mg, Ca, Sr and Ba. All computed structures for the [M(Pro2-H)]+ complexes 

where M = Mg, Ca, Sr, and Ba are available in Figures A2.21–A2.24. All the 

Mg2+ complexes are tetrahedral about Mg2+. The Ca2+ complexes are all tetrahedral except 

for the NO–OO–CS complexes which have a very distorted geometry for four coordinate 

species. 

All four interactions of the Ca2+ with the prolines occur on one hemisphere allowing 

for an apparent weak interaction between H on C5 of the intact proline and N of the 

deprotonated proline (2.5 Å). Similar geometries for the Sr2+ and Ba2+ NO–OO–CS 

complexes were computed. The OO–OO–ZW structures for Sr2+ and Ba2+ take on an 

elongated tetrahedral shape. 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit36
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Figure 4.4. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the 

lowest energy structures of each form of the (a) [Zn(Pro)2-H]+ and (b) [Cu(Pro)2-H]+ complexes in 

the 2700 to 3800 cm−1 region. Energies are B3LYPD3/6-311+G(3df,3pd)//B3LYPD3/6-31+G(d,p) 

298 K Gibbs energies (and enthalpies) and in kJ mol−1 and are relative to the lowest energy structure 

shown as (i). 

 

The OO–NO–ZW and NO–NO–ZW for both Sr2+ and Ba2+ and the NO–OO–CS 

for Ba2+ have a square pyramidal or distorted square pyramidal geometry with the metal 

cation at the apex, allowing the two prolines to interact with one another. Only for 

[Mg(Pro2-H)]+ is the NO–NO–CS structure the lowest in energy, as was the case for the 

transition metal complexes. The OO–NO–ZW complex is only ∼8 kJ mol−1 higher in 

energy. The IRMPD spectrum for [Mg(Pro2-H)]+ is shown in Figure 4.7a and contains an 

O–H stretch, N–H stretch and C–H stretching bands, consistent with the computed 

spectrum for the NO–NO–CS structure. However, the broad band at about 3100 cm−1 and 

the significantly more intense N–H stretch compared to the O–H stretch is not reproduced. 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig7
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The second highest energy structure, OO–NO–ZW, does not have an O–H stretch because 

it is zwitterionic and there is a band predicted to occur at 3100 cm−1 due to a hydrogen 

bonded N–H stretch. Solvation calculations (Figure A2.25), like those done for the 

Mn2+ and Cu2+ complexes, reveal that the zwitterionic structures are significantly stabilized 

with respect to the charge solvated structures. In fact, the addition of solvent decreases the 

energy of the OO–NO–ZW structure such that it is lower in energy by some 30 kJ mol−1. 

As it was concluded for the Mn2+ complex, it is suggested that some of the solvent phase 

structure (OO–NO–ZW) survives the electrospray process and persists in the gas phase. 

For [Ca(Pro2-H)]+, the lowest energy structure is the OO–OO–ZW structure. The 

IRMPD spectrum (Figure 4.7b) is consistent with that predicted for the OO–OO–ZW 

structure. The NO–OO–CS complex cannot be ruled out spectroscopically, but the absence 

of an O–H stretch in the IRMPD spectrum does rule out the charge-solvated structures. The 

intense broad band observed between 2800 and 3200 cm−1 is consistent with hydrogen 

bonded N–H stretching. The computed hydrogen bonded N–H and O–H stretching bands 

generally agree with the strong red shifting from the non-hydrogen bonded N–H and O–H 

stretches that is observed in the experimental spectra, but due to the harmonic nature of the 

calculations, they do not reproduce the broadness of the observed bands. For [Sr(Pro2-

H)]+ and [Ba(Pro2-H)]+, the lowest energy structures are found to be OO–NO–ZW. The 

computed IR spectra for the zwitterionic complexes are consistent with the IRMPD spectra 

for both (Figures 4.7c and d). As was the case for [Ca(Pro2-H)]+ the charge solvated 

structures are not observed due to the absence of O–H stretching features in the IRMPD 

spectra. 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig7
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig7
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Figure 4.5. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the 

lowest energy structures of each form of the [Co(Pro)2-H]+ in (a) 1000 to 2000 cm−1 region and (b) 

2800 to 3800 cm−1 region. Energies are B3LYPD3/6-311+G(3df,3pd)//B3LYPD3/6-31+G(d,p) 298 

K Gibbs energies (and enthalpies) and in kJ mol−1 and are relative to the lowest energy structure 

shown as (i). 

 

The strong and broad features in the 3000 cm−1 region are consistent with N–H (or 

O–H) stretching vibrations that are strongly hydrogen bonded.37,38 The behaviour, larger 

cations favouring the zwitterionic amino acid, have been observed before, for example in 

alkali metal cation complexes of histidine and threonine.8,39 

4.3.3.3. 6-31+G(d,p) vs. cc-pVTZ Basis Set. In Figures A2.27–A2.29, Figure 4.5, 4.6, and 

4.7a are reproduced only with the IRMPD spectra compared to spectra calculated using the 

cc-pVTZ basis. These two basis sets produce almost identical results for the four isomers 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit37
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit8
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig5
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#imgfig5
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Figure 4.6. Comparison of the experimental IRMPD spectrum and calculated IR spectra for the 

lowest energy structures of each form of the [Mn(Pro)2-H]+ complex in the (a) 1000 to 2000 

cm−1 region and (b) 2800 to 3800 cm−1 region. Energies are B3LYPD3/6-

311+G(3df,3pd)//B3LYPD3/6-31+G(d,p) 298 K Gibbs energies (and enthalpies) and in kJ 

mol−1 and are relative to the lowest energy structure shown as (i). They grey line overlaying the 

experimental spectrum is a sum of complex (i) and (iv). 

 

of the M(Pro2-H)+ (M = Co, Mn, Mg) complexes. Similarly, the relative energies are 

compared in Tables A2.15–A2.17. A comparison reveals no major differences in the 

computational methods used in this work for these complexes.  

4.3.4. Metal-to-Proline Bonding: AIM Analysis 

In Tables A2.5–A2.14 are a summary of the AIM analyses done for the complexes 

studied in this work. For all of the complexes, the Laplacian of the charge density (𝛻2ρ) is 

positive for all the metal to proline (O or N) interactions. The positive value of 𝛻2ρ means 
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a depletion of the charge density at the critical point suggesting closed shell or electrostatic 

interactions.  

As discussed above, [Mg(Pro2-H)]+ behaves very much like the transition metals in 

both the CID and IRMPD spectroscopy experiments. Indeed, these experimental findings 

are also consistent with electrostatic metal cation-to-ligand interactions. The complexes of 

the larger and less-densely charged metal cations (Ca2+, Sr2+, and Ba2+) exist as zwitterions 

and predominantly loose proline following collisional or IRMP activation. On the other 

hand, the smaller, and more densely charged transition metal and Mg2+ cations are more 

strongly bound to their ligands which are shown to fragment and the intact proline is 

predominantly in the charge solvated form in the complex. These findings are consistent 

with the results of the alkaline earth metal dication/tryptophan40 and 

phenylalanine41 complexes where the larger metal cations were found to favour the 

zwitterionic structure. Similarly, alkali metal cationized complexes of 

arginine,42,43 serine,18 and methionine44 show a tendency toward zwitterionic structures as 

the metal cation increases in size. In contrast, the zwitterionic structures of aliphatic amino 

acids (including proline) were found to be stabilized by the smaller alkali metal 

cations.45 This latter trend was convincingly explained using the principle of hard and soft 

Lewis acids and bases; the smaller, harder metal cations prefer to bind to the harder 

carboxylate base while the larger, softer metal cations prefer to bind to the softer carbonyl. 

The question, then, is how to explain the opposite trend in the present experiments where 

the zwitterionic proline structure is observed for the larger cations, Ca2+, Sr2+, and Ba2+ and 

the charge solvated structure is observed for the smaller cations. 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit40
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit41
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit42
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit18
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit44
http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit45
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Figure 4.7. Comparison of the experimental IRMPD spectrum and calculated IR spectra for the 

lowest energy structures of each form of the (a) [Mg(Pro)2-H]+, (b) [Ca(Pro)2-H]+, (c) [Sr(Pro)2-

H]+ and (a) [Ba(Pro)2-H]+ complexes in the 2700 to 3800 cm−1 region. Energies are B3LYPD3/6-

311+G(3df,3pd)//B3LYPD3/6-31+G(d,p) 298 K Gibbs energies (and enthalpies) and in kJ 

mol−1expect for Sr and Ba where the Def2TZVP basis sets were used and are relative to the lowest 

energy structure shown as (i). 
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The principles of hard and soft Lewis acids and bases were developed based on 

observations of chemical bonding in the condensed phase and included solvent 

contributions.46 The results of the AIM analysis shows that the interaction between the 

metal cation and the ligands are all electrostatic in nature. Since the M(Pro-H)+–Pro 

interactions are electrostatic, either ionic or ion–dipole interactions, the smaller more 

densely charged cations would favour an ion–dipole interaction between M(Pro-H)+ and 

neutral proline which occurs in the charge-solvated complexes. Indeed, the M(Pro-

H)+ moiety is bound to canonical proline along its dipole. For the larger more polarizable 

cations, the ion–dipole complex is not as strong. So, to maximize bonding interactions and 

overall stablilization of the complex, the M(Pro-H)+ cation interacts with the negative end 

of the zwitterionic neutral proline. 

4.4. Conclusions 

The unimolecular chemistries and structures of ten gas phase [M(Pro2)-

H]+ complexes have been explored using a combination of SORI-CID, IRMPD 

spectroscopy, and computational methods. It was shown that the complexes containing the 

larger metal cations, Ca2+, Sr2+, and Ba2+ predominantly lose neutral proline. Furthermore, 

their structures are shown to have a zwitterionic neutral proline moiety. On the contrary, 

the complexes of Mg2+ and the transition metal dications tend to fragment losing small 

neutral molecules such as water and carbon dioxide. Furthermore, the neutral proline 

molecule in these complexes involving the smaller metal cations is canonical (or charge-

solvated). The charge-solvation structures for the complexes involving the smaller cations 

are rationalized based upon the formation of strong ion–dipole complexes for these species. 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit46
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The larger cations do not make as strong an ion dipole complex. To maximize bonding they 

form strong “ionic” interactions between M(Pro-H)+ and the negative end of the 

zwitterionic structure. 

As a final comment, it was also shown, that upon collisional or IRMPD activation, 

all complexes involving transition metal dications except the one with the Cu2+ lose 

H2 upon collisional or IRMPD activation. This was first observed for [Zn(Pro2)-H]+,22 and 

a mechanism was proposed involving H transfer from C5 to Zn, followed by eventual 

elimination of H2 from Zn and N, and that H2 originates from the intact (not deprotonated) 

proline. The surprising observation that the Zn2+ complex is not alone in its ability to 

undergo H2 elimination but rather the Cu2+ complex is alone (among the transition metals 

studied) in its inability to produce H2. It is important to speculate as to why this might be. 

Neither IRMPD spectroscopy, nor the calculations reveal any unique structure for the Cu 

complex, so the difference in reactivity is not due to a difference in the lowest energy 

structure. However, one unique property of copper, compared to the other transition metals 

explored in this study is its positive standard reduction potential (see Figure A2.26), 

meaning that compared to the other transition metals, copper prefers to keep its electrons. 

A comparable property in the gas phase is the ionization energy; copper has the highest 

second ionization energy of all the transition metals. It is reasonable to assume that at some 

point during H2 elimination electron density is required by proline, and Cu2+, with a very 

high affinity for its electrons, does not readily accommodate the need for electron density 

to allow for H2 elimination. 

 

 

http://pubs.rsc.org/en/content/articlehtml/2016/cp/c5cp05188f#cit22
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Chapter 5 

Distinguishing Isomeric Peptides: The Unimolecular Reactivity 

and Structures of (LeuPro)M+ and (ProLeu)M+ 

(M = Alkali Metal) 

This chapter is reproduced with permission from  

Jami-Alahmadi, Y.; Linford, B. D.; Fridgen, T. D. 

“Distinguishing Isomeric Peptides: The Unimolecular Reactivity and Structures of 

(LeuPro)M+ and (ProLeu)M+ (M = Alkali Metal)” 

 J. Phys. Chem. B., 2016, 120, 13039-13046. 

 

5.1. Introduction 

While covalent bonding is regarded as the strongest interaction between atoms, the 

prevalence of noncovalent interactions in molecular associations makes their study of 

utmost importance.1 In this regard, electrospray ionization tandem mass spectrometry 

techniques are powerful for characterizing noncovalent interactions such as intramolecular 

hydrogen bonding and metal cation−dipole interactions; these are paramount to the 

functionality of biomolecular species such as DNA, RNA, and proteins.2−4 Different 

experimental and theoretical methods have been used in order to determine the binding 

sites of alkali metal cations to molecules such as amino acids or peptides.5−9 Besides metal-

ion binding strength and metal-ion size,10−12 the amino acid sequence in peptides has an 

influential role in defining the structures, binding sites, and binding energies of metals.13,14 
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Leucine is one of the amino acids that factors in the development of Parkinson’s 

disease (PD), a neurodegenerative disorder.15,16 Mutations of an encoded gene called 

leucine-rich repeat kinase 2, or LRRK2, result in an abnormal assemblage of proteins in 

the brain which causes the progression of PD.17−21 There is also considerable interest in 

studying proline which is an amino acid with a secondary amine containing a five 

membered ring. Proline induces in the first turn of α-helical secondary structures in protein 

folding processes.22,23 Interestingly, it exhibits unusual properties in molecules containing 

proline residues. For example, the folding kinetics of a protein containing three prolines 

were investigated by Che and Clark24 using fluorescence emission. Proline substitution 

showed that proline plays a critical role in stabilizing intermediates created during the 

unfolding stage of wild-type RICK-CARD, a small helical protein associated with many 

tissues, which consequently changes the kinetics of the refolding mutants. The role of 

proline containing peptides and proteins also cannot be neglected in defining the 

protein−protein interaction which results in changing the behavior of some proteins. An 

example is the SRC homology 3 domain, composed of 50−75 residues in certain proteins, 

which prefers to interact with proline-rich peptide ligand sequences, hence playing an 

important role in intermolecular protein−protein interactions in enzyme regulation.25−27 

Moision and Armentrout28 measured binding energies of four-, five-, and six-

membered ring analogues of proline bound to Li+, Na+, and K+ using a guided ion beam 

mass spectrometer. Comparisons of theoretical and experimental binding energies show 

that proline was most likely zwitterionic when bound to alkali metals. Analysis of the 

results shows that binding in metal−proline complexes is stronger even though the 

conformational mobility in the six-membered ring, having an additional carbon atom, is 
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increased related to the five-member proline ring. Other studies on proline−alkali metal 

complexes reveal the zwitterionic form of this complex as the preferred structure.29 

Interestingly, due to the formation of a strong N− H···O hydrogen bond, which apparently 

has no effect on the ring side distortion of proline, alkali metals are attached tightly to the 

proline in its zwitterionic form.30 

Mass spectrometric techniques have become powerful tools in the field of 

proteomics by identifying different amino acid sequences of proteins.31,32 More 

specifically, MS is also a predominant technique that is used to identify the sequences of 

specific peptides containing both proline and leucine residues33,34 and has an important 

effect in the field of peptide research and all other connected fields in which the 

identification of protein structures is required. Work on two sequences of dipeptides 

revealed that the conformations they adopt depend on factors such as the amino acid 

sequence, the identity of the metal cation, and the anchor site of each dipeptide ligand.14 

The structures of divalent metal cations bound to isomeric peptides, GlyHis or HisGly and 

PheAla or AlaPhe, were investigated using IRMPD spectroscopy in combination with DFT 

methods.14 Depending on binding strength, larger ions such as Ba2+ prefer the zwitterionic 

(ZW) form over the charge solvated (CS, also termed canonical) and iminol forms. In 

contrast, more strongly binding metals such as Mg2+ and Ni2+ preferentially adopt the CS 

and iminol forms, respectively, rather than the ZW. In addition to the metal binding 

strength, dipeptide sequence is also important in determining the form of the peptide bound 

to metal ions. For example, it was observed that Ba2+ and Ca2+ make the ZW form of the 

GlyHis the predominant form while being bound to the HisGly sequence makes the CS 

configuration the majority form of these dipeptides. The reason for this sequence depends 
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on the existence of an N-terminus side chain located in the histidine residue of the HisGly 

isomer which makes it able to wrap and interact properly with the metal cation and hence 

favor the charge solvated conformer. The absence of this interaction through the N-

terminus side in the histidine residue in GlyHis favors the ZW for this dipeptide, unlike the 

GlyHis isomer. 

Herein, we report on the investigations of the structures of the two isomeric 

dipeptides, ProLeu and LeuPro, bound to alkali metal ions using SORI-CID (MS/MS) and 

IRMPD spectroscopy in the gas phase combined with theoretical methods. Spectra in both 

the 1000−1800 and 2700−3800 cm−1 regions were recorded to determine the structures of 

alkali metal-cationized proline−leucine containing dipeptides. 

5.2. Methods 

5.2.1. Experimental Section. All experiments were performed using a Bruker Apex-Qe 

7T FTICR. Ions were electrosprayed from 1 mL of 50 mmol L−1 aqueous solution of either 

ProLeu or LeuPro to which 5 μL of the 10 mmol L−1 aqueous alkali metal salt in a 50/50 

mixture of 18 MΩ cm water and methanol were added. Solutions were sprayed at 100 μL 

h−1 using a syringe pump into an Apollo II ESI source in which 1 mL of 50 mmol L−1 

aqueous solution of dipeptide to which 5 μL of the aqueous alkali metal salts was added. 

Alkali metal chlorides (LiCl, NaCl, KCl, RbCl, and CsCl) were the source of metal cations 

used in this study.  

Multiple stages of sustained off-resonance irradiation collision induced dissociation 

(SORI-CID) on the alkali metal complexes with both peptides were done by exciting the 
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ion of interest in the presence of Ar gas to a pressure of ∼10−6 mbar. Infrared multiphoton 

dissociation (IRMPD) spectra were recorded from 2700 to 3800 cm−1 in the Laboratory for 

the Study of the Energetics, Structures, and Reactions of Gaseous Ions at Memorial 

University using an FTICR coupled to an IR OPO manufactured by LaserSpec which is 

tunable from 1.4 to 4.5 μm with a bandwidth of 2 cm−1. The OPO is built around a 

periodically poled LiNbO3 crystal which is pumped by a diodepumped solid state Nd:YAG 

laser. The OPO operates at 20 kHz, with pulse duration of a few nanoseconds, and generates 

output power near 3 W at 3 μm; however, the power was limited to 1 W in these 

experiments by limiting the pump laser power. For IRMPD spectra in the fingerprint region, 

the facility at Centre Laser Infrarouge d’Orsay (CLIO) was used. At CLIO, the FTICR is 

coupled to a mid-infrared free electron laser (FEL)35 with a 5 cm−1 bandwidth. IRMPD 

irradiation times were between 1 and 2 s. The experimental IRMPD spectra were obtained 

by plotting the IRMPD efficiency, the negative logarithm of the precursor intensity divided 

by the sum of precursor and fragment ion intensities, as a function of the radiation 

wavenumber. 

5.2.2. Computational Methods. Using Gaussian 09,36 structures were optimized, and IR 

spectra were computed at the M06-2X/6-31+G(d,p) and B3LYP/6-31+G(d,p) levels of 

theory on all atoms except for Rb and Cs, for which the Def2SVP basis sets and effective 

core potentials were used. Unlike the 6-31+G(d,p) basis, the Def2SVP basis set on the 

cations does not include any diffuse functions. An empirical dispersion correction was done 

using Grimme’s D3 version with the original D3 damping function, B3LYPD337 and M06-

2XD3.38 M06-2X methods have shown good results for the thermochemistry of systems 
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containing noncovalent interactions.39−41 Previous research on various functionals has 

shown M06-2XD338 to yield better results than without the D3 functional. For calculated 

spectra, scaling factors of 0.95 in the fingerprint and 0.94 in the C−H/N−H/O−H stretching 

regions were used to correct the harmonic frequencies (for the M06-2XD3 calculations). 

The computed IR spectra were convoluted using Gaussian functions with a width of 15 

cm−1 (fwhm). Electronic energies were refined with single point calculations using M06-

2XD3/6-311+G(3df,3pd) for all atoms except Rb and Cs for which the Def2TZVP basis 

set42 and effective core potential were used. 

5.3. Results and Discussion.  

5.3.1. SORI/CID of (LeuPro)M+ and (ProLeu)M+ Where M = Li, Na, Rb, and Cs. 

Under CID conditions both (LeuPro)M+ and (ProLeu)M+, where M = Rb and Cs, lost 

ProLeu or LeuPro leaving only the metal cation as seen in Figures 5.1 and 5.2. While the 

intensity of (LeuPro)K+ and (ProLeu)K+ decreases dramatically during CID experiments, 

no fragmentation products were observed, indicating that the sole loss for both is the 

dipeptide as observed for the Rb and Cs complexes. When M = Li and Na, CID of both 

isomeric dipeptides resulted in losses of 113 and 97 Da as the main primary fragmentation 

pathways (Figures 5.1 and 5.2). The masses of the product ions correspond to either 

(Pro)Li+ (m/z 122) and (Leu)Li+ (m/z 138) or (Pro)Na+ (m/z 138) and (Leu)Na+ (m/z 154). 

When M is a smaller ion, as observed in earlier studies on proline9,43 and uracil44 dimers, 

due to the strong densely charged metal cation-to-proline interactions, these complexes 

fragment, breaking covalent bonds rather than the ion−amino acid interactions. Conversely, 

the larger Cs+, Rb+, and K+ with less charge density bind less strongly to ProLeu and LeuPro 
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resulting in their cleavage from the metal cation. (ProLeu)Na+, (LeuPro)Na+, and 

(ProLeu)Li+ also underwent a small amount of fragmentation to lose 18 Da (H2O) and a 

loss of 62 Da (either H2CO3 or H2O followed by CO2 loss). The only differentiable features 

in the CID mass spectra for these metal-cationized dipeptide isomers were that (ProLeu)Li+ 

lost 18 and 62 Da, whereas these fragmentations were completely absent in the (LeuPro)Li+ 

CID spectra. Figures A3.1 and A3.2 show the MS/MS spectra of (ProLeu)Li+ and 

(LeuPro)Li+, respectively, which resulted in loss of water and ammonia from m/z 138 in 

both isomers. MS/MS on m/z 122 resulted in losses of 52, 46, and 18 Da as the major 

fragmentation pathways. 

5.3.1.1. IRMPD Spectroscopy on the Major Fragment Products of (ProLeu)Li+ and 

(LeuPro)Li+. As shown above, CID of both (ProLeu)Li+ and (LeuPro)Li+ generated losses 

of 113 Da (m/z 122, presumably ProLi+) and 97 Da (m/z 138, presumably LeuLi+). The 

fragment ions were isolated, and IRMPD spectra in the 2700−3800 cm−1 region were 

recorded (Figure 5.3). The m/z 138 ions generated from both (ProLeu)Li+ and (LeuPro)Li+ 

are generally quite similar in that the same features are present in the IRMPD spectra. In 

both spectra there are strong absorptions due to a carboxylic acid O−H stretch (∼3550 

cm−1), amine N−H stretching (∼3350 cm−1), and C−H stretching (centered ∼2910 cm−1). 

The computed spectrum for the lowest energy structure of (Leu)Li+ (underlying gray trace 

in Figure 5.3a) agrees well with the experimental spectrum. The computed spectrum for the 

lowest energy zwitterionic structure, some 21 kJ mol−1 higher in energy, does not agree 

with the experimental IRMPD spectrum (Figure A3.3). 
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Figure 5.1. SORI/CID spectra obtained for (ProLeu)−M+ where M = Li, Na, Rb, and Cs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. SORI/CID spectra obtained for (LeuPro)−M+ where M = Li, Na, Rb, and Cs 
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For m/z 122 from both (ProLeu)Li+ and (LeuPro)Li+, the IRMPD spectra both 

generally agree well. There is a lower intensity O−H stretch (∼3550 cm−1), a stronger N−H 

stretching feature (∼3330 cm−1), and C−H stretching (centered at about 2990 cm−1). 

Calculations for the lowest energy canonical and zwitterionic forms of lithiated proline are 

shown at the bottom of Figure 5.3b. Clearly, the zwitterionic (Pro)Li+ cannot account for 

the experimental IRMPD spectrum since there is an O−H stretching feature present. 

However, this feature is less intense than the experimental N−H stretching feature. 

An arithmetic average of the computed spectra for the lowest energy canonical and 

zwitterionic structures is compared to the experimental IRMPD spectra (underlying gray 

traces). In general, there is agreement between the experimental spectra and the average 

computed spectra for both the zwitterionic and canonical structures. Attempts to 

electrospray (Pro)Li+ for comparison were not successful; even at the lowest concentrations 

of proline, only the lithiated proline dimers were present. Previous calculations using 

B3LYP/6-311++G(d,p) show that the lowest energy zwitterionic structure was very close 

in energy to the lowest energy canonical structure that we are showing. IRMPD 

spectroscopy experiments in the fingerprint region showed that there was zwitterionic 

(Pro)Li+, but were inconclusive as to whether the canonical form was present.45,46 On the 

basis of the infrared spectra in the 2700−3800 cm−1 region presented here, (Pro)Li+ is 

concluded to be present in both zwitterionic and canonical forms, at least when generated 

by CID of (ProLeu)Li+ and (LeuPro)Li+. Interestingly, both (LeuPro)Li+ and (ProLeu)Li+ 

peptides form (Pro)Li+ and (Leu)Li+ when activated. 
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Figure 5.3. Comparison of the experimental IRMPD spectra (black traces) of the (a) m/z 138 and 

(b) m/z 122 fragment ions generated by CID of (ProLeu)Li+ and (LeuPro)Li+ with the calculated 

spectra of (Pro)Li+ and (Leu)Li+. Energies are M06-2XD3/6-311++G(3df, 3pd)//6-31+G(d,p), 298 

K Gibbs energies (and enthalpies) and in kJ mol−1. 

 

A proposed mechanism for formation of the lithiated amino acids from both 

lithiated peptides is presented in Figure A3.4. To form (Pro)Li+ from (ProLeu)Li+, and 

(Leu)Li+ from (LeuPro)Li+, cleavage of the amide bond with a transfer of OH from the C-

terminus to the N-terminus amino acid of the peptide is required. The formation of (Leu)Li+ 

from (ProLeu)Li+, and (Pro)Li+ from (LeuPro)Li+, can be thought of as a simple amide 

bond cleavage and transfer of an N-terminus proton to the C-terminus amino acid. In the 

latter cleavages, a double ring system is shown as the neutral product, there is likely a ring 

opening to form one six-membered ring, but there would also initially be charge separation. 

The final neutral product identities are unknown. 
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5.3.2. IRMPD Spectroscopy of Alkali Metal Cation Complexes of ProLeu or LeuPro. 

IRMPD of M(ProLeu)+ and M(LeuPro)+ produced the same photofragments as observed 

for SORI-CID. 

5.3.2.1. (ProLeu)M+. Figure 5.4 shows the experimental IRMPD spectra in the 1000−1900 

and 2700−3800 cm−1 regions for metal-cationized ProLeu. The IRMPD spectra in the 

2700− 3800 cm−1 region for all alkali metals (Figure 5.4b) have bands at about 3580 cm−1 

corresponding to the O−H stretch of a free carboxylic acid group which clearly indicates 

the present structures in which proline is canonical rather than zwitterionic. When the metal 

cation is Rb or Cs, another intense band is observed centered at 3310 cm−1 which 

corresponds to hydrogen bonded amide N−H stretches.47 Absorptions below 3000 cm−1 are 

assigned to C−H stretching. 

In the fingerprint region, 1000−1900 cm−1 (Figure 5.4), each isomer has two strong 

bands between 1630 and around 1750 cm−1 assigned to the C=O stretching of the amide 

and carboxyl carbonyl groups. It is also interesting to note the pronounced blue shift of the 

C=O stretching band as the metal changes from Li+ to Cs+, indicating binding of the metal 

cation, at least in part, to the carbonyl. As the metal cation gets larger, its binding to the 

peptide is weaker which in turn weakens the C=O bond to a lesser extent. The strong band 

between 1500 and 1600 cm−1 corresponds predominantly with the HNC bending of the 

amide. Weak CH2/CH3 bending and CH2 scissoring modes are observed between 1200 and 

1600 cm−1. Finally, there is a set of pronounced features below 1200 cm−1 corresponding 

with COH bending as well as CH2 rocking. 
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5.3.2.2. (LeuPro)M+. The IRMPD spectra in the 1000−1900 and 2700−3800 cm−1 regions 

of (LeuPro)M+ where M = Li, Na, Rb, and Cs are depicted in Figure 5.5. Similar to 

(ProLeu)M+ , all four complexes contain a band at around 3580 cm−1 corresponding to the 

O−H stretch of the free carboxylic acid group in the proline residue indicating the canonical 

form of this peptide. In all the (LeuPro)M+ spectra, the asymmetric NH2 stretches show 

only very weak features between 3300 and 3400 cm−1. There are also broad C−H stretching 

features observed between 2800 and 3000 cm−1. In the fingerprint region each isomer has 

two bands between 1600 and 1800 cm−1.  

 

 

 

Figure 5.4. Comparison of the experimental (black traces) IRMPD spectra of (ProLeu)M+ with the 

IR spectra for the lowest energy M06-2XD3/6-31+G(d,p) calculated structures (gray traces). 
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The higher energy one is the C=O stretching of the carboxylic acid, and the lower 

energy one is another C=O stretch of the amide. Like the (LeuPro)Li+ complex, the C=O 

stretches in all other (LeuPro)M+ complexes are also mixed with the NH2 scissoring 

motions. Also, below 1200 cm−1 there are sets of pronounced features corresponding to 

COH bending and CH2 rocking of these isomers. The absorptions between 1300 and 1500 

cm−1 correspond to the combinations of all CH2/CH3 bending and CH2 scissoring stretches 

as well as NH2 wagging and twisting. One interesting feature about the IRMPD spectra that 

will be addressed more fully below is that the carboxylic acid C=O stretch position 

increases in the following order of metal cation complex: Rb+< Na+ ≈ Cs+ < Li+ 

 

 

 

Figure 5.5. Comparison of the experimental (black traces) IRMPD spectra of (LeuPro)M+ with the 

IR spectra for the lowest energy M06-2XD3/6-31+G(d,p) calculated structures (gray traces). 
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5.3.3. Structures, Energetics, and Comparison of Computed IR Spectra to IRMPD 

Spectra of Proline/Leucine Dipeptides. The gray traces in Figure 5.4 are the IR spectra 

computed for the lowest energy structures for each of the (ProLeu)M+ complexes. For the 

Li+ and Na+ complexes, the metal cation is bound to both carbonyl oxygens and the very 

basic amine nitrogen. The computed spectra for these complexes agree very well with the 

experimental IRMPD spectra. In Figures A3.5 and A3.6, the computed IR spectra for some 

higher energy structures, including a zwitterionic structure, are compared to the 

experimental IRMPD spectrum. The best matches for the IRMPD spectra are the ones for 

the lowest energy structures. 

For Rb+ and Cs+, the lowest energy structure is one where both carbonyls are bound 

to the metal cation, but the amine nitrogen is hydrogen bonded to the amide hydrogen. The 

IR spectra computed for these structures, including the amide N−H stretch centered about 

3300 cm−1, are in very good agreement with the IRMPD spectrum. While the structures 

where the metal is bound to both carbonyl oxygens and the amine nitrogen do not reproduce 

the amide N−H stretch, they cannot be ruled out completely on the basis of either 

spectroscopic or computational terms since they are computed to be virtually isoenergetic 

(see Figures A3.7 and A3.8). What is clear is that the structures with the larger and less 

acidic metal cations are stabilized by making an intramolecular hydrogen bond whereas the 

smaller, very acidic Na+ and Li+ prefer to bind directly to the amine N. In AlaGly and 

GlyAla, Na+ was found to only bind to the two carbonyl oxygens, and there was an amide 

H to amine N hydrogen bond.47 This shows that the identity of the metal cation is not the 

only factor to decide whether this type of intramolecular interaction occurs. The basicity of 
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the N-terminus amino acid, in the present case proline, plays a very important role in the 

structure, as expected. 

For LeuPro, the computed IR spectra for the lowest energy structures agree very 

well with the experimental IRMPD spectra (Figure 5.5). In all complexes, the amide N has 

no hydrogen and therefore cannot be a hydrogen bond donor like in the ProLeu complexes, 

and hence, there is the absence of a strong hydrogen bonded amide N−H stretching band 

as observed in the Rb+ and Cs+ ProLeu complexes. 

In the Li+ and Na+ complexes, the metal is bound to the amide O and amine N. In 

contrast to (ProLeu)Li+ and (ProLeu)Na+, in LeuPro the amine N−H is hydrogen bonded to 

the carbonyl oxygen of the carboxylic acid, and therefore, the carboxylic acid carbonyl is 

not bound to the metal. The Rb+ and Cs+ complexes have very similar computed spectra. 

The main difference is that the hydrogen bonded N−H stretch is predicted to be slightly 

red-shifted, but experimentally, the amine N−H stretching bands are too weak to be of any 

value in structure elucidation. Spectroscopically, the two types of structures cannot be 

distinguished. 

The trend in the position of the carboxylic acid C=O stretch is very interesting. 

There is a red shift observed in going from Li+ to Na+. Purely on the basis of electrostatic 

interactions, it would be expected that the more acidic Li+ would result in a longer N−H 

bond than that for the Na+ complex. The computed geometry does show this to be the case, 

but not substantially so; the hydrogen bonded N−H is only slightly longer. It is 1.023 Å in 

the Li+ complex and 1.022 Å in the Na+ complex. It might be expected that there be a 

stronger hydrogen bonding interaction in the Li+ complex which should result in a more 
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red-shifted C=O stretch. However, this is not observed; the C=O stretch in the Na+ complex 

is observed to be significantly red-shifted compared to the one observed in the Li+ complex. 

The reason for the red-shifted C=O stretch for (LeuPro)Na+ must be because of the stronger 

hydrogen bond in that complex. The calculations show that the hydrogen bond in the Na+ 

complex is significantly shorter, 2.358 Å compared to 2.483 Å for the hydrogen bond in 

the Li+ complex. The reason for the weaker hydrogen bond in the Li+ complex is because 

of the stronger interaction between Li+ and the amine nitrogen and amide oxygen. Due to 

the inflexibility, inherent with the proline ring and that brought on by the strong metal 

binding, the hydrogen bond is constrained to a longer distance. 

The further red shift in the C=O stretch for (LeuPro)Rb+ compared to (LeuPro)Na+ 

is due to a structure change. The lowest energy structure for the heavier metal cations is 

one where the metal is bound to both carbonyl oxygens and the amine nitrogen; therefore, 

the carboxylic acid C=O stretch is weaker than that in the Na+ complex, and the absorption 

is observed to the red. A blue shift observed in the carboxylic acid C=O stretch for the Cs+ 

complex compared to the Rb+ is due to the lower acidity of Cs+, resulting in a weaker 

interaction with the peptide. 

Spectroscopically and by comparison with the computed spectra, the hydrogen 

bonded structures cannot be ruled out for the Rb+ and Cs+ complexes (Figures A3.11 and 

A3.12). However, the tridentate structures which are slightly higher in energy for the Li+ 

and Na+ complexes can be ruled out by comparison with the computed spectra (Figures 

A3.9 and A3.10). 
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5.4. Conclusions.  

A combination of mass spectrometric and computational techniques has been used 

to identify the sequence and chemical differences of two proline−leucine residues 

containing dipeptides. Except in the case of the lithiated complexes, SORI-CID alone is not 

sufficient to distinguish between the two isomers; the use of IRMPD spectroscopy was 

quite useful to distinguish the two isomers and determine their structures. Interestingly, 

through IRMPD spectroscopy experiments, it was shown that both lithiated dipeptides 

fragmented to form both (Pro)Li+ (m/z 122) and (Leu)Li+ (m/z 138). This further 

exaggerates the difficulty in distinguishing these isomeric peptides by fragmentation-only 

methods.  

IRMPD spectroscopy experiments on the metal-cationized dipeptides in the 

fingerprint and CH/NH/OH regions were conducted. Due to the O−H stretching features in 

all computed spectra, all complexes are in their canonical form rather than zwitterionic; the 

latter is computed to be significantly higher in energy. For rubidiated and cesiated ProLeu, 

the existence of a strong hydrogen bonded NH amine stretch reveals structures in which 

the metal is bound to both carbonyls and there is a hydrogen bond between the amide N−H 

and the amine nitrogen of proline. On the other hand, the lithiated and sodiated complexes 

have the metal bound to both carbonyls as well as the proline nitrogen. Rubidiated and 

cesiated LeuPro species also have the metal cation bound to both carbonyls and the amine 

nitrogen, whereas for lithiated and sodiated LeuPro, the metal is bound to the amide oxygen 

and amine nitrogen with the amine group also hydrogen bonded to the carboxylic acid 

carbonyl. The computed spectra agree very well with the IRMPD spectra for the computed 
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lowest energy structures. IRMPD spectra in the fingerprint region, especially the position 

of the carboxylic acid C=O stretch, are also very telling as to the nature of the interactions 

of these carbonyls.  

This work shows the importance of both the sequence of the peptide and size of the 

metal cation in determining the structure of metal-cationized peptides. 
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2. Chen, F.; Gülbakan, B.; Weidmann, S.; Fagerer, S. R.; Ibanez, A. J.; Zenobi, R. Mass 

Spectrom. Rev. 2016, 35, 48−70. 

3. Cui, X.; Lin, S.; Zhou, J.; Yuan, G. Rapid Commun. Mass Spectrom. 2012, 26, 

1803−1809. 

4. Brodbelt, J. S. Rev. Anal. Chem.2010, 3, 67−87. 

5. Jafari-Chermahini, Z.; Najafi Chermahini, A.; Dabbagh, H. A.; Teimouri, Struct. 

Chem. 2015, 26, 675−684. 



126 

 

6. Armentrout, P. B.; Yang, B.; Rodgers, M. T. J. Phys. Chem. B. 2014, 118, 

4300−4314. 

7. Dilger, J. M.; Valentine, S. J.; Glover, M. S.; Ewing, M. A.; Clemmer, D. E. A. Int. J. 

Mass Spectrom. 2012, 35, 35−45. 

8. Jami-Alahmadi, Y.; Gholami, A.; Fridgen, T. D. Phys. Chem. Chem. Phys. 2014, 16, 

26855−26863. 

9. Jami-Alahmadi, Y.; Fridgen, T. D. Phys. Chem. Chem. Phys. 2016, 18, 2023−2033. 

10. Flick, T. G.; Campuzano, I. D. G.; Bartberger, M. D. Anal. Chem. 2015, 87, 

3300−3307. 

11. Dunbar, R. C.; Berden, G.; Oomens, J. Int. J. Mass Spectrom. 2013, 354, 356−364. 

12. Dunbar, R. C.; Polfer, N. C.; Berden, G.; Oomens, J. Int. J. Mass Spectrom. 2012, 

332, 71−77. 

13. Yin, Z.; Liu, R.; Sun, B.; Hang, W. J. Anal. At. Spectrom. 2015, 30, 1970−1979. 

14. Dunbar, R. C.; Berden, G.; Martens, J. K.; Oomens, J. J. Phys. Chem. A. 2015, 119, 

9901−9909. 

15. Kalia, L. V.; Lang, A. E.; Hazrati, L. N.; Fajioka, S.; Wszolek, Z. K.; Dickson, D. W.; 

Ross, O. A.; Van Deerlin, V. M.; Trojanowski, J. Q.; Hurting, H. I.; et al. JAMA Neurol. 

2015, 72, 100−105. 

16. Tong, Y.; Shen, J. Biochem. Soc. Trans. 2012, 40, 1042−1046. 

17. Bravo-San Pedro, J. M.; Gomez-Sa ́ nchez, R.; Pizarro-Estrella, E.; Niso-Santano, M.; 

Gonzalez-Polo, R. A.; Fuentes Rodríguez, J. M. Intimate Enemies. Parkinson's Dis. 

2012, 1−9. 

18. Berg, D.; Schweitzer, K. J.; Leitner, P.; Zimprich, A.; Lichtner, P.; Belcredi, P.; Brü 
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Chapter 6 

Distinguishing Complexes of Isomeric Peptides: Structures, 

Energetics, and Reactions of Sodium Cation-Coordinated 

ProLeu or LeuPro Trimers in The Gas Phase 

This chapter is reproduced with permission from  

Jami-Alahmadi, Y.; Fridgen, T. D. 

“Distinguishing Complexes of Isomeric Peptides: Structures, Energetics, and Reactions of 

Sodium Cation-Coordinated ProLeu or LeuPro Trimers in The Gas Phase” 

Int. J. Mass Spectrom., 2017 (Just accepted) 

 

 

6.1. Introduction 

Electrostatic interactions and hydrogen bonding are the two fundamental non-

covalent forces that stabilize the structures of proteins that play key roles in regulating 

cellular activities. Proteins and peptides are responsible for many chemical reactions that 

take place under physiological conditions such as, cellular regeneration,1 signal 

transduction,2,3 enzymatic activities,4 gene expression,5 transportation of hemoglobin,6 

antibacterial activities,7–9 and so on. On the other hand, sometimes due to the changes in 

3D-conformation, instead of normal re-folding, proteins or peptides adopt a misfolded state 

which often results in peptide aggregation such as in amyloid assemblies.10–12 Abnormal 

functionality of the peptide or protein through aggregation is associated with 

neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and BSE (mad cow), as well 

as type II diabetes and cell death.13,14 In the folding process, an aggregated peptide can 
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stabilize itself through intermolecular interactions with other peptides rather than the 

intramolecular forces within the protein or peptide itself.15,16 For such reasons, the 

identification of the nature of non-covalent interactions and aggregation structures of 

peptides at the molecular level will help to understand their biological activities on a larger 

scale.  

Proline-containing motifs show unique properties due in part to the steric effects 

induced by the proline side chain. The conformational restrictions cause unusual 

functionality in proline-containing proteins. Proline is known as a helix breaker,17 since it 

lacks an amide hydrogen and cannot donate a hydrogen bond, it breaks the helical structure 

when it exists in an alpha helix. The existence of metal-cation interactions with the protein 

that impart important effects in molecular association also cannot be neglected. For 

example, Na+-dependent proline rich motif transporters in humans are responsible for the 

regulation of sodium ion in the extracellular fluids (ECF) and hence controlling blood 

pressure.18  Sodium transport through cell membranes via sodium channel regulation in the 

kidney shows high selectivity of the channel meaning that it greatly discriminates against 

other ions.18,19,20,21,22 Indeed, understanding how amino acids or peptides bind with metal 

cations has an important impact in understanding much of the chemistry of life at the 

molecular level. 

Gas phase fragmentation techniques in combination with tandem mass 

spectrometry, have helped to reveal vast amounts of information about the structures and 

dynamics of peptides in a solvent-free environment. Electron capture dissociation 

(ECD),23,24 electron transfer dissociation (ETD),25,26 collision induced dissociation 
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(CID),27,28 infrared multiphoton dissociation (IRMPD),29,27 electron detachment 

dissociation (EDD),30 and surface-induced dissociation (SID)31 are some fragmentation 

methods that have been used to provide information toward peptide identification. 

Differentiation of isomeric peptides by mass spectrometry is important and methods 

such as ion-mobility are rather well-suited to this task.32,33 Differential mobility 

spectrometry (DMS) is a special case of ion-mobility where an asymmetric radiofrequency 

field is applied between two parallel plates. In the presence of a chemical modifier such as 

water or methanol, etc. isomeric ions’ mobilities are affected differently by the asymmetric 

field. Essentially, two isomers will cluster to a different extent with the chemical modifier 

and their mobilities then differ.34,35 Blagojevic et al. studied different modifiers to 

significantly separate GlyAla from AlaGly and GlySer from SerGly by DMS.36,37  Using 

multicomponent modifiers in DMS, Blagojevic and Bohme38 were even able to separate 

conformational isomers of both Bradykinin and hexaglycine and were able to monitoring 

H/D exchange kinetics for the different exchangeable hydrogens of each of the isomers. 

There has also been a significant amount of research in the recent past, to investigate 

the structures and energetic of biomolecules using a variety of mass spectrometric 

techniques such as IRMPD spectroscopy or BIRD kinetics.39,40,41,42,43,44 To differentiate 

between two isomeric peptide complexes, Na+(ProLeu)3 and Na+(LeuPro)3, IRMPD 

spectroscopy is used to help shed light on the structures, and blackbody infrared radiation-

induced dissociation (BIRD) is used to compare the relative dissociation energies. The 

present study provides insight into the understanding of the effects of sodium metal cation 

on the aggregated proline containing dipeptides using mass spectrometric techniques that 
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are backed by theoretical methods. The results reveal how the structure and dissociation 

energy of sodium cation bound peptide complexes are affected by the intramolecular 

hydrogen-bonding network, which varies as the peptide sequence differs. 

6.2. Methods 

6.2.1. Mass Spectrometry. All experiments were performed in the Laboratory for the 

Study of the Structures, Energetics, and Reactions of Gaseous Ions45 at Memorial 

University, which houses a Bruker ApexQe7 Fourier transform ion cyclotron resonance 

mass spectrometer, FTICR-MS. Gaseous ions were transmitted from solution to the gas 

phase using an Appollo II electrospray ionization (ESI) source. Na+(ProLeu)3 or 

Na+(LeuPro)3 complexes were formed by electrospray ionization (ESI) of 1 mL of 50 mmol 

L-1 aqueous solution of ProLeu or 1 mL of 25 mmol L-1 aqueous solution of L-leucyl-L-

proline (LeuPro) hydrochloride dipeptide to which 0.1 mL of 10 mmol L-1 aqueous sodium 

chloride in 50/50 solutions of water (nanopure) and methanol (99.8%, ACP Chemicals) 

were added. ESI was done with an Apollo II ESI source using a syringe pump operated at 

0.14 mL h-1. 

6.2.2. BIRD Kinetic Measurements and Master Equation Modeling. At the University 

of Waterloo, McMahon46 was the first to observe the unimolecular dissociation of weakly 

bound cluster ions by absorption of blackbody infrared radiation.  These cluster ions were 

trapped in an FTICR under extremely low-pressure such that collisional activation was 

minimal; the process was originally called zero-pressure thermal radiation induced 

dissociation or ZTRID47 which was later changed to BIRD.42 In these experiments the 
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energy required for the dissociation of weakly-bound complex ions is achieved through the 

exchange of blackbody radiation with the ion’s surroundings.42,44,45,48  

Here, the BIRD rate constants for the unimolecular dissociation of Na+(ProLeu)3 

and Na+(LeuPro)3 complexes were measured by first isolating them in the ICR cell at 10-10 

mbar and measuring the intensities of the precursor ion and their dissociation products as a 

function of time until the precursor ion intensity is about 10% of the total ion abundance. 

Experiments were repeated at various temperatures over the temperature ranges of 292-

357K for Na+(LeuPro)3 and 314-357K for Na+(ProLeu). According to equation 2.11, the 

unimolecular BIRD rate constant, kuni, is determined by fitting the normalized intensity of 

the precursor ion, I, vs time, t. The temperature was adjusted and controlled using a water-

cooled heating jacket placed around the entire vacuum chamber, which was controlled by 

an AC input voltage. The temperature of the walls of the vacuum chamber were measured 

using a J-type thermocouple and the temperature at the center of the ICR cell was 

determined using a previous calibration based on the vacuum chamber wall temperature.49 

By plotting kuni as a function of inverse temperature, T, according to equation 2.13, 

the Arrhenius activation energies, Ea, and pre-exponential factor, A, were obtained where 

R is the ideal gas constant, 8.314 J K-1 mol-1.  Errors in the reported Arrhenius activation 

energies and pre-exponential factor are based on the standard deviations of both the rate 

constant at each temperature and that of the linear fit to the Arrhenius equation. 

In BIRD experiments, the experimentally obtained thermodynamic information can 

only be reliable if the rates of photon exchange are faster than the dissociation rates. If the 
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ions are not sufficiently large, this may not be the case the case, and true thermal 

dissociation energies can be extracted using a master equation analysis.47,50 Master equation 

simulates the change in populations of the internal energy levels of system over a range of 

time. Briefly, this model uses a set of coupled linear first-order ordinary differential 

equations and the radiative absorption, emission and dissociation rate constants of all state-

to-state transitions to find the probability of energy transfer between all possible energy 

states. In the modeling process, once a Boltzmann distribution of ion populations and a 

steady-state is reached at a, the unimolecular decomposition rate constants can be obtained. 

The dissociation thresholds, E0, are varied to obtain a good fit to the temperature 

dependence of the experimental rate constants. The value E0 is the one which is used in the 

modeling to best match the slope of the experimental Arrhenius plot as long as the modelled 

Ea is within a standard deviation of the experimental and the modelled rate constants are 

within a factor of five of the experimental rate constants.44,49 To compute the dissociation 

and radiative rate constants, the computed vibrational frequencies and intensities were used 

for the lowest energy trimer complexes found. The pre-exponential factors depend on the 

nature of the transition state, loose or tight. In the present cases, we don’t expect the 

dissociations to involve any rearrangements so the transition states are expected to be 

neutral to loose, with transition state entropies of about 0 to about 100 J K-1 mol-1. To obtain 

these transition state entropies (or pre-exponential factors) the lowest energy complex 

vibration frequencies were scaled by an appropriate factor. The uncertainties in the 

extracted E0 values were taken as the range of E0 values used to model the Arrhenius plots 

with over a range of plausible A factors.  
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6.2.3. Infrared Multiphoton Dissociation (IRMPD) Spectroscopy. IRMPD 

spectroscopy experiments were performed in 2700–3800 cm-1 region using an IR optical 

parametric oscillator, OPO, manufactured by LaserSpec. This OPO laser is tunable from 

7100 to 2200 cm-1, with a bandwidth of 2 cm-1. Built around a periodically-poled LiNbO3 

crystal, the OPO is pumped by a diode-pumped solid state Nd:YAG laser and operates at 

20 kHz with pulse duration of few nanoseconds. The output power is near 1 W at 3300 cm-

1. The experimental IRMPD spectra were obtained by plotting the IRMPD efficiency as a 

function of the radiation wavenumber. 

6.2.4. Electronic Structure Calculations. The lowest-energy structures of both complexes 

were computed using Gaussian 09.51 Geometry optimizations and frequency calculations 

for the optimized structures were carried out at the B3LYP level of theory with the 6-

31+G(d,p) basis set. Empirical corrections for dispersion were done using Grimme’s D3 

version with the original D3 damping function, B3LYPD3.52 All harmonic frequencies 

were corrected using scaling factors of 0.95. Computed IR spectra were convoluted using 

Gaussian functions with a 25 cm-1 width (fwhm). 

6.3. Results and Discussion 

6.3.1. BIRD Kinetics. Within the temperature ranges used, the exposure of Na+(ProLeu)3 

and Na+(LeuPro)3 to ambient blackbody photons resulted in the loss of a neutral ProLeu or 

LeuPro dipeptide, respectively. While the fragmentation pattern for both isomers is 

identical, the Na+(ProLeu)3 complex is observed to dissociate through the loss of a neutral 

dipeptide at a significantly slower rate. In fact, at 20 oC BIRD of Na+(ProLeu)3 was too 
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slow to observe with a reasonable time delay. To compare, the BIRD rate constant for 

Na+(ProLeu)3 at 66 oC was 5.1±0.4x10-3 s-1 whereas that for Na+(LeuPro)3 was found to be 

more than 5 times larger, 28.2±0.1x10-3 s-1, at the same temperature.  As expected, the 

BIRD rate constants increase with temperature and were observed to be 73±2x10-3 s-1 and 

202±5x10-3 s-1 at 108 oC for Na+(ProLeu)3 and Na+(LeuPro)3, respectively. The first-order 

BIRD plots for Na+(LeuPro)3 and Na+(ProLeu)3 along with the BIRD rate constants are 

shown in Figures 6.1 and 6.2, respectively. 

 

 

 

 

 

 

 

Figure 6.1. Blackbody infrared radiative dissociation first-order kinetics plots at various 

temperatures between 20–110 oC for the Na+(LeuPro)3. 
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isomeric complex. There is an excellent linear fit in both Arrhenius plots with r2 values of 

0.973 to 0.993 for Na+(LeuPro)3 and Na+(ProLeu)3, respectively.   

 

 

 

 

 

 

 

 

Figure 6.2. Blackbody infrared radiative dissociation first-order kinetics plots at various 

temperatures between 54–113 oC for the Na+(ProLeu)3. 
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peptides. However, using high pressure mass spectrometry, Raspopov and McMahon did 

measure the binding energies of the protonated trimers of glycine to be in a similar range 

as the binding energies found here, 77 kJ mol-1.53 The experimental pre-exponential factors 

(lnA) were determined to be 28.9 and 23.4, for Na+(ProLeu)3 and Na+(LeuPro)3, 

respectively, yielding (298 K) entropies of activation of -13±2 J K-1 mol-1 and -59±5 J K-1 

mol-1, respectively, lower than expected for dissociation reactions that are expected to occur 

without a significant barrier. The Na+(ProLeu)3 and Na+(LeuPro)3 complexes have 321 

vibrational degrees of freedom and are expected to be strongly absorbing in the infrared. 

However, the room temperature BIRD rate constants for these complexes, in the 10-3 s-1 

regime, are on the border between small and large molecule kinetics (Figure A4.1).48,49,52 

As such, master equation modelling of the Arrhenius plots is required to obtain true thermal 

dissociation thresholds (see section 2.1.3.3.2).  

 

 

 

 

 

 

Figure 6.3. Arrhenius plots for the dissociation of the Na+(LeuPro)3 and Na+(ProLeu)3. The error 

bars are from the fitting of the first order kinetics plots in Figures 6.1 and 6.2. 
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6.3.2. IRMPD Spectroscopy and Structures of Na+(ProLeu)3 and Na+(LeuPro)3 

Complexes. The lowest energy computed structures found for the Na+(ProLeu)3 and 

Na+(LeuPro)3 complexes are shown in Figure 6.4 a and b, respectively, and other unique 

structures are depicted in Figures A4.2 and A4.3 along with their relative 

thermochemistries. The lowest energy structure for Na+(ProLeu)3 adopts a distorted 

octahedral geometry in which the metal cation interacts with both carbonyl oxygens of all 

three ProLeu dipeptides. This structure is stabilized by intramolecular hydrogen bonding 

occurring between each of the amine nitrogens and amide hydrogens in all three dipeptides 

similar to those seen before in dipeptide-metal complexes.54,27 There is also a hydrogen 

bond between one of the O-H groups and an amide oxygen of another dipeptide. The other 

two O-H groups are free of hydrogen bonding interaction. In contrast, the Na+(LeuPro)3 

complex, which lacks an amide hydrogen, is stabilized through the interactions of the 

sodium cation with two of the amide oxygens and all three of the amine nitrogens. 

Interestingly, this structure is stabilized through the intramolecular interactions occurring 

between the carboxylate O-H and either the two carbonyl oxygens or an amide oxygen. 

The experimental spectra for the Na+(ProLeu)3 and Na+(LeuPro)3 complexes are 

shown in Figures 6.5a and b. The spectra are dominated by broad absorptions between 2800 

and 3500 cm-1 for Na+(ProLeu)3 and 2800 and 3300 cm-1 for Na+(LeuPro)3 the breadth of 

which is due predominantly to hydrogen bonded O-H stretching. The broad features are not 

completely featureless, however. For example, maxima are observed in both spectra at 

about 2890 and 2980 cm-1 corresponding to C-H stretching. Similarly, in the spectrum for 

Na+(ProLeu)3 there is a maximum at about 3330 cm-1 corresponding to hydrogen bonded 



139 

 

amide N-H stretching. Hydrogen bonded O-H stretching absorptions are predicted at about 

3050 cm-1 for Na+(ProLeu)3 and at 3130 and 3300 cm-1 for Na+(LeuPro)3, the latter of which 

is observed at 3220 cm-1. As expected, these very anharmonic hydrogen bonded O-H 

stretching vibrations are not well reproduced by the harmonic vibrational frequencies 

predicted by the electronic structure calculations. Finally, a distinguishing feature of the 

isomers, and also in agreement with the computed structures, are a pair of free (non-

hydrogen bonded) carboxylic acid O-H stretching features centered at about 3550 cm-1. 

Another distinguishing feature between spectra of the two complexes is the breadth of the 

broad band, encompassing the hydrogen bonded aminde N-H stretching band out to 3400 

cm-1 for Na+(ProLeu)3. 

 

 

 

 

 

 

Figure 6.4. The B3LYPD3/6-31+G(d,p) computed lowest energy structures of a)Na+(ProLeu)3      

and b)Na+(LeuPro)3. 

a b 
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Figure 6.5. Experimental IRMPD spectra (top traces) and calculated IR spectra (lower trace) for 

the lowest energy structures of the a) Na+(ProLeu)3 and b) Na+(LeuPro)3 complexes in the 2800 to 

3800 cm-1 region. The spectra were computed using B3LYPD3/6-31+G(d,p) at 298 K and scaled 

by 0.95. 
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consistent with the experimental IRMPD spectra. Furthermore, the very different IRMPD 

spectra of the two complexes, Na+(ProLeu)3 and Na+(LeuPro)3, clearly distinguishes them. 

6.3.3. Dissociation Thresholds: Master Equation Analysis and Electronic Structure 

Calculations. In Table 6.1, the results of the master equation modeling are provided. 

Values of A ranging from 1014 to 1020 s-1, corresponding to a rSI of 10 to 130 J K-1 mol-1 

as it is expected that the dissociations are neutral to loose. Over this range of A values, the 

E0 values were determined to be between 97 and 123 kJ mol-1 for Na+(ProLeu)3 and 92 to 

116 kJ mol-1 for Na+(LeuPro)3 and values of 110(±13) and 103(±13) kJ mol-1 seem to be 

best master equation estimates of the dissociation thresholds. The master equation estimates 

are slightly higher than the experimental activation energies (92 and 73 kJ mol-1), but not 

excessively so, which is consistent with the size of the complex being borderline for large 

molecule BIRD kinetics. 

The computed enthalpies for the loss of peptide, from Na+(ProLeu)3 and 

Na+(LeuPro)3 (see Table 6.1) are 120 and 113 kJ mol-1, respectively, which are consistent 

with the master equation values and are also consistent with the higher stability to BIRD 

observed for Na+(ProLeu)3.  

Master equation calculations were performed with A factors equal to the 

experimental ones. For Na+(ProLeu), the E0 determined was 95 kJ mol-1, however, the rate 

constants computed were between 5 and 10 times the experimental values. For 

Na+(LeuPro), the computed slopes did not compare well with any slope using E0 values 

that produced rate constants within an order of magnitude of the experimental values. These 
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results are consistent with the clusters displaying small molecule BIRD kinetics and that 

the experimental Ea and ln A values are not the true values as would be obtained if the 

dissociating population were thermally equilibrated. 

6.4. Conclusions 

The structures and stabilities of the self-assembled Na+(ProLeu)3 and Na+(ProLeu)3 

complexes have been studied in the gas phase using both experimental (BIRD and IRMPD 

spectroscopy) and theoretical methods (master equation and electronic structure 

calculations). Experimentally observed BIRD kinetics energies for both isomeric 

complexes were measured and are sufficient to distinguish between the complexes 

composed of isomeric peptides, showing the Na+(ProLeu)3 being more stable. A 

temperature dependence in the BIRD rate constants also resulted in a larger activation 

energy for Na+(ProLeu)3. Master equation modeling gave in slightly higher dissociation 

thresholds than the activation energies, but was also consistent with the greater stability 

observed for Na+(ProLeu)3. Computed enthalpies of dissociation also agreed well with the 

“experimental” dissociation thresholds. The complexes were also distinguished by IRMPD 

spectroscopy. The computed IR spectra for the lowest energy structures were consistent 

with the experimental IRMPD spectra.  
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Table 6.1. Table of master equation E0 values calculated at different A factors, the best master 

equation estimate E0 and ΔrH for dissociation computed by B3LYPD3/6-31+G(d,p).  All energies 

in kJ mol-1.  

            A / s-1 

Species 

 

1.2x1014 

 

1.3x1015 

 

1.1x1018 

 

1.2x1020 

 

E0* 

 

rH  

Na+(ProLeu)3 97 101 116 123 110(±13) 120 

Na+(LeuPro)3  92   97 106 116 103(±13) 113 

* best estimate from master equation modeling. 
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Chapter 7 

Summary and Outlook  

 

 

In this work, the structures and energetics of non-covalent complexes were 

investigated using mass spectrometric methods. Sustained off-resonance irradiation 

collision-induced dissociation (SORI–CID), infrared multiple photon dissociation 

(IRMPD) spectroscopy in conjunction with computational techniques have been offering 

much more direct information on the subtleties of bonding, allowing for elucidation of the 

detailed structures of gaseous ions. The positions of prominent modes, such as the C=O, 

N–H, and O–H stretching can shift significantly with changes in their bonding environment 

making the IRMPD spectroscopy technique especially useful for the structural 

investigation of ionic complexes. The results were supported by comparing the IRMPD 

spectra with computed IR spectra obtained from the lowest energy isomers of each 

molecule. Furthermore, the blackbody infrared radiative dissociation (BIRD) technique, in 

an FTICR, has helped to quantitatively determine the dissociation kinetics and 

thermochemistry of these gas phase ions.  

In the Chapter 3, mass spectrometric techniques have been applied to identify the 

unimolecular fragmentation pathways of protonated and metal cation-coordinated proline 

complexes. SORI–CID and IRMPD spectroscopy combined with simulated annealing (SA) 

have provided unique structural information. This cooperation explains why specially gas 

phase investigations allows one to gain some insight into the physical chemistry of these 
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complexes that, in principle, may be useful to rationalize the behavior of more complicated 

systems which present similar basic sites. Based on IRMPD spectroscopy and theoretical 

calculation, it was found that the structures of gaseous proton bound proline dimers exist 

as an N-protonated proline in which the intact amino acid is in the zwitterionic (ZW) form. 

Since there was no spectroscopic evidence in the 3200–3800 cm−1 region for a charge 

solvated (CS) structure, a well resolved C=O band at 1733 cm−1 from a previous 

spectroscopic study1 was reassigned from a high energy CS isomer to a lower energy ZW 

form of the intact proline side. Comparison of experimental IRMPD spectra with computed 

spectra from computationally obtained structures of the sodium bound dimer of proline 

revealed a mixture of these species to exist in the gas phase. The presence of a free hydroxyl 

group may well be explained based on the existence of at least one CS form in the mixture 

of sodium bound prolines in the gas phase. 

The research described in Chapter 3 opens several directions for further 

investigation of intramolecular interactions in stabilization of the ZW form of amino acids 

over the CS form, even in the gas phase. Gas phase addition of one water molecule at a 

time can imitate the role of water as a proton transfer in zwitterionic amino acids which 

may provide a better overall picture of the contribution of water in living organisms. 

The importance of both the polarizability and size of the metal cation in determining 

the structure of metal-cationized peptides are the significant discoveries of Chapter 4. 

IRMPD spectroscopy in the 2700–3800 and 1000–1850 cm–1 regions combined with SORI-

CID and computational methods have been used to determine the gas-phase structures of 

the [M(Pro)2-H]+ when M=Mn, Fe, Co, Ni, Cu, Zn, Mg, Ca, Sr and Ba. Under CID 
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conditions the unimolecular fragmentation pathways of [M(Pro)2-H]+ showed that all the 

complexes containing smaller metal dications tend to lose small neutral molecules such as 

water and carbon dioxide as main fragmentation pathways. When M was replaced by 

heavier metals, Ca, Sr and Ba, the loss of a proline was the main fragmentation pathway. 

With the exception of Cu(Pro2-H)+, all complexes involving transition metal dications and 

Mg lose H2 upon collisional or IRMPD activation. IRMPD spectroscopy combined with 

the DFT calculations for [M(Pro)2-H]+ have revealed that all deprotonated transition 

metals, which are roughly the same size, have similar bands. The comparison of results 

reveals that the neutral proline forms strong ion–dipole complexes between the CS form of 

the intact proline and metal cation. On the contrary, the complexes containing larger metal 

cation, Ca2+, Sr2+, and Ba2+, tend to maximize interaction between M(Pro-H)+ and the 

negative end of the intact ZW proline in an ‘‘ionic’’ form. The IRMPD spectra for both 

Mg(Pro2-H)+ and Mn(Pro2-H)+ are concluded to have contributions from both CS and ZW 

structures. Interestingly, the calculations using both restricted open shell (ROB3LYP) and 

unrestricted (UB3LYP) DFT methods have shown that the lowest energy structure of 

[Mn(Pro)2-H]+ is a high spin complex with a sextet spin multiplicity, while in the [Co(Pro)2-

H]+ and [Ni(Pro)2-H]+ complexes doublet and singlet states are the lowest energy 

structures, respectively.  

Previous work2 in our group has shown loss of H2 from [Zn(Pro2-H)]+ which we 

decided to expand upon by replacing Zn with other first row doubly-charged transition 

metal ions. However, as mentioned, except copper, they all showed similar dissociation 

patterns. From this chapter, new insights into the reactivity of copper compared to the other 
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transition metals were obtained. Neither a difference in the lowest energy structure was 

observed based on the IRMPD spectroscopy, nor did the calculations revealed any unique 

structures for the Cu complex. However, copper has a positive standard reduction potential, 

meaning that compared to the other transition metals copper is difficult to oxidize. A 

comparable property in the gas phase is the ionization energy; copper has the highest 

second ionization energy of all the transition metals. It seems that at some point during H2 

elimination, electron density is pushed by a proline ring, but Cu2+ with a very high affinity 

for its electrons, does not readily accommodate the need for electron density to allow for 

H2 elimination. It is of interest to consider this conclusion for future investigations using 

other secondary amino acids with similar basicity to better understand the role of proline 

as an important mechanistic factor in complexes containing Pro residues. It would be also 

beneficial to look into the complexes containing other metals, such as gold and thallium, 

that have similar second ionization energies as replacements for copper in proline clusters. 

Using the same approach would more strongly relate the standard reduction potential to the 

experimentally recorded dissociation pattern of this complexes.  

The unimolecular fragmentation pathways and structures of the alkali metal ion-

coordinated isomeric ProLeu/LeuPro dipeptides was investigated in Chapter 5. While CID 

of both isomers showed identical fragmentation pathways and could not differentiate 

between most isomers, the IRMPD spectroscopy in both the fingerprint and the CH/NH/OH 

regions has identified the structural differences of these isomers. In the ProLeu isomer, it 

was observed that if the metal cation is small, Li+ and Na+, it is bound to both carbonyl 

oxygens and the amine nitrogen. In contrast, for the larger Rb+ and Cs+ the amine nitrogen 
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is hydrogen bonded to the amide hydrogen, and metal cation is bounded to the two carbonyl 

groups. In the lithiated and sodiated LeuPro, the metal cation is bound to the amide carbonyl 

and the amine nitrogen while the amine nitrogen is hydrogen bonded to the carboxylic acid 

carbonyl. However, there is no hydrogen bond in the rubidiated and cesiated complexes; 

the metal cation is bound to both carbonyl oxygens and the amine nitrogen. The structures 

of metal cation bound dipeptides, therefore depend on several competing factors: non-

covalent interactions; influence of peptide sequence on peptide-metal binding, and size of 

the metal cation.  

The structures and stabilities of the self-assembled Na+(ProLeu)3 and Na+(LeuPro)3 

have been studied in Chapter 6. In an attempt to differentiate between isomeric peptide 

complexes, IRMPD spectroscopy was used to help shed light on the structures, and BIRD 

is used to compare the relative dissociation energies of Na+(ProLeu)3 and Na+(LeuPro)3 

complexes in the gas phase. According to the BIRD kinetics results, the rate constant for 

Na+(ProLeu)3 at, for example, 66 oC was 5.11 ± (0.36) x 10-3 s-1 whereas that for 

Na+(LeuPro)3 was found to be more than 5 times larger, 28.2 ± (0.04) x 10-3 s-1. From the 

temperature dependence of the dissociation rate constants, the Arrhenius activation 

energies and entropies were determined for dipeptide loss from each isomeric complex. An 

excellent linear fit in both Arrhenius plots with r2 values of 0.973 to 0.993 for Na+(LeuPro)3 

and Na+(ProLeu)3 was found, respectively. The experimentally determined activation 

energies were compared with the energies obtained from master equation modeling 

(MEM). Comparison of the experimentally obtained binding energies with those computed 
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from electronic structure calculations and MEM are consistent with a larger binding energy 

for the Na+(ProLeu)3 complex. 

Comparison of the experimental IRMPD spectra and the calculated spectra 

correspond to the lowest energy structures of both trimers in the 2750 – 3750 cm-1 region 

has supported the BIRD results. The proposed structures were found to be the best 

candidates for the interpretation of the experimental spectrum in CH/NH/OH region. Based 

on IRMPD results, the positions of prominent modes the IRMPD technique, useful for 

revealing the chemical differences of two proline−leucine residues containing dipeptides. 

Finally, the current work addresses the applicability of the mass spectrometric 

techniques that can be used for both spectroscopic identification and the energetic approach 

of the complexes composed of amino acids and peptides. The simplicity of systems 

presented in this thesis may make it easier to grasp the concept of non-covalent interactions 

for future investigations in the fields in which the identification of behavior of larger 

structures is required. 
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Appendix A – Supporting Information for Chapter 3 

 

Table A1.1. Table of relative Gibbs Energies and Enthalpies (298 K, in kJ mol‐1) for the different 

proton‐bound proline dimer isomers. 
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Table A1.2. Table of relative Gibbs Energies and Enthalpies (298 K, in kJ mol‐1) for the different 

sodium‐bound proline dimer isomers. 
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Figure A1.1. Plot of potential energy vs. simulated annealing cycle obtained for [(Pro)2H]+ ion. 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.2. Groups of structures with similar energies obtained for [(Pro)2H]+ ion. 
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Figure A1.3a. Relative 298 K Gibbs energies and (enthalpies) computed for [(Pro)2H]+ using 

MP2/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p). Energies are provided in kJ mol−1. 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.3b. Relative 298 K Gibbs energies and (enthalpies) computed for [(Pro)2H]+ using 

MP2/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p). Energies are provided in kJ mol−1. 
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Figure A1.4. IRMPD spectrum of (Pro)2H+ investigated by McMahon and Wu between (1000-

2000cm-1) compared with the B3LYP/6-31+G(d,p) predicted spectra for ZW1, ZW4. 
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Figure A1.5a. Relative 298 K Gibbs energies and (enthalpies) computed for [(Pro)2Na]+ using 

B3LYP/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p)). Energies are provided in kJ mol−1. 
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Figure A1.5b. Relative 298 K Gibbs energies and (enthalpies) computed for [(Pro)2Na]+ using 

B3LYP/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p)). Energies are provided in kJ mol−1. 
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Appendix B – Supporting Information for Chapter 4 

 

 

Figure A2.1. SORI/CID MS/MS spectra of [Mn(Pro‐H)(Pro)]+. 
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Figure A2.2. SORI/CID MS/MS spectra of [Fe(Pro‐H)(Pro)]+. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.3. SORI/CID MS/MS spectra of [Co(Pro‐H)(Pro)]+. 
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Figure A2.4. SORI/CID MS/MS spectra of [Fe(Pro‐H)(Pro)]+. 

 

 

 

 

 

 

 

 

 

 

Figure A2.5. SORI/CID spectra of the [Cu(Pro‐H)(Pro)]+. 
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Figure A2.6. SORI/CID spectra of the [Mg(Pro‐H)(Pro)]+. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.7. SORI/CID spectra of the [Ca(Pro‐H)(Pro)]+. 
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Figure A2.11a. Relative 298 K Gibbs energies (and enthalpies) computed at the B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) are reported for the NO‐
NO‐CS [Zn(Pro)2‐H]+ complexes. 

 

 

 

 

 

 

 

 

 

Figure A2.11b. Relative 298 K Gibbs energies (and enthalpies) computed at the B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) are reported for the OO‐
NO‐ZW [Zn(Pro)2‐H]+ complexes. 
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Figure A2.11c. Relative 298 K Gibbs energies (and enthalpies) computed at the B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) are reported for the OO‐
OO‐ZW [Zn(Pro)2‐H]+ complexes. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure A2.11d. Relative 298 K Gibbs energies (and enthalpies) computed at the B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) are reported for the NO‐
OO‐CS [Zn(Pro)2‐H]+ complexes. 
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Figure A2.12a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the NO‐
NO‐CS isomers of the [Cu(Pro)2‐H]+ complex. The structures are all doublets. 

 

 

 

 

 

 

 

 

Figure A2.12b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the OO‐
NO‐ZW isomers of the [Cu(Pro)2‐H]+ complex. The structures are all doublets. 
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Figure A2.12c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the NO‐
OO‐CS isomers of the [Cu(Pro)2‐H]+ complex. The structures are all doublets. 

 

 

 

 

 

 

 

 

 

 

Figure A2.12d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the OO‐
OO‐ZW isomers of the [Cu(Pro)2‐H]+ complex. The structures are all doublets. 
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Figure A2.13a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐ 31+G(d,p) (red) for conformers of the NO‐
NO‐CS isomers of the [Ni(Pro)2‐H]+ complex. The structures are all singlets. 

 

 

 

 

 

 

 

 

 

Figure A2.13b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐ 31+G(d,p) (red) for conformers of the OO‐
NO‐ZW isomers of the [Ni(Pro)2‐H]+ complex. The structures are all triplets. 
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Figure A2.13c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6-31+G(d,p) (red) for conformers of the NO-

OO-CS isomers of the [Ni(Pro)2-H]+ complex. The structures are all singlets. 

 

 

 

 

 

 

 

 

 

Figure A2.13d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the OO‐
OO‐ZW isomers of the [Ni(Pro)2‐H]+ complex. The structures are all triplets. 
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Figure A2.14a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the NO‐
NO‐CS isomers of the [Co(Pro)2‐H]+ complex. The structures are all doublets. 

 

 

 

 

 

 

 

 

Figure A2.14b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and  B3LYP/6-31+G(d,p) (red) for conformers of the OO-

NO-ZW isomers of the [Co(Pro)2-H]+  complex. The structures are all quartets. 
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Figure A2.14c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6-31+G(d,p) (red) for conformers of the NO-

OO-CS isomers of the [Co(Pro)2-H]+ complex. The structures are all quartets. 

 

 

 

 

 

 

 

 

 

Figure A2.14d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the OO‐
OO‐ZW isomers of the [Co(Pro)2‐H]+ complex. The structures are all quartets. 
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Figure A2.15a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6-31+G(d,p) (red) for conformers of the NO-

NO-CS isomers of the [Fe(Pro)2-H]+ complex. The structures are all quintets. 

 

 

 

 

 

 

 

 

Figure A2.15b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6‐
311++G(3df,3pd)//6‐31+G(d,p) (black) and B3LYP/6‐31+G(d,p) (red) for conformers of the OO‐
NO‐ZW isomers of the [Fe(Pro)2‐H]+ complex. The structures are all quintets. 
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Figure A2.15c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and  B3LYP/6- 31+G(d,p) (red) for conformers of the NO-

OO-CS isomers of the [Fe(Pro)2-H]+ complex. The structures are all quintets. 

 

 

 

 

 

 

 

 

Figure A2.15d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6- 31+G(d,p) (red) for conformers of the OO-

OO-ZW isomers of the [Fe(Pro)2-H]+ complex. The structures are all quintets. 
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Figure A2.16a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6-31+G(d,p) (red) for conformers of the NO-

NO-CS isomers of the [Mn(Pro)2-H]+ complex. The structures are all sextets. 

 

 

 

 

 

 

 

 

 

 

Figure A2.16b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6-31+G(d,p) (red) for conformers of the OO-

OO-ZW isomers of the [Mn(Pro)2-H]+ complex. The structures are all sextets. 
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Figure A2.16c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6-31+G(d,p) (red) for conformers of the OO-

NO-ZW isomers of the [Mn(Pro)2-H]+ complex. The structures are all sextets. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.16d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) (black) and B3LYP/6-31+G(d,p) (red) for conformers of the NO-

OO-CS isomers of the [Mn(Pro)2-H]+ complex. The structures are all sextets. 
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Figure A2.17. Comparison of the experimental IRMPD spectrum and calculated absorbance 

spectra of the lowest energy structures of each form of the [Fe(Pro)2-H]+ in a) 1000 to 2000 cm-1  

region and b) 2800 to 3800 cm-1 region. 
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Figure A2.18. Comparison of the experimental IRMPD spectrum and calculated absorbance of the 

lowest energy structures of each form of the [Ni(Pro)2-H]+ in a) 1000 to 2000 cm-1  region and b) 

2800 to 3800 cm-1 region. 
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Figure A2.21a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-NO-CS isomers of the [Mg(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

 

 

Figure A2.21b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-NO-ZW isomers of the [Mg(Pro)2-H]+ 

complex. 
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Figure A2.21c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-OO-CS isomers of the [Mg(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

 

 

Figure A2.21d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-OO-ZW isomers of the [Mg(Pro)2-H]+ 

complex. 
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Figure A2.22a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-OO-ZW isomers of the [Ca(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



184 

 

Figure A2.22b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-NO-ZW isomers of the [Ca(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

 

Figure A2.22c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-OO-CS isomers of the [Ca(Pro)2-H]+ 

complex. 
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Figure A2.22d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-NO-CS isomers of the [Ca(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

Figure A2.23a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-NO-ZW isomers of the [Sr(Pro)2-H]+ 

complex. 
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Figure A2.23b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-OO-ZW isomers of the [Sr(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.23c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-OO-CS isomers of the [Sr(Pro)2-H]+ 

complex. 
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Figure A2.23d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-NO-CS isomers of the [Sr(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

Figure A2.24a. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-NO-ZW isomers of the [Ba(Pro)2-H]+ 

complex. 
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Figure A2.24b. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the OO-OO-ZW isomers of the [Ba(Pro)2-H]+ 

complex. 
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Figure A2.24c. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-OO-CS isomers of the [Ba(Pro)2-H]+ 

complex. 

 

 

 

 

 

 

 

 

 

 

Figure A2.24d. Relative 298 K Gibbs energies and (enthalpies) computed using B3LYP/6-

311++G(3df,3pd)//6-31+G(d,p) for conformers of the NO-NO-CS isomers of the [Ba(Pro)2-H]+ 

complex. 
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Figure A2.26. Plot of standard reduction potentials and 2-electron ionization energies for the 

transition metals of topic to this study. 
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Figure A2.27. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the 

lowest energy structures of each form of the [Mg(Pro)2‐H]+ complexes in the 2700 to 3800 cm‐1 

region. Energies are B3LYPD3/cc‐PVTZ 298 K Gibbs energies (and enthalpies) and in kJ mol‐1. 
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Figure A2.28. Comparison of the experimental IRMPD spectrum and calculated IR spectra for the 

lowest energy structures of each form of the [Co(Pro)2‐H]+ complex in the a) 1000 to 2000 cm‐1 

region and b) 2800 to 3800 cm‐1 region. Energies are UB3LYPD3/cc‐pVTZ 298 K Gibbs energies 

(and enthalpies) and in kJ mol‐1. 
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Figure A2.29. Comparison of the experimental IRMPD spectrum and calculated IR spectra for the 

lowest energy structures of each form of the [Mn(Pro)2‐H]+ complex in the a) 1000 to 2000 cm‐1 

region and b) 2800 to 3800 cm‐1 region. Energies are UB3LYPD3/cc‐pVTZ 298 K Gibbs energies 

(and enthalpies) and in kJ mol‐1. 
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Table A2.1. UB3LYP/6‐31+G(d,p) relative Gibbs energies (and enthalpies) at 298 K for quartet 

and doublet [Mn(Pro)2‐H]+ complexes corresponding. All energies are relative to the lowest energy 

sextet complex in Figure A2.16. 
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Table A2.2. UB3LYP/6‐31+G(d,p) relative Gibbs energies (and enthalpies) at 298 K for quartet 

and doublet [Fe(Pro)2‐H]+ complexes corresponding. All energies are relative to the lowest energy 

quintent complex in Figure A2.15. 
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Table A2.3. UB3LYP/6‐31+G(d,p) relative Gibbs energies (and enthalpies) at 298 K for quartet 

and doublet [Co(Pro)2‐H]+ complexes corresponding. All energies are relative to the lowest energy 

quintent complex in Figure A2.14. 
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Table A2.4. UB3LYP/6‐ 31+G(d,p) relative Gibbs energies (and enthalpies) at 298 K for quartet 

and doublet [Co(Pro)2‐H]+ complexes corresponding. All energies are relative to the lowest energy 

singlet complex in Figure A2.13. 
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Table A2.5. Topological Analysis of the lowest energy [Mn(Pro)2 -H]+ structures. 

[Mn(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.6. Topological Analysis of the lowest energy [Fe(Pro)2 -H]+ structures. 

[Fe(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.7. Topological Analysis of the lowest energy [Co(Pro)2 -H]+ structures. 

[Co(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.8. Topological Analysis of the lowest energy [Ni(Pro)2 -H]+ structures. 

[Ni(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.9. Topological Analysis of the lowest energy [Cu(Pro)2 -H]+ structures. 

[Cu(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.10. Topological Analysis of the lowest energy [Zn(Pro)2 -H]+ structures. 

[Zn(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.11. Topological Analysis of the lowest energy [Mg(Pro)2 -H]+ structures. 

[Mg(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.12. Topological Analysis of the lowest energy [Ca(Pro)2 -H]+ structures. 

[Ca(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.13. Topological Analysis of the lowest energy [Sr(Pro)2 -H]+ structures. 

[Sr(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.14. Topological Analysis of the lowest energy [Ba(Pro)2 -H]+ structures. 

[Ba(Pro)2 -H]+ 

Electron densities 𝜌(e a.u.-3), Laplacian of the charge density ∇2 𝜌 (e a.u.-5) and ellipticity 𝜀 at the 

bond critical points, computed for geometries optimized at the B3LYP/6-31+G(d,p) level. 
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Table A2.15. Comparison of the three levels calculations, UB3LYPD3/6‐
311++G(3df,3pd)//6‐ 31+G(d,p), UB3LYPD3/6‐31+G(d,p), and UB3LYPD3/cc‐PVTZ, relative 

Gibbs energies (and enthalpies) of the lowest energy structures of each forms of the [Co(Pro)2‐H]+ 

complex at 298 K. 

 

 

 

 

 

 

 

 

 

 

Table A2.16. Comparison of the three levels calculations, UB3LYPD3/6‐
311++G(3df,3pd)//6‐ 31+G(d,p), UB3LYPD3/6‐31+G(d,p), and UB3LYPD3/cc‐PVTZ, relative 

Gibbs energies (and enthalpies) of the lowest energy structures of each forms of the [Mn(Pro)2‐H]+ 

complex at 298 K. 
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Table A2.17. Comparison of the three levels calculations, B3LYPD3/6‐311++G(3df,3pd)//6‐
31+G(d,p), B3LYPD3/6‐31+G(d,p), and B3LYPD3/cc‐PVTZ, relative Gibbs energies (and 

enthalpies) of the lowest energy structures of each forms of the [Mg(Pro)2‐H]+ complex at 298 K. 
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Table A2.18. xyz Cartesian geometry of each complex in Chapter 4. 
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Cu-NO-NO-CS-E-E 
 
1   2 
N             1.874572   -0.730016    1.188541 
C             2.145719   -1.832157    0.198940 
C             2.901497    0.332304    0.969301 
H             1.234824   -2.415518    0.065662 
H             2.943995   -2.480331    0.578426 
C             2.605468   -1.050946   -1.026356 
C             3.538704    0.016163   -0.426854 
H             3.663763    0.336314    1.754165 
C             2.219842    1.681503    0.975312 
H             1.741533   -0.587568   -1.519599 
H             3.110645   -1.680866   -1.761160 
H             3.643089    0.908944   -1.047036 
H             4.540069   -0.390761   -0.267720 
O             0.989826    1.819588    0.926841 
O             3.048914    2.701728    1.005618 
H            -2.033612    1.484735    1.468842 
N            -1.857809    0.819946    0.717056 
C            -2.039380    1.515411   -0.618069 
C            -2.859191   -0.316386    0.788790 
H            -1.065311    1.779895   -1.036430 
H            -2.604479    2.439116   -0.459553 
C            -2.840986    0.518583   -1.458399 
C            -3.780266   -0.119118   -0.423769 
H            -3.393850   -0.268753    1.741484 
C            -2.133632   -1.679201    0.749271 
H            -2.180038   -0.241344   -1.891979 
H            -3.368365    1.011337   -2.278140 
H            -4.210195   -1.070914   -0.740392 
H            -4.598907    0.564978   -0.175614 
O            -0.818331   -1.636516    0.893242 
O            -2.761391   -2.707214    0.606880 
H            2.563194    3.547383    0.981645 
H            1.919117   -1.093116    2.140828 
Cu          -0.022833    0.046876    0.941830 

Cu-OO-NO-ZW-E-E 
 
1   2 
 N                  4.02794400    0.96135600   -0.34179200 
 C                  4.85796200    0.67607300    0.90724500 
 C                  3.33052000   -0.33522400   -0.76283900 
 H                  4.83038500    1.55292100    1.55512200 
 H                  5.88400800    0.49428300    0.58042900 
 C                  4.21079100   -0.58506500    1.47907400 
 C                  3.85741100   -1.39763700    0.22216900 
 H                  3.56314000   -0.55663900   -1.80636400 
 C                  1.83086800   -0.07426200   -0.62762700 
 H                  3.31092700   -0.32905800    2.04857600 
 H                  4.89341600   -1.11393600    2.14726800 
 H                  3.10537500   -2.16956900    0.39380900 
 H                  4.74845900   -1.87837900   -0.19285400 
 O                  1.00466900   -0.98658100   -0.90152300 
 O                  1.45042000    1.06590500   -0.22481400 
 H                 -2.21633100   -0.94284800   -1.81972800 
 N                 -2.19202200   -0.75757300   -0.81791400 
 C                 -2.24581400   -2.05629500   -0.04930900 
 C                 -3.38324100    0.08749200   -0.40312600 
 H                 -1.23220700   -2.39521100    0.17702000 
 H                 -2.73461500   -2.81606000   -0.66864600 
 C                 -3.10154400   -1.71584800    1.17080600 
 C                 -4.17868600   -0.79560900    0.57563600 
 H                 -3.96402700    0.35939200   -1.28831500 
 C                 -2.91605000    1.40718600    0.25092500 
 H                 -2.50644800   -1.17780800    1.91878800 
 H                 -3.51076600   -2.61030100    1.64569800 
 H                 -4.69810700   -0.18073400    1.31260700 
 H                 -4.92510300   -1.38684800    0.03480200 
 O                 -1.61617700    1.64047800    0.22492500 
 O                 -3.73013100    2.16188900    0.74223200 
 H                  3.24529400    1.61447400   -0.13394400 
 H                  4.58767300    1.36762800   -1.09387400 
 Cu                -0.54055400    0.29047700   -0.41368100 
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Zn-NO-NO-CS-X-X 
 
1   1 
 N                 -1.87602700   -0.31082000   -1.08631700 
 C                 -2.19903200   -1.79246600   -0.88574500 
 C                 -2.84668600    0.48057000   -0.25933000 
 H                 -1.41066100   -2.22706000   -0.26738600 
 H                 -2.20385800   -2.28980600   -1.85720300 
 C                 -3.54589400   -1.80781000   -0.15998900 
 C                 -3.47601300   -0.54854200    0.71333900 
 H                 -3.62635400    0.92136800   -0.88913400 
 C                 -2.13784000    1.60178000    0.46845100 
 H                 -3.67803500   -2.71726800    0.43046500 
 H                 -4.37920800   -1.73639900   -0.86801100 
 H                 -2.81073500   -0.71339400    1.56878100 
 H                 -4.44174000   -0.20328500    1.08519200 
 O                 -2.95975400    2.43995500    1.06135200 
 O                 -0.90817800    1.70874000    0.52828700 
 H                  2.13584800    0.30824400   -1.96471100 
 N                  1.96129500    0.41257400   -0.96662500 
 C                  2.54466100    1.73905400   -0.53289400 
 C                  2.74700200   -0.68512000   -0.23711900 
 H                  1.98162600    2.09097700    0.33718400 
 H                  2.42812000    2.46869100   -1.33749100 
 C                  3.98666200    1.40926700   -0.15008100 
 C                  3.83330700    0.06303500    0.57079300 
 H                  3.20072100   -1.32711600   -0.99660000 
 C                  1.87921300   -1.60032700    0.66575500 
 H                  4.43573600    2.18276900    0.47827900 
 H                  4.60381300    1.30543200   -1.05067100 
 H                  3.49221400    0.21623600    1.60026200 
 H                  4.75386800   -0.51974000    0.61841600 
 O                  0.59080000   -1.32969000    0.73381500 
 O                  2.44518300   -2.49940100    1.25498900 
 H                 -2.46502100    3.12132600    1.55443700 
 H                 -2.00861500   -0.06885700   -2.06621900 
 Zn                 0.04462400    0.09207100   -0.39305400 

Zn-OO-NO-ZW-E-E 
 
1   1 
 N                  4.28596900   -0.39450100   -1.02456100 
 C                  5.17044100    0.72702900   -0.48308500 
 C                  3.43431900   -0.93293800    0.12460600 
 H                  5.26052700    1.50201800   -1.24505300 
 H                  6.15330700    0.29567600   -0.28175800 
 C                  4.45984600    1.14886100    0.80264700 
 C                  3.94494100   -0.18414000    1.37007300 
 H                  3.54403300   -2.01724500    0.19099100 
 C                  1.98177100   -0.58664800   -0.24197900 
 H                  3.62979500    1.82737100    0.57858900 
 H                  5.14118800    1.66444800    1.48240700 
 H                  3.14661400   -0.07025800    2.10481800 
 H                  4.75877100   -0.74847600    1.83601400 
 O                  1.10487400   -0.89167200    0.64322300 
 O                  1.74906500   -0.02769600   -1.32664600 
 H                 -2.14774900   -1.27842200   -1.60584300 
 N                 -2.29110800   -0.87869200   -0.68074300 
 C                 -3.00257200   -1.90118200    0.19369800 
 C                 -3.19824300    0.34180200   -0.79982900 
 H                 -2.29706200   -2.34902800    0.89803200 
 H                 -3.39956500   -2.69507000   -0.44580400 
 C                 -4.13343600   -1.11332700    0.86067100 
 C                 -4.54866400   -0.11938800   -0.23250000 
 H                 -3.25818700    0.63230800   -1.85221700 
 C                 -2.64700600    1.58824800   -0.03897400 
 H                 -3.76265100   -0.57611900    1.74154900 
 H                 -4.94526600   -1.76823800    1.18519300 
 H                 -5.12317500    0.73093800    0.13653900 
 H                 -5.13565500   -0.62548500   -1.00709500 
 O                 -1.41147600    1.52136300    0.42346800 
 O                 -3.37518100    2.55434700    0.06332900 
 H                  3.57785400   -0.03107800   -1.69788500 
 H                  4.82841300   -1.12364300   -1.49040000 
 Zn                -0.57472900   -0.11726600    0.12166900 
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Zn-NO-OO-CS-X-X 
 
1   1 
 N                 -2.19895500   -0.74373900   -0.76113000 
 C                 -2.41149900   -2.02043800    0.03796000 
 C                 -3.33482300    0.18583000   -0.43580500 
 H                 -1.79633700   -1.96642200    0.94077800 
 H                 -2.07300800   -2.87150500   -0.55499100 
 C                 -3.90113300   -2.01507200    0.37724100 
 C                 -4.17443800   -0.53095100    0.65875300 
 H                 -3.94466600    0.36326500   -1.32719300 
 C                 -2.79761700    1.52397300    0.02857200 
 H                 -4.13266300   -2.65257900    1.23369000 
 H                 -4.49446200   -2.36329300   -0.47575400 
 H                 -3.81088800   -0.25912500    1.65606600 
 H                 -5.22616900   -0.24853200    0.59542300 
 O                 -3.73430800    2.41308000    0.25873100 
 O                 -1.59367700    1.75594000    0.19656700 
 H                  3.65070200   -0.62928500   -1.79749500 
 N                  4.15732600   -0.63661800   -0.91933700 
 C                  5.01090600    0.54563500   -0.72256700 
 C                  3.29179800   -0.80143300    0.24344100 
 H                  4.50486600    1.49124600   -0.98343700 
 H                  5.91601600    0.46276000   -1.33082100 
 C                  5.28813700    0.49168200    0.78146500 
 C                  3.91466000    0.10663000    1.35988100 
 H                  3.27432900   -1.84826700    0.57503800 
 C                  1.84477900   -0.42534600    0.03201600 
 H                  5.65834400    1.43852600    1.18337800 
 H                  6.02648700   -0.28762400    0.99544400 
 H                  3.30299100    1.00426100    1.50270800 
 H                  3.96352500   -0.41399000    2.31791300 
 O                  1.44726200    0.18450400   -1.02897500 
 O                  0.96107900   -0.71233500    0.91841400 
 H                 -3.35041300    3.25534300    0.56988500 
 H                 -2.24223900   -0.97221500   -1.75336200 
 Zn                -0.39875000    0.15557800   -0.28358800 
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Mg-NO-NO-CS-X-E 
 
1    1 
 N                  1.90240500    0.48798000   -1.06522300 
 C                  2.11649000    1.93346500   -0.62250300 
 C                  2.94079500   -0.35001100   -0.37836400 
 H                  1.34130100    2.18777100    0.10517500 
 H                  2.00491600    2.59089200   -1.48662300 
 C                  3.50889300    1.95038000    0.00963600 
 C                  3.58818300    0.57651600    0.68763700 
 H                  3.70491900   -0.68929300   -1.08541500 
 C                  2.30259600   -1.57154000    0.24280600 
 H                  3.62753200    2.77185000    0.71997800 
 H                  4.28843500    2.04476800   -0.75488900 
 H                  2.99213900    0.57111700    1.60782800 
 H                  4.60000700    0.25064400    0.93317600 
 O                  3.16493500   -2.44277300    0.71059800 
 O                  1.07541600   -1.72789900    0.33089200 
 H                 -2.15964500   -0.68905400   -2.06101000 
 N                 -1.99730200   -0.59578600   -1.06060900 
 C                 -2.58842600   -1.83114500   -0.38507300 
 C                 -2.81017800    0.60652800   -0.57900500 
 H                 -1.80072700   -2.39936100    0.11966300 
 H                 -3.02268200   -2.47539800   -1.15420400 
 C                 -3.65917100   -1.30117200    0.58193400 
 C                 -4.12568500    0.00335700   -0.07785900 
 H                 -2.94973600    1.28688000   -1.42504600 
 C                 -2.07733300    1.43241100    0.52844400 
 H                 -3.22036300   -1.08751400    1.56292000 
 H                 -4.46346200   -2.02595700    0.72798800 
 H                 -4.62811600    0.68540800    0.60915200 
 H                 -4.79593000   -0.20521100   -0.91976700 
 O                 -0.78824600    1.20776700    0.65558900 
 O                 -2.72902600    2.24167900    1.15979600 
 H                  2.70912600   -3.19357700    1.13638300 
 H                  2.06599100    0.43160500   -2.06848900 
 Mg                -0.04925400   -0.18532100   -0.38224300 

Mg-OO-NO-ZW-E-X 
 
1    1 
 N                  4.02700600   -0.31938900   -1.08509700 
 C                  4.86882100    0.83826400   -0.53861300 
 C                  3.33147500   -1.00219800    0.09447400 
 H                  4.80410000    1.67563500   -1.23412600 
 H                  5.90118900    0.48664700   -0.48437000 
 C                  4.27682700    1.08797000    0.84862900 
 C                  3.92962300   -0.32599200    1.34181200 
 H                  3.50709200   -2.07944300    0.05349200 
 C                  1.83440700   -0.73442800   -0.06619300 
 H                  3.37971900    1.71267900    0.77922800 
 H                  4.99079200    1.59922800    1.49747000 
 H                  3.21504100   -0.34300300    2.16616000 
 H                  4.83025600   -0.86125400    1.65762100 
 O                  1.03945900   -1.07930500    0.84414600 
 O                  1.43537200   -0.12635300   -1.11577100 
 H                 -2.49199600   -1.23264400   -1.58856200 
 N                 -2.35963100   -0.81238400   -0.66901200 
 C                 -2.91187800   -1.78698200    0.33662300 
 C                 -3.26983300    0.41749400   -0.59757100 
 H                 -2.51051600   -1.52728500    1.32393400 
 H                 -2.58577200   -2.80039000    0.08940900 
 C                 -4.42262500   -1.55826500    0.29416500 
 C                 -4.52926400   -0.02708200    0.19515000 
 H                 -3.52186200    0.69744500   -1.62451900 
 C                 -2.58668600    1.66396400    0.03713300 
 H                 -4.93321800   -1.96447700    1.17126300 
 H                 -4.84463100   -2.04417800   -0.59424200 
 H                 -4.51342900    0.43185000    1.18751600 
 H                 -5.44548400    0.30642400   -0.29440400 
 O                 -1.29638900    1.57605600    0.26204600 
 O                 -3.29352000    2.62873300    0.26261100 
 H                  3.25270300    0.02710000   -1.68233300 
 H                  4.58718700   -0.97062000   -1.63811300 
 Mg                -0.45811500   -0.05173500   -0.18371500 
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Mg-NO-OO-CS-X-X 
 
1    1 
 N                 -2.15590200   -0.68632500   -0.80756900 
 C                 -2.25873400   -1.98767600   -0.03249200 
 C                 -3.39861200    0.10369900   -0.51543500 
 H                 -1.70023600   -1.88237800    0.90353400 
 H                 -1.79339000   -2.78749700   -0.61084400 
 C                 -3.75371500   -2.16600900    0.23018400 
 C                 -4.21754500   -0.73057800    0.51386800 
 H                 -3.98261900    0.25523300   -1.42887700 
 C                 -3.02483400    1.46794400    0.02282500 
 H                 -3.95307000   -2.84140400    1.06549100 
 H                 -4.25619300   -2.56621000   -0.65771700 
 H                 -3.95330800   -0.44023500    1.53710800 
 H                 -5.28924600   -0.57138000    0.38696600 
 O                 -4.04797400    2.26056400    0.22486300 
 O                 -1.85615800    1.80278800    0.27314700 
 H                  3.49357600   -0.29753900   -1.88660100 
 N                  4.03474100   -0.49971000   -1.05333600 
 C                  5.02793700    0.54137100   -0.73945700 
 C                  3.19701100   -0.73416600    0.11961600 
 H                  4.63536100    1.56413600   -0.87333400 
 H                  5.90898500    0.42789100   -1.37755900 
 C                  5.31846200    0.27950500    0.74015700 
 C                  3.91740900   -0.00951700    1.30578200 
 H                  3.11687100   -1.80875500    0.33597800 
 C                  1.77276100   -0.24765900    0.00103700 
 H                  5.80405400    1.12345600    1.23727000 
 H                  5.96259000   -0.59987000    0.84390800 
 H                  3.40764800    0.93183800    1.54090200 
 H                  3.91622200   -0.61947500    2.21093000 
 O                  1.37996600    0.46532900   -0.99707300 
 O                  0.90864400   -0.55320700    0.90554400 
 H                 -3.76207600    3.12113100    0.58742000 
 H                 -2.14931100   -0.91127100   -1.80143700 
 Mg                -0.42619900    0.44160800   -0.17626300 

Mg-OO-OO-ZW-E-X 
 
1    1 
 C                 -4.47826400    1.06225100   -0.84335100 
 C                 -3.80060200   -0.32248200   -0.87747300 
 N                 -4.45150800   -1.10173700    0.26734200 
 C                 -5.40125100   -0.15838000    1.00808900 
 C                 -4.88606800    1.22956700    0.62963900 
 C                 -2.30358600   -0.26605900   -0.58223000 
 O                 -1.53871600    0.35845100   -1.36043000 
 O                 -1.86325900   -0.85045300    0.46521700 
 O                  1.43157300    0.85999100    0.87678900 
 C                  2.27223800   -0.02133400    0.46201400 
 O                  1.83491600   -0.97827100   -0.27865000 
 C                  3.72939400    0.07794000    0.85731000 
 N                  4.55766400   -1.05888100    0.46820200 
 C                  5.35672700   -0.68040200   -0.70682000 
 C                  5.70785100    0.77649400   -0.39559100 
 C                  4.38600100    1.32613200    0.17263800 
 H                  4.78918500   -0.74182600   -1.65216700 
 H                  6.23441900   -1.32756100   -0.79232100 
 H                  3.72411000    0.20330700    1.94836900 
 H                  6.04775200    1.33282200   -1.27333800 
 H                  6.49589100    0.81254800    0.36328900 
 H                  3.74807000    1.69318200   -0.63861100 
 H                  4.51677300    2.14755200    0.87939600 
 H                  4.01706100   -1.90582800    0.32895900 
 H                 -5.37417000   -0.39760800    2.07170300 
 H                 -6.40453200   -0.34043400    0.61729700 
 H                 -3.95102800   -0.85558100   -1.81867900 
 H                 -4.02515600    1.50300200    1.24926900 
 H                 -5.65600400    1.99070100    0.77124500 
 H                 -3.79551400    1.83328200   -1.20413000 
 H                 -5.35873600    1.05818600   -1.49281400 
 H                 -3.66183000   -1.39420500    0.87279600 
 Mg                 0.03551000   -0.15006300   -0.10754200 
 H                 -4.92626200   -1.94656100   -0.05733400 
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Ca-OO-OO-ZW-E-X 
 
1    1 
 C                 -4.93059900    1.00355700   -0.76598500 
 C                 -4.23456700   -0.37054600   -0.77519000 
 N                 -4.77012700   -1.08368000    0.46742500 
 C                 -5.66872200   -0.11273700    1.22884400 
 C                 -5.21587600    1.25706900    0.72354800 
 C                 -2.70889000   -0.28529200   -0.61118800 
 O                 -2.04694300    0.29921300   -1.50160400 
 O                 -2.19899300   -0.81419000    0.43372400 
 O                  1.78063900    0.98374200    0.68607400 
 C                  2.58997000    0.04323700    0.36038100 
 O                  2.18263600   -0.96833000   -0.31692700 
 C                  4.03792400    0.14771900    0.79952200 
 N                  4.84402100   -1.05362000    0.56433600 
 C                  5.90433700   -0.74579100   -0.41183900 
 C                  6.18047100    0.73904100   -0.15833500 
 C                  4.76458600    1.30167500    0.04321200 
 H                  5.57929800   -0.89254100   -1.45645400 
 H                  6.77937900   -1.37965700   -0.23771200 
 H                  3.99893700    0.38326600    1.87224700 
 H                  6.71559100    1.22105200   -0.98135300 
 H                  6.77341800    0.85947400    0.75508800 
 H                  4.29142100    1.47157900   -0.93169500 
 H                  4.72718000    2.24100100    0.59850600 
 H                  4.26708300   -1.83795200    0.28035700 
 H                 -5.54574300   -0.28348400    2.29898600 
 H                 -6.69931300   -0.33090100    0.94076500 
 H                 -4.45796000   -0.96293800   -1.66473100 
 H                 -4.31061300    1.57943100    1.24935000 
 H                 -5.98529000    2.01468000    0.88552500 
 H                 -4.29365600    1.75858300   -1.22953900 
 H                 -5.86383600    0.95207000   -1.33505200 
 H                 -3.90964600   -1.31385500    1.00560200 
 Ca                 0.03075800   -0.12159600   -0.32621900 
 H                 -5.24918300   -1.95785100    0.24422400 
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Ca-NO-OO-CS-X-E 
 
1   1 
 N                 -1.22971100   -0.55514500   -0.50928400 
 C                 -0.75181800   -1.43136200    0.61968700 
 C                 -2.68630700   -0.81838400   -0.67117200 
 H                 -0.87420900   -0.88716000    1.56488400 
 H                  0.31777400   -1.62501800    0.49727900 
 C                 -1.68333900   -2.64246300    0.57949900 
 C                 -3.04948000   -2.00000900    0.28822000 
 H                 -2.91567000   -1.09017100   -1.70764000 
 C                 -3.48548700    0.43447500   -0.36806000 
 H                 -1.68265800   -3.21254000    1.51200600 
 H                 -1.39092700   -3.31925800   -0.23188500 
 H                 -3.49325900   -1.61715200    1.21363300 
 H                 -3.77470900   -2.67438500   -0.16957400 
 O                 -4.78662500    0.26278500   -0.49388900 
 O                 -2.98769700    1.51718500   -0.03165600 
 H                  2.82731900   -1.53468300    1.54608500 
 N                  2.76932400   -1.11079000    0.62627200 
 C                  3.62569000   -1.80344700   -0.36468700 
 C                  3.17457100    0.32769400    0.67877500 
 H                  3.08373900   -2.64310700   -0.81257900 
 H                  4.54775400   -2.19757600    0.08941900 
 C                  3.96652900   -0.69953300   -1.36823900 
 C                  4.20643400    0.51166900   -0.45116400 
 H                  3.57571200    0.59670200    1.66155600 
 C                  1.88259600    1.11546800    0.48822000 
 H                  3.11209900   -0.50638200   -2.02588100 
 H                  4.83152300   -0.94690500   -1.98888000 
 H                  4.08911100    1.46792100   -0.96443000 
 H                  5.21563600    0.46997500   -0.02805700 
 O                  1.53716100    1.52449900   -0.67498300 
 O                  1.11021000    1.26781300    1.49948300 
 H                 -5.26453900    1.08735800   -0.28713400 
 H                 -0.74927100   -0.86307500   -1.35301900 
 Ca                -0.62067200    1.83070500    0.08435900 

Ca-NO-NO-CS-X-X 
 
1   1 
 N                 -2.25520400   -0.56101800   -1.06202400 
 C                 -2.14601300   -1.97196300   -0.50401900 
 C                 -3.35443700    0.12889400   -0.31362100 
 H                 -1.29005100   -2.02438600    0.17700600 
 H                 -1.95873200   -2.66909800   -1.32357200 
 C                 -3.46193800   -2.21118100    0.23758700 
 C                 -3.75625500   -0.83273300    0.84219800 
 H                 -4.22180100    0.29939900   -0.96079800 
 C                 -2.91614100    1.47761100    0.21662400 
 H                 -3.37463700   -2.99051200    0.99837900 
 H                 -4.25718000   -2.50060600   -0.45917400 
 H                 -3.12027300   -0.66074900    1.71888200 
 H                 -4.79438800   -0.68115600    1.14174000 
 O                 -3.91365300    2.18101500    0.71658600 
 O                 -1.74885500    1.88453500    0.21929700 
 H                  2.94022200    1.23511100   -1.69688200 
 N                  2.50014200    0.86686800   -0.85327600 
 C                  3.02048800    1.69720100    0.29329000 
 C                  3.11751900   -0.49946700   -0.62941100 
 H                  2.27709900    1.68977300    1.10113900 
 H                  3.13746300    2.73249300   -0.03748200 
 C                  4.34162300    1.03663900    0.77917200 
 C                  4.53467200   -0.18887900   -0.14166300 
 H                  3.10523700   -1.04168600   -1.58249200 
 C                  2.28787200   -1.36376000    0.38293200 
 H                  4.24173900    0.71816200    1.81954100 
 H                  5.18406000    1.73019500    0.72362900 
 H                  4.96452400   -1.04457500    0.37998100 
 H                  5.17593200    0.05983300   -0.99492800 
 O                  0.99858600   -1.15849300    0.34876200 
 O                  2.87840000   -2.17418500    1.07763800 
 H                 -3.58874800    3.02553000    1.08051100 
 H                 -2.55022200   -0.63422100   -2.03303100 
 Ca                 0.03475200    0.55592000   -0.62610700 
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Sr-OO-NO-ZW-X-X 
 
1    1 
 N                  3.46531200    0.16237500   -0.23996600 
 C                  2.93498600    1.35293300   -1.02583000 
 C                  2.66733800    0.12222200    1.05777200 
 H                  1.99611700    1.03587000   -1.48810500 
 H                  3.66638900    1.63436000   -1.78504700 
 C                  2.67887600    2.38024700    0.07032000 
 C                  2.06795200    1.54246700    1.21357700 
 H                  3.34527500   -0.15136900    1.87077400 
 C                  1.63424300   -1.00489900    0.88606700 
 H                  3.61349600    2.86260900    0.38023900 
 H                  1.98389000    3.14372400   -0.28222700 
 H                  0.98515100    1.49069400    1.09913200 
 H                  2.28611100    1.95382500    2.20043600 
 O                  0.58673100   -0.97752200    1.58295900 
 O                  1.86742300   -1.87190100   -0.01631400 
 H                 -3.54400700   -0.54332300   -0.13764100 
 N                 -2.58108900   -0.24902700    0.03282900 
 C                 -2.55616200    0.35398200    1.40391300 
 C                 -2.32180300    0.92813700   -0.87858600 
 H                 -1.50734600    0.48921800    1.69013800 
 H                 -3.01667400   -0.32894900    2.12406900 
 C                 -3.27747200    1.70115200    1.26147100 
 C                 -2.90839700    2.17388300   -0.16910800 
 H                 -2.80114900    0.72560500   -1.84222200 
 C                 -0.79737000    1.02357600   -1.18023300 
 H                 -2.97516100    2.41409500    2.03317300 
 H                 -4.35907800    1.55344400    1.35786700 
 H                 -2.15506200    2.96389600   -0.15998200 
 H                 -3.78268200    2.55670700   -0.70127600 
 O                 -0.23862200   -0.11176500   -1.48816000 
 O                 -0.20749400    2.10214200   -1.12280200 
 H                  3.29126900   -0.74407300   -0.70855900 
 H                  4.46571700    0.26208300   -0.05912500 
 Sr                -0.64419200   -2.03372900   -0.30587700 

Sr-OO-OO-ZW-E-E 
 
1    1 
 C                  5.09999500   -0.70992600    0.47888500 
 C                  4.26088500   -0.26130300   -0.73020800 
 N                  4.55649100    1.23101000   -0.87494600 
 C                  5.44192200    1.66197000    0.28880100 
 C                  5.21733500    0.56519500    1.33128100 
 C                  2.74014000   -0.38226800   -0.50427300 
 O                  2.06402000    0.70104100   -0.53952400 
 O                  2.26833100   -1.52366600   -0.29971300 
 O                 -2.45435200   -0.86159200   -0.64983300 
 C                 -2.78276900   -0.53466000    0.54447200 
 O                 -1.90674400   -0.48827100    1.48177900 
 C                 -4.20157600   -0.07513700    0.85526300 
 N                 -4.16214000    1.40374800    0.68857800 
 C                 -5.26297000    1.81459600   -0.20611100 
 C                 -5.43496700    0.59991100   -1.12224400 
 C                 -5.26615400   -0.57536600   -0.14306800 
 H                 -4.99139200    2.72698700   -0.74700900 
 H                 -6.19900000    2.00831300    0.34303800 
 H                 -4.42431300   -0.36839400    1.88758900 
 H                 -4.63765000    0.57807600   -1.87225800 
 H                 -6.39912700    0.59275100   -1.63784500 
 H                 -4.96742800   -1.50341800   -0.63515200 
 H                 -6.20382400   -0.75775400    0.39297200 
 H                 -4.16792400    1.88533700    1.58013700 
 H                  5.15569400    2.66818300    0.59782500 
 H                  6.47264800    1.67196100   -0.07248800 
 H                  4.51996700   -0.77999800   -1.65544300 
 H                  4.29316900    0.75102500    1.88941200 
 H                  6.03975400    0.52408500    2.04848400 
 H                  4.61473700   -1.54168800    0.99228000 
 H                  6.08769700   -1.04521700    0.14714100 
 H                  3.60597200    1.65901400   -0.82096600 
 Sr                -0.13595000   -0.63733900   -0.10662100 
 H                  4.96558200    1.46814000   -1.78002200 
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Sr-NO-OO-CS-X-X 
 
1    1 
N                 -1.17400500   -0.79836400   -0.49069700 
 C                 -0.48088800   -1.64930500    0.54519800 
 C                 -2.59030400   -1.25495100   -0.55997500 
 H                 -0.50402000   -1.12385800    1.50662600 
 H                  0.56536700   -1.78662500    0.25702500 
 C                 -1.30640500   -2.93501400    0.60865700 
 C                 -2.74355700   -2.41401000    0.47422700 
 H                 -2.83069300   -1.62368800   -1.56403200 
 C                 -3.54479600   -0.11320700   -0.27710500 
 H                 -1.14861600   -3.49410100    1.53459200 
 H                 -1.05246200   -3.59200100   -0.23150800 
 H                 -3.09533500   -2.02119100    1.43520700 
 H                 -3.46635500   -3.15772800    0.13486500 
 O                 -4.81474700   -0.47185400   -0.35842900 
 O                 -3.19710600    1.03766200    0.00820700 
 H                  2.67562100   -0.73961100   -1.44408200 
 N                  2.84577400   -1.18336900   -0.54116600 
 C                  4.21256000   -1.74987300   -0.53481300 
 C                  2.91199700   -0.10348800    0.45945500 
 H                  4.40894900   -2.26210900   -1.48026600 
 H                  4.26830200   -2.49881600    0.26297100 
 C                  5.19461400   -0.57418900   -0.24752400 
 C                  4.28881800    0.58618300    0.25105300 
 H                  2.86381600   -0.54604200    1.46029100 
 C                  1.72587600    0.82204700    0.31085300 
 H                  5.73978800   -0.28005600   -1.14896600 
 H                  5.93864800   -0.85607500    0.50305800 
 H                  4.19137300    1.36189900   -0.51583000 
 H                  4.65615200    1.05865700    1.16596700 
 O                  1.35770200    1.17343100   -0.86535400 
 O                  1.07155300    1.19035100    1.34627900 
 H                 -5.39521500    0.28555400   -0.15979400 
 H                 -0.72490800   -0.99358100   -1.38385800 
 Sr                -0.79314500    1.81630600   -0.00881600 

Sr-NO-NO-CS-X-X 
 
1    1 
 N                  1.79580400   -0.77195600   -0.26653900 
 C                  2.97309000   -1.31342700   -1.00783700 
 C                  2.33298600    0.05751600    0.84574700 
 H                  3.25060000   -0.61433200   -1.80834300 
 H                  2.71100000   -2.27099400   -1.46471700 
 C                  4.09346300   -1.39742600    0.03514300 
 C                  3.88417500   -0.10676600    0.84190100 
 H                  1.90231100   -0.30067600    1.78957800 
 C                  1.88807500    1.49763300    0.71300900 
 H                  5.09047400   -1.45944200   -0.40878800 
 H                  3.94579200   -2.27865800    0.66935400 
 H                  4.35714200    0.74102500    0.33429900 
 H                  4.28521800   -0.14858300    1.85574000 
 O                  2.46135600    2.30608300    1.59010000 
 O                  1.05578700    1.90354500   -0.10732400 
 H                 -2.14996900    1.67065000    0.83187800 
 N                 -2.25662600    0.83496500    0.26049000 
 C                 -3.60850600    0.89520600   -0.38625200 
 C                 -2.27389200   -0.35867600    1.20942800 
 H                 -3.57803900    0.32919100   -1.32748200 
 H                 -3.86862400    1.93215500   -0.61747500 
 C                 -4.55769800    0.20333800    0.59546400 
 C                 -3.69410600   -0.96055600    1.10697500 
 H                 -2.05608600   -0.01138300    2.22213700 
 C                 -1.16001200   -1.32435400    0.77214300 
 H                 -5.48647100   -0.12866700    0.12355200 
 H                 -4.81781600    0.88790700    1.41184400 
 H                 -3.69342400   -1.77630400    0.37695300 
 H                 -4.02885500   -1.36099000    2.06633600 
 O                 -1.15528600   -1.58081900   -0.50363700 
 O                 -0.29715700   -1.69310100    1.57951100 
 H                  2.12536700    3.21385500    1.48008800 
 H                  1.28931100   -1.54805900    0.17344800 
 Sr                -0.31145300    0.31688500   -1.48656800 
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Ba-OO-NO-ZW-X-E 
 
1    1 
 N                 -2.56023400   -0.92729000    0.82460300 
 C                 -3.73185700    0.03008200    0.97496700 
 C                 -2.37259500   -1.20209200   -0.65988100 
 H                 -3.40548800    0.82249700    1.64646500 
 H                 -4.57113100   -0.51571100    1.40865600 
 C                 -4.01349500    0.54537000   -0.45580400 
 C                 -2.78894900    0.12104000   -1.29005900 
 H                 -3.05805700   -2.01266900   -0.92924300 
 C                 -0.92777100   -1.68200100   -0.83808100 
 H                 -4.15438100    1.62769600   -0.45919500 
 H                 -4.92453000    0.08507100   -0.85048300 
 H                 -1.97644000    0.84385700   -1.18582200 
 H                 -3.01086600    0.00501700   -2.35243700 
 O                 -0.16520200   -1.09210100   -1.65313000 
 O                 -0.54296900   -2.58485500   -0.03027400 
 H                  2.91924100    1.92396700    0.03675100 
 N                  1.99236400    1.51888600   -0.09102800 
 C                  1.50159000    1.96257500   -1.44909600 
 C                  1.09891600    2.21478600    0.89421700 
 H                  0.88428400    1.16921700   -1.88206800 
 H                  2.36396700    2.11376600   -2.10402600 
 C                  0.66456300    3.25514200   -1.23320300 
 C                  0.82239300    3.58402600    0.26546600 
 H                  1.61615000    2.27705200    1.85888800 
 C                 -0.18480200    1.38293000    1.13378100 
 H                 -0.38684700    3.06312800   -1.46368300 
 H                  1.00024100    4.07260900   -1.87565200 
 H                 -0.06539100    4.05448700    0.69028800 
 H                  1.68251300    4.24132500    0.43568200 
 O                 -0.00006400    0.10257000    1.32157200 
 O                 -1.29307100    1.91935100    1.13806300 
 H                 -1.66921200   -0.48326700    1.17297200 
 H                 -2.66988500   -1.80012200    1.34225600 
 Ba                 1.76791800   -1.31535600    0.16271300 

Ba-OO-OO-ZW-E-E 
 
1    1 
C               -2.181653    1.505129   -0.768182 
C               -3.171614    0.334565   -0.886768 
N              -3.861648    0.275028    0.475031 
C              -3.174181    1.270291    1.405924 
C              -1.826612    1.523164    0.728061 
C              -2.475870   -1.030678   -1.065588 
O             -1.705386   -1.173196   -2.044697 
O              -2.693553   -1.908670   -0.168431 
O              0.302048   -1.070736    0.755837 
C              1.481321   -0.930798    0.274240 
O              1.928465   -1.724043   -0.619578 
C               2.319936    0.240717    0.738159 
N              3.753235    0.028083    0.528914 
C              4.308122    1.335602    0.147878 
C              3.225781    2.004475   -0.722445 
C              1.912188    1.553090   -0.049363 
H              5.268189    1.209860   -0.359844 
H              4.488645    1.926255    1.055856 
H              2.109344    0.383474    1.803706 
H              3.283791    1.611581   -1.744005 
H              3.319182    3.093936   -0.774843 
H             1.116121    1.366924   -0.777863 
H             1.543703    2.305726    0.654918 
H             3.870388   -0.636067   -0.233783 
H            -3.117056    0.834743    2.404417 
H            -3.795787    2.168213    1.434208 
H            -3.917284    0.464926   -1.673860 
H            -1.114685    0.725030    0.964547 
H            -1.396364    2.474606    1.048558 
H            -1.321399    1.338260   -1.417946 
H            -2.665570    2.439471   -1.071263 
H            -3.691492   -0.712723    0.769270 
Ba          -0.277675   -3.059124   -0.802227 
H            -4.868619    0.430507    0.417301 
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Ba-NO-OO-CS-X-E 
 
1   1 
 N                 -0.61445700   -0.96684600    0.43095100 
 C                 -0.74770200   -1.34322000    1.86928100 
 C                 -1.50448500   -1.86601700   -0.34081400 
 H                 -1.53358300   -0.73514800    2.34369600 
 H                  0.19123800   -1.13603100    2.38671900 
 C                 -1.16873000   -2.81641800    1.85944100 
 C                 -2.14592800   -2.86492600    0.67585000 
 H                 -0.92192500   -2.41863000   -1.08800100 
 C                 -2.55960500   -1.09087800   -1.10187800 
 H                 -1.62628200   -3.14213400    2.79741900 
 H                 -0.29615400   -3.45031300    1.66523300 
 H                 -3.13561700   -2.51060800    0.98700900 
 H                 -2.27341900   -3.85670500    0.23900200 
 O                 -3.32570400   -1.86944900   -1.85360300 
 O                 -2.71937900    0.13118500   -1.04114800 
 H                  2.06048400   -0.80729500   -1.41647500 
 N                  2.27387000   -1.18593800   -0.49107700 
 C                  3.44729200   -2.08504900   -0.62538200 
 C                  2.80561600   -0.03891000    0.29016500 
 H                  3.32380000   -2.72794900   -1.50086700 
 H                  3.48545700   -2.73164400    0.25744200 
 C                  4.70833900   -1.16968100   -0.69720200 
 C                  4.19377200    0.24704900   -0.31772300 
 H                  2.90127100   -0.34839900    1.33608500 
 C                  1.78097600    1.07930400    0.22811300 
 H                  5.15027000   -1.17177600   -1.69738600 
 H                  5.47938300   -1.51499100   -0.00260900 
 H                  4.06969100    0.87304300   -1.20760600 
 H                  4.85440200    0.77182900    0.37731900 
 O                  1.32870600    1.41646500   -0.92100200 
 O                  1.28898700    1.54187000    1.30602000 
 H                 -3.99414900   -1.33366200   -2.31751200 
 H                  0.35699800   -1.17779900    0.14465700 
 Ba                -0.98474800    1.86463600    0.10992000 

Ba-NO-NO-CS-X-X 
 
1   1 
 N                 -1.87432900    0.15791000   -0.80258300 
 C                 -3.03577800   -0.33736400   -1.59619000 
 C                 -2.42590400    0.95652500    0.32349600 
 H                 -3.33444900   -1.32836600   -1.22700300 
 H                 -2.74930600   -0.43661600   -2.64644200 
 C                 -4.15570200    0.67933100   -1.34422800 
 C                 -3.97417700    0.99544300    0.14757900 
 H                 -2.00492500    1.96894700    0.27497000 
 C                 -1.99640600    0.40307400    1.66432900 
 H                 -5.15087900    0.29049400   -1.57581100 
 H                 -3.98782100    1.57577700   -1.95160900 
 H                 -4.44912400    0.22173700    0.76133200 
 H                 -4.38868700    1.95792800    0.45139600 
 O                 -2.57428300    1.01974200    2.68658600 
 O                 -1.17906600   -0.50862400    1.82762200 
 H                  2.21375400    0.52406400    1.88136400 
 N                  2.31270400    0.25144600    0.90572000 
 C                  3.69229100   -0.30214000    0.72517100 
 C                  2.23282700    1.52317500    0.07473400 
 H                  3.68355500   -1.02285400   -0.10480800 
 H                  4.00957200   -0.82751600    1.63077500 
 C                  4.56558700    0.89782500    0.34673900 
 C                  3.62675700    1.69539600   -0.57182600 
 H                  1.98879000    2.36279500    0.73002400 
 C                  1.09841900    1.36165200   -0.95012500 
 H                  5.49829500    0.60581000   -0.14376400 
 H                  4.82039700    1.47438100    1.24424200 
 H                  3.62088900    1.25640400   -1.57467300 
 H                  3.89878100    2.74930200   -0.66215100 
 O                  1.13474400    0.24419100   -1.61295100 
 O                  0.19308700    2.20444300   -1.01726300 
 H                 -2.25065700    0.64679200    3.52598300 
 H                 -1.32736600    0.81300400   -1.37155600 
 Ba                 0.32995000   -1.54666200   -0.14204000 
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Appendix C – Supporting Information for Chapter 5 

 

Figure A3.1. SORI/CID MS/MS spectra of [Li(ProLeu)]+ 
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Figure A3.2. SORI/CID MS/MS spectra of [Li(LeuPro)]+ 
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Figure A3.4. Proposed mechanism for the dissociation of (ProLeu)Li+ and (LeuPro)Li+ forming 

(Pro)Li+ (m/z 122) and (Leu)Li+ (m/z 138). 
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Figure A3.6. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the 

lowest energy structures of each form of the (ProLeu)-Na+ complex from 2700 to 3800 cm-1.   

Energies are M06-2X/6-311++G(3df,3pd)//6-31+G(d,p), 298 K Gibbs energies (and enthalpies) 

and in kJ mol-1. 
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Figure A3.13. Comparison of the experimental IRMPD from 2700 to 3800 cm-1 of the a)(pro)Li+ 

and b)(Leu)Li+ complex resulted from i) cleavage of ProLeu and ii) cleavage of LeuPro dipeptides 

using CID experiment. 
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Table A3.1. Comparison of M06-2X/6-31+G(d,p) and M06-2X/6-311++G(3df,3pd)//6- 

31+G(d,p), relative Gibbs energies (and enthalpies) of the lowest energy structures of each forms 

of the [M(ProLeu)]+complex at 298 K. 
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Table A3.2. Comparison of M06-2X/6-31+G(d,p) and M06-2X/6-311++G(3df,3pd)//6- 

31+G(d,p), relative Gibbs energies (and enthalpies) of the lowest energy structures of each forms 

of the [M(LeuPro)]+complex at 298 K. 
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Appendix D – Supporting Information for Chapter 6 

 
Figure A4.1. The number of degrees of freedom vs 298 K rate constants for. In general for 

complexes that lie in the large molecule kinetics region, master equation modeling is not necessary, 

whereas if they lay in the small molecule region, master equation modeling is necessary to extract 

the dissociation thresholds. The blue dots correspond to uracil/Ca2+ complexes where the 14-mer 

resulted in larger dissocation thresholds than the BIRD activation energies. The red dots correspond 

to quadruplexes (octomers) of 9-ethylguanine bound by metal cations where only the Na complex 

resulted in larger dissocation thresholds than the BIRD activation energies. The green dot 

corresponds to the Na(LeuPro)3
+ complex which is seen to be on the border between large- and 

small-molecule kinetics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dunbar, R.C. Mass Spectrom. Rev. 2004, 23, 127.  

K Na Cs 

 

Rb 

U
6
Ca

2+
 

U
14

Ca
2+

 

E
o
-E

a
=40 kJ mol

-1

 

E
o
-E

a
=5 kJ mol

-1

 

E.A.L. Gillis, M. Demireva, K. Nanda, G.J.O. Beran, E. Williams, and T.D. Fridgen Phys. Chem. Chem. Phys. 2012, 

14, 3304. 

u a
app

e u

k k
k     

k     k




app uk     k

M. Azargun, Y. Jami-Alahmadi, and T. D. Fridgen, Phys. Chem. Chem. Phys. 2017, 19, 1281-

1287. 



247 

 

Figure A4.2. Structures and relative 298 K Gibbs energies (and enthalpies), in kJ mol-1 computed 

at the B3LYPD3/6‐31+G(d,p) for the Na+(ProLeu)3. 
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Figure A4.3. Structures and relative 298 K Gibbs energies (and enthalpies), in kJ mol-1 computed 

at the B3LYPD3/6‐31+G(d,p) for the Na+(LeuPro)3. 
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Figure A4.4. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the 

different isomers shown in Figure A4.2 for the Na+(ProLeu)3 complex in the 2800 to 3800 cm-1 

region using B3LYPD3/6-31+G(d,p) 298 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.5. Comparison of the experimental IRMPD spectrum and calculated IR spectra of the 

different isomers shown in Figure A4.3 for the Na+(LeuPro)3 complex, in the 2800 to 3800 cm-1 

region using B3LYPD3/6-31+G(d,p) 298 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

wavenumber / cm-1

2800 3000 3200 3400 3600

IR
M

P
D

 e
ff

ic
ie

n
cy

Exp 

 

wavenumber / cm-1

2800 3000 3200 3400 3600

IR
M

P
D

 e
ff

ic
ie

n
cy

Exp 

 

a 

b 

c 

d 

e 

f 

wavenumber / cm-1

3000 3200 3400 3600 3800

IR
M

P
D

 e
ff

ic
ie

n
cy

Exp 

a 

b 

c 



250 

 

Figure A4.6. Master equation modeling results for Na+(LeuPro)3 using A=1014, the best fit when 

E0=0.9 - 1.00 eV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.7. Master equation modeling results for Na+(LeuPro)3 using A=1015, the best fit when 

E0=1.00 eV. 
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Figure A4.8. Master equation modeling results for Na+(LeuPro)3 using A=1018, the best fit when 

E0=1.10 eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.9. Master equation modeling results for Na+(LeuPro)3 using A=1020, the best fit when 

E0=1.20 eV. 
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Figure A4.10. Master equation modeling results for Na+(ProLeu)3 using A=1014, the best fit when 

E0=1.00 eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.11. Master equation modeling results for Na+(ProLeu)3 using A=1015, the best fit when 

E0=1.0 – 1.1 eV. 
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Figure A4.12. Master equation modeling results for Na+(ProLeu)3 using A=1018, the best fit when 

E0=1.20 eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.13. Master equation modeling results for Na+(ProLeu)3 using A=1020, the best fit when 

E0=1.25-1.3 eV. 

 


