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I had a dream, which was not all a dream. 
The bright sun was extinguished, and the stars 

Did wander darkling in the eternal space, 
Rayless, and pathless, and the icy earth 

Swung blind and blackening in the moonless air; 
Morn came and went—and came, and brought no day, 

And men forgot their passions in the dread 
Of this their desolation; and all hearts 

Were chilled into a selfish prayer for light; 
And they did live by watchfires—and the thrones, 

The palaces of crowned kings—the huts, 
The habitations of all things which dwell, 

Were burnt for beacons; cities were consumed, 
And men were gathered round their blazing homes 

To look once more into each other's face; 
Happy were those which dwelt within the eye 
Of the volcanoes, and their mountain-torch; 
A fearful hope was all the world contained; 
Forests were set on fire—but hour by hour 

They fell and faded—and the crackling trunks 
Extinguished with a crash—and all was black. 

The brows of men by the despairing light 
Wore an unearthly aspect, as by fits 

The flashes fell upon them: some lay down 
And hid their eyes and wept; and some did rest 

Their chins upon their clenched hands, and smiled; 
And others hurried to and fro, and fed 

Their funeral piles with fuel, and looked up 
With mad disquietude on the dull sky, 

The pall of a past world; and then again 
With curses cast them down upon the dust, 

And gnashed their teeth and howled; the wild birds shrieked, 
And, terrified, did flutter on the ground, 

And flap their useless wings; the wildest brutes 
Came tame and tremulous; and vipers crawled 
And twined themselves among the multitude, 

Hissing, but stingless—they were slain for food; 
And War, which for a moment was no more, 
Did glut himself again;—a meal was bought 

With blood, and each sate sullenly apart 
Gorging himself in gloom: no love was left; 

All earth was but one thought—and that was death, 
Immediate and inglorious; and the pang 
Of famine fed upon all entrails—men 

Died, and their bones were tombless as their flesh; 
The meagre by the meagre were devoured, 

Even dogs assailed their masters, all save one, 
And he was faithful to a corse, and kept 
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The birds and beasts and famished men at bay, 
Till hunger clung them, or the drooping dead 

Lured their lank jaws; himself sought out no food, 
But with a piteous and perpetual moan, 

And a quick desolate cry, licking the hand 
Which answered not with a caress—he died. 
The crowd was famished by degrees; but two 

Of an enormous city did survive, 
And they were enemies: they met beside 

The dying embers of an altar-place 
Where had been heaped a mass of holy things 

For an unholy usage: they raked up, 
And shivering scraped with their cold skeleton hands 

The feeble ashes, and their feeble breath 
Blew for a little life, and made a flame 

Which was a mockery; then they lifted up 
Their eyes as it grew lighter, and beheld 

Each other's aspects—saw, and shrieked, and died—  
Even of their mutual hideousness they died, 
Unknowing who he was upon whose brow 

Famine had written Fiend. The world was void, 
The populous and the powerful was a lump, 

Seasonless, herbless, treeless, manless, lifeless—  
A lump of death—a chaos of hard clay. 

The rivers, lakes, and ocean all stood still, 
And nothing stirred within their silent depths; 

Ships sailorless lay rotting on the sea, 
And their masts fell down piecemeal; as they dropped 

They slept on the abyss without a surge—  
The waves were dead; the tides were in their grave, 

The Moon, their mistress, had expired before; 
The winds were withered in the stagnant air, 

And the clouds perished! Darkness had no need 
Of aid from them—She was the Universe! 

 

 

---- Lord Byron 
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ABSTRACT 

 Computational chemistry and mass spectrometry are two extremely useful tools that 

when used in conjunction with each other allow detailed knowledge of the gas-phase ions.  To that end, 

computational chemistry, specifically density functional theory is used for theoretical to experimental 

frequency comparisons.  This allows for insight into the reaction pathways and likely structures to be 

explored in detail. 
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Chapter I  

INTRODUCTION 

 

Classical Newtonian mechanics, which describes well the world we see, is the investigation of 

the motion of systems of particles in Euclidean three-dimensional space.  These particles are under the 

influence of force laws, with the evolution of motion determined by Newton's second law, a second 

order differential equation.  Therefore, when describing the motion and forces associated with riding a 

bicycle on around town, one is applying many of these principles.  For example, when making a left 

hand turn onto a highly trafficked road, the trajectory and the position of the approaching traffic can be 

estimated.  Provided that one makes the calculations even if just as rough estimates, in a correct and 

timely manner, the crossing is performed safely.  However, as velocities are pushed closer and closer to 

the speed of light, classical mechanical approaches fail to predict accurately the trajectory of a given 

object.  This failure of classical mechanics spawned a new era of physics, quantum mechanics. 

Over the last half century, computers have changed the face of almost every area of life.  This is 

no different in the world of chemistry.  As computers have seen exponential growth in their use and 

ability over this time, our ability as chemists to harness this raw computational power has come to light 

in the new field of computational quantum chemistry.  The field of computational quantum chemistry 

has roots in the seemingly innocuous Schrödinger equation.  The Schrödinger equation has two ‘forms’, 

one in which time explicitly appears, and so describes how the wave function of a particle will evolve in 

time. In general, the wave function behaves like a wave, and so the equation is often referred to as the 

time dependent Schrödinger wave equation. The other is the equation in which the time dependence has 

been ‘removed’ and hence is known as the time independent Schrödinger equation and is found to 
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describe, amongst other things, what the allowed energies are of the particle. These are not two separate, 

independent equations – the time independent equation can be derived readily from the time dependent 

equation.[1] 

 

                                                                                                                              

                                                   [1] 

Simply put, wavefunction Ψi is a function with the energy Ei. This one-particle wavefunction describes 

the amplitude in a given space of the wave associated with an elementary particle.  From this humble 

equation, the world of computational chemistry was born.  The goal of quantum computational 

chemistry is to approximate the time independent, non-relativistic Schrödinger equation.   

 The origins of computational chemistry can be traced back to the mid-1920s.  The identity of the 

“Grandfather” of the field is still open to debate as a number of scientists were working in the field 

independently and in collaboration.  Looking at some of the noteworthy papers, papers from Heisenberg 

(1925) and Schrödinger (1926) come to mind.[2]  In 1926 Linus Pauling spent his postdoctoral year 

with Arnold Sommerfeld in Germany.  The following year Robert Mulliken and Friedrich Hund started 

their collaboration.  This resulted in a specific approach to the study of molecular spectra.  As a result of 

this collaboration, the molecular orbital method was formed.  However most agree that the paper that 

started it all was the Heilter- London paper of 1927.  Walter Heitler and Fritz London were in Zürich 

hoping to work with Schrödinger. Heitler had initially intended to work with Nils Bjerrum in 

Copenhagen on problems of solutions. He convinced the authorities to allow him to go to Zürich, since 

he wanted to work in quantum mechanics. London had already been working in quantum mechanics 

while assisting Ewald at Stuttgart, contributing to what came to be known as transformation theory. He 
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felt that Heisenberg's matrix mechanics would be a useful guide for his research.  They found 

themselves disappointed as Schrödinger did not like collaborations.[3] 

Within about a month of arriving in Zürich, Heitler and London decided to calculate the van der 

Waals forces between two hydrogen atoms as a side note problem. Nothing indicates that Schrödinger 

gave them the problem of the hydrogen molecule or that they talked with him about it. Schrödinger 

knew about their work, however, and told Mulliken that there were two people working in his Institute 

who had some results which he thought would interest him very much; he then introduced him to 

Heitler and London whose paper on the chemical bond in hydrogen was published not long after. 

By 1964 Erich Huckel’s method, derived in the 1930s, for determining the energy of MOs of pi 

electrons in hydrocarbon systems was in use computationally at Berkeley and Oxford.  This method 

while limited in its scope of application is arguably the first practical computational chemistry 

application for the approximation of the Schrödinger wave equation.[3] 

The area of theoretical chemistry accelerated greatly as computers emerged as viable tools in the 

1940s.  Wave equations and complex atomic systems that were impossible systems now became 

obtainable goals.  As computational power increased, not only did the complexity of the systems 

increase, but the methodology as well.  These methods evolved from empirical to semi-empirical in the 

50s and 60s.  The emergence of ab initio calculations started with the first Hartree-Fock calculation at 

MIT in 1956.  These early ab initio calculations were quite expensive computationally.  As a result they 

didn’t see extensive use until the 1970s.  The reason was twofold.  The first is that the power of the 

computer systems was following Moore’s law.  The law states that the transistor count of cpus double 

every two years.[4]  Coupled with the fact the transistors are faster as well, computational power 

roughly increases by 30 to 40 percent.  Also computer programming and computational software were 

not commercially viable until then.  One of these computational software packages was developed by 
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John Pople and his research group at Carnegie-Mellon University in 1970.  Upon its release, calculation 

speed increased by using Gaussian orbitals, GTOs, rather than the more computationally expensive 

Slater-type orbitals, STOs.  This helped to decrease the calculation times of these early systems.  Some 

contribute this particular combination to Gaussians early success and growth as compared to some of its 

competitors ATMOL, IBMOL and POLYAYTOM.[5] 

 Even with these tools at hand, the majority of chemist discounted computational chemistry at 

that time.  They saw these scientists as daydreamers and chemistry hippies.  It took the acceptance of the 

chemical industry in the 70s and 80s to mitigate much of the hesitation and reluctance to recognize the 

potential of the field.  Its ability to enhance and verify laboratory performance and results has continued 

to win over even the staunchest opponents.  

 In this thesis, the application of density functional theory calculations to the problem of gas-

phase ion structure is described for a few specific systems.  The calculations were performed as a 

complement to an experimental approach to determine the vibrational patterns of gas-phase ions.  

Infrared Multiple Photon Dissociation or IRMPD spectroscopy is an action spectroscopy approach that 

uses the measure of ion fragmentation as a function of photon energy to approximate a linear infrared 

absorption pattern.  The experimental absorption pattern can then be compared to those predicted for 

various possible ion structures by computational chemistry to help assign most probable ion structure.  

Determination of ion structure is important to the overall description of chemical and physical behavior, 

reactivity, etc. 

 In this study, computational chemistry and IRMPD spectroscopy were applied to the study of 

three groups or classes of gas-phase ions.  The first was small complexes that contain uranyl ion 

(UO2
2+)-anion pairs with and without coordinating solvent molecules.  The second group of species 

were reduced U(V) complexes with bound solvent molecules.  The third group of species examined was 
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tripeptides and their gas-phase fragmentation products.  The objective of these studies was to use 

computation chemistry to determine possible and most probable ion structures and predict vibrational 

frequencies for comparison to the experimental IRMPD spectrum.  As detailed in the following 

chapters, computational chemistry has proven to be an invaluable to the interpretation of experimental 

results and determination of ion structure. 
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Chapter II  

INFARED SPECTROSCOPY of DISCRETE URANYL ANION COMPLEXES 

 

2.0 INTRODUCTION 

The chemical behavior of uranium in general, and the linear uranyl dication [UO2]2+ in 

particular, is diverse on account of the relative ease of redox processes,[6] and the availability of f and d 

orbitals[7-9] for complex formation. The latter has a profound effect on the solubility of the 

element.[10,11] In solution, [UO2]2+ is the dominant species,[11-13] where it plays an important role in 

heavy element separations[14] and in mobility of the element in the environment.[15] At low pH, 

[UO2]2+ exists as the solvated dication in solution with weakly complexing anions.[15] 

Hydrolysis[16,17] at higher solution pH values, or the presence of more strongly coordinating anions, 

produces uranyl complexes coordinated by one or more anionic ligands.[13,18]  

The chemical diversity of species has motivated research in vibrational spectroscopy and 

computational chemistry to understand the coordination and nature of bonding in uranyl complexes 

containing different ligands because these factors have reactivity and stability implications.[19,20] 

Infrared and Raman spectroscopy studies of [UO2]2+ have shown that the respective antisymmetric () 

and symmetric (1) stretching frequencies[21] act as convenient “thermometers” for gauging the 

electron-donating capability of the equatorial ligand field, because the frequencies are strongly 

correlated with the coordination environment. Nucleophilic ligands in the coordination sphere donate 

electron density to the cationic metal center, and this spills over into the *-antibonding orbitals of the 

uranyl ion to cause a concomitant decrease in the associated  and  frequencies. Increased electron 

density at the uranium metal center can be effected by attachment of more donor ligands,[22] or by 

increasing the nucleophilicity of the ligands.[23,24] Generally for a modestly complexing solution 
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environment,  near 960 cm-1 are typical,[23] as originally reported by Jones and Penneman in 

1953.[25]  However, when more strongly basic ligands like hydroxide[12,17,16,17] are present, the 

resulting complexes exhibit much lower , which have been noted in both solutions[28,29] and 

solids.[30-33] Similar trends for the symmetric 1 stretch are seen in Raman spectra[17,20,34] and 

strong correlations between 1 and  have been established.[35] Increasing the local electron density at 

the metal center in other ways, such as by formal reduction (to UO2
+)[29,36] or substitution of a more 

electron-rich metal (i.e. Np, Pu, Am), produces a similar effect.[34,37]  

Computational chemistry[7,8] helps provide a quantitative understanding of structure and 

bonding in uranyl complexes. Impressive progress has been made using density functional theory 

(DFT),[38-41] which is remarkable given the theoretical difficulty of accounting for the large number of 

electrons, spin-orbit coupling, and relativistic effects encountered in modeling uranyl molecules.[38,40] 

The computational results are strongly influenced by the choice of functional, basis set and effective 

core potential employed.[42,43]  Vibrational frequencies generated using DFT[42,44,45] are invaluable 

because they provide a basis for the interpretation of spectroscopy experiments. However, comparisons 

between theory and, for example, solution-phase experimental studies are complicated because multiple 

species may be present in solution[13,46] as a result of rapid ligand exchange, ion pair formation, redox 

reactions, and solvent effects.[6,13,16,17,22,47] Because vibrational spectra collected from solution-

phase experiments potentially contain contributions from multiple species, comparisons to results 

produced by DFT calculations (which are generated for discrete, well-defined species) are difficult. 

Longer-range interactions with the second solvation sphere also influence the spectroscopy of the 

complexes, and further complicate comparisons. An elegant way around this is to compare DFT results 

to structures determined using X-ray crystallography, however the effect of neighboring molecules in 

the crystal lattice is a complicating factor.[48]  
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An alternative approach for converging vibrational spectroscopy and computational chemistry is 

to measure the infrared spectra of discrete species isolated in the gas phase,[49] which can be 

accomplished using a trapped ion mass spectrometer (MS) (e.g., a Fourier transform ion cyclotron 

resonance [FT-ICR] or quadrupole ion trap instrument) interfaced to a high intensity, tunable infrared 

source that is provided by a free electron laser.[46,49-52] Using electrospray ionization (ESI),[53-56] a 

wide range of UO2
2+ species[57-60] can be formed and isolated in the FT-ICR-MS. Normally, ion 

concentrations in the gas phase are too low to enable direct absorption measurements, but by rapid 

absorption of 10s to 100s of photons, the vibrational energy of a discrete species may be raised to the 

point where bond cleavage occurs.[49,61] In this case, photon absorption is signaled by a change in ion 

mass, and plotting ion intensities as a function of wavelength produces infrared multiple photon 

dissociation (IRMPD) spectra which bear strong similarity to those measured using conventional 

absorption approaches.[62-64]  

In prior research campaigns, the IRMPD strategy was used to produce spectra of discrete uranyl-

solvent complexes [UO2Sn=2-5]2+ where S = acetone (ACO) and or acetonitrile (ACN).[65] The uranyl  

underwent systematic red shifts with serial addition of donor ligands, and with substitution of a stronger 

nucleophilic ligand for a weaker one (e.g. ACO for ACN). Interestingly, the uranyl  measured using 

IRMPD were never as low as the value for UO2
2+ in solution,20 despite the fact that the ligands in the 

gas-phase experiments (ACO and ACN) were stronger nucleophiles than H2O (the dominant ligand in 

solution). This observation led to conjecture that additional interactions may be contributing to the 

observed uranyl shift in solution-phase experiments, an expectation that was recently substantiated 

using computational methods.[47]  

The subject of this report is the IRMPD spectroscopy of gas-phase [UO2A]+ species (where 

anion A = OH, OCH3, and acetate (OAc)), and complexes in which [UO2A]+ is modified by the 

attachment of a single neutral donor solvent S, to form [UO2AS1-2]+ (where S = H2O, NH3, ACN, or 



9 

 

ACO). The hydroxide and acetate anions are representative of those commonly encountered in solution-

phase studies of UO2
2+ speciation,61 and acetate and methoxide are models for functional groups 

expected to interact with UO2
2+ in biological and geochemical environments. The primary focus of this 

work is to explore and understand the trends in the antisymmetric uranyl stretching frequency (), as a 

function of the number and binding strength of the various anionic and neutral ligands, by comparing 

the experimental IRMPD results with predictions from electronic structure calculations employing 

several different computational methods. In general, the measured  frequencies for the bare anion 

complexes were significantly lower than the predicted computational values, and approached those 

measured in solution for coordinatively saturated UO2
2+. Addition of a neutral donor to form [UO2AS]+ 

did not substantially alter the  values compared to [UO2A]+, which was surprising because prior 

studies showed that the antisymmetric stretch is systematically red-shifted upon attachment of a donor 

neutral ligand. Comparison of the  values for different [UO2AS]+ complexes showed a systematic 

decrease with increasing nucleophilicity of the neutral donor S. DFT calculations also suggested that 

when the neutral is added bonding is accommodated by weakening both the uranyl-anion bond, as well 

as the uranyl moiety. 

 

2.1 EXPERIMENTAL 

IRMPD spectra were collected at the Free Electron Laser for Infrared eXperiments (FELIX) 

facility, located at the FOM Instituut voor Plasmafysica ‘Rijnhuizen’ (Nieuwegein, The 

Netherlands).[52] The free electron laser is interfaced to a custom-built Fourier transform ion cyclotron 

resonance (FT-ICR) mass spectrometer.[62,67]  

 

2.1.1 Generation of Uranyl Complexes by Electrospray Ionization (ESI). 
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ESI was used to generate singly- and doubly-charged uranyl complexes.[57,59] A one 

millimolar solution of uranyl nitrate was generated by dissolving the hexahydrate salt (Fluka/Sigma-

Aldrich, St. Louis, MO, USA) in water to produce uranyl complexes that were introduced into the 

hexapole ion accumulation chamber. The ESI source (Micromass, Manchester, U.K.) was operated at 3 

kV with respect to ground. Ions were generated at atmospheric pressure and were extracted into vacuum 

using ion optics oriented orthogonally with respect to the spray axis, and then gated into a hexapole ion 

accumulation chamber where they were stored for 0.5–1.0 s prior to being transmitted into the FT-ICR-

MS. The mass spectra observed were sensitive to various temperatures, voltages and carrier-gas and 

solution flow rates of the ESI source. Particularly important were the desolvation temperature[59] 

(which was controlled by a heater and thermocouple on the block through which the spray capillary 

passed) and the temperature of the desolvation gas, which were maintained at 29 and 52oC, respectively. 

The flow rate of the spray solution was 25 l min-1, and the desolvation gas (N2, which ensheathed the 

solution spray) flow rate was maintained at 30 L min-1. Attempts to make hydrated [UO2NO3]+ were not 

successful because traces of methanol, acetone, acetonitrile, acetic acid and ammonia in the spray 

chamber resulted in production of hydroxide, methoxide and acetate complexes. By increasing the radio 

frequency power on the ion accumulation hexapole, most of the ion population was converted to 

[UO2OH]+, [UO2OCH3]+ and [UO2OAc]+; these species were also formed as complexes with a single 

solvent molecule (see below), which provided the ensemble of species for infrared spectroscopy. 

 

2.1.2 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS), and Infrared 

Multiphoton Dissociation (IRMPD):[51,62,64] 

Ions accumulated in the external hexapole were gated into the ICR cell, where complexes 

identified for IRMPD were isolated using a stored waveform inverse Fourier transform (SWIFT) 

pulse.[68] This ejected all species except those having the desired mass. Isolated ionic complexes were 
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irradiated using two FELIX macropulses, which induced elimination of a solvent molecule, a radical or 

a rearrangement product (depending on the complex) when the incident wavelength matched an 

absorption band. The IRMPD mechanism has been described in detail elsewhere.[50,67,69]  Briefly, it 

involves sequential, non-coherent absorption of many (tens to hundreds) infrared photons, with each 

photon being “relaxed” by intramolecular vibrational redistribution (IVR) before the next one is 

absorbed. In this way, the internal vibrational energy of the molecule can be resonantly increased above 

the dissociation threshold, resulting in fragmentation. It has been shown that the infrared spectra 

obtained are comparable to those obtained using linear absorption techniques.[61,70] FELIX (60 mJ per 

macropulse, 5 s pulse duration, bandwidth 0.2 – 0.5 % of central ) was scanned primarily through the 

spectral region of interest around 10 m, in increments < 0.04 µm, after which IRMPD product ions and 

un-dissociated precursor ions were measured using the excite/detect sequence of the FT-ICR-

MS.[71,72] The IRMPD efficiency was then expressed as –log(1-[summed fragment ion yield]), 

corrected for the width of the acquisition channels and linearly normalized to correct for variations in 

FELIX power over the spectral range.  Peak centers were chosen by fitting a Gaussian peak to the data 

using Origin plotting software (version 7.5, OriginLab, Northampton, MA).  Precision was not 

evaluated, on account of the time required for repetitive acquisition of the peak profiles, and the 

precious nature of beam time at FELIX.  Nevertheless, the precision of measurement of peak position is 

probably on the order of a couple of cm-1, based on earlier examination of the position(s) of the 

antisymmetric uranyl stretch and carbonyl C=O stretch in doubly charged complexes.[65]  

Because some of the complexes were difficult to fragment, signal-to-noise was less than desired, 

and so the isolated complexes were subjected to multiple irradiation/acquisition sequences at each 

wavelength across the scanned region. This lengthened acquisition time, and this factor together with 

the need to strictly economize beam time at the FELIX FT-ICR-MS beamline constrained data 

acquisition for most complexes to the diagnostic O=U=O antisymmetric stretch (). 
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2.1.3 Density Functional Theory (DFT) Structure and Frequency Calculations. 

DFT calculations of structures and harmonic frequencies were performed with the DMol3 

[73,74], NWChem[75,76], Gaussian[77] and ADF2006.01[78] suite of programs.  Different 

combinations of functionals, basis sets, and relativistic treatments were employed in efforts to derive a 

consistent view of the IRMPD phenomena measured in the context of complex structure and 

dissociation behavior.  Functionals used were local density approximation (LDA) with the Vosko, Wilk 

and Nusair (VWN) parameterization[79,80], the hybrid B3LYP functional[81,82], and the PW91 

functional[83]. 

(1) For calculations with DMol3 the so-called density functional semicore pseudopotential (DSPP)[84] 

was used, which accounts for scalar relativistic effects and includes 60 electrons in the uranium core 

(comparable to Stuttgart/Dresden small core ECPs), combined with the use of polarized numerical basis 

sets (DNP) for the active electrons. A fine (10-8) energy convergence criterion was employed to ensure 

optimal geometries and representative vibrational frequencies.  

(2) For calculations with NWChem and Gaussian the uranium was described by an effective core 

potential and its associated basis set:  either the LANL2dz ECP and orbital basis set[85] or the 

MWB60/Stuttgart RSC ECP and basis set (SDD),[86-89] which features Stuttgart/Dresden effective 

core potentials, were used for uranium.  Other atoms in the complexes (O, C, H, and N) were described 

using the aug-cc-pVDZ orbital basis sets,[90] the small D95V basis set,[86-89] the all-electron 3-21g* 

basis sets, or the 6-31+g(d) basis set.  The relatively small basis sets (3-21g (which includes single first 

polarization functions on row 2 atoms) and D95V) are generally considered to be too small for use in 

modeling actinide molecules, however the experimental results and higher-level basis sets used in this 

study provide a good platform to evaluate the use of the SDD/3-21g* and SDD/D95V general basis set 

approaches for quick, on-the-spot interpretation of gas-phase IRMPD experiments. 
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(3) For calculations with ADF the scalar relativistic ZORA[91] Hamiltonian combined with the TZ2P 

type basis set was applied within the framework of unrestricted DFT and a small frozen core that takes 

78 electrons in the uranium core and also freezes the 1s electrons of the first row atoms. 

NWChem, ADF, and Gaussian were used to compute binding energies and the energetic 

requirements for different dissociation channels. Prior experience indicated reliable thermodynamic 

accuracy and thus motivated this approach. For NWChem the B3LYP energies were obtained using the 

geometry obtained from LDA geometry optimizations. The energies computed with ADF included spin-

orbit coupling terms. The energy differences refer to the fully dissociated limit and hence do not include 

the additional energy that may be needed to overcome a possible barrier in a transition state (which may 

be relevant for the loss of H2O from [UO2OH(ACO)]+ and photo-fragmentation of [UO2OCH3]+). 

In addition, NWChem was used to perform correlation corrected vibrational self-consistent field 

(cc-VSCF) calculations[92-94] using the LANL2dz basis for uranium, the aug-cc-pVDZ basis sets for 

the first-row atoms, and the B3LYP functional. These calculations provide an estimate of the effect of 

anharmonicity and mode-coupling for the fundamental vibrational states. Starting with the VSCF 

method, degenerate perturbation theory is used to correct for effects of correlation between different 

vibrational modes, enabling calculation of anharmonic vibrational states for polyatomic molecules. 

Finally I also employed ADF to quantitatively assess the donation of the ligands to the uranyl 

moiety.  The charge transfer between ligands and the uranyl was analyzed using both Hirshfeld charge 

analysis[95] and Voronoi Deformation Density (VDD) methods.[96]  

 

2.2 RESULTS AND DISCUSSION 

2.2.1 IRMPD of Uranyl-Hydroxide Complexes [UO2OH]
+. 

Electrospray ionization mass spectrometry of aqueous uranyl nitrate solutions modified with 

organic solvents had previously been shown to produce dications ligated with neutral donors, provided 
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the capillary temperature was kept close to ambient.54,60 However, by modestly increasing the capillary 

temperature and the RF power of the ion accumulation hexapole, uranyl ion pairs were formed that 

enabled examination of their IRMPD spectra, as a complement to prior measurements made for the 

uranyl dication bound with neutral ligands.[65] A prominent [UO2OH]+ ion was produced at m/z 287, 

and lower abundance complexes were observed at m/z 345, 328, 305 and 304 that correspond to 

[UO2OH(ACO)]+, [UO2OH(ACN)]+, [UO2OH(H2O)]+and [UO2OH(NH3)]+, respectively. The ammonia, 

acetone, and acetonitrile were present in the hexapole accumulation region of the ESI/FT-ICR 

instrument from prior experiments that involved the use of the solvents and ammonium acetate buffer 

solutions. The five different hydroxide complexes that were furnished by manipulation of the 

electrospray conditions were isolated using a SWIFT sequence,[72] and then photo-fragmented by 

scanning the free electron laser over the spectral region corresponding to the uranyl antisymmetric 

stretching frequency (~ 1000 cm-1); the resulting IRMPD spectra are shown in Figure 1. 

Photo-fragmentation of [UO2OH]+ resulted in reductive elimination of a hydroxyl radical, and 

the antisymmetric uranyl  stretch for this species appeared as a broadened absorption centered at 971 

cm-1 (Figure 1). The low abundance and profile of the peak reflected inefficient photo-fragmentation 

and high energetic requirements:[49]  Calculations using ZORA/PW91/TZ2P (vide infra) indicated that 

the minimum energy to dissociate the complex to [UO2]+ and a hydroxyl radical was 93.9 kcal mol-1. A 

somewhat smaller dissociation energy of 74.5 kcal/mol was obtained from calculations with the 

Stuttgart RSC/B3LYP/TZVP combination.  The value for [UO2OH]+ was lower than the most red-

shifted dication complexes [UO2(ACO)4]2+ (988 cm-1) and [UO2(ACN)5]2+ (995 cm-1), which suggested 

at first glance that a single hydroxide transfers as much or more electron density to the uranium center 

as does four or five strong donors in a fully coordinated uranyl complex.  VDD analyses indicated a 

charge transfer of 0.52 e from the hydroxide to the uranyl, while the charge transfer from four acetones 

accounted for 0.62 e, suggesting at first glance that the values should follow the opposite trend.  
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However charge transfer would be expected to be more closely correlated with the 1 shift, which is 

influenced purely by electronic factors, and the preliminary estimates indicate that 1 would be very 

similar for both the OH and (ACO)4 complexes. 

 

 

Figure 1. Infrared multiple photon dissociation spectra of the antisymmetric O=U=O stretching region 

for [UO2OH]+ and ligand complexes containing (clockwise) a single ACN, H2O, NH3, and ACO.  The 

yield values for the ACN complex were multiplied by a factor of two, to visually distinguish it from the 

unmodified hydroxide complex. 

The value for the [UO2OH]+ uranyl antisymmetric stretching frequency was lower than 

anticipated based on prior DFT calculations, in which a red shift of 183 cm-1 was predicted for 

[UO2(OH)2] by Marsden and coworkers;[45] subtraction of this value from 1140 cm-1 (the value 

calculated for unligated [UO2]2+)38 produces a frequency of 957 cm-1 for the bis-hydroxy complex.  The 

measured value of 971 cm-1 for the monohydroxy cannot be compared directly, because the modeled 

and measured complexes are different.  But the values are reasonably close to each other, which 

suggests that most of the red shift results from attachment of the first OH- ligand, and that attachment of 
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the second ligand produces a much more modest change in frequency.  This trend is in qualitative 

agreement with very small shifts produced by attachment of neutral donors to [UO2A]+ complexes (vide 

infra). 

The [UO2OH]+   value measured in the gas phase is very close to that measured in aqueous 

solution for [UO2]2+ (960 to 965 cm-1), which is considered to have five inner sphere aquo 

ligands.[22,23,25,97,98]  Lower values have been measured for hydroxide complexes in solution, but 

these have been attributed to species having multiple uranyl moieties, e.g. a   measurement at ~ 940 

cm-1 has been assigned to [(UO2)2(OH)2]2+,[22,26,99] and an even lower   value of 923 cm-1 to 

[(UO2)3(OH)5]+.[22,99]  These   measurements indicate that the frequency is decreased by the 

presence of more than one U atom in the complexes, but are also certainly influenced by coordinated 

solvent molecules. 

The appearance of [UO2OH]+ complexed with one or more solvent molecules enabled the effect 

of neutral donor ligands on the antisymmetric stretching frequency to be examined. The prior study of 

[UO2]2+ complexes with neutral ligands[65] showed that the antisymmetric stretching frequency was 

sequentially red-shifted by the serial attachment of additional neutral donor ligands, for example in the 

acetone (ACO) complexes [UO2(ACO)n]2+, the frequency decreased from 1017 to 1000 to 988 cm-1 as n 

went from 2 to 3 to 4 (respectively).[65] The trend measured for a series of acetonitrile (ACN) 

complexes was similar, as was the magnitude of the red shift caused by an additional donor neutral. 

These observations led to the expectation that attachment of a neutral donor to [UO2OH]+ would result 

in a similar red shift. 

Isolation and photo-fragmentation of [UO2OH(ACO)]+ resulted in parallel elimination reactions: 

loss of intact ACO, and loss of H2O (Scheme 1, Table 1).  Computationally, the two pathways were 

found to have very similar reaction energies: using ZORA/PW91/TZ2P both channels were endothermic 

by 41.4 kcal/mol, and a similar conclusion was derived using different basis sets and functionals.  The 
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loss of H2O involves transfer of a proton from a methyl carbon on ACO to the hydroxide, leaving 

behind the acetone enolate which calculations show remains coordinated through the oxygen atom.  No 

difference in frequencies was observed in the two photo-fragment channels, which had maxima at 972 

cm-1.  This value was effectively equal to the measurement for the unmodified [UO2OH]+, which 

initially would seem to indicate that addition of the strong ACO donor had no further effect on the 

uranyl moiety.  However, this conclusion is inconsistent with the fairly strong binding of ACO predicted 

by PW91 and B3LYP calculations, which should shift the uranyl  value further to the red.  

Furthermore, the carbonyl stretching region for the [UO2OH(ACO)]+ complex was scanned and an 

absorption with a value of 1633 cm-1 was found.  In previous study of [UO2(ACO)n]2+ complexes, I 

observed that the ligand CO stretch was strongly red-shifted to 1515 cm-1 in the n=2 complex, and that 

this shift decreased with increasing cluster size, to 1583 for n=3 and 1630 for n=4, as the binding energy 

per ligand was reduced.[65,100]  Thus based on this comparison of carbonyl stretching data, one would 

expect the binding of the ACO ligand in the [UO2OH(ACO)]+ complex to be comparable to binding in 

the [UO2(ACO)4]2+ complex.  Interestingly, addition of a second and third ACO ligand to 

[UO2OH(ACO)]+ produced red-shifts consistent with the prior experiments.  Photo-fragmentation of 

[UO2OH(ACO)n=2,3]+ complexes resulted in the loss of an ACO, with   values of 961 and 948 cm-1 for 

n = 2 and 3, respectively.  Therefore, a red-shift of 11 cm-1 was observed on going from n = 1 → 2, and 

13 cm-1 on going from n = 2 → 3;  these shifts were in good agreement with the magnitude of the red-

shifts resulting from ACO addition to the [UO2(ACO)n]2+ complexes.[65]  Taken together, these results 

suggest that it may be the uranyl antisymmetric stretching frequency in the bare [UO2OH]+ complex that 

is what anomalously shifted, which is certainly possible given the particular susceptibility of this very 

small system to anharmonicity effects arising from the IRMPD mechanism.  The possible anharmonicity 

effects are discussed in more detail below. 
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Scheme 1. Parallel elimination reactions of isolation and photo-fragmentation of [UO2OH(ACO)]+. 

Table 1.  Dissociation energies for IRMPD reactions of [UO2OH(ACO)]+ calculated using different basis sets. 

Reaction / binding energy (kcal/mol) 

B3LYP/ 

LANL2dz/ 

aug-cc-pVDZ 

B3LYP/ 

Stuttgart 

RSC/ 

TZVP 

PW91/ 

ZORA/ 

TZ2P 

[UO2OH(ACO)]+ → [UO2OH]+ + ACO 46.5 48.3 41.4 

[UO2OH(ACO)]+ → [UO2(OC3H5)]+ + H2O 42.6 52.8 41.4 

 

Isolation of the [UO2OH(ACN)]+ complex followed by photo-fragmentation produced 

elimination of ACN. The antisymmetric UO2 stretch was measured at 972 cm-1, nearly identical to that 

for [UO2OH(ACO)]+ and to [UO2OH]+.  The hydroxide complex with ammonia [UO2OH(NH3)]+ 

underwent photo-fragmentation solely by loss of NH3, with a   value at 976 cm-1, which is slightly 

blue shifted compared to the unmodified uranyl hydroxide.  The final hydroxide complex examined was 

[UO2OH(H2O)]+, which eliminated H2O upon irradiation that maximized at 983 cm-1, which was  

12 cm-1 higher than the [UO2OH]+ value. 

The trend for the uranyl  frequencies for the [UO2OH(S)]+ complexes were internally self-

consistent, i.e., they decreased in the order H2O > NH3 > ACN ~ ACO > (ACO)2 (Figure 2).  These 
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frequency values are inversely correlated with the calculated coordination energies of different S 

molecules,[45] and are in accord with comparisons of ACO and ACN uranyl complexes.[65] The 

observed ordering again highlights the remarkably low value measured for unmodified [UO2OH]+, 

which would be expected to be higher than 983 cm-1 (i.e., the value for the complex with the most 

weakly bound neutral, [UO2OH(H2O)]+).  Because it does not seem reasonable to expect that the 

addition of weakly donating species actually strengthens the uranyl U=O bonds, one must seek other 

explanations for the blue shifted bands for the NH3 and H2O complexes. 

 

Figure 2. Variation in the antisymmetric O=U=O stretching frequencies for [UO2(OH)]+ and 

[UO2(OH)(neutral)]+ complexes.  Black squares are IRMPD measurements, and filled red dots are  

values calculated using PW91, both evaluated using the left y axis.  Open red circles represent 

dissociation energies for the complexes, calculated using PW91 and evaluated with the right y axis. 

One factor likely contributing to the low  value for [UO2(OH)]+ is vibrational anharmonicity 

derived from the multiple photon absorption process.  Red-shifts in the spectra of the para-

aminobenzoic acid[63] and [CeOH(ACO)3]2+ cations[100] have been attributed to IRMPD 

anharmonicity, and the same phenomenon may contribute to the low frequency measured for 
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[UO2OH]+.  These studies demonstrate that when molecules or complexes attain very high internal 

energies via the IRMPD process, their vibrational bands exhibit non-negligible red-shifts.  This can be 

particularly dramatic for systems with low densities of states,[49] such as the [UO2OH]+ complex 

studied here, which only has 9 vibrational modes.  The energy required to dissociate [UO2OH]+ to 

[UO2]+ and a hydroxyl radical was evaluated computationally, and both the Stuttgart RSC ECP and the 

ADF TZ2P basis sets produced high values (Table 2).  This was consistent with the fact that hydroxide 

had the highest coordination energy of any ligand in the extensive compilation calculated by Marsden 

and coworkers.[45]  These considerations support the attribution of the anomalously low [UO2OH]+   

value to anharmonicity effects.  Another possible explanation is that the dissociation proceeds via a low-

lying electronically excited state.  The lowest triplet excited state, that should be accessible via spin-

orbit coupling, lies ~31 kcal mol-1 (calculated using B3LYP and the Stuttgart RSC/TZVP basis) below 

the dissociation limit. 

Table 2.  Dissociation energies calculated for IRMPD of [UO2OH]+ → [UO2]+ + OH. 

Reaction / binding energy (kcal/mol) 

B3LYP/ 

Stuttgart RSC/ 

TZVP 

PW91/ 

ZORA/ 

TZ2P 

dissociation from the singlet ground state 74.5 93.9 

dissociation from a triplet excited state 30.7 -- 

 

In contrast to the small [UO2OH]+ molecule, more complex systems containing a neutral ligand 

tend to have reduced dissociation energies and a significantly higher vibrational density of states.  For 

example, water binds to the [UO2OH]+ complex by only 30 kcal/mol, while doubling the number of 

vibrational modes, three of which are low-frequency intermolecular modes that may contribute 

disproportionately to the vibrational density of states.  This may explain why the   frequencies of the 

[UO2OH(S)]+ complexes are not apparently affected by anharmonicity, compared to the bare [UO2OH]+ 
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which is strongly shifted by anharmonicity induced by the IRMPD process.  A  value unshifted by 

anharmonicity would be expected to be ~990 cm-1 for [UO2OH]+ to be consistent with the trend in the   

bands of the [UO2OH(S)]+ complexes measured here. 

Correlation corrected vibrational SCF (cc-VSCF) calculations can provide a rough estimate of 

whether or not differential red-shifting would be expected in comparing [UO2OH]+ and [UO2OH(S)]+ 

complexes.  cc-VSCF estimates the effect of anharmonicity by including coupling between the lower 

vibrational modes calculated in the harmonic approximation. Factoring in an influence by 

anharmonicity, the calculated  value for [UO2OH]+ decreased by 10 cm-1 (from 987 cm-1 in the 

harmonic approximation to 977 cm-1 with the anharmonic corrections) which would account for part of 

the expected red shift for the hydroxide based on the IRMPD data.  However, the shift calculated for 

[UO2OH(H2O)]+ was very nearly the same at 8 cm-1 (going from 968 cm-1 to 960 cm-1 with anharmonic 

corrections), so the differential anharmonic shift calculated for [UO2OH]+ and [UO2OH(H2O)]+ does not 

explain the low   value measured for [UO2OH]+.  It should be noted that the cc-VSCF calculations 

only consider coupling of the lowest ~10 vibrational levels, whereas coupling and population of the 

higher excitation levels would certainly be expected to contribute at the high excitation energies 

achieved in the IRMPD experiments. 

As mentioned above, participation of an electronically excited state for [UO2OH]+ could also 

contribute to the apparently low   frequency.  The energy calculated for promotion of an electron into 

the lowest excited triplet state calculated using both LANL2dz/B3LYP/aug-cc-pVDZ and scalar 

ZORA/PW91/TZ2P using unrestricted DFT was ~45 kcal/mol, which is less than that calculated to 

dissociate [UO2OH]+ (except when the LANL2dz basis set was used).  If vibrational-to-electronic 

transitions are indeed occurring in the multiple photon photodissociation experiments, then a lowered 

frequency would be expected for the electronically excited molecule.[101]  The   value calculated for 

[UO2OH]+ in this lowest excited state was quite a bit lower, at 908 cm-1, and the broadening of the 
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hydroxide profile might thus be the result of overlap of absorptions of ground state and excited state 

molecules.  It should also be noted that this triplet state can be considered a complex of reduced uranyl 

[UO2]+and neutral hydroxyl radical and is hence directly related to the observed dissociation pathway. 

 

2.2.2 IRMPD of Uranyl-Acetate Complexes [UO2OAc]
+.  

ESI produced a relatively abundant ion at m/z 329 which was attributed to uranyl acetate 

[UO2OAc]+, that was formed from residual acetic acid that had been used to enhance the protonated ion 

formation from peptide and protein solutions in previous experiments at FELIX.  Because acetate is a 

stronger conjugate base, it replaces nitrate in the ion accumulation chamber prior to injection into the 

FT-ICR-MS.  The composition was confirmed by accurate mass measurement and the photo-

fragmentation pathway observed in the IRMPD experiment, in which a neutral loss of 42 mass units 

(presumably as ketene) furnished [UO2OH]+ as the product ion.  For IRMPD of [UO2OAc]+ the 

maximum for the antisymmetric uranyl stretch was 995 cm-1 (Figure 3), higher than any of the 

hydroxide complexes measured.  This is consistent with the fact that acetate is a weaker gas-phase 

base[102] than either hydroxide or methoxide (vide infra), and consequently is also likely to be a 

weaker uranophile.  Despite the presumed lower basicity, the antisymmetric uranyl stretching frequency 

for [UO2OAc]+ appeared at a lower value than nearly all of the uranyl dication complexes ligated with 

multiple neutral donor ligands reported earlier.[65]  In solution, acetate complexes have been the subject 

of several infrared studies, and the most appropriate value for the antisymmetric stretch to use in a 

comparison is 954 cm-1, which was measured by Quiles[22] for [UO2OAc]+. This value is significantly 

lower than the IRMPD measurement, which reflects the attachment of additional solvent ligands to the 

[UO2OAc]+ metal center.  Other studies have produced values that ranged as low as 919 cm-1,[23,28] 

but these measurements probably contain contributions from species that contain more than one acetate 

ligand, and the possibility of variable acetate coordination.[22]  Recently, DFT using the LDA 
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functional was used by de Jong and coworkers to calculate uranyl  value for [UO2OAc]+ at  

1025 cm-1.[103]  A careful examination of the carbonyl stretching frequencies could provide insight into 

this, and will be investigated in further experimental campaigns. 

Also observed in the ESI spectrum were low abundance ions at m/z 346 and 347 that 

corresponded to ammonia and water complexes (respectively), having compositions [UO2OAc(NH3)]+ 

and [UO2OAc(H2O)]+.  Photo-fragmentation of these complexes involved elimination of either NH3 or 

H2O, producing [UO2OAc]+ in each case.  Consistent with prior studies of donors, the antisymmetric 

UO2 stretching frequency was red-shifted for both H2O and NH3 complexes relative to [UO2OAc]+, 

although the magnitude of the shifts were small: the value for the H2O complex at 993 cm-1 was lower 

by 2 cm-1, while a shift 7 cm-1 to 988 cm-1 was observed for the NH3 complex. The trend in the 

measured frequencies indicate that both H2O and NH3 are donating electron density, and that NH3 is a 

stronger uranophile than is H2O, consistent with Marsden’s prior DFT results,[45] the relative order of 

proton affinities,[102] and bonding to other metal cations.[104]  The fact that the frequency of the 

unmodified acetate is very close to that of both ligand complexes suggests that the frequency for the 

[UO2OAc]+ complex may also be red-shifted as a result of anharmonicity.  However the effect is less 

pronounced than in the case of the hydroxide complex, as indicated by the fact that the  of the 

unmodified [UO2OAc]+ complex is not lower than the values of the H2O and NH3 adducts.  Compared 

to the hydroxide complex, a smaller anharmonic red shift for OAc is consistent with a higher density of 

states,[49] and with a lower energy requirement for fragmentation of the acetate complex, which 

involves rearrangement rather than direct bond-cleavage and elimination of a radical. 
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Figure 3. Infrared multiple photon dissociation spectra of the antisymmetric O=U=O stretching region 

for [UO2OAc]+ and ligand complexes containing a single NH3 and H2O. 

 

2.2.3 IRMPD of Uranyl-Methoxide Complexes [UO2OCH3]
+. 

 

The accurate mass measurement of the ion at m/z 301 confirmed the composition of uranyl 

methoxide, which was formed by reaction of uranyl ion with methanol that was present in the ESI 

solution.  Photo-fragmentation of [UO2OCH3]+ produced four different product ions corresponding to 

the elimination of the OCH3 and H radicals, H2, and H2CO (Scheme 2). 

[UO2OCH3]
+

[UO2]
+
   +   OCH3       m/z 270

[UO2OCH2]
+
   +   H     m/z 300

[UO2OCH]
+
   +   H2     m/z 299

[UO2H]
+
   +   OCH2     m/z 271

 

Scheme 2: Photo-fragmentation of [UO2OCH3]+ produced four different product ions corresponding to 

the elimination of the OCH3 and H radicals, H2, and H2CO. 
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The IRMPD spectrum of the methoxide complex contained two bands, with maxima at 975 cm-1 

and 887 cm-1 (Figure 4, black trace). DFT calculations (B3LYP/Stuttgart RSC/3-21G*) indicated that 

the higher frequency corresponded to overlapped antisymmetric uranyl   and C-O stretching bands, 

and the lower frequency to the symmetric uranyl band normally observed in the Raman 

spectrum.[12,17,20,27,34]  The appearance of the symmetric stretch indicates a lowered symmetry in 

the complex, resulting from strong binding of the methoxide that perturbs the linearity of the uranyl 

functional group.  This was supported by the lowest energy structures and bond angles produced by 

B3LYP calculations (vide infra). 

Striking differences were observed when comparing the IR spectra produced using the different 

photo-dissociation channels.  The spectrum generated by monitoring the loss of the OCH3 radical 

contained a single sharply defined peak with a maximum at 967 cm-1, a frequency slightly lower than 

that measured for the uranyl antisymmetric stretch for the unmodified hydroxide complex, and 

consistent with the fact that methoxide is a stronger base than is hydroxide.  The peak centered at 967 

cm-1 was not observed in the spectra generated by the other three fragmentation channels, either because 

it is not occurring in these channels, or because it was overlapped with the O-C stretch (see below).  If 

the latter is true, then it suggests that the frequency in the spectrum of the OCH3 loss channel is red 

shifted by about 20 cm-1 due to the higher energetic requirements for that channel; shifts of this 

magnitude have been observed previously.[63] 
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Figure 4. Infrared multiple photon dissociation spectra of the symmetric and antisymmetric O=U=O 

stretching region for [UO2OCH3]+.  The black trace represents the spectrum generated by the summed 

photofragment abundance; red the OCH3 radical elimination, violet the H radical elimination; blue the 

H2 elimination; green the H2CO elimination, and orange the sum of the H loss/rearrangement related 

channels. 

The IR spectra generated from the photo-dissociation channels corresponding to either the loss 

of H or H2 bore strong similarities to one another in that they contained a peak with a maximum at 987 

cm-1 and second peak at about 887 cm-1.  The higher frequency peak probably contains components 

from unresolved uranyl asymmetric stretch and C-O stretching, while the lower frequency peak 

corresponds to the symmetric UO2 stretch.  The IR spectrum generated by the H2CO elimination was 

similar to the H-loss spectra, but lacked the band for the symmetric stretch.  The appearance of very 

dissimilar IR spectra in the different photo-dissociation channels was remarkable, because IRMPD 

spectra generated from competing mass channels are normally identical or are very similar, with the 

fragmentation channels having the higher energetic requirements being modestly red-shifted as a result 

of anharmonicity that results from population of higher vibrational levels when multiple photons are 

serially absorbed.[63,100] Fast intramolecular vibrational redistribution randomizes the deposited 
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energy regardless of the frequency of initial deposition, and thus the competing fragmentation channels 

display similar if not identical IR spectra.[61]  

A hypothetical interpretation of these observations is that the order of reaction endothermicities 

for the four reactions is -H2 ~ -H < -OCH2 < -OCH3.  In the IR spectra generated by losses of H and H2, 

peaks are seen in all three absorption modes, symmetric uranyl, asymmetric uranyl and C-O (assuming 

that the asymmetric uranyl and C-O are overlapping).  The symmetric uranyl and C-O are weakly 

absorbing modes and hence are only seen in those eliminations having low energy requirements.  The 

spectrum generated by loss of OCH2 contains the asymmetric uranyl and perhaps the C-O, but energetic 

requirement for this channel is too high to enable observation of the symmetric uranyl stretch.  The 

higher energetic requirements are probably related to the fact that the product ion has to be reduced, 

forming either a U(IV) species [UOOH]+, or a uranyl hydride [UO2(H)]+.  Finally, the spectrum 

generated by loss of OCH3 contains only the antisymmetric uranyl peak, because the energetics for this 

reaction are higher, which means that it can only be accessed via the high intensity  uranyl absorption.  

This peak is substantially red-shifted as a consequence of the large number of photons that must be 

deposited in order for the reaction to occur.  Further, the presumed rapid rate for OCH3 radical loss 

reduces observation of the slower, lower energy losses. 

Enthalpy changes calculated for the different fragmentation channels displayed some agreement 

with this hypothesis.  B3LYP and PW91 calculations using different core approximations, functionals 

and basis sets (Table 3) showed that elimination of H2 was the lowest.  The losses of the radical species 

H and OCH3 were next, and appear to be roughly energetically competitive, depending on 

computational approach;  the PW91 calculations suggest that loss of OCH3 requires more energy than 

loss of H radical, while B3LYP gives somewhat smaller dissociation energies and has the H elimination 

channel slightly above the OCH3 elimination channel.  Enthalpy requirements for the loss of H2CO vary 

depending on the nature of the product ion.  Both B3LYP calculations indicate that formation of a 
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linear, triplet [UO(OH)]+ is lowest, within about 7 kcal mol-1 of H2 loss, but when a singlet is formed, or 

when the product is uranyl coordinated with a equatorial hydride, fragmentation enthalpies were higher.  

In summary, the PW91 energetics supports the idea that loss of OCH3 radical is higher in energy and 

thus more susceptible to anharmonic shifting.  However the variations in the reaction energies seen 

when comparing the computational approaches do not allow us to state the energetic order of the 

elimination reactions unequivocally. 

 

Table 3.  Calculated enthalpies for the dissociation reactions of [UO2OCH3]+ (Scheme 2).  Values are in 

kcal mol-1. 

Reaction \ binding energy (kcal/mol-1) 

B3LYP/ 
Stuttgart 
RSC/ 
6-31+G(d) 

B3LYP/ 
Stuttgart 
RSC/ 
(TZVP) 

PW91/ 
ZORA/ 
(TZ2P)* 

[UO2OCH3]+ → H2   + [UO2(OCH)]+ 52.8 52.7 52.3 

[UO2OCH3]+ → H    + [UO2(OCH2)]+ 67.3 73.7 74.8 

[UO2OCH3]+ → OCH3 + [UO2]+ 68.4 69.8 83.3 

[UO2OCH3]+ → OCH2 + [UO2(H)]+ 
                   (H linear, triplet spin state) 

59.0 58.1 -- 

[UO2OCH3]+ → OCH2 + [UO2(H)]+ 
                  (H linear, singlet spin state) 

-- 85.2 -- 

[UO2-OCH3]+ → OCH2 + [UO2(H)]+ 

                                                          (H equatorial) 
79.9 80.7 85.6 

*  ZORA numbers include spin-orbit interaction. 

An alternative explanation would be the existence of two or more isomers of [UO2OCH3]+, 

however DFT calculations did not support the existence of energetically competitive isomers, although 

rearrangement may be occurring during the IRMPD process. An alternative structure that was 

considered contained an H atom bound to uranium, with formaldehyde equatorially coordinated: for 

such a structure an absorption corresponding to carbonyl group should be observed, but a survey of the 

1500–1700 cm-1 wavelength region did not show an additional peak. Thus a structure involving a bound 



29 

 

formaldehyde ligand is unlikely, as prior studies[65,100] showed that the C=O stretch can be readily 

detected in complexes with carbonyl-containing ligands. 

Involvement of an excited state for the uranyl methoxide can also be argued, which would be 

expected to have energetic requirements similar to the 45 kcal/mol required for the hydroxide complex. 

Intuitively, this is an attractive explanation because a higher spin species would be expected to have a 

higher propensity for rearrangement and elimination of H and OCH3 radicals. When the energetic 

requirement for conversion to a triplet excited state was calculated using PW91, it was also found to be 

45 kcal mol-1, in a range that would be accessible during the IRMPD photofragmentation.  However, as 

in the two previously offered rationalizations, this too remains speculative at the present time, and hence 

an unequivocal identification of the origin of the differences in the spectra of the different mass 

channels is still elusive. 

The assignment of the higher frequency to a C-O stretch drew support from the spectra acquired 

for the [UO2OCH3(H2O)]+ and [UO2OCH3(NH3)]+ adducts (Figure 5). The three peaks in the spectra of 

these complexes had frequencies consistent with the spectra of unmodified [UO2OCH3]+.  In the adduct 

ions, photo-fragmentation of the methoxide ligand did not occur; instead, only the energetically favored 

losses of H2O or NH3 were observed. 
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Figure 5. Infrared multiple photon dissociation spectra of the antisymmetric O=U=O stretching region 

for [UO2OCH3]+ (black trace, sum of all photo-fragment channels), [UO2OCH3(H2O)]+ (blue trace, 

scaled by 0.55) and [UO2OCH3(NH3)]+ (green trace scaled by 0.6). The photofragment yield for the 

H2O and NH3 complexes was higher than for the unmodified methoxide complex, and scaling was 

performed to facilitate comparison. 

The frequencies measured for the antisymmetric UO2 stretch for the H2O and NH3 complexes 

were modestly red-shifted compared to the maximum value for the summed photo-fragment channels of 

the unmodified [UO2OCH3]+, and the trend observed is consistent with what would be expected for 

addition of a second weak donor ligand (H2O), and then substitution of a slightly more basic ligand NH3 

for H2O. Similarly, the frequencies measured for the symmetric stretch were very similar for all three 

complexes: the  value for the unmodified [UO2OCH3]+ was measured at 887 cm-1, and the peak 

position is only very modestly shifted to 880 cm-1 when H2O is attached, and to 879 cm-1 for NH3.  

These values are about 20 cm-1 higher than  values measured for solvated [UO2OAc]+ using Raman 

spectroscopy.[17]  As in the case of the hydroxide complexes, the uranyl stretching frequencies of the 

methoxide complexes were not significantly red shifted by addition of a neutral donor ligand.  This 

suggests that in the unmodified methoxide complex [UO2OCH3]+, the uranyl frequency may be shifted 

to a lower value as a result of anharmonicity, in a fashion similar to that suspected to be occurring in the 

hydroxide complexes.  As noted, red shifting would be facilitated by high energetic requirements for the 

elimination reaction in the unmodified [UO2OCH3]+ or by participation of an excited state. 

While addition of a second donor ligand does not cause large changes in the uranyl stretching 

frequencies,[48,103] it appears to strengthen the C-O bond in the methoxide ligand.  This would be 

expected if the methoxide were modestly repelled by attachment of H2O or NH3 to the uranium center.  

In the spectra for both [UO2OCH3(H2O)]+ and [UO2OCH3(NH3)]+, the C-O stretch was observed at ca. 

1038 and 1040 cm-1, shifted to higher frequency by ~ 50 cm-1 compared to unmodified [UO2OCH3]+.  
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This trend is directly analogous to what was observed in the IR spectra of discrete uranyl acetone 

dication complexes: when an additional donor ligand was added, the binding of all equatorial ligands 

was weakened, and the C=O stretching frequency increased, approaching that of free acetone;60 in the 

present case, it is the C-O stretch of methoxide that is increased. Calculations also suggested loosening 

of the U-OCH3 bond upon ligation with a neutral donor. 

 

2.2.4 Comparisons of Calculated Frequencies 

The changes in vibrational frequencies can be understood in part by comparison with 

frequencies, bond lengths and angles calculated using density functional theory.  Because calculations 

of complexes containing actinide elements are challenging, different combinations of functionals and 

basis sets were used.  These results provided multiple opportunities for comparison with measurements, 

in particular using the antisymmetric uranyl stretch, which was the salient figure of merit in this study.  

A comparison of the uranyl frequencies calculated using B3LYP with different basis sets versus the 

IRMPD measurements (Figure 6, Table 4) showed that overall the smallest errors were obtained using 

the SDD/D95V approach (Stuttgart RSC for U, D95V for all other elements). This agreement might be 

somewhat fortuitous due to cancellation of errors, considering the D95V basis sets do not have 

polarization functions. The LDA/DSPP/DNP results are also in reasonable agreement, though some of 

the calculated trends are incorrect. Calculated values using Stuttgart RSC on U and 3-21g* and 6-

31+g(d) for C, H, N and O were systematically 20 – 30 cm-1 higher than measurements for the solvent 

complexes, depending on the donor.  Overall, differences between the two sets of calculations were 

small, but the values calculated using 6-31+g(d) were slightly better than those generated using 3-21g* 

where some trends were incorrect.  The data in Figure 6 may be grouped into three categories: anion 

complexes with no donor, with an O-donor (H2O or acetone), or with an N-donor (NH3 or acetonitrile).  

Calculations for the O-donor anion complexes were in best agreement with experiments, being within a 
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few cm-1 when the SDD/D95V approach was used, and on the order of 20 cm-1 high when the Stuttgart 

RSC/3-21g* and Stuttgart RSC/6-31+g(d) approaches were used.  Calculations for the complexes 

containing a neutral that coordinates via an N atom were slightly less accurate, with differences ranging 

from 5 – 10 cm-1 for the Stuttgart RSC/D95V approach to ~ 30 cm-1 using the other basis sets for the 

first row elements.  This suggests that N-donation is slightly more aggressive in the gas phase 

experiment than predicted by theory.  Calculations for the [UO2(anion)]+ complexes containing no 

neutral donor displayed the poorest agreement with experiment, being 20 to nearly 60 cm-1 higher than 

the measurements, depending on the basis set used.  The poorer agreement likely reflects the high 

energetic requirements for photo-fragmentation pathways for these complexes, which is reasonable 

since they involve elimination of an oxy radical with concomitant reduction of the uranium center.  The 

need to vibrationally excite the uranyl-anion complexes to a higher level increases the opportunity for 

the measured  value to be shifted lower as a result of vibrational anharmonicity, or perhaps by 

participation of an excited state, as suggested above. 

 

Figure 6.  Uranyl  frequencies calculated using B3LYP plotted versus IRMPD measurements. The 

line represents the experimental data.  Filled square data points were generated using the SDD 
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pseudopotential approach (Stuttgart RSC ECP on U, D95V on C, H, N and O) elements. Values 

represented by open squares were generated using Stuttgart RSC ECP for uranium and 3-21g* for C, H, 

N and O, while values represented by open triangles utilized 6-31+g(d) for C, H, N and O.  Black points 

represent [UO2(anion)]+ complexes with no neutral donor, red represent those with O-donating neutrals, 

and blue represent those with N-donating neutrals. 
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Table 4. Uranyl antisymmetric stretching frequencies () for complexes [UO2AS0,1,2]+, generated using IRMPD, and calculated using the same 

B3LYP, LDA and PW91 functionals, comparing various basis sets. 
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A (anion) 
S 
(neutral solvent) 

IRMPD 
measure- 
ments 

B3LYP/ 
Stuttgart RSC/ 
D95V 

B3LYP/ 
Stuttgart RSC/ 
3-21g* 

B3LYP/ 
Stuttgart RSC/ 
6-31+g(d) 

B3LYP/ 
Stuttgart 
RSC/RLC/ 
TZVP 

LDA/ 
DSPP/ 
DNP 

LDA/ 
Stuttgart RSC 
/ TZVP 

PW91/ 
Stuttgart RSC 
/ TZVP 

PW91/ 
ZORA/ 
TZ2P 

OH - 971 1009 1027 1025 1035 995 1017 987 979 

OH H2O 983 986 1003 1003 1015 973 1001 969 959 

OH NH3 976 984 1002 999 1011 973 990 962 958 

OH ACN 972 982 1003 999 -- 973 -- -- 952 

OH ACO 972 977 996 998 -- 968 -- -- 949 

OH 2 ACO 961 957 981 980 -- 939 -- -- 931 

OAc - 995 1025 1037 1032 -- 995 -- -- 987 

OAc H2O 993 1002 1017 1015 -- 984 -- -- 970 

OAc NH3 988 1002 1018 1013 -- 986 -- -- 966 

OCH3 - 975 997 1017 1011 1018 979 1003 973 964 

OCH3 H2O 970 975 990 990 994 961 997 954 943 

OCH3 NH3 966 973 995 987 994 959 980 950 944 
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In contrast, calculations using LDA and PW91 functionals produced uranyl  

frequencies that were slightly lower than measurements (Figure 7). . The LDA/DSPP/DNP 

values (Figure 7, open squares) were generally in good agreement with measurement, with the 

salient exception of [UO2OH]+. Compared to experiments, the LDA values for anion complexes 

with O-donating ligands were systematically lower than values for complexes with N-donors, by 

about 10 cm-1. The value calculated for the [UO2OH(ACO)2]+ was ca. 20 cm-1 lower than the 

measured value. 

960 965 970 975 980 985 990 995

880

890

900

910

920

930

940

950

960

970

980

990

1000

1010

1020

1030

1040

[U
O

2
O

A
c
]+

[U
O

2
O

A
c
(O

H
2
)]

+

[U
O

2
O

A
c
(N

H
3
)]

+

[U
O

2
O

H
(O

H
2
)]

+

[U
O

2
O

H
(N

H
3
)]

+

[U
O

2
O

C
H

3
]+

[U
O

2
O

H
(A

C
O

)]
+

[U
O

2
O

H
(A

C
N

)]
+

[U
O

2
O

C
H

3
(O

H
2
)]

+

[U
O

2
O

C
H

3
(N

H
3
)]

+

c
a

lc
u

la
te

d
 f

re
q

u
e

n
c

ie
s

, 
c

m
-1

IRMPD frequencies, cm
-1

[U
O

2
O

H
(A

C
O

) 2
]+

[U
O

2
O

H
]+

 

Figure 7. Uranyl  frequencies calculated using LDA/DSPP/DNP and PW91/ZORA/TZ2P, 

plotted versus IRMPD measurements. The line represents the experimental data. The open 

squares were generated using LDA/DSPP/DNP, and the triangles PW91/ZORA/TZ2P.  The 

black points represent [UO2A]+ complexes with no neutral donor, red correspond to complexes 

with O-coordinating neutrals, and blue to those with N-coordinating neutrals. 

The frequencies generated with PW91/ZORA/TZ2P were in general lower than those 

generated using LDA/Stuttgart RSC/DNP or B3LYP, consistent with the earlier work on the 
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neutral donor ligands.60 The ligand induced shifts are very similar to the results obtained with the 

other approaches, however, and systematic differences between O- and N-donors were not 

calculated. 

Additional insight into the potential interactions from anion binding can be gained by 

examining the changes in the calculated bond lengths and angles, which would also check the 

internal consistency of the predicted stretching frequencies. We selected the calculations 

performed using B3LYP/Stuttgart RSC/6-31+g(d) for discussing relationships between 

calculated bond lengths and frequencies, which are listed in Table 5, and trends in bond lengths 

with varying ligation are depicted graphically in Figure 8 (detailed structural parameters 

generated using B3LYP with three different basis sets are contained in Supplementary Tables S1 

– S12, and visual representations are provided in Figures 8 - 10).  As ligands are added, 

calculations show that all distances within the uranyl coordination sphere increase.  The 

magnitude of the increase depends not only on the nucleophilic strength of the different ligands 

but also on their volumes, and the calculations provide a means to develop a more quantitative 

assessment of the effect of ligand addition to uranyl.  The O=U=O bond length is represented by 

the lower three traces in Figure 10, and the effect of the anion A, and subsequent addition of a 

neutral solvent S is very similar for the acetate, the hydroxy and the methoxide complexes. The 

uranyl bond elongates by 0.042 Å, 0.044, and 0.048 Å for OAc-, OH- and OCH3
-, respectively. 

This is also the order of increasing anion basicity, resulting in donation of more electron density 

to the uranium atom, and attendant repulsion of the axial oxygen atoms. The amount of donation 

was quantified by performing charge analysis calculations with PW91/ZORA/TZ2P. The 

Hirshfeld method shows donation to uranyl of 0.56e (OAc), 0.53e (OH), and 0.65e (OCH3) while 

the VDD method gives very similar values of 0.53, 052 and 0.63e, respectively. 
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Figure 8. Lowest energy conformations of calculated for [UO2OH]+ and its solvated complexes.  

Calculations were performed using hybrid B3LYP functional with the  Stuttgart RSC/3-21g* 

basis set approach. 
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Figure 9. Lowest energy conformations of [UO2OAc]+, [UO2OMe]+ and their solvent complexes 

with water and ammonia.  Calculations were performed using hybrid B3LYP functional with the 

Stuttgart RSC/3-21g* basis set approach. 
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Table 5. Bond lengths (Angstroms) and O=U=O bond angles for [UO2AS]+ complexes at the 

B3LYP level of theory and using the Stuttgart RSC/3-21g* basis set. 

A (anion) 

S 
(neutral 
solvent) 

U=O length, 
Å 

U-anion length, 
Å U-neutral length, Å 

O=U=O 
angle 

[UO2]2+, 
unligated 

n/a 1.700 n/a n/a 179.6 

OAc n/a 1.744 2.269 n/a 170.3 

OAc H2O 1.774 2.297 2.462 171.0 

OAc NH3 1.754 2.302 2.557 171.7 

OH n/a 1.745 2.010 n/a 167.4 

OH H2O 1.755 2.028 2.442 167.6 

OH NH3 1.758 2.033 2.544 167.2 

OH ACN 1.757 2.032 2.477 167.0 

OH ACO 1.759 2.005 2.325 169.9 

OH (ACO)2 1.768 2.083 2.393 172.6 

OCH3 n/a 1.751 1.999 n/a 167.2 

OCH3 H2O 1.762 2.017 2.451 167.6 

OCH3 NH3 1.763 2.021 2.556 167.2 
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Figure 10. Bond lengths plotted versus neutral for [UO2AS]+ complexes. Values for unligated 

[UO2]2+ and [UO2A]+ complexes are also included. Values were calculated using B3LYP 

functional and the Stuttgart RSC/3-21g* basis set approach. (Note break in Y axis at 2.08 Å.) 

The addition of a neutral donor to the uranyl anion complexes induces a further 

lengthening of the uranyl bonds (Figure 10), by 0.011 to 0.016 Å, with the largest shifts 

occurring for the more basic neutrals: in this study addition of ACO caused the largest O=U=O 

elongation, consistent with the low uranyl frequency measured in the IRMPD spectrum. The 

magnitude of the elongation on addition of a neutral is much less than that calculated for the 

initial attachment of the anion. Hirshfeld analysis showed that the strongest donating neutral 

species, acetone, donates 0.17 e (for one acetone) or 0.25 e (for two acetones) to an uranyl 

hydroxide unit in the [UO2OH(ACO)1,2]+complexes (which have the greatest O=U=O 

elongation); these values are significantly lower than those calculated for the anions. 
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The calculations also predict that the uranium-anion distance will be lengthened by 

addition of a neutral ligand, which is shown by the middle three traces in Figure 10. Increases 

ranging from 0.017 to 0.024 Å occurred in the U-OH length for the hydroxide complexes, with 

the magnitude depending on the basicity of the neutral, and the largest elongation being for 

addition of ACO. When a second ACO is added, the U-OH distance elongates by another 0.036 

Å. The U-OCH3 bond distance experiences very nearly identical increases upon addition of H2O 

and NH3 to [UO2OCH3]+. The U-anion distance calculated for the acetate complex is 

substantially longer than that for either the hydroxide or the methoxide, and the B3LYP 

calculations indicated a bidentate-bound acetate, although calculation using the LDA and the 

DNP basis set suggested a monodentate structure. Using either approach, the U-acetate length is 

nearly 0.27 Å longer than for the hydroxide or methoxide. Addition of H2O or NH3 to the 

complex causes elongation of the U-acetate bonds by ~ 0.04 and 0.02 Å, respectively. The fact 

that H2O produced a longer U-anion elongation than NH3 is contrary to what would be expected 

based on calculated coordination energies (NH3 ~9 kcal/mole greater than H2O),[45] but may be 

consistent with the fact that uranyl behaves as a hard acid,[11,45] interacting more strongly with 

the oxygen donors. 

The U-S bond length in [UO2AS]+ increased when NH3 was substituted for H2O, for all 

three anions studied. Further U-neutral bond length comparisons involved only the hydroxide, 

and decreased in the order NH3 > ACN > ACO, minimizing at 2.27 Å. The trend correlates 

inversely with increasing ligand nucleophilicity. Addition of a second ACO as the third 

equatorial ligand in [UO2OH(ACO)2]+ loosens the overall complex: the U-neutral bond is 

lengthened by nearly 0.06 Å, and this is accompanied by a lengthening of the U-OH bond by 
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0.036 Å, and the O=U=O bond by nearly 0.01 Å. As the coordination sphere is completed, 

distortions of the O=U=O angle from linearity are lessened, and the value approaches 180o. 

 

2.3 CONCLUSIONS 

The structure of uranium complexes has been a persistent topic of research in the 

chemical community because the participation of 5f, 6d and 7s orbitals offers a broad array of 

possible structures and reaction pathways. The desire to understand and then manipulate uranium 

chemistry has motivated determined investigations of structure and bonding using spectroscopy 

and computational chemistry. In principle these approaches should be highly complementary, but 

in practice results from each cannot be correlated with each other because spectroscopy 

measurements on condensed phase systems almost always measure an ensemble of species, 

while calculations produce data for single discrete species, and do not always include specific 

and/or long-range interactions with solvent. Consequently it is difficult to use condensed-phase 

spectroscopic measurements to evaluate computational accuracy, which is badly needed for 

molecules containing f elements. Infrared spectra of gas phase complexes generated using 

IRMPD provide data for discrete species that are of great value for evaluating ligand binding 

trends and computational chemistry results. 

Much emphasis has been placed on the study of uranyl dication complexes, and the prior 

IRMPD studies of ACO complexes enabled comparison of antisymmetric O=U=O and C=O 

frequencies with solution phase measurements and computational results.60 However at mid-pH 

ranges, uranyl-anion pairs are more prevalent and hence in the present study, IRMPD of ion pairs 

involving hydroxide, acetate and methoxide were examined. The uranyl antisymmetric frequency 

values were red-shifted equal to or greater than UO2
2+ coordinated with four or five neutral 



44 

 

donor ligands. While vibrational anharmonicity no doubt contributes to these low frequency 

values, the intrinsic frequencies of the ion pair complexes are lower than expected when 

compared with solution phase measurements and with past and present DFT results. The addition 

of a solvent neutral S to the ion pairs did not result in systematic decreases in the  values. But 

when frequencies for the [UO2AS]+ species were compared for differing neutrals, the  value 

decreased with increasing S nucleophilicity, consistent with theory, intuition and previous 

IRMPD measurements.[65]  

The [UO2OCH3]+ molecule underwent wavelength-specific fragmentation reactions, 

eliminating the OCH3 radical at a frequency 20 cm-1 lower than fragmentations involving 

rearrangement and or loss of H atom(s). DFT modeling suggested that the OCH3 radical loss was 

activated by absorption at the uranyl stretching frequency, while the H atom loss/rearrangement 

eliminations were activated by absorption at the C-O stretching frequency. Identifying the cause 

of this phenomenon remains an outstanding task: IRMPD anharmonicity together with 

absorption non-linearities (as observed in the spectra of the para-aminobenzoic acid cation[63] 

and [CeOH(ACO)n=3,4]2+ cation[100]) may contribute to the phenomenon, however the very 

large differences in the different photo-fragmentation channels suggests that there may be 

another factor at work, such as promotion to an excited state electronic configuration, which 

would be energetically feasible. 
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Chapter III 

INFARED SPECTROSCOPY of DIOXOURANIUM (V) COMPLEXES with 

SOLVENT MOLECULES:  EFFECT of REDUCTION 

 

3.0 INTRODUCTION 

Accurate prediction of structure and reactivity of actinide complexes represents one of 

the frontiers of theoretical chemistry.[105,106]  The advance of computational chemistry in 

accommodating calculations of f-element complexes and clusters has been remarkable,[107-110] 

and yet the large numbers of electrons involved, the complexity of the electronic structure, 

relativistic effects, and the possibility of spin-orbit coupling combine to challenge current 

computational strategies.[108,109]  This challenge takes on added significance because of the 

need to design and synthesize next-generation complexing agents capable of functioning in 

advanced separations processes,[111-116] an area in which theoretical chemistry plays an 

important role. 

One of the general objectives is to develop a detailed understanding of what occurs when 

solvent molecules attach to metal centres, both in terms of binding strength, type of bonding and 

influence on other ligands.  Using a trapped-ion mass spectrometer (TrIMS) is an attractive 

approach for examining these phenomena, because it enables single species to be studied as 

solvent molecules are added.  For example I had previously studied how dioxouranium species 

added water, acetone, nitriles and dioxygen.[117,118]  But the limitation of a TrIMS approach is 



46 

 

that only mass-to-charge values are measured, and structure must be inferred from chemical 

intuition or from theoretical chemistry. 

Recently, it has been shown that TrIMS can be combined with infrared multiple photon 

dissociation (IRMPD) spectroscopy to determine the structures of f-element complexes.[119-

121]  In this technique, discrete metal-ligand species are formed and isolated in explicitly 

defined solvation states.  These complexes are irradiated using a high intensity free electron 

laser, which is tuneable through the mid-infrared wavelength range.  The complexes absorb tens 

to > 100 photons when the wavelength of the laser is in resonance with a fundamental, and the 

energy deposited is randomized within the complex by internal vibrational energy redistribution.  

The energized complexes can then dissociate, most commonly by elimination of a neutral solvent 

molecule, concurrently producing a fragment ion.[123-132]  An IRMPD spectrum is generated 

by recording photofragment peak intensities as a function of wavelength, and these spectra have 

been shown to bear close resemblance to direct absorption spectra.[122]  

Actinide complexes containing the uranyl molecule [UO2]2+ are a nearly ideal system for 

IRMPD study because the asymmetric stretch () of the linear O=U=O moiety is sensitive to 

equatorial coordination.  Donation of electron density to the uranium metal centre causes 

repulsion of the axial oxo ligands that is observable as a red shift in the IRMPD spectrum.  

Promotion of an electron into an excited state also reduces the  frequency.[106]  My previous 

studies showed that  was shifted to lower values by a) increasing the number of equatorial 

ligands, or b) increasing the nucleophilicity of the ligands.[119,121]   The frequency values for 

solvent-ligated [UO2]2+ and [UO2(anion)]+ complexes approached those measured in 

solution,[133,134] but were in general slightly higher.  This difference was interpreted in terms 

of additional solution-phase interactions that were not occurring in the gas phase, i.e., additional 
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equatorially-bound ligands[135,136] or interaction of acids with the axial oxo ligands.[137]  The 

experimental values for the uranyl complexes were also compared with those generated using 

density functional theory (DFT) methods.[138-140]  In general, the computational accuracy was 

very good, within a few, or at most 20 cm-1 of the measurements.[119,121,122]  

The influence of e--donating neutrals and anions on the uranyl  frequency motivated 

interest in the effect of formal reduction of the uranium atom.  Addition of an e- represents the 

ultimate in contribution of e- density to the metal centre.  Complexes containing [UO2]+ (a U(V) 

species, formally 5f1) have been difficult to study because of the tendency to undergo 

disproportionation and oxidation in solution.[141]  Mizuoka and Ikeda showed that reduction 

significantly reduced uranyl stretching frequencies.[142,143]  Further back in time, Jones and 

Penneman measured the  value for [NpO2]2+ in a non-complexing perchlorate solution:[134]   

this 5f1 species was probably a penta-aquo complex, and it produced a  value of 969 cm-1, 

which was slightly higher than the value for the 5f0 value of 965 cm-1 measured for penta-aquo 

[UO2]2+.  Matrix isolation spectroscopy (MIS) has also been used effectively to study [UO2]+.  

MIS avoids problems with disproportionation and reduces the complexity of solvent interactions, 

because frequencies are measured in frozen noble gases.  A peak at 892.3 cm-1 measured using 

MIS was assigned to the  stretch of the [(UO2
+)(O2

-)] ion pair,[144] and further MIS studies 

produced [UO2]+  that were clearly altered by the solid noble gas environment.[145]  The  of 

[UO2(Ne)6]+ was measured at 980.1 cm-1, and pentavalent complexes with Ar, Kr and Xe were 

recorded at 952.3, 940.6, and 929.0 cm-1, respectively, indicating that the noble gases were 

forming coordination complexes with [UO2]+.[146]  These measurements provided an excellent 

opportunity for rigorous comparisons with the results of theoretical calculations;  for example, 

work by Majumdar indicated that for [U(V)O2]+, results using the hybrid B3LYP functional 
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produced the most accurate frequencies, although alternative methods could also be 

effectively.[147]  

Recently, I found that solvent complexes of the reduced uranyl molecule ([UO2]+) can be 

readily formed by increasing the harshness of the electrospray ionization used to transit uranyl 

complexes from solution into the gas phase of a trapped ion mass spectrometer.  The presence of 

U(V) complexes was indicated by formation of ions having m/z values corresponding to the 

general formula [UO2(solvent)]+, that contrasted with m/z values for [UO2(solvent)n]2+ and 

[UO2(anion)]+ species (both U(VI)),[119,121] and strongly indicating the presence of the V state.  

This conclusion was bolstered by very different dioxygen reactivity of the [UO2(solvent)n]+ 

complexes, which was distinct from that of isoelectronic U(VI) species.[148]  The formation of 

the [UO2(solvent)]+ complexes offered the possibility of acquiring IRMPD spectra for these 

U(V) species.  The spectra enabled comparisons with an initial set of frequency calculations that 

were performed using functional-basis set combinations that had previously been shown to be 

effective for heavy element coordination complexes.  In this study I report measured and 

calculated frequencies for [UO2]+ ligated with a single solvent molecule, either H2O, MeOH, 

EtOH or n-PrOH. 

 

3.1 RESULTS and DISCUSSION 

3.1.1 IRMPD Measurements 

Electrospray ionization of solutions of uranyl nitrate containing various solvent 

molecules produced a variety of complexes depending on the conditions of the ESI source.  
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When the desolvation gas temperatures were kept low, the abundant ions in the ESI spectrum 

were uranyl complexes that were extensively solvated with either acetone and or acetonitrile, and 

had general compositions that corresponded to [UO2(neutral)n]2+ where n = 4 or 5.  When the 

desolvation gas temperature of the ESI source was raised slightly above ambient, the dominant 

species in the positive ion mass spectrum were [UO2(anion)(neutral)n]+, where n = 1-2.   Raising 

the desolvation temperature to about 50oC resulted in observation of mainly [UO2(solvent)]+ 

species, in which the metal atom is in the V oxidation state.[148]   The observation of the 

[UO2(solvent)]+ complexes was key to this IRMPD study, because while unligated [UO2]+ was 

formed, the oxygen ligands are very tightly bound, making it impossible to photodissociate the 

bare [UO2]+ under the irradiation conditions employed here.  For a tightly bound molecule like  

 [UO2]+, employing a 

“tagging” strategy that utilizes a 

weakly bound neutral is effective for  

measuring the vibrational 

frequencies.[123,149,150]  Infrared 

absorption leads to the detachment  

 of the weakly bound neutral 

by photofragmentation (Scheme 3). 

 

Table 6.  O=U=O asymmetric stretching frequencies for (U(V)) species 
[UO2(ROH)]+, compared with values for analogous U(VI) ion pair species 
having formulae [UO2(RO)]+ and [UO2(RO)(H2O)]+.  The U(VI) values have 
been reported in a prior publication.[17]  

U(V) Species 

UO2 
asym 
freq,  
cm-1 

U(VI) 
alkoxide 
species 

UO2 
asym 
freq.,  
cm-1 

Hydrated U(VI) 
oxide species 

UO2 
asym. 
freq.,  
cm-1 

[UO2(H2O)]+ 952 [UO2(OH)]+ 971 [UO2(OMe)(H2O)
]+ 970 

[UO2(MeOH)]
+ 945 [UO2(OMe)

]+ 966 [UO2(OH)(H2O)]+ 983 

[UO2(EtOH)]+ 948 [UO2(OEt)]+ [a] [UO2(OAc)(H2O)
]+ 993 

[UO2(PrOH)]+ 944 [UO2(OPr)]+ 964   

[a] value has not been measured. 
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Scheme 3. IRMPD elimination of ROH from [UO2(ROH)]+ complexes. 

In the case of the n-propanol complexes, a competing photofragmentation was observed 

in which the alcohol underwent rearrangement followed by loss of propene (Scheme 4).  The 

formation of [UO2(H2O)]+ by this elimination reaction provided the opportunity to examine the 

IRMPD spectrum of the mono-aquo 

complex.  In these experiments, the 

elimination of propene was accomplished 

by collision induced dissociation of the 

propanol complex, followed by isolation of 

[UO2(H2O)]+ for subsequent IRMPD. 

 

 

 

 

Table 7.  O=U=O asymmetric stretching frequencies (cm-1) 
measured for (U(V)) species [UO2(ROH)]+ using IRMPD, compared 
with calculated frequencies. 

 
Experi-
mental 
  

Theoretical   

Complex IRMP
D 

LDA/ 
DSP
P/ 
DNP 

B3LYP/ 
LANL2dz/ 
aug-cc-
pVDZ 

PBE/ 
ZORA/ 
TZ2P 

PBE/ 
SDD/ 
TZVP 

[UO2(H2O)]+ 952 970 954 960 961 

[UO2(MeOH
)]+ 945 963 949 947 952 

[UO2(EtOH)
]+ 948 957 944 [a] 948 

[UO2(PrOH)
]+ 945 944 945 [a] 949 

[a] values not calculated. 
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Scheme 4. IRMPD elimination of propene from [UO2(n-C3H7OH)]+ complexes. 

The salient figure of merit was the asymmetric O=U=O stretching frequency , which 

appeared in the IRMPD spectra of all four complexes (Table 6, Figure 11).  The frequency 

maxima values for all four complexes were generated by fitting a Gaussian curve through the 

data.  The  values for the four complexes fell over a very small frequency range of only 7 cm-1; 

the peak for the H2O complex was distinctively higher compared to those for the three alcohol 

complexes, which were within 4 cm-1 of each other.  I believe that these small frequency 

differences are near, or at the limit of what can be distinguished using FELIX, although the 

precision of the  measurements has not been rigorously established and because beam time is 

scarce and spectral acquisition requires two to four hours.  Together these factors militate against 

replicate acquisitions.  However the ordering of  for these four complexes is likely correct.  

This inferred from prior measurements of  for [UO2(acetone)n(acetonitrile)m]2+ complexes.[114]  

In two sets of complexes (n + m = 3, 4) substitution of the more nucleophilic acetone for the less 

nucleophilic acetonitrile always resulted in a red shift, the smallest of which was 3 cm-1.  This 

was exactly what should occur, and indicated that differences of only a few cm-1 can be 

accurately distinguished.  This suggests that in the present case, the relative order of the  for the  
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complexes follows the order n-PrOH < MeOH < EtOH < H2O (as shown in Figure 11).  

The signal-to-noise for the n-PrOH and EtOH complexes was excellent, lending a high level of 

confidence to these measurements.  The peak for the MeOH complex was a bit noisier, but 

nevertheless the sides of the peak, and its centroid were slightly lower than those of the EtOH  

complex, and were nearly as low as the n-PrOH complex. 

 

Figure 11. IRMPD spectra of the asymmetric O=U=O stretch for isolated [UO2(ROH)]+ 

complexes. 

The order of the  for the complexes was surprising, because uranyl frequencies are 

generally shifted to lower values as the donation of electron density from the ligands 

increases.[119-122]   A priori, it was expected that stronger nucleophilic ligands would shift 

progressively to lower uranyl  frequencies, following the general order [UO2(PrOH)]+ < 

[UO2(EtOH)]+ < [UO2(MeOH)]+ < [UO2(H2O)]+, which is the inverse of the order of their proton 

affinities (PA).[153]  I compared the red shifts caused by the solvents with PA values because 
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experimental binding energy data for the UO2
+-solvent species are not available, and PAs have 

been shown to follow the same trend as alkali cation nucleophilicities.[152]  The inverse 

correlation between ligand PAs and uranyl  values was seen in the prior IRMPD measurements 

of the uranyl dication ligated with acetonitrile and acetone:  the latter has a PA that is 7.8 

kcal/mol higher,[151] and substitution of acetone for acetonitrile results in a red shift of the  by 

~ 3 – 7 cm-1.[119]  A similar correlation is partially observed in the [UO2(ROH)]+ complexes 

(Figure 12):  compared to H2O, EtOH has a PA that is 20.6 kcal/mol higher, and a  shifted by 4 

cm-1.  Similarly, n-PrOH has a PA that is 2.4 kcal/mole higher than that of EtOH, and a  shifted 

another 4 cm-1.  The exception to the trend is MeOH, which has a PA that is 7.7 kcal/mol less 

than that of n-PrOH, but a  that is about the same.  I  believe that this inconsistency is 

reconciled by overlapping vibrational modes, as suggested by DFT calculations described below. 

The [UO2(ROH)]+ complexes are close U(V) analogues to corresponding U(VI) 

complexes [UO2(RO)]+, where the anion RO- is the deprotonated form of the ROH solvent 

ligands.  Values for [UO2OMe]+ and [UO2OH]+ have been measured in a previous study,[121]  

as such was able to measure the IRMPD of [UO2(n-PrO)]+ via its photoelimination of C3H6, 

which peaked at 963.5 cm-1.  In general, moving from the uranyl alkoxide cations to the 

analogous [U(V)O2(ROH)]+ species results in red shifts on the order of 18 to 21 cm-1, which 

arise from a combination of the opposing effects of replacing the alkoxide with the alcohol 

(shifting  the blue) and the formal reduction of the U centre (shifting  further to the red).  

Interestingly, the trend for the anion complexes was opposite that of the neutrals, in that the 

weakest conjugate base[153] n-PrO- produced the largest  shift, while conversely the strongest 

OH- produced the smallest shift (Figure 12). 
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Table 8.  O=U=O asymmetric stretching frequencies (, cm-1) 
measured for (U(V)) species [UO2(ROH)]+ using IRMPD, compared 
with calculated binding energies (kcal/mol). 

 
Experi-
mental 
 

calculated binding energy, kcal/mol 

Complex IRMP
D 

B3LYP/ 
LANL2dz/ 
aug-cc-
pVDZ 

PBE/ 
ZORA/ 
TZ2P 

PBE/ 
SDD/ 
TZVP 

[UO2(H2O)]+ 952 33.4 41.3 36.6 

[UO2(MeOH
)]+ 945 41.1 42.9 40.7 

[UO2(EtOH)
]+ 948 42.7 [a] 43.3 

[UO2(PrOH)
]+ 945 44.0 [a] 44.1 

[a] Values not calculated 

Prior measurements of the  values for hydrated complexes of U(VI) species having the 

general composition [UO2(anion)(H2O)]+ enabled comparisons of different anions[121] versus 

the electron present at the U centre in the [UO2(H2O)]+ complex.  This showed that compared to 

[UO2(anion)(H2O)]+ complexes with either OAc-, OH-, or MeO- anions, the  for the 

[UO2(H2O)]+ complex was significantly shifted to lower frequency, and that the magnitude of the 

red shift followed the order OAc- < OH- < OMe- < e-. 
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Figure 12. Comparison of  measured for [U(V)O2(ROH)]+ complexes (diamonds) compared 

with analogous [U(VI)O2(RO)]+ complexes (triangles).  Values are plotted versus proton 

affinities for the neutral alcohols and the analogous alkoxides.[151]  

3.1.2 DFT Calculations 

Initial density functional theory calculations were conducted using LDA/DSPP/DNP, 

which in past studies of U(VI)O2
2+ complexes (f0 systems) with varying anionic ligands have 

produced good agreement with  trends.[121,122]  The potential drawbacks to the approach are 

that the DNP basis does not employ diffuse functions, and hence could have difficulties in 

adequately describing electron-rich complexes or complexes with crowded inner coordination 

spheres.  In these studies, the LDA-calculated  for the [UO2(PrOH)]+ complex was in near-

perfect agreement with IRMPD (Table 7); however, values calculated for the other three 

complexes were higher than the measurements, by as much as 18 cm-1 in the case of the H2O 

complex.  Furthermore LDA over-predicted the shift () upon substitution of ligands having 
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differing nucleophilicities.  The LDA calculations predicted that the uranyl  frequencies should 

be red shifted and that the magnitude of the shifts should increase following the order 

[UO2(PrOH)]+ > [UO2(EtOH)]+ > [UO2(MeOH)]+ > [UO2(H2O)]+, which is in line with the 

outcome of the B3LYP and PBE calculations. 

Better agreement was achieved performing calculations using the hybrid B3LYP 

functional particularly using the LANL2dz ECP and aug-cc-pVDZ basis set (Table 7): the 

calculated  values were all within four cm-1 of the IRMPD measurements, with  being five 

cm-1 on going from H2O to MeOH, and MeOH to EtOH.  Surprisingly the calculated  value for 

the n-PrOH complex was slightly higher than that for EtOH, even though propanol was expected 

(and calculated) to bind more strongly (Table 8, and crossed data points in Figure 13). 

The B3LYP calculations were checked against values generated using the PBE 

functional, employing two different approaches with respect to the basis set and the treatment of 

the core electrons.  Employing the SDD/TZVP basis set  values were within nine cm-1 of the 

IRMPD measurements, and had  values that were nine and four cm-1 on going from H2O to 

MeOH and MeOH to EtOH, respectively.  The PBE/SDD/TZVP  values followed the same 

trend, including a value for the n-PrOH complex that was slightly higher than that for the EtOH 

complex.  Comparison of the PBE/SDD/TZVP calculations for the [UO2(ROH)]+ complexes 

with the analogous isoelectronic U(VI) alkoxide species [UO2(OR)]+ showed a red shift upon 

reduction of the uranium metal centre that was on the order of 20 cm-1, in good agreement with 

the IRMPD data (see Table 6). 

Calculations using PBE/ZORA/TZ2P employ a different approach for handling the core 

electrons, and produced similar values for the H2O and MeOH complexes to those generated 
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using PBE/SDD/TZVP.  The  on substituting MeOH for H2O was 13 cm-1, greater than that 

calculated using the other methods.  I was unsuccessful in finding the minimum energy 

structures for the EtOH and n-PrOH complexes using the ZORA/TZ2P basis  

As in the case of the IRMPD data, the  values calculated using both 

B3LYP/LANL2dz/aug-cc-pVDZ and PBE/SDD/TZVP were within a few cm-1 of one another 

for the three alcohol complexes.  This suggested that alterations to the hydrocarbon chain are not 

significantly affecting the interaction of the hydroxy functional group with the [UO2]+ centre, a 

conclusion that is consistent with the relative binding energies calculated for the complexes.  The 

calculated binding energies became stronger following the expected order H2O < MeOH < EtOH 

< n-PrOH (Table 8).  These values and their order are very similar to those measured for Li+ 

[152] indicating that like Li+, [UO2]+ behaves as a hard cation, functioning as an aggressive 

Lewis acid.  The largest increase in binding energies occurs on going from H2O and MeOH, with 

smaller changes on going to EtOH and n-PrOH, which is consistent with the general pattern of 

the  measurements. 
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Figure 13.  Uranyl  calculated using DFT methods plotted versus calculated binding energies. 

The fact that the DFT functionals predict a trend of decreasing uranyl  with increasing 

binding energy and or PA focused my attention on why the MeOH is ‘out of order’ in the 

IRMPD measurements, i.e., the  for [UO2(MeOH)]+ should be greater than that for the EtOH 

complex, but less than that of the H2O complex.  One explanation is that in the cases of both the 

EtOH and MeOH complexes lower intensity vibrational modes of the ligands are overlapped 

with the uranyl  altering its apparent frequency maxima in the IRMPD measurement.  The 

PBE/SDD/TZVP calculations revealed a C-O stretch at 924 cm-1 for the MeOH complex, and 

overlapped C-C and C-O stretches with a C-H wag centred at 968 cm-1 for the EtOH complex.  

These peaks, which would not be expected to be resolved from the asymmetric uranyl 

fundamental, might shift the apparent uranyl  [UO2(MeOH)]+ (expected at 952 cm-1) to a lower 

value, and the  [UO2(EtOH)]+ to a higher value.  Vibrational modes were calculated for the n-

PrOH complex that were similar to those of the EtOH complex, but that the predicted values 

were well to the red of the , and the H2O complex does not have these vibrations, and thus 
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neither the n-PrOH nor the H2O complexes should be affected.  When I convolved the predicted 

ligand vibrational frequencies with the uranyl , the position of the maxima for the MeOH 

complex was unchanged at 952 cm-1, while that of the EtOH complex was slightly shifted to the 

blue (coincidently also to 952 cm-1).  Therefore the frequency maxima of the MeOH complex is 

not likely to be influenced by ligand vibrational modes, and the experimental trend  values is 

not yet accounted for by my modelling. 

In linear symmetry the unpaired electron of [UO2]+ calculations will reside in either an f 

orbitals or an f  orbital.  Based on experience from previous work that indicated the f 

occupancy would yield the most stable states,[105,153] I chose to force the occupancy to the f  

configuration, which resulted  value of 991 cm-1 for unligated [UO2]+ in the PBE/ZORA/TZ2P 

calculation.  Addition of a ligand breaks the symmetry, reducing it to C2V in the case of the water 

complex [UO2(H2O)]+.  The two 5f orbitals go in the a1 and b1 irreps, while the 5 f orbitals 

become a a2 and a b2 orbital.  The configuration with an electron in the lowest a1 orbital had a  

equal to 960 cm-1, within 8 cm-1 of the IRMPD measurement.  In the Cs symmetry that is 

applicable for ligation with methanol, [UO2(MeOH)]+, the f and f orbitals are in principle able 

to mix but population analysis indicates that the f  orbital contribution is rather weak.  The 

resulting  is 947 cm-1.  With ADF the attempts to calculate structures for the EtOH and n-PrOH 

complexes using PBE/ZORA/TZ2P were unsuccessful. 

The structures generated by the DFT calculations for the [UO2(ROH)]+ complexes 

display substantial similarity, as indicated in Figure 14, and Table 7.  All calculations indicated a 

nearly linear O=U=O moiety, contrasting with the [U(VI)O2(anion)]+ complexes in which 

attachment of an anion to the uranyl metal centre caused perturbation of the linear O-U-O angle 
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(to ~ 170o).[121]  The comparison suggested that the perturbation seen in the [U(VI)O2(anion)]+ 

complexes is largely counteracted by the non-bonding electron at the uranium metal centre in the 

[U(V)O2(solvent)]+ complexes. 

       

Figure 14. Structures calculated for [UO2(H2O)]+ (left) and [UO2(n-PrOH)]+ (right), using 

PBE/SDD/TZVP. 

The calculations showed that the rO=U distances lengthened, and rU-OHR shortened as the 

ligand changed from H2O to MeOH to EtOH to n-PrOH (Table 7).  This was consistent with the 

trends calculated for the uranyl  and binding energies. 

Structures generated using the PBE/SDD/TZVP approach indicated that the ROH ligands 

aligned in a parallel fashion with the O=U=O moiety, as shown in Figure 14 for the H2O and n-

PrOH complexes.  The O=U-O-C dihedral angles in the alcohol complexes were < 4o in most 

calculations.  Generally, the H atom attached to the -carbon adopted a position proximate to the 

uranyl oxygen (~ 2.8 A), suggesting that a weak interaction may be in part responsible for this 

conformation.  For the B3LYP and LDA calculations, the orientation of the carbon atoms in the 

larger alcohols was closer to the equatorial plane. 
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3.2 Conclusion 

Recent spectroscopic investigations of discrete uranyl coordination complexes isolated in 

the vacuum environment of a trapped ion mass spectrometer have resulted in IR spectra that are 

highly diagnostic for complex structure, and enable direct comparisons with computational 

results without having to account for solvent influence.  However the frontier lies in 

investigations of actinide complexes containing multiple non-bonding f electrons in the valence 

shell.  These complexes promise to display a much more diverse array of chemistry, and thus 

provide a challenge for computational methods.  Therefore spectroscopic measurements on 

discrete complexes containing non-bonding f electrons are needed in order to facilitate improved 

understanding of bonding and to assist in benchmarking calculations.  The present study reports 

IR frequencies of the antisymmetric UO2 stretch (of discrete [U(V)O2]+ solvent complexes 

involving H2O, MeOH, EtOH and n-PrOH.  The  show red shifting of about 20 cm-1 compared 

to  of analogous isoelectronic [UO2]2+ complexes (U(VI) species but containing no non-

bonding f electrons).  The  for the U(V) species are comparable to those recently reported for 

uranyl (U(VI)) ligated with three anions.[122]  

Differences seen in comparing the  for the four complexes were small, indicating that 

altering the alkyl group does not significantly affect the metal centre.  In comparing the four 

different complexes, a subtle trend observed in comparing the  was one of decreasing values 

with increasing ligand nucleophilicities.  However the value for the MeOH-containing complex 

was out of order, as low as that of n-PrOH.  Frequencies calculated using different DFT methods 

were in good general agreement with IRMPD, and each computational approach predicted 

decreasing uranyl  with increasing ligand PA.  Best agreement was achieved using 
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B3LYP/LANL2dz/aug-cc-pVDZ, a conclusion similar to that reported by Majumdar.[142]  

However none of the approaches reproduced the subtleties of the experimental (IRMPD) trend of 

uranyl  frequencies related to the relative position of the MeOH and EtOH complexes.  It may 

be that studies of f1 complexes containing a ligand series with a more pronounced range of 

nucleophilicities would provide a better platform against which DFT approaches can be 

evaluated, and these will be emphasized in future work. 

 

3.3 Experimental Section 

IRMPD spectra were collected at the Free Electron Laser for Infrared eXperiments 

(FELIX) facility, located at the FOM Instituut voor Plasmafysica ‘Rijnhuizen’ (Nieuwegein, The 

Netherlands).[128]  The free electron laser is interfaced to a Fourier transform ion cyclotron 

resonance (FT-ICR) mass spectrometer.[127]  

Generation of Uranyl Complexes by Electrospray Ionization  Fourier Transform Ion 

Cyclotron Resonance Mass Spectrometry (ESI-FTICR-MS).[126,127,131]   An ESI source (Z-

spray, Micromass, Manchester, U.K.) operated at ~3 kV  was used to generate singly-charged 

complexes of [UO2]+ that contained one solvent molecule.[117,154]  A 1 millimolar solution of 

uranyl nitrate (Fluka/Sigma-Aldrich, St. Louis, MO, USA) in water was used to produce the 

uranyl complexes that were accumulated for between 500 and 1000 ms in a hexapole ion trap, 

prior to being gated into the FT-ICR-MS.  The mass spectra were sensitive to the temperature of 

the N2 desolvation gas used in the ESI source.[117]  The desolvation temperature was controlled 

by a heater and thermocouple at 52oC;  note that when lower temperatures were used, U(VI) 
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complexes were formed.[119,121]  The oxidation state was also sensitive to the extraction 

voltage applied to the sampling cone, and this was tuned to maximize formation of the U(V) 

species on an as-needed basis.  The flow rates of the spray solution and the desolvation gas were 

maintained at 25 l min-1 and 30 L min-1, respectively.  Complexes selected for IRMPD 

interrogation were isolated using a stored waveform inverse Fourier transform (SWIFT) 

pulse,[155] which ejected all species except those having the desired mass. 

Infrared Multiphoton Dissociation (IRMPD).  Isolated ionic complexes were irradiated 

using two FELIX macropulses, which induced elimination of a solvent molecule from the 

complex when the incident wavelength matched an absorption band.  The IRMPD mechanism 

has been described in detail elsewhere.[156]  Briefly, it involves sequential, non-coherent 

absorption of many (tens to hundreds) infrared photons, with each photon being “relaxed” by 

intramolecular vibrational redistribution before the next one is absorbed.  In this way, the internal 

vibrational energy of the molecule can be resonantly increased above the dissociation threshold, 

resulting in fragmentation.  It has been shown that the infrared spectra obtained are comparable 

to those obtained using linear absorption techniques.[131,132]  FELIX was scanned between ~ 

9.8 – 11.2 μm in increments < 0.04 µm, after which IRMPD product ions and un-dissociated 

precursor ions were measured using the excite/detect sequence of the FT-ICR-MS.[157,158]  

The IRMPD efficiency was then expressed as –log(1-(summed fragment ion yield)), corrected 

for the width of the acquisition channels and linearly normalized to correct for variations in 

FELIX power over the spectral range.  The spectra of all four complexes were acquired in a 

single shift, to maintain calibration consistency. 
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Density Functional Theory (DFT) Structure and Frequency Calculations.  DFT 

calculations of structures and harmonic frequencies were performed with the DMol3 [159,160], 

NWChem[161], and ADF2006.01[163] suite of programs.  Different combinations of 

functionals, basis sets, and relativistic treatments were employed in efforts to derive a consistent 

view of the IRMPD phenomena measured in the context of complex structure and dissociation 

behaviour. 

(1) In DMol3 the local density approximation (LDA) with the Vosko, Wilk and Nusair 

(VWN) parameterization[164,165] was employed using the so-called density functional semicore 

pseudopotential (DSPP).[166]   This accounts for scalar relativistic effects and includes 60 

electrons in the uranium core (comparable to Stuttgart/Dresden small core ECPs).  Polarized 

numerical basis sets (DNP) for the active electrons. 

(2) In NWChem the hybrid B3LYP functional[167,168] was used, with uranium 

described using the LANL2dz ECP and orbital basis set.[169]  Other atoms in the complexes (O, 

C, and H) were described using the aug-cc-pVDZ orbital basis sets.[170]  Calculations were also 

performed using the PBE functional[171,172] (a generalized gradient approximation). In these 

calculations, the MWB60 ECP and basis set (SDD/TZVP)[172,176] was used, which features 

Stuttgart/Dresden effective core potentials.  A very fine grid and very tight convergence criteria 

for both energy and geometry optimization were used throughout the calculations with 

NWChem.  For DFT energy convergence was set to 1.0d-8, and an xfine grid was used. 

(3)  In ADF2006.01 the scalar relativistic ZORA[177] Hamiltonian combined with the 

TZ2P type basis set was applied within the framework of unrestricted DFT, the PBE functional 
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and a frozen core including the 5d, which means 78 electrons.  Vibrational frequencies were 

calculated analytically. 



66 

 

Chapter IV 

IRMPD SPECTROSCOPY b2 IONS FROM PROTONATED TRIPEPTIDES 
WITH 4-AMINOMETHYL BENZOIC ACID RESIDUES 

 

4.0 INTRODUCTION 

Within the domain of proteomics, tandem mass spectrometry (MS/MS) and collision-

induced dissociation (CID) are two of the most important tools used for peptide and protein 

identification.[178,179]  Sequencing, whether done by comparison to established fragmentation 

patterns for peptides, or by using bioinformatics approaches that utilize sequencing programs, is 

dependent, in part, on product ion distributions generated by CID.[180]  For this reason, a clear 

understanding of peptide fragmentation mechanisms, energetics and dynamics is necessary. 

 Using low-energy collision induced dissociation (CID), fragmentation of protonated 

peptides traditionally involves charge (proton) mediated reactions, in which cleavage of amide 

bonds leads to generation of b, y, and a ions that reveal sequence.[182,183]  Development of the 

mobile proton model[184,185] of peptide fragmentation, and related amide bond cleavage 

pathways[178-180,186-191], has been focused primarily on proton mobilization. The pathways 

in competition (PIC) fragmentation model[191] uses the mobile proton model as a foundation for 

understanding, but takes into account the structures and reactivity of key reactive configurations 

and primary fragments as well as transition states and their energies. 

There is a great deal of evidence that N-terminal bn type fragment ions have structures 

that include, at least in part, C-terminal oxazolone rings[186,192] and retain much of the primary 

sequence of the precursor peptide ion, though more recent experiments[193-198] strongly 
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suggest that a macro-cyclic b ion isomer, or intermediate, can arise through cyclization of the 

linear, oxazolone-terminated b ions.  These macrocyclic species can then open at different amide 

bonds to regain a linear, oxazolone terminated structure and appear to be more prevalent for b4 

and larger ions. 

In a prior study, the examination of the potential influence of the presence and position of 

a single -alanine (A), -aminobutyric acid (Abu), -aminocaproic acid (Cap) or 4-

aminomethylbenzoic acid (AMBz) residue on the tendency to form bn - and yn -type product 

ions, using a group of protonated tetrapeptides with general sequence XAAG, AXAG and 

AAXG (where X refers to the position of amino acid substitution). [193]  My working hypothesis 

was that the ‘alternative’ amino acids would influence product ion signal intensities by inhibiting 

or suppressing either the nucleophilic attack or key proton transfer steps by forcing the adoption 

of large cyclic intermediates or blocking cyclization altogether.   For example, bA and gAbu 

would force cyclization and/or intramolecular nucleophilic attack to proceed through 6 and 7 

member rings that are kinetically and entropically less favored than the 5-member ring involved 

in formation of an oxazolone.  The AMBz residue prevents cyclization and attack because of the 

rigid aromatic ring.  Indeed, it was discovered that specific b ions were greatly diminished when 

A, Abu residues are positioned such that they should interfere with the intramolecular 

nucleophilic attack step.  The same b ions were eliminated when Cap and AMBz were placed in 

the same sequence positions. 

Preliminary CID experiments performed using tripeptides (Figure 15) that included 

AMBz showed that alanine-AMBz-glycine, A(AMBz)G, generated an intense b2 ion, despite the 

fact that formation of this species should have been inhibited by inclusion of the aromatic ring 
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along the peptide backbone.  A b2 ion of similar intensity was observed for alanine-alanine-

glycine, AAG, and AMBz-alanine-glycine (AMBz)AG; peptides for which the “oxazolone” 

pathway should generate the conventional b-type ion with the 5-member ring heterocycle at the 

C-terminus.  In the present study, tandem mass spectrometry, infrared multiple photon 

dissociation (IRMPD) and density functional theory (DFT) calculations were used to investigate 

further the formation of b2
+, and in particular to determine the structures of protonated 

A(AMBz)G and (AMBz)AG, and the b2 ions generated from both peptides. 

 

Figure 15 Tripeptides used for CID  
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4.1.0 EXPERIMENTAL METHODS 

4.1.1 Peptide Synthesis and Preparation 

All model peptides were prepared using conventional solid-phase synthesis 

techniques[199] employing conventional coupling reagents, 9-fluorenylmethoxycarbonyl (Fmoc) 

amino acids and Fmoc-glycine loaded Wang resin and a custom-built, multiple reaction vessel 

peptide synthesis apparatus.  All materials were purchased from (Thermo) Fisher Scientific 

(Pittsburgh, PA) and used as received.  Solutions of each peptide were prepared by dissolving the 

appropriate amount of solid material in a 1:1 (V:V) mixture of HPLC grade MeOH (Aldrich 

Chemical, St. Louis MO) and deionized H2O to produce final concentrations of 10-5 - 10-4 M. 

 

4.1.2 Ion Trap Mass Spectrometry Experiments 

 Collection of all ESI mass spectra was performed utilizing a Finnigan LCQ-Deca ion-trap 

mass spectrometer (ThermoFinnigan, San Jose, CA, USA).  Each of the peptide solutions were 

infused into the ESI-MS instrument using the incorporated syringe pump at a flow rate of 5 

l/min.  The atmospheric pressure ionization stack settings for the LCQ (lens voltages, 

quadrupole and octapole voltage offsets, etc.) were optimized for maximum (M+H)+ 

transmission to the ion trap mass analyzer by using the auto-tune routine within the LCQ Tune 

program.  Helium was used as the bath/buffer gas to improve trapping efficiency and as the 

collision gas for CID experiments. 
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 The (M+H)+ ions were isolated for the initial CID stage (MS/MS) using an isolation 

width of 1.2 to 1.8 mass to charge (m/z) units.  Product ions selected for subsequent CID (MS3 

experiments) were isolated using widths of 1.2 - 1.5 m/z units.  For each stage, the width was 

chosen empirically to produce the best compromise between high precursor ion intensity and 

ability to isolate a single isotopic peak.  The (mass) normalized collision energy (as defined by 

Thermo) was set between 20 and 25%, which corresponds the application of roughly 0.55 - 0.68 

V tickle voltage to the end cap electrodes with the current instrument calibration.  The activation 

Q, which defines the frequency of the applied R.F. potential, was set at 0.30.  In all cases, the 

activation time employed was 30 msec.  Spectra displayed represent the accumulation and 

averaging of at least 30 isolation, dissociation and ejection/detection steps. 

 

4.1.3 ESI FT-ICR mass spectrometry 

Previously established methods were used for generation of ions and the subsequent 

collection of IRMPD spectra.[200-204]  Briefly ESI was performed using a Micromass Z-Spray 

source.  Ions were injected into a home-built Fourier transform ion cyclotron resonance (FT-

ICR) mass spectrometer described in detail elsewhere.[205]  Instrument operating parameters, 

such as desolvation temperature, cone voltage, and ion accumulation and transfer optics voltages, 

were optimized to maximize formation of (M+H)+ ions, or b2 ions generated by in-source CID, 

and transfer of the species to the ICR cell.  Dry nitrogen (~80ºC) was used to assist in the 

desolvation process.  Ions were accumulated for the duration of the previous FT-ICR cycle 

(approximately 5 s) in an external hexapole and injected into the ICR cell via a quadrupole 

deflector and an octapole RF ion guide. 
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4.1.4 Infrared Multiple Photon Dissociation (IRMPD) 

Infrared spectra were recorded by measuring the photodissociation yield as a function of 

photon wavelength.  Precursor ions were irradiated using two FELIX macropulses (35 mJ per 

macropulse, 5 µs pulse duration, FWHM bandwidth ~0.5% of central λ).  In the IRMPD process, 

a photon is absorbed when the laser frequency matches a vibrational mode of the gas-phase ion 

and its energy is subsequently distributed over all vibrational modes by intramolecular 

vibrational redistribution (IVR).  The IVR process allows the energy of each photon to be 

dissipated before the ion absorbs another, which leads to promotion of ion internal energy toward 

the dissociation threshold via multiple photon absorption.[206]  It is important to note that 

infrared spectra obtained using IRMPD are comparable to those collected using linear absorption 

techniques.[207,208]  For the current experiments, the free electron laser wavelength was tuned 

between 6.25 and 11.2 µm in 0.04 to 0.1 µm increments.  The intensity of product and un-

dissociated precursor ions was measured using the excite/detect sequence of the FT-ICR-MS 

after each IRMPD step.  The IRMPD yield was normalized to the total ion current, and linearly 

corrected for variations in laser power across the wavelength range scanned. 

 

4.1.5 DFT Geometry and Frequency Calculations 

All DFT calculations were performed using the Gaussian 03 group of programs.[209]  

Full geometry optimizations for protonated AAMBzG, AMBzAG and various b2 species were 

initiated using the hybrid B3LYP functional, 3-21G* basis set on all atoms.  Using the minima 
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indentified at this level of theory, relaxed scans were performed of dihedral angles along the 

backbone to continue the search for alternative structures.  The range of minima identified for all 

four ions were then re-optimized using the same functional and the 6-31+G(d,p) and 6-

311+G(d,p) basis sets.  Relative energies were computed using electronic energies, corrected for 

zero-point energy, determined using the B3LYP functional, 6-311+G(d,p) basis set.  Vibrational 

frequencies for comparison to IRMPD spectra were also calculated at the same level of theory 

and scaled by a factor of 0.98.  This scaling factor was chosen empirically to produce a good 

correlation of peak positions in the experimental and theoretical IR spectra.[210,211] 

 

4.2.0 RESULTS AND DISCUSSION 

4.2.1 CID of AAG, AAMBzG and AMBzAG 

The CID spectra collected from protonated AAG, AAMBzG and AMBzAG are shown in 

figure 16.  For each peptide, b2 was the dominant product ion, appearing at m/z 143 for AAG and 

205 for AAMBzG and AMBzAG.  For AAMBzG (Figure 16), y2
+ was generated at m/z 209 

along with an ion at m/z 239 formed through the loss of CO and NH3 (net 45 mass unit, u).  The 

y2 ion is most likely generated along the so-called a/y pathway through elimination of imine and 

CO from the amino terminus of the peptide.  
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The a1/yn pathways is a charge-directed dissociation channel initiated by mobilization of 

the added proton to the nitrogen of the N-terminal amide bond.  Direct cleavage of the amide 

bond produces a trimer composed of a protonated imine (N-terminal fragment), truncated peptide 

and CO.  After loss of the weakly bonded CO, a proton-bound dimer of the N- and C-terminal 

fragments is formed.  Transfer of the proton to the peptide fragment furnishes the y ion. 

The generation of product ions that arise through elimination of CO and NH3 from the C-

terminus has been investigated in detail by Bythell et al using protonated alanine-glycine-glycine 

as a precursor.  Experiments revealed that the C-terminal amide bond is cleaved on the a1-y2 

pathway and formation of a proton-bound dimer of GG and MeCH=NH was proposed.  Among 

multiple possible reactions of the dimer, one involved rearrangement to expel NH3 and form 

[AGG+H-CO-NH3] ion.  Formation of [AGG+H-CO-NH3] was evaluated further using nitrogen-

15 labeling experiments and quantum chemical calculations.  A mechanism involving 

intermolecular nucleophilic attack and association of the GG and imine fragments, with 

subsequent loss of NH3, was found to be more energetically favorable than expulsion of 

ammonia in an SN2-type reaction. 

The b2 ion from AAG and (AMBz)AG can be formed via the oxazolone pathway as 

shown for the former in scheme 5.  There exists now a wealth of experimental (including 

IRMPD spectroscopy) and theoretical evidence for the generation of the oxazolone product from 

small peptides such as AGG, AAA and GGG .  The b2 ion from A(AMBz)G presumably cannot 

be generated via the mechanism shown in scheme 5 because the rigid aromatic ring prohibits the 

cyclization step and the intramolecular nucleophilic attack necessary to form the product ion.  As 

noted earlier, AMBz markedly attenuates, if not completely eliminates, those bn ions that 
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cleavage to the immediate C-terminal side of the residue.  In the present study, elimination of 75 

u from A(AMBz)G to furnish b2
+ probably instead involves direct cleavage of the C-terminal 

amide bond, as shown in scheme 6, to leave an acylium ion. 

In most cases, bn ions fragment through the elimination of CO to generate an ions.  The 

CID spectra generated at the MS3 stage (MS/MS/MS) for the b2
+ ions derived from AAG, 

A(AMBz)G and (AMBz)AG are shown in Figure 17.  For b2 from protonated AAG (Figure 17) 

and (AMBz)AG (Figure 17), elimination of CO to make a2
+ is the dominant pathway.  However, 

the b2 ion from A(AMBz)G fragments exclusively by elimination of NH3.  The mechanism by 

which NH3 is eliminated is not known.  Preliminary CID studies involving isotope labeled 

versions of the peptide show that the loss of NH3 shifts to NH2D when alanine with -CD3 is 

placed at the N-terminus.  This suggests that NH3 in general is eliminated by a pathway shown in 

scheme 6, in which the ultimate product ion is terminated with a vinyl group.  While the 

mechanism by which this ion is generated is perhaps worthy of independent study, the salient 

point is that the b2 ion derived from A(AMBz)G does not fragment in a fashion characteristic of 

oxazolones, consistent with the hypothesis that it adopts and alternative structure.  
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4.2.2 Structures predicted by DFT 

 The lowest-energy structures for protonated A(AMBz)G and the presumed acylium b2
+ 

product are shown in Figure 18.  In Figure 18, the relative energies of the three structural isomers 

of protonated A(AMBz)G are provided in units of kJ/mol.  The lowest energy structure for 

protonated A(AMBz)G, structure AAmbzG_p1, is protonated at the N-terminal amino group, 

with an intramolecular hydrogen bond to the O atom of the N-terminal amide group.  Structure 

AAmbzG_p2 is a “charge solvated” conformation, with protonation of the O atom of the C-

terminal amide group and intramolecular hydrogen bond to the C-terminal acid group.  A second 

intramolecular hydrogen bond is formed between the amino group and the H atom of the N-

terminal amide.  Structure AAmbzG_p2 is only 12.56 kJ/mol higher in energy than structure 

AAmbzG_p1.  A charge solvated structure in which the hydrogen bonding interaction instead 

involves the –OH group of the C-terminus was several tens of kJ/mol higher than AAmbzG_p2, 

and thus was not pursued further.  



78 

 

 

AAmbzG_P1 (0)

AAmbzG_P2 (+12.56 kJ/mol)

AAmbzG_P3 (+69.39 kJ/mol)

AAmbzG_b2_A

Figure 18. DFT structures for AAmbzG 
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In structure AAmbzG_p3, the N-atom of the C-terminal amide group is protonated, and 

an intramolecular hydrogen bond is formed with the O atom of the C-terminal acid group.  While 

this structure is 69.39 kJ/mol higher in energy than AAmbzG_p1, it represents a likely 

intermediate along the pathway that ultimately results in cleavage of the amide bond to furnish 

the acylium-type b2 ion from protonated A(AMBz)G.  Elimination of 75 u in the dissociation 

reaction requires transfer of a proton to the C-terminal G residue.  CID of A(AMBz)G ions 

generated from deuterated solvents showed a shift of the neutral loss to 78 u, consistent with the 

elimination of 3 exchangeable H atoms in the general fragmentation process.  Structure 

AAmbzG_p3, if populated during the dissociation reaction would allow the elimination of 

glycine from the C-terminus with 3 exchangeable protons (2 amide and 1 acid). 

It is not possible to form an oxazolone species as b2
+ from protoanted A(AMBz)G.  The 

acylium ion structure, AAmbzG_b2_A, resembles the conformation of structure AAmbzG_p3 

for the precursor peptide, but with the acylium group on the aromatic ring.  Alternative 

conformations for the b2 ion, whether without the N-terminal hydrogen bonding interaction or 

with a cis- arrangement of the amide group, were significantly higher in energy and further 

optimization was not pursued. 

 The lowest-energy structures for protonated (AMBz)AG and the oxazolone b2
+ product 

are shown in figure 19, with relative energies provided in units of kJ/mol.  The lowest energy 

conformation for (AMBz)AG, structure AmbzAG_p3, is a “charge solvated” conformation in 

which the O atom of the N-terminal amide group is protonated, and a intramolecular hydrogen 

bonding interaction is formed with the O atom of the adjacent amide group.  An alternative 

charge solvated structure, AmbzAG_p2, in which the O atom of the  C-terminal amide group is 
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protonated, is 35.14 kJ/mol in energy higher than AmbzAG_p3.  The amine protonated 

conformation for (AMBz)AG, structure AmbzAG_p2, is 37.84 kJ/mol higher than 

AmbzAG_p1.  While the structure includes two stabilizing hydrogen bonding interactions along 

the backbone, there are no functional groups capable of “solvating” the protonated amino group.  

This fact likely contributes to the higher relative energy of structure AmbzAG_p1. 

 The oxazolone structures shown for b2
+ from (AMBz)AG differ primarily in the site of 

protonation.  Structure AmbzAG_b2_R is lower in energy by ca. 27 kJ/mol, and is protonated at 

the N atom of the oxazolone ring.  Structure AmbzAG_b2_A is instead protonated at the N-

terminal amino group.  The lower-energy AmbzAG_b2_R isomer is consistent with the 

proposed oxazolone pathway (scheme 5), in which migration of the added proton to the C-

terminal amide bond is followed by nucleophilic attack and ring-formation.  The added proton is 

then eliminated with as part of the complementary y1 fragment and formation of a C=N bond 

within the ring furnishes the quaternary nitrogen to localize the charge on the b2 ion. 
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produced structures that had at least one imaginary frequency, identifying them as saddle points 

rather than true minima. 

 

4.2.3 IRMPD spectroscopy of A(AMBz)G, (AMBz)AG and the b2 ions 

The structure of b2 ions has been the subject of several IRMPD studies.  For example, I 

investigated the structure of b2
+ derived from protonated alanine-alanine-alanine, and found that 

it has an oxazolone rather than diketopiperazine or acylium species.  Similar conclusions have 

been drawn for several other b2
+ ions.  For b4 and larger b ions, IRMPD has shown that adoption 

of a macrocylic structure is also possible and similar rearrangement can occur for an ions.  

Figure 19 compares the IRMPD spectra to those predicted for structures AAmbzG_p1, 

AAmbzG_p2 and AAmbzG_p3 of protonated A(AMBz)G (Figures 4a-c, respectively) and for 

the acylium b2 ion (Figure 19).  The IRMPD spectrum of protonated A(Ambz)G (Figure 19) 

contains absorptions at ca. 1390, 1515, 1705 and 1780 cm-1 that are clearly resolved above 

baseline.  The overall agreement between the IRMPD spectrum and the spectra predicted by 

DFT is for structure AAmbzG_p1, consistent with the relative energies of the respective 

structural isomers.  Based on comparison to the DFT results, absorptions at 1705 and 1780 cm-1 

are assigned to the C=O stretches of the amide (amide I) and acid groups, respectively.  The 

collective amide II C-N vibrations, which are coupled strongly to C-H wags of the aromatic ring, 

make up the absorption at 1515 cm-1.  The feature at 1390 cm-1 is assigned to backbone C-H 

stretches and wags. 
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For the charge-solvated structure, AAmbzG_p2, DFT predicts that the C-terminal acid 

C=O stretch is red-shifted to ~ 1725 cm-1 and the amide II vibration for the N-terminal amide 

group blue-shifted to ~1575 cm-1.  For the structure featuring protonation of the C-terminal 

amide N atom (structure AAmbzG_p3), the C-terminal acid and N-terminal amide C=O 

stretches are well reproduced in the experimental IRMPD spectrum.  However, the amide I 

vibration for the C-terminal amide group is predicted by DFT to be blue-shifted to 1850 cm-1.  

Clearly, the predicted IR spectra for AAmbzG_p2 and AAmbzG_p3 are in poorer agreement 

with the IRMPD spectrum, thus allowing assignment of the structure of protonated AAmbzG to 

that for AAmbzG_p1. 

The IRMPD spectrum for the b2 ion derived from A(AMBz)G (Figure 19) includes three 

prominent absorptions at ca. 1430, 1480, 1580 and 1700.  These features are reproduced well by 

the spectrum predicted by DFT, strongly supporting the hypothesis that the species an acylium 

ion. 

Figure 20 compares the IRMPD spectra to those predicted by DFT for structures p1, p2 

and p3 of protonated A(AMBz)G (Figures 4a-c, respectively) and for two oxazolone structures 

(Figure 19and 19).  For the protonated precursor ion, broad absorptions encompassing the range 

1490 to 1660 cm-1 and a prominent feature at 1780 cm-1 are observed.  The overall agreement 

between the IRMPD spectrum and the spectra predicted by DFT is for structure p3, again 

consistent with the relative energies of the respective protonated isomers.  Based on the 

comparison to theory, the absorption at 1780 cm-1 is assigned to the acid carbonyl C=O stretch, 

while the envelope of absorptions from 1490 to 1660 cm-1 are assigned to the collective amide II 
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vibrations.  The amide I absorptions are predicted to appear at 1750 cm-1, but are not resolved 

from the amide II vibrations.   
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Figure 20.  IRMPD and DFT frequency comparison for AAmbzG b2 ions 
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Figure 21.  IRMPD and DFT frequency comparison for AmbzAG b2 ions 
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For structure p1, the amide I and amide II vibrations are predicted to blue-shifted and 

red-shifted, respectively, relative to the positions predicted for structure p3.  The predicted 

position for the acid C=O stretch is reproduced well in the IRMPD spectrum.  For structure p2, 

agreement is reasonably good between DFT and IRMPD spectra in the region of the amide II 

vibrations (predicted to range from 1480 to 1620 cm-1).  However, the acid C=O stretch for 

structure p2 is predicted to be 40-50 cm-1 to the red of the observed position of 1780 cm-1.  Such 

a shift would be consistent with the adoption of a conformation in which the C-terminal acid 

group assisted with solvation of the added proton.  Therefore, based on comparison of IRMPD 

and DFT spectra, protonated A(AMBz)G likely exists in a charge-solvated structure with 

protonation primarily on the C-terminal amide bond.   

The IRMPD spectrum for the b2 ion derived from A(AMBz)G (Figure 19) includes three 

prominent absorptions at ca. 1450, 1590 and 1930 cm-1.  The best agreement between experiment 

and theory for the b2 species derived from A(AMBz)G is for b2_R, in which protonation is on 

the oxazolone ring N atom.  In particular, the positions of the oxazolone C=O and C-N stretches 

at1930 and 1590 cm-1 are in good agreement.  The absorption at 1450 cm-1 is assigned to 

backbone C-H wags and stretches.  For the amine protonated version of b2, b2_A, the oxazolone 

C=O stretch is predicted to shift to the red by 20 cm-1, while the oxazolone ring C-N stretch 

shifts to the blue by 20 cm-1 relative to the position of the absorption in the IRMPD spectrum.  

 

4.3 CONCLUSIONS 

To summarize, collision-induced dissociation (CID) of the model peptide alanine-4-

aminomethylbenzoic acid-glycine (AAMBzG) produced a prominent b2
+ ion despite a previous 
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report that showed generation of bn ions is inhibited to the C-terminal side of the aromatic 

residue.  Infrared multiple photon dissociation (IRMPD) spectroscopy and density functional 

theory (DFT) calculations suggest that the b2 ion generated from AAMBzG has an acylium 

structure, likely formed by direct cleavage of the C-terminal amide bond.  IRMPD and DFT 

show that the b2 ion generated from AMBzAG, in which the aromatic residue is situated at the 

amino-terminus, is instead a conventional oxazolone. 
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Chapter V 

IRMPD SPECTROSCOPY OF URANYL CHLORATE AND PERCHLORATE 
ANIONS 

 

5.0 INTRODUCTION 

 The structures and bonding characteristics of contact ion pairs such as metal nitrates, 

chlorates and perchlorates have been the subject of a number of experimental and theoretical 

studies.[212-223]  To date, the principal experimental method for investigating the vibrational 

spectroscopy of these species as discrete entities has been matrix isolation infrared absorption 

(MI-IR), which has revealed preferred coordination mode(s) by the respective anions (i.e. 

monodentate versus bidentate) and the effect of metal binding on characteristic anion absorption 

frequencies.  For example, metal-nitrate ion pairs have received attention because the vibrations 

of the nitrate anion are sensitive to the chemical environment.  The dominant features in the 

theoretical infrared spectrum of uranyl chorate are the antisymmetric bound oxygen ClO3 stretch, 

which appears in the region of 850 – 860 cm-1, the symmetric bound oxygen ClO3 stretch, which 

appears in the region of 890 – 900 cm-1, UO2 antisymmetric stretch, which appears in the region 

of 965 – 975 cm-1, and the chlorine to unbound oxygen stretch, which appears in the region of 

1100 – 1150 cm-1.  The dominant features in the theoretical infrared spectrum of uranyl 

perchorate are the symmetric bound oxygen ClO4 stretch, which appears in the region of 885 – 

895 cm-1, the antisymmetric bound oxygen ClO4 stretch, which appears in the region of 955 – 

965 cm-1, UO2 antisymmetric stretch, which appears in the region of 1000 – 1010 cm-1, the 
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symmetric unbound oxygen stretch, which appears in the region of 1135 – 1145 cm-1, and the 

antisymmetric unbound oxygen stretch, which appears in the region of 1230 – 1140 cm-1.  

 The initial investigation of metal-chlorate species is extended to include anionic species 

chlorate and perchlorate with general formula [UO2(ClO3)3]- and [UO2(ClO4)3]- respectively,.  

The anions were generated by electrospray ionization (ESI) and their infrared spectra collected 

using a combination of tandem mass spectrometry and wavelength-selective infrared multiple-

photon dissociation (IRMPD).  The approach produces infrared spectra of discrete, gas-phase 

ions that are comparable to linear absorption spectra.  In these experiments, the aim was to 

identify the intrinsic chlorate and perchlorate binding mode for both [UO2(ClO3)3]- and 

[UO2(ClO4)3]- species.  In addition, the gas-phase IR measurements provide benchmarks for 

validation of theoretical approaches to model intrinsic properties of the metal-

chlorates/perchlorate and similar species. 

 

5.1.0 EXPERIMENTAL METHODS 

5.1.1 ESI FT-ICR mass spectrometry 

Previously established experimental methods were used for generation of ions and 

subsequent collection of IRMPD spectra.[229,230]  Briefly, metal chlorate solutions were 

generated by dissolving the appropriate salt in water to produce primary standards of 10 mM 

concentration, which were then further diluted with methanol to a 1:5 water to methanol ratio.  

Ions of the formulas [UO2(ClO3)3]- and [UO2(ClO4)3]- were generated using ESI in a Micromass 

(Manchester, UK) Z-Spray source equipped with a hexapole accumulation trap, and injected into 
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a home-built 4.7 T Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer using 

a quadrupole deflector and an octopole guide with a potential switch that is used to slow the ions 

as they enter the ICR cell.[231]  This system in its original configuration is described in detail 

elsewhere [232], and improvements and modifications are thoroughly described in a recent 

review.[233]  Instrument operating parameters, such as desolvation temperature, cone voltage, 

and ion accumulation and transfer optics voltages, were optimized to maximize formation of 

[M(ClO3)3]- and transfer of the species to the ICR cell.  Dry nitrogen at a temperature of ~32ºC 

was used to assist in the desolvation process.  Ions were accumulated for the duration of the 

previous FT-ICR cycle (approximately 3 s) in an external hexapole and injected into the ICR cell 

via a quadrupole deflector and an octapole RF ion guide.  Complexes of interest were isolated 

before irradiation with FELIX (see below) using a stored waveform inverse Fourier transform 

pulse.[234]  A modified version of the data acquisition and control hard- and software from 

Heeren and co-workers was used in this experiment.[235] 

 

5.1.2 Infrared Multiple Photon Dissociation (IRMPD) 

Infrared spectra were collected by measuring the photodissociation yield as a function of 

photon wavelength in the range of 9-12 m from continuously tunable IR radiation provided by 

the FELIX free electron laser for infrared experiments[25]. Precursor [UO2(ClO3)2]- and 

[UO2(ClO4)3]- were irradiated using ten FELIX macropulses, which consists of a train of 1 ns 

spaced micropulses of around 1 ps duration. One macropulse has an energy of around 35 mJ, is 

about 5 µs long, and has a bandwidth of about 0.2 – 0.5% of the central wavelength.  In the 

IRMPD process, photon energy is absorbed when the laser frequency matches a vibrational mode 
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of the gas-phase ion and is subsequently distributed over all vibrational modes by intramolecular 

vibrational redistribution (IVR).  The IVR process allows the energy of each photon to be 

dissipated before the ion absorbs another, which leads to the promotion of ion internal energy 

toward the dissociation threshold via multiple photon absorption.[237]  It is important to note 

that studies have shown that infrared spectra obtained using IRMPD are comparable to those 

collected using linear absorption techniques.[238,239]  For the experiments discussed below, the 

free electron laser wavelength was tuned between 6 and 12.5 µm in 0.04 to 0.1 µm increments.  

The intensity of product and undissociated precursor ions was measured using the excite/detect 

sequence of the FT-ICR-MS after each IRMPD step.[236]  The IRMPD yield was normalized to 

the total ion current and linearly corrected for variations in laser power across the range 

scanned.[234,237, 238] 

 

5.1.3 Computational Methods 

All electronic structure and frequency calculations were performed using the Gaussian 03 

and 09 programs [30] on Wichita State’s Center for High Performance Computing and a dual 

quad-core workstation.  The geometry optimization for [UO2(ClO3)3]- and [UO2(ClO4)3]-  used 

the B3LYP and VSXC  functionals and a mix of  basis set.  The search for minima was begun 

using a range of precursor conformations in which the chlorates and perchlorates were either 

monodentate or bidentate ligands, or mixture of both.  True minima were identified using 

frequency calculations at the B3LYP with mixed basis sets level of theory.  The basis sets used 

include the Stuttgart RSC 1997 ECP and MWB60 for uranium, 6-311+G(3df) for chlorine and 6-

311+G(d) for oxygen.  Multiple functional and basis set were used and combined.  The general 
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landscape of these combinations was threshed out on a previous uranyl halide project.  This 

study allowed for many combinations to be forgone as the predicted IR fell well outside that of 

that of experimental.  Thus much time and resources were saved in the process.  However, these 

were used to not only make comparisons to the lowest energy structures between the systems.  

The ultimate goal computationally was to determine the general accuracy of the DFT 

calculations for prediction of vibrational frequencies for the metal-chlorate anions, as part of the 

development of an accurate approach for modeling these and similar species.  Therefore, the 

frequencies generated using each functional/basis set combination, where comparisons to 

experimental data are made, are presented unscaled.  

 

5.2.0 RESULTS AND DISCUSSION 

5.2.1 IRMPD Spectroscopy of [UO2(ClO3)3]
- 
and [UO2(ClO4)3]

- 

 Representative structures for [UO2(ClO3)3]- and [UO2(ClO4)3]-, with monodentate or 

bidentate coordination by chlorate or perchlorate, are shown in Figure 22 and 23.  Bond length, 

bond angle and energy data for [UO2(ClO3)3]-, generated using the B3LYP functional coupled 

with the Stuttgart RSC 1997 ECP and MWB60 for uranium, 6-311+G(3df) for chlorine and 6-

311+G(d) for oxygen, are provided in Tables 9, 10 and 11 respectively.  Bond length, bond angle 

and energy data for [UO2(ClO4)3]-, using the same functional and basis sets, are provided in 

Tables 12 and 13 respectively.  In Figure 22 and 23, the metal and chlorine atoms are indicated 

with U and Cl, respectively.  Bound and unbound O atoms within the chlorate ligands are 

determined by the relative orientation with respect to the uranyl. 
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For both [UO2(ClO3)3]- and [UO2(ClO4)3]- , the sole photodissociation pathway observed 

for the chlorate was formation of ClO3
- via elimination of [M(ClO3)].  Therefore, IRMPD 

spectra were produced for each precursor ion by monitoring the yield of ClO3
- as a function of IR 

photon wavelength.  The IRMPD spectrum for [UO2(ClO3)3]-, shown in Figure 23, contains 

features with three distinct maxima; one centered at 878 cm-1, 954 cm-1, and 1010 cm-1.  The 

spectrum also shows minor, but distinct peak at 1022 cm-1.  The IRMPD spectrum for 

[UO2(ClO4)3]-, shown in Figure 26, contains features with three distinct maxima; one centered at 

972 cm-1, 1141 cm-1, and 1219 cm-1.  The spectrum also shows a minor, but distinct peak at 889 

cm-1. 

For comparison, the spectra predicted for the monodentate and bidentate structures of 

[UO2(ClO3)3]-, at the B3LYP/mixed level of theory (similar patterns with respect to the number 

of vibrational frequencies were generated regardless of basis set choice), are shown in Figure 24 

and 25, respectively.  Because of symmetry, the spectrum predicted for the tris-bidentate 

structure (figure 24) contains a single absorption at 865 cm-1, corresponding to the antisymmetric 

Cl-Ob stretch.  The peculiar finding was the lack of the peak in the 1022 cm-1 region of the IR for 

the LES.  This prompted more investigation into the second lowest energy structure at 0.76 

kcal/mol above the LES.  When one looks at the combination of the two theoretical IR, one finds 

excellent agreement between that and experimental.  Subsequent work with the transition state 

from tris-bidentate to bis-bidentate/monodentate finds an energy barrier of 3.83 kcal/mol.  

Therefore a mixed of the lowest and second lowest energy structure is not without merit and can 

be considered likely.  The predicted spectrum for the bis-bidentate/monodentate structure 

contains two absorptions that are separated by approximately 100 cm-1: the symmetric (1030 cm-

1) and antisymmetric (1130 cm-1) stretch is due to the change in binding mode of the chlorate 
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anion.  Theory does not predict the symmetric stretch or the tris-bidentate structure.  This lends 

credence to the idea of a mixed state system. 

Comparison of the experimental IRMPD spectrum and those predicted by DFT suggests 

that [UO2(ClO3)3]- prefers the tris-bidentate structure.  The two absorptions are broadly peaked 

in the IRMPD spectrum, which was surprising because prior studies [229] of absorptions of 

coordination complexes in this range were clearly resolved.  The appearance of broad IRMPD 

resonances is not unprecedented however, especially from anionic systems that either show 

significant conformational flexibility such as SF6
- [242] or have symmetrically shared hydrogen 

bonds such as the deprotonated amino acids aspartate and glutamate [243].  The broad nature of 

the current spectra suggests that there is some degree of conformational flexibility in the 

complexes, a significant degree of anharmonicity in the vibrational potential surface or a mixture 

of two structure that are separated by a low energy boundry.  Therefore, the possible contribution 

to the IRMPD spectrum by a bis-bidentate/monodentate structure is further strengthened.   

 The IMRPD spectrum for [UO2(ClO4)3]- is shown in Figure 26.  In this case, one wide 

peak was observed that was centered around 1142 cm-1 and spanning a range of 1085 to 1195 

cm-1.  This peak has a shoulder at 1218 cm-1.  Two well resolved peaked were seen at 892 cm-1 

and 972 cm-1. The overall width and number of IRMPD peaks for [UO2(ClO4)3]- is nearly 

identical to the frequency range covered by both absorptions for the chlorate analogue.  The 

spectra predicted for the tris-bidentate structures of [UO2(ClO4)3]-, at the B3LYP/mixed basis set 

level of theory are provided in Figure 27. 

The theoretical spectrum predicted for the tris-bidentate form of [UO2(ClO4)3]-  is 

dominated by a single absorption at 1142 cm-1 is consistent with the broad absorption observed 
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in the (experimental) IRMPD spectrum.  The other peaks are well defined and correlate with that 

of theory extremely well.  The case for tris-bidentate being the best model is theoretically 

strengthened by the ~4.5 kcal/mol difference between it and the second lowest energy structure.  

The IRMPD also does not show any resolved peaks in the regions predicted by theory for any of 

the structures with single oxygen bound dentates.   

 

5.2.2 Evaluation of Computational Methods 

 As noted earlier, a second goal was to evaluate the accuracy of the DFT approach for 

determining the features of the metal-chlorate species.  This goal required a somewhat systematic 

investigation of the qualitative and quantitative agreement between the calculated frequencies 

and the experimentally determined peak positions for [UO2(ClO3)3]- and [UO2(ClO4)3]-.  While a 

detailed treatment of how each basis set and functional influences the predicted frequencies is 

beyond the scope of this report, a brief survey of the results produced by a variety of basis sets 

and functionals available to us is provided here. 

With uranyl species the functional or basis sets used is critical for adequate qualitative 

agreement between the respective computational approaches of any one level of theory used and 

the experimental IRMPD spectrum.  If the uranyl oxygen bonds are not well defined via poor 

orbital overall, poorly defined valence electron, etc., the theoretical IR spectra is highly 

unreliable.  Thus far a general basis set functional combination has not been found that defined a 

broad range of uranyl systems accurately.  Even with the addition of a single oxygen, the basis 

set combination was changed for better agreement with that of experimental IR.  However if one 

was working with relative energies, these issues are not as critical.  The relative energies and 
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structural trends were quite similar varying by about 0.5 kcal/mol.  Therefore the overall trends 

can be confirmed via multiple combinations of functionals and basis sets.  

Also studied were the effects of different grids, Gaussian keyword of int=grid=XXXXX, 

on the system as a whole.  The gird sets the number of points per atom to be used for the 

numerical integrations.  The finer the grid is set to be, the greater the theoretical accuracy of the 

integration at the cost of greater computational time.  The implementation of a grid above the 

standard 75 radial shells and 302 angular points per shell, 75302, is a must for systems with f-

block metals.  How much above is up to debate and somewhat determined by the results desired 

from the calculations.  Other determining factors include bound and unbound atoms, ligands with 

branched structures that allow rotational freedom, symmetry and if frequency calculations are 

involved, the region of interest.  In the case of [UO2(ClO3)3]- and [UO2(ClO4)3]- the standard grid 

used was 99 radial shells and 974 angular points per shell. It was found that grids smaller than 

99974 would result in Gaussian calculations stopping with an internal error.  With the base line 

grid set, a higher grid, 600974, was explored for multiple reasons.  The first and primary reason 

was the free oxygens on the [UO2(ClO3)3]- and [UO2(ClO4)3]-.  These oxygens are relatively free 

to move around as compared to hydrogen bound systems.  Therefore these soft modes will in 

theory make a difference in the IR spectra.  The exact difference will vary from system to 

system.  The second reason was to base line the computational cost vs. the benefit of these über 

grids.  Figure 28 shows that there is a difference between the 99974 and the 600974 with regards 

to oxygen atoms that are singly bound.  That includes for this system the U-O2 and the Cl-Ou.  

There is about a six wave number shift due to the change in grid for these given vibrations as 

seen in Figure 28.  The theoretical IR spectrum of the 600974 grid shows slightly better 

agreement with that of experiment.  However the computational cost is extremely high.  There 
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was a ~fivefold increase in time needed for convergence and frequency calculations.  Given the 

nature of these systems, four days to convergence with the 999974 grid was seen.  Given the 

600974 grid calculation was run with the same starting structure, the computation could take 

about three weeks to complete.  With the shift being predictable for both the [UO2(ClO3)3]- and 

[UO2(ClO4)3]-, the computational cost of the higher grid makes it unreasonable for to relatively 

small gain.  Therefore it was concluded that the 99974 grid would be used, as it is able to provide 

comparable data without the extreme computational cost of the 600974 grid. 

 

5.3 CONCLUSIONS 

 In this study, the structures of gas-phase, uranyl chlorate/perchlorate anions with the 

formulas [UO2(ClO3)3]- and [UO2(ClO4)3]-, were determined using infrared multiple photon 

dissociation (IRMPD) spectroscopy.  Experimental vibrational spectra for the two species were 

compared to those predicted by density functional theory for conformations featuring either 

monodentate, bidentate or combination of the two coordination of the uranyl by chlorate.  My 

results strongly suggest that the bidentate coordination mode by perchlorate [UO2(ClO4)3]-  is 

preferred-.  The [UO2(ClO3)3]- instead appears to favor both bis-bidentate/monodentate and tris-

bidentate coordinations. 

 The general accuracy of DFT methods for predicting the positions of absorptions for both 

species was also evaluated.  In general, the best agreement between experimental and theoretical 

IR spectra was achieved using the B3LYP functional and 6-311+G(3df) for the chlorine, 6-

311+G(d) for the oxygen and MWB60 for the uranyl in the chlorate system and Stuttgart RSC 

1997 ECP for the perchlorate system basis sets. 
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Figure 22. Possible geometery conformations for the [UO2(ClO3)3]- ions 
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1 bidentate, 2 monodentate 
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Figure 22. (Cont) Possible geometery conformations for the [UO2(ClO3)3]- and [UO2(ClO4)3]- ions 
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Figure 22. (Cont) Possible geometery conformations for the [UO2(ClO3)3]- and [UO2(ClO4)3]- ions 
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Table 9. bis-bidentate, monodentate Uranyl Chlorate 

 

 

 

 

 

Table 10 tris-bidenate Uranyl Chlorate 

 

 

 

UChl6a Distance Bond Angle Dentate

U-O2 1.76889

U-O3 1.77145

O2-U-O3 179.51693

U-O14 2.26682 Mono

U-O4 2.51312 Bi

U-O6 2.54504 Bi

U-O7 4.26618 Bi

U-O8 2.5173 Bi

U-O10 2.54257 Bi

U-O11 4.26685 Bi

U-O12 4.49872 Mono

U-O15 4.31525 Mono

U-Cl5 3.2023 Bi

U-Cl9 3.20317 Bi

U-Cl13 3.55275 Mono

UChl12a Distance Bond Angle Dentate

U-O2 1.76539

U-O3 1.76803

O2-U-O3 179.95664

U-O14 2.54373 Bi

U-O4 2.54351 Bi

U-O6 2.54494 Bi

U-O7 4.29825 Bi

U-O8 2.54447 Bi

U-O10 2.54405 Bi

U-O11 4.29919 Bi

U-O15 4.3011 Bi

U-Cl5 3.22057 Bi

U-Cl9 3.22038 Bi

U-Cl13 3.21931 Bi
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Table 11. tris-bidentate Uranyl Perchlorate 

 

 

Table 12. Relative Energies for Uranyl Chlorate Confirmations 

 

 

UPChl1 Distance Bond Angle Dentate

U-O2 1.76341

U-O3 1.76345

O2-U-O3 179.9894

U-O4 2.53428 Bi

U-O6 2.53431 Bi

U-O7 4.15824 Bi

U-O8 2.53432 Bi

U-O10 2.53427 Bi

U-O11 4.15853 Bi

U-O12 2.53424 Bi

U-O14 2.5342 Bi

U-O15 4.15896 Bi

U-O16 4.15505 Bi

U-O17 4.15406 Bi

U-O18 4.15475 Bi

U-Cl5 3.19053 Bi

U-Cl9 3.19053 Bi

U-Cl13 3.19041 Bi

Std Basis Set 1 HF Zero Point HF + ZP Delta E Geom

UChl1a -2685.161177 0.0399891 -2685.121188 2.150912599 2 Bi 1 Mono

UChl2a -2685.144249 0.0390948 -2685.105155 12.21195265 3 Mono

UChl3a -2685.14536 0.0391084 -2685.106252 11.52351252 3 Mono

UChl4a -2685.145804 0.0391186 -2685.106685 11.25136187 3 Mono

UChl5a -2685.161176 0.03999 -2685.121186 2.151853863 2 Bi 1 Mono

UChl6a -2685.163495 0.0400912 -2685.123404 0.760289904 2 Bi 1 Mono Flip

UChl7a -2685.16334 0.0400857 -2685.123254 0.854165251 2 Bi 1 Mono

UChl8a -2685.163342 0.0400853 -2685.123257 0.852659229 2 Bi 1 Mono

UChl9a -2685.156164 0.0396092 -2685.116555 5.058224547 1 Bi 2 Mono

UChl10a -2685.156036 0.0395891 -2685.116447 5.125932768 1 Bi 2 Mono

UChl11a -2685.154749 0.0395356 -2685.115213 5.899902369 1 Bi 2 Mono

UChl12a -2685.165243 0.0406271 -2685.124616 0 3 Bi

UChl13a -2685.165243 0.0406301 -2685.124613 0.00138052 3 Bi

UChl14a -2685.16468 0.0406064 -2685.124074 0.339796123 3 Bi

UChl15a -2685.163342 0.0400855 -2685.123257 0.85272198 2 Bi 1 Mono

UChl16a -2685.163342 0.0400855 -2685.123257 0.85272198 2 Bi 1 Mono

UChl17a 2 Bi 1 Mono

UChlTrans1a -2685.158426 0.0400891 -2685.118337 3.939689755 Trans 3 Bi/2 Bi 1 Mono

UChlTrans2a -2685.1586060 0.0400911 -2685.118515 3.828181405 Trans 3 Bi/2 Bi 1 Mono
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Table 13. Relative Energies for Uranyl Perchlorate Confirmations 

 

 

 

 

 

 

Figure 23. IRMPD of Uranyl Chlorate 

Std Basis Set 1 HF Zero Point HF + ZP Delta E Geom

UPCHl1 -2484.7870638 0.0580116 -2484.7290522 0.0000000 3 Bi

UPCHl2 -2484.7795368 0.0574689 -2484.7220679 4.3827111 2 Bi 1 Mono

UPCHl3 -2484.7687332 0.0569735 -2484.7117597 10.8511994 1 Bi 2 Mono

UPCHl4 -2484.7687329 0.0569739 -2484.7117590 10.8516386 1 Bi 2 Mono

UPCHl5 -2484.7560372 0.0564853 -2484.6995519 18.5117038 3 Mono

UPCHl1aTransF -2484.7770368 0.0571300 -2484.7199068 5.7388208 Trans 3 Bi/2 Bi 1 Mono

800 900 1000 1100 1200

Frequency (cm-1) 

[UO2(ClO3)3]- 



105 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. IRMPD of Uranyl Chlorate and DFT Harmonic Approximation 
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Figure 25. IRMPD of Uranyl Chlorate and DFT Harmonic Approximation 
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Figure 26. IRMPD of Uranyl Perchlorate  
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Figure 27. IRMPD of Uranyl Perchlorate and DFT Harmonic Approximation 
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Figure 28. Uranyl Chlorate DFT Harmonic Approximation Grid Comparison 
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Chapter VI 

IRMPD AND DFT STUDY OF THE LOSS OF WATER FROM PROTONATED 
2-HYDROXYNICOTINIC ACID 

 

6.0 INTRODUCTION 

Proton transfer is an important part of the fragmentation mechanisms of protonated 

peptides using low-energy collision induced dissociation (CID).  Indeed, development of the 

mobile proton model [244,245] of peptide fragmentation, and related amide bond cleavage 

pathways [246-253], has been focused primarily on proton mobilization. The pathways in 

competition (PIC) fragmentation model [254] uses the mobile proton model as a foundation for 

understanding, but takes into account the structures and reactivity of key reactive configurations 

and primary fragments as well as transition states and their energies. 

As part of an on-going effort to understand the mechanism(s) of peptide fragmentation, 

we have investigated CID of protonated peptides with N-terminal nicotinic acid 

residues.[255,256]  In the experiments to date, the pyridine ring of nicotinic acid was used to fix 

the charge (protonation) site to determine whether sequestering “mobile” protons influences 

peptide fragmentation.  In one study [255], b2
+ was found to be the dominant product ion 

generated from protonated nicotinic acid-glycine-glycine methyl ester, arising by cleavage of the 

amide bond between glycine residues.  Infrared multiple photon dissociation (IRMPD) 

spectroscopy and density functional theory (DFT) calculations unambiguously showed that the 

protonation site for the intact peptide was the pyridine ring of the nicotinic acid residue rather 

than amide carbonyl oxygen atoms.  More importantly, the IRMPD spectrum revealed that the b2 

fragment ion has a conventional oxazolone structure also protonated at the N-atom of the 
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pyridine ring.  The fact that both ions are protonated at the pyridine ring was consistent with a 

proposed mechanism in which the added proton was “fixed” at the pyridine ring and amide 

position protons are mobilized and transferred to generate b2
+. 

In an earlier study [256], we investigated transfer of H atoms by McLafferty 

rearrangement using two model peptide systems, protonated nicotinyl-glycine-tert-butyl ester 

and the cationic betaine-glycine-tert-butyl ester, using IRMPD spectroscopy.  McLafferty 

rearrangement was used to generate the free-acid forms of the respective model peptides through 

transfer of an H atom and elimination of butene.  The resulting peptide ions were then subjected 

to wavelength-selective IRMPD to measure their vibrational spectra.  Comparison of the IRMPD 

spectra to those predicted by DFT allowed definitive assignment of absorption bands 

corresponding to the free-acid carbonyl, amide I and amide II stretches, and enabled assignment 

of ion structure.  For the nicotinyl-glycine system, the best match between IRMPD and 

theoretical spectra, both in terms of the respective absorption frequencies and relative intensities, 

was obtained for a conformational isomer that is protonated at the pyridine ring N atom, and 

includes an intra-molecular hydrogen bonding interaction between the amide position H atom 

and the C-terminal carbonyl O atom. 

 The intra-molecular transfer of the H atom by McLafferty rearrangement was proved 

using the model peptide tert-butyl esters incubated in a mixture of D2O and CH3OD to induce 

H/D exchange.[256]  For the deuterium exchanged peptide ester, CID and McLafferty 

rearrangement produces a heterogeneous isotopically labeled peptide ion containing two D atoms 

and one H atom at exchangeable sites.  Comparison of the IRMPD results to theoretical spectra 

for different isotope labeled isomers clearly showed that the H atom is situated at the C-terminal 

acid group and migration to amide positions is minimal on the time scale of the experiment. 
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 My attention in the present study was directed to the fragmentation of protonated 2-

hydroxynicotinic acid (2-OHNic), which generates a dominant product ion through the 

elimination of water.  Loss of H2O can occur from the acid group, or from the hydroxypyridine 

ring: in both cases the fragmentation route would require intramolecular proton transfer. 

Subsequent isolation and storage of the product in the gas-phase environment of an ion 

trap mass spectrometer, without imposed collisional activation, shows that the species undergoes 

addition reactions to furnish new products that are 18 and 32 mass units higher.  These reactions 

are consistent with “reforming” of the acid, or generation of a methyl ester, by reaction of water 

or methanol with an acylium ion.  The process is therefore reminiscent of the last step in 

formation of carboxylic acids from olefins, a process for which acylium ions are thought to be 

intermediates.[257,258]  Acylium ions are also thought to be important intermediates in, for 

example, the solvolysis of benzoyl halides [259], alkyl thiobenzoates [260] and amides [261], in 

Friedel-Crafts acylation [262], and in the Schmidt reaction [263] and Hayashi rearrangement 

[264]. 

To shed more light on the mechanism(s) by which the dehydration of 2-OHNic occurs, 

most probable conformations for the protonated precursor ion, and various possible product ions 

generated by CID through loss of H2O, were investigated using DFT.  The structures of gas-

phase, protonated 2-OHNic and the dehydrated product were then determined using IRMPD 

spectroscopy.  Lastly, the reaction dynamics for three potential pathways were investigated using 

DFT, and the lowest energy pathway is one that involves formation of an acylium by proton 

transfer and elimination of –OH from the acid group.  The experiments illuminate facets of an 
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interesting gas-phase reaction, contribute to the understanding of proton transfer in dissociation 

pathways and further illustrate the reactivity of acylium ions. 

 

6.1 EXPERIMENTAL METHODS 

6.1.1 Materials and Sample Preparation 

2-hydroxynicotinic acid (2-OHNic) was purchased from ThermoFisher Scientific (St. 

Louis, MO USA) and used as received.  Solutions for ESI MS and IRMPD spectroscopy were 

prepared by dissolving the appropriate amount of solid material in a 1:1 (V:V) mixture of HPLC 

grade MeOH (Aldrich Chemical, St. Louis MO) and deionized H2O to produce final 

concentrations of 10-5 - 10-4 M.  Because of the labile nature of 2-OHNic, no formic or acetic 

acid was added to the solution to enhance ionization efficiency.  Under the conditions employed 

in this study, acceptable (M+H)+ ion intensities were produced for both ion-trap CID and FT-

ICR IRMPD investigations.  Investigation of the fragmentation of deuterium labeled 2-OHNic 

was carried out after incubating the species in a mixture of D2O/CD3OD (Aldrich Chemical, St. 

Louis MO). 

 

6.1.2 Ion Trap Mass Spectrometry Experiments 

 CID spectra were collected using a Finnigan LCQ-Deca ion-trap mass spectrometer 

(ThermoFinnigan, San Jose, CA, USA).  Each of the peptide solutions were infused into the ESI-

MS instrument using the incorporated syringe pump at a flow rate of 5 l/min.  The atmospheric 
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pressure ionization stack settings for the LCQ (lens voltages, quadrupole and octopole voltage 

offsets, etc.) were optimized for maximum (M+H)+ transmission to the ion trap mass analyzer by 

using the auto-tune routine within the LCQ Tune program.  Helium was used as the bath/buffer 

gas to improve trapping efficiency and as the collision gas for CID experiments. 

 The (M+H)+ ions were isolated for the initial CID stage (MS/MS) using an isolation 

width of 1.2 to 1.8 mass to charge (m/z) units.  Product ions selected for subsequent CID (MS3 

experiments) were isolated using widths of 1.2 - 1.5 m/z units.  For each stage, the width was 

chosen empirically to produce the best compromise between high precursor ion intensity and 

ability to isolate a single isotopic peak.  The (mass) normalized collision energy (NCE, as 

defined by ThermoFinnigan) was set between 20 and 25%, which corresponds the application of 

roughly 0.55 - 0.68 V tickle voltage to the end cap electrodes with the current instrument 

calibration.  To probe gas-phase ion molecule reactivity, specific product ions are isolated and 

stored in the ion trap, without imposed collisional activation.  The activation Q, which defines 

the frequency of the applied R.F. potential, was set at 0.30.  In all cases, the activation time 

employed was 30 msec.  Spectra displayed represent the accumulation and averaging of at least 

30 isolation, dissociation and ejection/detection steps. 

 

6.1.3 ESI FT-ICR mass spectrometry 

Previously established methods were used for generation of ions and the subsequent 

collection of IRMPD spectra.[269-273]  Briefly, ESI was performed using a Micromass Z-Spray 

source.  Ions were injected into a home-built Fourier transform ion cyclotron resonance (FT-

ICR) mass spectrometer described in detail elsewhere [274].  Instrument operating parameters, 
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such as desolvation temperature, cone voltage, and ion accumulation and transfer optics voltages, 

were optimized to maximize formation of (M+H)+ ions, or b2 ions generated by in-source CID, 

and transfer of the species to the ICR cell.  Dry nitrogen (~80ºC) was used to assist in the 

desolvation process.  Ions were accumulated for the duration of the previous FT-ICR cycle 

(approximately 5 s) in an external hexapole and injected into the ICR cell via a quadrupole 

deflector and an octapole RF ion guide. 

 In the relatively high pressures in a quadropole ion trap mass spectrometer, the 

“dehydrated” product undergoes fast addition reactions, as discussed later.  Similar behavior is 

also observed if attempts to produce the dehydrated product in the electrospray ionization source 

region.  For the IRMPD experiments, the dehydrated product ion was generated from the 

protonated 2-OHNic ion under high vacuum conditions (ca. 10-7 torr) within the ICR cell by 

photodissociation using the output of a continuous wave 30 Watt CO2 IR laser (2 s irradiation 

time).  After formation, the dehydrated product showed no tendency to re-generate the 

carboxylic acid through addition of H2O, consistent with the low pressure and lack of 

adventitious water in the ICR cell.  

 

6.1.4 Infrared Multiple Photon Dissociation (IRMPD) 

Infrared spectra were recorded by measuring the photodissociation yield as a function of 

photon wavelength.  Precursor ions were irradiated using 30 FELIX macropulses (35 mJ per 

macropulse, 5 µs pulse duration, 10  FWHM bandwidth ~0.5% of central λ).  In the IRMPD 

process, a photon is absorbed when the laser frequency matches a vibrational mode of the gas-

phase ion and its energy is subsequently distributed over all vibrational modes by intramolecular 
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vibrational redistribution (IVR).  The IVR process allows the energy of each photon to be 

dissipated before the ion absorbs another, which leads to promotion of ion internal energy toward 

the dissociation threshold via multiple photon absorption.[275]  It is important to note that 

infrared spectra obtained using IRMPD are comparable to those collected using linear absorption 

techniques.[276, 277]  For the current experiments, the free electron laser wavelength was tuned 

between 5 and 7.2 µm in 0.025 µm increments.  The intensity of product and un-dissociated 

precursor ions was measured using the excite/detect sequence of the FT-ICR-MS after each 

IRMPD step.  The IRMPD yield was normalized to the total ion current, and linearly corrected 

for variations in laser power across the wavelength range scanned. 

 

6.1.5 DFT Geometry and Frequency Calculations 

All DFT calculations were performed using the Gaussian 03 group of programs.[275]  

Full geometry optimizations for protonated 2-OHNic and various product ion structures were 

initiated using the hybrid B3LYP functional and the 6-31G(d) basis set on all atoms.  Using the 

minima indentified at this level of theory, relaxed scans were performed by rotating (through 

360°) dihedral angles in 3° steps to continue the search for alternative structures.  Mimina 

identified for all four ions were then re-optimized using the same functional and the 6-

311+G(d,p) and 6-311++G(3df,3p) basis sets.  Vibrational spectra and (zero-point corrected) 

relative energies were computed at the B3LYP/6-311++G(3df,3p) level of theory.  The 

vibrational frequencies are scaled by factors chosen empirically to facilitate comparison to the 

IRMPD spectra.  For protonated 2-OHNic, the scaling factor of 0.98 used brought the acid C=O 

stretch for the spectrum predicted for the global minimum into agreement with the absorption in 
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the IRMPD spectrum.  For the dehydrated product, the scaling factor that provided the best 

comparison was 0.96. 

 Transition states along the potential energy surfaces for possible reaction pathways were 

determined using the QST2 and QST3 method.  All transitions states were confirmed by the 

presence of a single imaginary frequency.  Intrinsic reaction coordinates were performed where 

necessary to confirm that the identified transition states bridged the appropriate minima. 

 

6.2 RESULTS AND DISCUSSION 

6.2.1 CID of protonated 2-OHNic 

The ESI mass spectrum of 2-OHNic in the range mass to charge ratio (m/z) 90 to 150 is 

shown in figure 29.  ESI of 2-OHNic in a 50/50 mix of H2O and methanol primarily generates 

the protonated ion at m/z 140.  A minor peak (<10% relative intensity) at m/z 122 was also 

observed using the experimental conditions employed.  In the CID spectrum (MS/MS stage, 

figure 29) collected from protonated 2-OHNic , the only product ion generated appears at m/z 

122, a mass difference of 18 mass units (u) that is attributed to loss of H2O.  The neutral loss 

shifted to 20 mass units (u) when CID of the fully deuterium exchanged version of 2-OHNic was 

examined (data not shown), consistent with the proposed fragmentation channel. 

 The relative intensities of the ions at m/z 122 and 140 in figure 29 remained similar even 

when the applied collision voltage was increased to 40-50% of the NCE, values that are much 

higher than those typically required to fragment small protonated species such as 2-OHNic.  This 

observation suggested either that there were two or more species in the ion population with 
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significantly different dissociation thresholds, or that the ion at m/z 140 is regenerated by ion-

molecule reactions between the m/z 122 ion and adventitious water in the quadrupole ion trap.  

The proposed involvement of H2O as a collision partner is plausible based on recent work 

demonstrating that CID within ion trap instruments involves a significant number of activating 

collisions between precursor ions and small molecules such as N2 and H2O present as 

contaminants within the He bath gas [276-279].   

The ion at m/z 122 was isolated and stored in the ion trap, without imposed collision 

voltage, for 30 msec in an MS3 experiment.  The resulting product ion spectrum is shown in 

figure 29.  It is important to note that all species other than the ion at m/z 122 are resonantly 

ejected from the ion trap prior to the imposed isolation time of 30 msec.  Additional product ions 

present in the spectrum are therefore the result of gas-phase ion-molecule reactions that occur 

within the environment of the ion trap.  The spectrum displayed in figure 29 shows that the 

species at m/z 140 is formed from an ion-molecule reaction involving the ion at m/z 122.  The 

appearance of the m/z 140 ion therefore suggests that the 2-OHNic species is re-generated, as a 

protonated ion, by the reaction of the m/z 122 ion with adventitious H2O in the ion trap.  The 

intensity of the m/z 140 ion increased with increasing imposed isolation time, consistent with the 

hypothesis that the species generated at the MS3 stage is created by an ion-molecule reaction 

within the ion trap. 

 Similar experiments were performed using ESI spray solutions prepared using 2-OHNic 

dissolved in pure MeOH or ethanol (data not shown).  After a period of 30 minutes with spray of 

the alcohol solutions (presumably allowing introduction of sufficient quantities of MeOH or 

EtOH into the ion trap to allow each to serve as neutral reagents in ion-molecule reactions), 
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adducts to the m/z 122 ion at m/z 154 and 168 were observed.  This suggests that reactions to 

produce the methyl and ethyl esters of 2-OHNic were generated in the gas-phase after the m/z 

122 ions was generated by CID. 

 The ion-molecule reactivity of the m/z 122 fragment ion in these experiments is 

reminiscent of earlier work involving specific product ions generated by CID.[280-282]  For 

example, Guan and Liesch [280] reported that product ions generated from a class of protonated 

pharmaceutical molecules participated in ion-molecule reactions with ESI solvent molecules (for 

example, water, acetonitrile and aliphatic alcohols) to form adducts.  The reactive product ions 

were proposed to be acylium ions based on rational interpretation of the fragmentation of the 

precursor species.  Later, Stein and coworkers [281] demonstrated that the intensities of product 

ions from protonated quinoline drug precursors were sensitive to a range of operating parameters 

during selected ion monitoring by tandem mass spectrometry.  Apparent changes in ion intensity 

were ultimately traced to formation of adducts to specific (acylium type) ions by ion-molecule 

reactions.  The work by Stein and coworkers was a follow-up to an earlier investigation of 

similar compounds by Kaufmann and coworkers.[282] 

 In the present study, the apparent product ions generated by CID of the product ion at m/z 

122 (MS3 stage, figure 29) initially derived from protonated 2-OHNic appeared at m/z 94 and 

112.  The m/z 94 ion corresponds to the elimination of 28 mass units, presumably CO, from the 

ion at m/z 122.  The species at m/z 112 was identified as an ion generated by addition of H2O to 

the m/z 94 product by isolating the latter, with storage without imposed collisional activation, in 

the ion trap for 30 msec. 



120 

 

 Three plausible routes to elimination of H2O from protonated 2-OHNic are shown in 

scheme 7.  Protonated 2-OHNic may either be in the 2-pyridone form with the added proton 

located at the O atom of the ring-carbonyl group, or adopt the tautomeric hydroxypyridine form 

with the proton instead added at the N-atom of the ring.  Route 1 is initiated by tautomerization, 

with proton transfer from the N atom of the ring to create a hydroxypyridine-like structure with 

the added proton also located at the ring carbonyl O atom.  Cleavage of the C-OH2 bond results 

in elimination of H2O.  The product ion thus generated has a structure reminiscent of a nicotinic 

acid carbocation. 

In route 2, rotation of the acid group is followed by proton transfer and elimination of 

H2O through a 6-member ring transition state to furnish an acylium ion with a 2-pyridone like 

structure.  The same product ion is generated through route 3, but by a process in which proton 

transfer from the protonated 2-pyridone ring to the carbonyl O atom of the acid group is followed 

by transfer to the –OH group.  Elimination of H2O then furnishes the acylium ion. 

Of the proposed pathways, routes 2 and 3 are most consistent with the observed 

fragmentation of the m/z 122 product ion.  Loss of CO from the acylium structure would furnish 

a 2-hydroxypyridine carbocation, or the keto tautomer.  Fragmentation of the product ion 

generated by route 1 might instead be expected to involve elimination of CO2 or CO2H.  Proton 

transfer steps in both routes 1 and 3 would appear to proceed through suprafacial 1-3 transition 

states that are (symmetry) forbidden, and thus likely to have relatively large (> 150 kJ/mol) 

barriers. 

 

6.2.2 Structures predicted by DFT 
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 Possible structures for protonated 2-OHNic and the dehydrated product ion are shown in 

figures 2 and 3, respectively.  Relative energies for the respective conformations, obtained from 

B3LYP/ 6-311+G(d,p) and B3LYP/6-311++G(3df,3p) calculations, are provided in tables 1 and 

2.  For intact 2-OHNic, the majority of the minima identified correspond to structures with a 2-

pyridone-type structure of the ring that differ in the position of the added proton.  Two structures, 

OHNic_p3 and OHNic_p11, are stable ion-molecule complexes composed of the acylium ion 

and H2O.  Of the respective minima, the lowest energy structure is OHNic_p1, for which the 

conformation identical to the one depicted as the starting species in scheme 7.  Structures in 

which the added proton is positioned on the acid group rather than on the 2-pyridone ring range 

from ~21 to 99 kJ/mol higher in energy.  Similar species that are protonated at the acid group, 

but which adopt the hydropyridine conformation (OHNic_p20 and OHNic_p21) are ~76 to 120 

kJ/mol higher in energy. 

The lowest energy structures predicted for the dehydrated product ions are acylium ions. 

Structure OHNic_p4 is an acylium ion with 2-pyridone configuration of the ring and is lowest in 

energy.  The acylium ion with the tautomeric hydroxypyridine configuration of the ring is >20 

kJ/mol higher in energy.  The transition state energy for tautomerization of the acylium ion is 

230 kJ/mol (Table 3), consistent with the high barrier expected for the suprafacial 1-3 proton 

transfer.  The products derived from loss of H2O from the ring, as formed along proposed route 

1, OHNic_p6 and OHNic_7, are > 190 kJ/mol higher in energy that OHNic_p4.  OHNic_p6 

and OHNic_p7 differ in the relative orientation of the acid group with respect to the carbocation 

site on the pyridine ring. 
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6.2.3 IRMPD spectroscopy of protonated 2-OHNic and its dehydration product 

The IRMPD spectrum of 2-OHNic was collected by monitoring the yield of the 

dehydrated product (m/z 122) as a function of photon energy in the region 1350-1900 cm-1.  In 

figure 32, the IRMPD spectrum of protonated 2-OHNic (figure 32) is compared to calculated 

spectra for structures OHNic_p1, OHNic_p2, OHNic_p3, OHNic_p5 and OHNic_p8 (4b-4e, 

respectively).  In figure 30, the IRMPD spectrum of protonated 2-OHNic is compared to those 

for structures OHNic_p9, OHNic_p10, OHNic_p11, OHNic_p20 and OHNic_p21 (5a-5e, 

respectively).  The theoretical vibrational spectra shown in figures 32 and 33 are the result of 

calculations at the B3LYP/6-311++G(3df,3p) level of theory.  

The IRMPD spectrum contains 4 prominent absorptions.  Two absorptions at ca. 1420, 

and 1735 cm-1, are fully resolved.  Two absorptions at 1550 and 1615 cm-1 are less well resolved, 

but still clearly distinguishable.  It is clear from inspection of figures 32 and 33 that the best 

agreement between experimental and theoretical spectra is for structure OHNic_p1, consistent 

with the fact that the same species is predicted to be lowest in energy.  All other minima 

identified for protonated 2-OHNic have predicted IR features that are in poorer agreement, in 

terms of the relative positions of absorptions, with the experimental IRMPD spectrum. 

Based on comparison to the vibrational pattern predicted for OHNic_p1 at the B3LYP/6-

311++G(3df,3p) level of theory, the absorption at 1735 cm-1 is assigned to the C=O stretch of the 

acid group coupled to C-C stretches of the protonated 2-pyridone ring.  The absorption in the 

IRMPD spectrum located at 1615 cm-1 is assigned to a pair of closely-spaced absorptions, 

predicted to appear at 1612 and 1637 cm-1, that are best described as C-C stretches coupled to an 

–OH wag of the 2-pyridone ring.  The absorptions at 1550 and 1420 cm-1 are assigned to 
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different coupled modes that involve the amide N-H wag of the protonated 2-pyridone ring and 

ring C-C stretches. 

 In figure 34, the IRMPD spectrum of the dehydrated product is compared to those 

predicted for OHNic_p4, OHNic_p30, OHNic_p6 and OHNic_p7.  The IRMPD spectrum for 

the dehydrated product contains 3 absorptions at ca. 1430, 1530, and 1750 cm-1.  The best 

general agreement between IRMPD and predicted spectra is for OHNic_p4, the 2-pyridone-like 

acylium ion predicted to be lowest in energy (table 15).  The key distinguishing feature of an 

acylium ion would be the –C≡O stretch [283,284].  For structure OHNic_p4, this feature is 

predicted to appear at ~2200 cm-1, which is outside the photon energy range that could be 

accessed during the experiments.  However, for the 2-pyridone or hydroxypyridine-type 

structures, absorptions characteristic of C=O stretches or N-H wags are equally telling, especially 

when attempting to distinguish the acylium ions from the products that resemble the nicotinic 

acid carbocation. 

Based on the comparison to the theoretical spectrum for OHNic_p4, the absorption at 

1750 cm-1 can be assigned to the C=O stretch of the ring carbonyl.  The absorptions at 1530 and 

1430 cm-1 are assigned to the N-H wag of the ring coupled to C-C stretches.  For structure 

OHNic_p30, the hydroxypyridine ring tautomer of the acylium ion, the C=O stretch is predicted 

to red-shift by ca. 200 cm-1, with the other absorptions in the region of 1530 and 1430 cm-1 

composed only of ring C-C stretches.  These absorptions are not predicted for structures 

OHNic_p6 and OHNic_p7 because the proton situated at the pyridine N atom is eliminated and 

the species no longer contains a ring carbonyl.  The feature at 1770 and 1780 cm-1 in Fig. 6c and 

6d for structures OHNic_p6 and OHNic_p7 correspond to the carboxylic acid C=O stretch.  The 
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small features at 1370 and 1425 cm-1 are best described as ring C-H wags coupled to ring C-C 

stretches.  Clearly, based on the excellent agreement between the predicted spectrum for 

OHNic_p4 and the IRMPD spectrum for the ion at m/z 122, the structure of the dehydrated 

product can be assigned to the acylium species with 2-pyridine like structure.  

 

6.2.4 Pathway for loss of H2O from protonated 2-OHNic 

 With the conformations of protonated 2-OHNic (m/z 140) and the dehydrated product ion 

(m/z 122) confidently assigned to OHNic_p1 and OHNic_p4, respectively, the CID reaction that 

leads to elimination of H2O can be said to generate an acylium ion.  To further investigate the 

fragmentation pathways, DFT calculations were used to probe the reaction energies for the 

pathways shown in scheme 7.  The relative energies of relevant minima are provided in tables 14 

and 15.  Energies for transition state structures at the B3LYP/6-311+G(d,p) and B3LYP/6-

311++G(3df,3p) level of theory are provided in table 16.  Structures of the transition states for 

the three pathways are provided in figures 36-38. 

 For pathway 1, structure OHNic_p5 is generated from the global minimum, OHNic_p1, 

by proton transfer through transition state OHNic_TSp1_p5.  As noted earlier, the transfer 

proceeds through an energetically unfavorable suprafacial 1-3 transition state.  Cleavage of the 

ring C-OH2 bond that ultimately causes elimination of H2O, occurs through transition state 

OHNic_TSp5_p6, presumably furnishes structure OHNic_p6, the nicotinic acid carbocation.  

The products (OHNic_p6 and H2O) are ca. 362 kJ/mol above the energy of the global minimum.  

Rotation of the acid group, through transition state OHNic_TSp6_7, furnishes the lower energy 

structure OHNic_p7 (ca. 358 kJ/mol). 
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 For pathway 2 (Fig. 8), structure OHNic_2 is populated by rotation of the acid group 

through transition state OHNic_TS_p1_p2, with a barrier of about 60 kJ/mol.  Elimination of 

H2O in this pathway proceeds through a 6-membered ring transition state that involves concerted 

proton transfer and C-OH2 bond cleavage (structure OHNic_TSp2_p3) that is about 90 kJ/mol 

above structure OHNic_p1.  Following elimination of H2O, the post reaction complex 

OHNic_p3 can presumably be formed.  Elimination of H2O from the post-reaction complex then 

furnishes the acylium ion.  The rate determining step in this pathway is formation of products, 

which lie ca. 164 kJ/mol above the global minimum.  

For pathway 3 (Fig. 9), structure OHNic_p8 is generated from the global minimum, 

OHNic_p1, by proton transfer through transition state OHNic_TSp1_p8.  Structure OHNic_p9 

is generated from OHNic_p8 through rotation of the acid –OH group through transition state 

OHNic_TSp8_p9.  Progress through transition state OHNic_TS_p9_p10 furnished structure 

OHNic_p10, a gem-diol conformation which allows for proton transfer (transition state structure 

OHNic_TSp10_p11) with concerted C-O bond cleavage to result in elimination of H2O and 

formation of the acylium ion, OHNic_p4.  The barrier to this reaction pathway is the suprafacial 

1-3 proton transfer transition state OHNic_TSp10_p11 that ultimately leads to elimination of 

H2O, which is ~282 kJ/mol above the global minimum when calculated at either level of theory. 

Based on the energetics produced by DFT, it can reasonably be assumed that loss of H2O 

from protonated 2-OHNic occurs by route 2 depicted in scheme 7.  The path leads to the correct 

product ion as identified by IRMPD spectroscopy.  The overall reaction barrier appears to be 

formation of products, at ~164 kJ/mol, which is significantly lower than the proton transfer 
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barriers identified for routes 1 and 3.  As noted earlier, the product ion generated by route 1 is a 

nicotinic acid carbocation, for which no evidence was observed in the IRMPD spectrum.   

 

6.3 CONCLUSIONS 

In summary, we have shown that CID of protonated 2-hydroxynicotinic acid (2-OHNic) 

generates a dominant product ion through the elimination of water, which subsequently forms an 

adduct with adventitious H2O in a quadrupole ion trap in an ion-molecule reaction.  The 

formation of the adduct species was confirmed by isolating and storing the product in the ion trap 

mass spectrometer, without imposed collisional activation.  Adduct formation is identified by 

new peaks 18 and 32 mass units higher and presumably represents generation of acid and methyl 

ester species by reaction of an acylium ion.  

Density functional theory calculations indicate that an acylium ion is energetically more 

favored as the dehydration product from 2-OHNic than a nicotinic acid carbocation generated by 

elimination of H2O from the aromatic ring.  Formation of the acylium product is confirmed by 

IRMPD spectroscopy following comparison to harmonic calculations by DFT.  The IR spectrum 

of the dehydration product is most consistent with formation of an acylium ion with a 2-pyridone 

like structure rather than the hydroxypyridine tautomer.   

DFT was also used to investigate in detail the dynamics of possible reaction pathways to 

the dehydrated product.  Investigation of three possible routes to loss of H2O from protonated 2-

OHNic demonstrates that the lowest energy pathway leads to an acylium ion by concerted proton 

transfer and elimination of H2O through a 6-membered ring transition state.  The other pathways 
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include energetically unfavorable 1-3 proton transfer steps and, in one case, the formation of an 

energetically unfavorable product ion. 

 

  



128 

 

 
Figure 29. Mass spectra derived from 2-hydroxynicotinic acid: (a) full mass spectrum, (b) CID 

of protonated 2-hydroxynicotinic acid (m/z 140), (c) isolation of m/z 122, without imposed 

collisional activation, after generation from protonated 2-hydroxynicotinic acid (MS3 stage) and 

(d) CID (MS3 stage) of m/z 122 product ion derived from protonated 2-hydroxynicotinic acid. 
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Figure 30. Structures predicted for protonated 2-hydroxynicotinic acid (B3LYP/6-311+G(d,p) 

level of theory). 
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Figure 31. Structures predicted for dehydrated product ion (m/z 122) derived from protonated 2-

hydroxynicotinic acid (B3LYP/6-311+G(d,p) level of theory). 

OHNic_p4

OHNic_p6 OHNic_p7

OHNic_p30
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Figure 32. IRMPD spectrum of 2-hydroxynicotinic acid (a) and predicted (B3LYP/6-

311++G(3df,3p) level of theory) IR spectra for structures (b) OHNic_p1, (c) OHNic_p2, (d) 
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OHNic_p3, (e) OHNic_p5 and (f) OHNic_p8.  The IRMPD spectrum is included as a light gray 

trace in (b) through (f) to facilitate comparison of experimental and theoretical results. 



133 

 

 
Figure 33. Comparison of IRMPD spectrum (light gray trace) of protonated 2-hydroxynicotinc 

acid to spectra predicted (B3LYP/6-311++G(3df,3p) level of theory) for structures (a) 

OHNic_p9, (b) OHNic_p10, (c) OHNic_p11, (d) OHNic_p20 and (e) OHNic_p21. 
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Figure 34. IRMPD spectrum of dehydrated product ion (m/z 122) derived from CID of 2-

hydroxynicotinic acid (a) and predicted (B3LYP/6-311++G(3df,3p) level of theory) IR spectra 

for structures (b) OHNic_p4, (c) OHNic_p30, (d) OHNic_p6 and (e) OHNic_p7.  The IRMPD 
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spectrum is included as a light gray trace in (b) through (f) to facilitate comparison of 

experimental and theoretical results. 
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Figure 35. Reaction pathway for generation of dehydrated product ion (m/z 122) by route 1 in 

scheme 7.  Relative energies for relevant species are provided in Tables 14-16 of the text. 
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Figure 36. Reaction pathway for generation of dehydrated product ion (m/z 122) by route 2 in 

scheme 7.  Relative energies for relevant species are provided in Tables 14-16 of the text. 
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Figure 37. Reaction pathway for generation of dehydrated product ion (m/z 122) by route 3 in 
scheme 7.  Relative energies for relevant species are provided in Tables 14-16 of the text.
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Scheme 7. Possible routes for elimination of H2O during CID of protonated 2-hydroxynicotinic 
acid. 
  

N O

OO
H

HH

+ N O

OO
H

H

H +

N O

O

H+

Proton transfer

Proton transfer

N O

OO

HH

H

+

N O

OO

HH

H
+ +

N
C

O

H
O

+

N O

OO
H

H

H

+

Proton transfer

Rotation

-H2O

-H2O

-H2O
N

C

O

H
O
+

(1)

(2)
(3)



140 

 

 
6-311+G(d,p) E ZPE E+ZPE E (kJ/mol)

OHNic_p1 -512.6147 0.1217 -512.4931 0.00

OHNic_p2 -512.6084 0.1216 -512.4868 16.51

OHNic_p3 -512.5606 0.1162 -512.4444 127.85

OHNic_p5 -512.5515 0.1183 -512.4333 157.02

OHNic_p8 -512.6054 0.1206 -512.4848 21.72

OHNic_p9 -512.5929 0.1202 -512.4727 53.35

OHNic_p10 -512.5757 0.1204 -512.4552 99.32

OHNic_p11 -512.5511 0.1159 -512.4352 151.89

OHNic_p20 -512.5843 0.1206 -512.4637 76.99

OHNic_p21 -512.5679 0.1202 -512.4476 119.25

6-311++G(3df,3p) E ZPE E+ZPE E (kJ/mol)

OHNic_p1 -512.6536 0.1217 -512.5319 0.00

OHNic_p2 -512.6458 0.1216 -512.5242 20.21

OHNic_p3 -512.5963 0.1162 -512.4802 135.92

OHNic_p5 -512.5901 0.1185 -512.4715 158.57

OHNic_p8 -512.6449 0.1208 -512.5240 20.73

OHNic_p9 -512.6340 0.1207 -512.5133 48.81

OHNic_p10 -512.6152 0.1205 -512.4947 97.60

OHNic_p11 -512.5861 0.1158 -512.4704 161.63

OHNic_p20 -512.6233 0.1209 -512.5024 77.41

OHNic_p21 -512.6083 0.1204 -512.4879 115.57  
Table 14. Calculated energies for minima identified for protonated 2-hydroxynicotinic acid. 
 
 
 
6-311+G(d,p) E ZPE E+ZPE E (kJ/mol)

OHNic_p4 -436.0854684 0.092255 -435.993214 0.00

OHNic_p30 -436.0743118 0.091611 -435.982701 27.60

OHNic_p6 -436.0078039 0.090018 -435.917786 198.04

OHNic_p7 -436.0093703 0.089941 -435.919429 193.72

6-311++G(3df,3p) E ZPE E+ZPE E (kJ/mol)

OHNic_p4 -436.1178123 0.092255 -436.0255573 0.00

OHNic_p30 -436.1077209 0.09175 -436.015971 25.17

OHNic_p6 -436.0410909 0.090173 -435.950918 195.97

OHNic_p7 -436.0426823 0.090095 -435.952588 191.58  
Table 15. Calculated energies for minima identified for the dehydration product derived from 
protonated 2-hydroxynicotinic acid. 
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6-311+G(d,p) E ZPE E+ZPE E (kJ/mol)

OHNic_TSp1_p5 -512.5183 0.1148 -512.4035 235.10

OHNic_TSp5_p6 -512.5370 0.1174 -512.4196 192.84

OHNic_TSp6_p7 -436.0001 0.0898 -435.9103 382.25*

OHNic_TSp1_p2 -512.5909 0.1207 -512.4701 60.25

OHNic_TSp2_p3 -512.5762 0.1173 -512.4589 89.75

OHNic_TSp4_p30 -436.0171 0.0869 -435.9301 330.18*

OHNic_TSp1_p8 -512.6065 0.1176 -512.4889 11.00

OHNic_TSp8_p9 -512.5835 0.1183 -512.4652 73.28

OHNic_TSp9_p10 -512.5594 0.1189 -512.4405 137.91

OHNic_TSp10_p11 -512.5002 0.1147 -512.3855 282.30

6-311++G(3df,3p) E ZPE E+ZPE E (kJ/mol)

OHNic_TSp1_p5 -512.5566 0.1149 -512.4418 236.73

OHNic_TSp5_p6 -512.5751 0.1176 -512.4575 195.28

OHNic_TSp6_p7 -436.0335 0.0899 -435.9436 383.23*

OHNic_TSp1_p2 -512.6294 0.1207 -512.5087 60.25

OHNic_TSp2_p3 -512.6136 0.1173 -512.4963 89.75

OHNic_TSp4_p30 -436.0505 0.0871 -435.9635 330.95*

OHNic_TSp1_p8 -512.6460 0.1179 -512.5281 9.92

OHNic_TSp8_p9 -512.6238 0.1184 -512.5053 69.74

OHNic_TSp9_p10 -512.5988 0.1190 -512.4798 136.79

OHNic_TSp10_p11 -512.5393 0.1149 -512.4244 282.08

 

 

 

 

 

 

 

 

 

 

 Table 16.  Calculated energies for transition state structures identified for routes 1 through 3 
shown in scheme 1.  *Denotes transition state energies for specific product ions to which the 
zero-point corrected energy of water product has been added for comparison. 
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Chapter VII 

SUMMARY REMARKS 

 

The overall aim of this thesis was to employ computational chemistry methods to the 

determination of structure for a group of gas-phase ions.  In the first study, density functional 

theory calculations were used to complement measurements at the the Free-Electron Laser for 

Infrared Experiments (FELIX) that involved wavelength-resolved multiple photon 

photodissociation of discrete, gas phase uranyl (UO2
2+) complexes containing a single anionic 

ligand (A), with or without ligated solvent molecules (S). The uranyl antisymmetric and 

symmetric stretching frequencies were measured for complexes with general formula 

[UO2A(S)n]+, where A was either hydroxide, methoxide, or acetate; S was water, ammonia, 

acetone, or acetonitrile; and n = 0-3. The values for the antisymmetric stretching frequency for 

uranyl ligated with only an anion ([UO2A]+) were as low or lower than measurements for 

[UO2]2+ ligated with as many as five strong neutral donor ligands, and are comparable to solution 

phase values. This result was surprising because initial DFT calculations predicted values that 

were 30–40 cm-1 higher, consistent with intuition but not with the data. Modification of the basis 

sets and use of alternative functionals improved computational accuracy for the methoxide and 

acetate complexes, but calculated values for the hydroxide were greater than the measurement 

regardless of the computational method used. Attachment of a neutral donor ligand S to [UO2A]+ 

produced [UO2AS]+, which produced only very modest changes to the uranyl antisymmetric 

stretch frequency, and did not universally shift the frequency to lower values. DFT calculations 
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for [UO2AS]+ were in accord with trends in the data, and showed that attachment of the solvent 

was accommodated by weakening of the U-anion bond as well as the uranyl. When uranyl 

frequencies were compared for [UO2AS]+ species having different solvent neutrals, values 

decreased with increasing neutral nucleophilicity. 

 In the second study, the attention was turned to reduce, U(V) dioxocations with bound 

solvent molecules.  Antisymmetric O=U=O stretching frequencies () were measured over a 

very small range (from ~ 953 cm-1 for H2O to ~ 944 cm-1 for n-propanol (n-PrOH)) for all four 

complexes, indicating that the nature of the alkyl group was not greatly affecting the metal 

centre.  The  values generally decreased with increasing nucleophilicity of the solvent, except 

for the methanol (MeOH)-containing complex, which had a measured  value equal to that of 

the n-PrOH-containing complex.  The  frequency values for these U(V) complexes are about 

20 cm-1 lower that those measured for isoelectronic U(VI) ion-pair species containing analogous 

alkoxides.  values for the U(V) complexes are comparable to those for the anionic 

[UO2(NO3)3]- complex, and lower than previously reported values for ligated uranyl (VI) 

dication complexes by 40 – 70 cm-1.  The lower frequency is attributed to weakening of the 

O=U=O bonds by repulsion related to reduction of the U metal center, which increases electron 

density in the antibonding * orbitals of the uranyl moiety.  Computational modeling of the  

frequencies using the B3LYP functional was in good agreement with the IRMPD measurements, 

in that the calculated values fell over a very small range and were within a few cm-1 of 

measurements.  The PBE functional also produced similar results, with calculated  values 

higher by 3 - 6 cm-1, and values generated using the LDA functional were slightly higher.  

Subtleties in the trend in  frequencies for the H2O – MeOH – EtOH – n-PrOH series were not 
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reproduced by the calculations, specifically for a lower than expected value for the MeOH 

complex 

 Collision-induced dissociation (CID) of the peptide alanine-4-aminomethylbenzoic acid-

glycine (AAMBzG) generates a prominent b2 ion despite a previous report [Collision-induced 

dissociation of Protonated Tetrapeptides Containing -Alanine, -Aminobutyric Acid, -

Aminocaproic Acid or 4-Aminomethylbenzoic Acid Residues, E. R. Talaty, T. J. Cooper, S. M. 

Osburn and M. J. Van Stipdonk, Rapid Comm. Mass Spectrom., 20, 3443-3455 (2006).] that 

showed incorporation of the aromatic amino acid into a peptide sequence effectively eliminates 

bn ions to the immediate C-terminal side of the residue.  Infrared multiple photon dissociation 

(IRMPD) spectroscopy and density functional theory (DFT) calculations show that the b2 ion 

generated from AAMBzG has an acylium structure, likely formed by direct cleavage of the C-

terminal amide bond.  The b2 ion generated from AMBzAG, in which the aromatic residue is 

situated at the amino-terminus, is instead a conventional oxazolone. 

 The Uranyl Chlorate Perchlorate saw the application of computational methodology that 

had been worked on only in pieces up to this point.  It brought together transition state modeling, 

IR frequency comparison and specific basis set and functional for uranyl species.  The IR was 

compared to those found experimentally through the use of IRMPD.  The combination of the 

IRMPD and DFT calculations show that for the chlorate system, a mixed of the two lowest 

energy structures found via DFT provide excellent agreement with experimental IR data.  The 

low energy barrier between these states found through transition state modeling, make the 

amalgam of the structures a very good possibility.  The work also found that even with systems 



145 

 

as comparable as the chlorate and perchlorate, there isn’t a single functional/basis set 

combination that provides a high level of agreement between experiment and calculations. 

 With the loss of water from protonated 2-hydroxynicotinic acid, one of the biggest 

challenges was determining which reaction pathway was in line with the experimental data.  It 

was also important to see whether that reaction pathway was energetically reasonable.  The DFT 

calculations found that the formation of the acylium ion is the favored dehydration product.  

Through the use of IRMPD, the acylium product was confirmed via IR comparison to the 

theoretical IR of DFT.   
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