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Abstract 

This dissertation thesis reports the study of several copper complexes and their 

reactivity in the gas phase. The complexes were analyzed using different methods, namely, 

electrospray ionization-mass spectrometry (ESI-MS), infrared multiphoton dissociation 

(IRMPD) spectroscopy and theoretical calculations.  

In the first part, the complexes of redox-active ligands (catechol, maltol, and 

phenanthraquinone) with copper were studied under electrospray ionization conditions. 

[Cu(PQ)2]
+ (PQ = 9,10-phenanthraquinone), [Cu(maltol)(maltol-H)]+ and 

[Cu(maltol)(maltol-H2)]
+ were produced by electrospray ionization. The copper complexes 

were compared with complexes of other metals (Zn, Ag, and Na), and the structures were 

studied by collision induced dissociation (CID) and IRMPD spectroscopy. The redox 

process of copper complexes was studied using the C-O stretching mode as a redox marker 

and using fragmentation experiments. Both the phenanthraquinone and maltol ligands 

showed redox activity of the studied copper complexes in the gas phase.  

In the second part, negatively charged complexes of copper with pincer ligand L (L 

= N,N´-bis[2,6-diisopropylphenyl]-2,6-pyridinedicarboxamide) were investigated to show 

the effects of different counter-ions. The results showed that electrospray ionization of 

copper chlorate salt generates [CuIII(L-2H)(O)]− complexes. Furthermore, other copper 

salts were also investigated to generate copper(II) complexes. Specifically, [Cu(L-

2H)(CH3COO)]− and [Cu(L-2H)(CH3O)]−. In the case of [Cu(L-2H)(CH3COO)]− were 

studied, CID analysis showed that the acetoxy complex undergoes competitive 

eliminations of the acetoxy radical and acetic acid. [Cu(L-2H)(CH3O)]− fragmentation 

shows that this complex is involved in the redox process and in the rearrangement reaction. 

In the last part, the generation and reactivity of copper(III)-oxo complexes with 

monodentate or bidentate ligands and different copper salts were studied. Electrospray 

ionization of copper chlorate salts is an efficient method to generate various [(L)CuO]+ 

complexes with monodentate and bidentate ligands. The signature of these terminal 

copper-oxo complexes is the elimination of the oxygen atom upon collisional activation. 

Furthermore, these complexes reacted with water, ethane, ethylene, and 1,4-

cyclohexadiene in the gas phase. The [(MeCN)CuO]+ complex oxidized water and 

performed C-H activation and hydroxylation of ethane. The complexes with bidentate 
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ligands did not react with water and oxidized only larger hydrocarbons. All the 

investigated complexes showed comparable reactivities in the oxygen-transfer reaction 

with ethylene. 

 

Souhrn 

Tato dizertace sa zabývá komplexy mědi a jejich reaktivitou v plynné fázi. 

Komplexy byly analyzovány hmotnostní spektrometrií s elektrosprejovou ionizací (ESI-

MS), infračervenou multifotonovou fotodisociační spektroskopií (IRMPD) a teoretickými 

výpočty.  

V první části dizertace jsem studovala komplexy mědi s redox-aktivními ligandy 

(katechol, maltol a 9,10-fenantrachinon) a porovnala jsem jejich strukturu a reaktivitu 

s analogickými komplexy jiných kovů. Struktura komplexů jsem studovala pomocí kolizně 

indukované disociace (CID) a IRMPD spektroskopie. Redoxní vlastnosti komplexů mědi 

byly studovány a určeny na základě odlišných frekvencí C-O vibrací a CID fragmentačních 

experimentů. Komplexy s fenantrachinonem a maltolem vykazovaly redoxní aktivitu.  

V druhé části práce byly zkoumány negativně nabité komplexy mědi s chelatujícím 

ligandem L (L = N,N´-bis(2,6-diisopropylfenyl)-2,6-pyridindikarboxamid) a různými 

protiionty. Pozorovala jsem, že elektrosprejová ionizace komplexů s chlorečnanem jako 

protiiontem vede ke vzniku komplexů [CuIII(L-2H)(O)]−. Dále byly studovány jiné 

měďnaté komplexy, konkrétně [Cu(L-2H)(CH3COO)]− a [Cu(L-2H)(CH3O)]−. CID 

experimety v případě [Cu(L-2H)(CH3COO)]− ukázaly, že se tento komplex rozpadá za 

ztráty acetoxy radikálu, nebo kyseliny octové. Fragmentace komplexu [Cu(L-2H)(CH3O)]− 

vede k redoxním procesům a přesmykům. 

V poslední části byla studována tvorba a reaktivita měditých oxo komplexů s 

monodentátními a bidentátními ligandy. ESI ionizace směsi ligandu a chlorečnanu 

měďnatého se ukázala jako efektivní metoda pro generování měditých oxo komplexů 

[(L)CuO]+. Připravené oxo komplexy vykazují charakteristickou eliminaci atomu kyslíku 

při CID. Dále byla zkoumána reaktivita těchto iontů s vodou, ethanem, ethylenem a 

cyclohexa-1,4-dienem v plynné fázi. Komplex [(MeCN)CuO]+ dokáže oxidovat vodu a 

aktivovat a hydroxylovat C-H vazbu ethanu. Komplexy s bidentátními ligandy s vodou 
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nereagují a oxidují pouze delší uhlovodíky. Všechny studované komplexy epoxidují 

ethylen se srovnatelnou reakční rychlostí. 
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List of abbreviations 

The following part describes the significance of various abbreviations used throughout the 

thesis. 

ACN  acetonitrile  

NH3   ammonia  

AE   appearance energies  

BSSE   basis set superposition error 

BDE   bond dissociation energy 

CID   collision induced dissociation  

CRM   charged residue model  

CM   center-of-mass 

DFT   density functional theory  

ESI   electrospray ionization  

ESI-MS  electrospray ionization mass spectrometry  

FEL   free electron laser  

FWHM  full width at half maximum 

HAT   hydrogen-atom-transfer  

IVR   intramolecular vibrational energy redistribution  

IRMPD  infrared multiphoton dissociation  

IEM   ion evaporation mechanism  

IMS-MS  ion-mobility spectrometry-mass spectrometry  

MMO   methane monoxygenase  

DMF   N,N-dimethylformamide  

NCEs   normalized collision energies  

OAT   oxygen-atom-transfer 

PQ   9,10-phenanthraquinone 

phen   1,10-phenanthroline  

PES   potential energy surface  

rf   radio-frequency  

THF   tetrahydrofuran  

TS  transition state  
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Transition-metal complexes are able to facilitate chemical transformation in catalytic 

processes. Transition metals have certain advantages compared to other metals because 

they display different oxidation states. Nickel,1 gold,2 copper,3 cobalt,4 palladium,5 

manganese,6 rhodium,7 and ruthenium8 are among the most widely widespread investigated 

transition-metal complexes. Nature employs this property in various metalloenzymes,9,10 

that catalyze processes, such as water-splitting. Most of dioxygen in the atmosphere is 

produced by oxidation of water. The enzyme that is responsible for this reaction is known 

as photosystem II (PSII). It absorbs photons and uses light energy to oxidize molecules of 

water into dioxygen. This process had dramatic effects on the development of life.11  

Nature also uses transition-metal ions to facilitate C-H activation reactions,12,13 for 

example methane monoxygenase (MMO)14 and P450 cytochrome metalloenzymes.15 

Understanding C-H bond activation mechanism is important for finding new strategies in 

the synthesis of many important organic compounds.16,17 Additionally, nitrogen is known 

as an essential element as it is needed for molecules like DNA, RNA, and proteins. Most 

organisms can absorb nitrogen only from “fixed” forms such as ammonia (NH3). The 

fixation of nitrogen is performed by atmospheric-N2-reducing nitrogenase enzymes.18  
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1.1 Chemistry of copper  

 

Copper is one of the transition metals found to be essential for living organisms. It is 

contained in the active centers of redox metalloenzymes necessary for many 

microorganisms.19,20 The chemistry of copper focuses on its most accessible oxidation 

states of copper(I) and copper(II). On contrary, the copper in oxidation state +III is less 

stable and the examples of such complexes are limited. Chemists tried to find out more 

about new methods for stabilizing copper with the high oxidation state. Having suitable 

ligands enabled chemists to stabilize copper in a high oxidation state. 

 

 

1.2 Copper in biology 

 

Enzymes containing transition metal are able to perform essential metabolic 

reactions. The most common metals are iron, zinc, and copper.21 Copper exists in 

mononuclear and multinuclear forms that are able to facilitate biochemical redox-active 

processes.22,23 For example they are involved in catalysis and electron transfer reactions. In 

copper chemistry, ligands with different donor atoms and different chelate-ring sizes can 

make profound changes on copper complexes reactivity. In biomimetic studies, the most of 

the systems involved in O2 activation by Cu(I) complexes have aromatic nitrogen ligands 

such as pyridine, and imidazole, oxygen ligation from phenols or phenolate ions and sulfur 

ligation from thioethers or disulfides. Table 1.1. shows the most important copper-

containing proteins. Copper ions in the active centers of enzymes have been divided into 

three categories based on the spectroscopic features, namely type-1, type-2, type-3.  
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Table 1.1. Important biological reactions activated by copper-containing proteins. 

Active center                                                                     Catalytic processes                                                                              

 

Galactose 

oxidase 

 

Mononuclear 

copper 
 

 

Dopamine-

hydroxylase 

 

Binuclear copper  

 

 

Hemocyanin 

 

 

 

Tyrosinase 

 

 

Catechol  

oxidase 

 

 

 

 

 

Binuclear copper  

 

 

 

 

 

 

 

 

 

 

 

Type-1 proteins, blue copper proteins, are involved in electron transfer processes 

during photosynthesis in plants as well as in bacteria. The active site contains one copper 

ion that is surrounded by ligands. The coordination sphere around the copper center is 

composed of two nitrogen donor atoms of histidine residues, a sulfur atom from a cysteine 

residue, and a sulfur atom from a methionine residue. Also, type-1 copper proteins 

participate in redox enzymes and in multicopper oxidases which contain more than one 

copper at the active site.24  

Type-2 proteins contain two copper centers that are not coupled. The copper atom 

of a type-2 site is coordinated with histidine residues. They are found in oxidases process 

such as galactose oxidase and in oxygenases such as dopamine--monooxygenase. In 

addition, type-2 copper sites are found in the binuclear metal site of Cu/Zn-superoxide 

dismutase.  
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Type-3 proteins have a dicopper core with nitrogens in the coordination sphere from 

histidine residues. This type exists in plants. Hemocyanin, tyrosinase, and catechol oxidase 

are the type-3 copper proteins. They can serve either as oxygenase/oxidase enzymes or as 

dioxygen transfer. Hemocyanin is an example of oxygen carriers and oxygen storage 

proteins. Tyrosinase can catalyze two reactions, the hydroxylation of phenolic compounds 

in the ortho position and subsequently oxidation of diphenolic products. Catechol oxidase 

is only responsible to catalyze the oxidation of catechols (o-diphenols) to corresponding 

quinones.25,26  

 

 

1.3 The copper oxygen systems 

 

The reactions of copper(I) complexes with O2 are important in biochemistry and 

catalysis, because they are the first step in copper-catalyzed oxidation of organic substrates 

by oxygen in copper-containing dioxygenases, monooxygenases, and oxidases.27-31 

Important research goal is to investigate methods of the formation, spectroscopic 

characteristics, and reactivity of the copper-oxygen systems. These copper-oxygen systems 

are formed by interaction of one or two copper(I) centers with oxygen (Figure 1.1). The O2 

activation by copper enzymes starts with the coordination of the reduced form of copper 

(CuI) to O2 to form CuII-superoxo (CuO2) species (A). This species may exist in some 

compound as end-on (1) or side-on (2) coordination with dioxygen. The CuII-superoxo 

receives proton and an electron from substrates to give a CuII-hydroperoxo (D). Another 

active form corresponds to copper-oxyl and oxo core (E), which are formed by similar 

reduction-protonation with O-O bond cleavage. The copper-oxo species and the protonated 

form of copper-oxo/oxyl core (F) are also known as active copper(III) intermediates, 

which participate in hydrogen atom abstraction reaction. Alternatively, CuII-hydroperoxo 

attacks a second copper center to form a binuclear dicopper species (peroxo Cu2O2) (B and 

C).  
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Figure 1.1. Copper oxygen intermediate cores.  

Hypervalent metal-oxo complexes are in general highly reactive.32-37 Most 

importantly, these complexes are capable of mediating C-H activations and act as oxygen-

transfer reagents.38-40 Another interesting field is water oxidation and several potential 

catalysts based on a metal-oxo moiety have been investigated.41-46 The reactivity of 

terminal metal-oxo complexes is largely influenced by the metal involved, and many 

fundamental studies have been devoted to this topic.47,48 Most of the catalysts developed on 

these grounds are based on iron(IV)-oxo motif, but studies exist for almost all 3d 

metals,48,49 -except for copper. Theoretical as well as the gas-phase studies predict a 

particularly high reactivity of the copper(III)-oxo complexes due to a small Cu-O binding 

energy50-52 and the predicted single-state reactivity in reactions with hydrocarbons.49,29  

Potent reactivity is also expected on the basis of numerous enzymes that use one or 

more copper centers in oxidation reactions (copper monooxygenase, multicopper oxidases, 

particulate methane monooxygenase).20-54 Copper(III) intermediates are predicted to play 

an important role in many copper-catalyzed reactions.55 Many reaction mechanisms are 

rationalized on the basis of theory, because experimental detection of neutral or positively 

charged copper(III) intermediates is challenging. The stable copper(III) complexes that 

have been prepared so far have relied on highly stabilizing planar tetradentate ligands.56-61 

Recent years have also brought success in the field of investigation of negatively charged 

Gilman cuprates.62,63 Another important group of copper(III) species belongs to the class of 

dinuclear μ-oxo complexes.64-67 
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1.4 Redox-active ligands 

 

Redox-active ligands, also known as non-innocent ligands, have ambiguous 

oxidation states when bound to transition metals.68-71 Redox-active ligands participate in 

various electron transfer steps. Transition-metal complexes containing redox-active ligands 

allow intramolecular electron transfer in the system. Inspirited by the bio-systems in 

nature, several redox-active ligands have been designed and reported.72,73 Prototypical 

redox-active model ligands are based on ortho-benzoquinone skeleton.74,75  Ligands with 

oxygen donating atoms, for example quinone, have ubiquitous role in biological 

process.76,77 They combined with different metals to form stable complexes. Ligands can 

coordinate with transition-metals as fully reduced catecholates, partially oxidized 

semiquinones, and fully oxidized quinones (Scheme 1.1). 

 

 

 

Scheme 1.1. Single and double electron oxidation of catechol 

 

Metals can also donate or accept electrons similar to ligands and thus open a door to 

rich chemistry. The classical examples involving cascades of electron transfers are from 

biochemistry.78-80 The use of organic molecules such as tyrosine or coenzyme Q in the 

electron transfer processes is area of research.81,82 Among other metals, copper is known to 

be present in a wide range of biochemical redox-active systems.22,23 As an example, it can 

be referred to galactose oxidase that combines a copper ion with redox-active ligands with 

comparable redox potentials and thereby allows oxidation of an alcohol group to aldehyde 

by the reduction of O2 to H2O2.
83 Reversible redox changes are applied also in design of 

molecular switches.84 In a molecular system formed from redox-active molecules 

electronic changes can lead to, for example, valence tautomeric structures with different 

physical properties. The observable change of a property can be used as a switch 

indicator.85 
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1.5 Pincer ligand 

 

Pincer ligands as one class of polydentate ligands. They are tridentate ligands 

(Scheme 1.2).86-89 Metal complexes with a pincer ligand have rigid structures with high 

thermal stability. Therefore, metal pincer complexes have a vital role in many areas such as 

catalytic chemical transformations, sensors, switches, and supramolecular chemistry.90,91 A 

significant amount of research has been reported about coordination chemistry of metals 

with pyridine dicarboxamide.92-95 Systems containing pincer ligands exist with metal ions 

in low and high oxidation states.92 These tridentate ligands enable formation of stable 

complexes with transition-metals. The pincer ligand can be categorized by the nature of 

donor atoms (labelled as E and D in Scheme 1.2). The nature of the donor atom in the 

centers D and E can be modified to impact the electronic properties of pincer complexes. 

Changing the nature of donor atom in the arms (D) can also be used to control both steric 

and electronic effects. Additionally, catalytic activity of pincer complexes can be tuned by 

changing substituents R on the backbone. 

 

 

 

Scheme 1.2. A pincer ligand. 

 

The tridentate pincer ligands have proved to be useful in many transition-metal 

catalysis and organic reactions96, most notably C-C bond formations97,98, C-H bond 

activations99, and also activations of NH3
100, CO2

101,102, and H2O.103 The high interest in C-

H activation is a reason for considering metal complexes as catalysts,104 for instance, 

complexes of palladium, ruthenium, rhodium, copper, or iron complexes activate C-H 

bonds.105,60 
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Tolman and coworkers developed an approach based on electrochemical oxidation 

of a [(L-2H)CuII-OH]− complex, where (L-2H)2− is a bis-deprotonated pincer ligand.108 The 

generated [(L-2H)CuIII-OH]ˉ complexes are able to activate C-H bonds of substrates.109,110 

This complex can activate dihydroanthracene to form anthracene as product. The authors 

concluded that the protonated form of the copper(III)-oxo species is the active intermediate 

in catalytic oxidation reactions.65-67 Recently, they also investigated copper(III)-

alkylperoxo complexes with pyridine dicarboxamide ligand which are structurally similar 

(Figure 1.2).111 The structure of ligand was observed to be suitable for the formation of the 

copper(III) complex and also reactivity of the complex. The copper complex (3a) reacts 

with weak O-H bonds in TEMPO-H and 4-dimethylaminophenol. Generally, the 

complexes with copper(III)-alkylperoxo are less active than the hydroxide complex with 

the low oxidation potential. 

 

 

 

Figure 1.2. Synthesis of complexes and representation of the anionic portion of the X-ray crystal structure of 

2a (NEt4
+ counter-ion). Reprinted with permission from ref. 111. Copyright (2017) American Chemical 

Society. 
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1.6 Gas-phase ion chemistry  

 

Gas-phase ion chemistry studies interactions of ions with molecules or atoms in the 

gas phase. The advantage of using the gas-phase ion chemistry is twofold. Single events of 

ion-molecule reactions are investigated and the reactions conditions are exactly defined. 

Further, the absence of solvent effects makes the evaluation of the measured data simple 

and comparison of the results with theoretical calculations is straightforward. Therefore, 

experiments in the gas phase provide intrinsic properties, such as proton affinities or 

bonding energies, and intrinsic reactivities without solvent interaction. 

Theoretical calculations are primarily performed and therefore work reliably for 

investigation of species and reactions in the gas phase. The calculations can provide 

potential energy surfaces (PES) with stationary points corresponding to reactants, 

intermediates, and transition states. The theoretical structures in the gas phase can be 

validated by a gas-phase spectroscopical methods such as mass spectrometry combined 

with infrared multiphoton dissociation (IRMPD) spectroscopy. 

 

1.6.1 Gas-phase studies of copper oxygen 

 

The study of gas-phase metal ions complexes is one of the most important topic in 

mass spectrometry and gas-phase ion chemistry.112-114 Several systems containing Cu-O 

have been developed. The binding of oxygen to the copper centers of enzymes has been 

studied in the gas phase by generation oxygen adduct copper complexes. The ligands used 

are often phenanthroline compounds that coordinate to the copper atom via the nitrogen 

atoms. Such phenanthroline-copper complex can then form terminal copper-oxo 

complexes. Also, many theoretical calculations have been conducted to unravel the nature 

of the Cu-O bond.115,50  

Initial study on formation of bare [CuO]+ was carried out by Schwarz' group in the 

gas phase.29 They have reported formation of gaseous [CuO]+. The [CuO]+ ion was 

generated by laser vaporization ionization of pure copper(II) nitrate by using a FT-ICR 
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mass spectrometer with He/N2O plasma. They showed that bare [CuO]+ is capable of 

activating and converting methane to methanol at room temperature. Two reactions were 

observed, hydrogen abstraction, and oxygen-atom transfer reactions [Equation (1) and (2)]. 

In addition, the product radical cation [CuOH]+ could cleave the C-H bond of a second 

methane molecule to produce a water complex [Equation (3)]. 

Density functional theory (DFT) studies were carried out in order to determine the 

reaction mechanism (Figure 1.3). Both singlet and triplet state were calculated for [CuO]+. 

Triplet state, 31, has a lower energy than the singlet state and thus is the ground state of 

[CuO]+. The singlet state has higher energy by 129 kJ mol-1. The reaction commences with 

adduct formation of ground state [CuO]+ with methane, where methane binds to the metal 

atom. Then it is followed by hydrogen-atom abstraction from one of the hydrogen atoms of 

methane to form hydroxy intermediate 1,32. As depicted in the diagram in Figure 1.3, the 

activation energies for hydrogen atom abstraction step with both singlet and triplet states 

are comparable. The reaction couldn’t proceed further via triplet state, because 

intermediate 32 lies higher in energy than 12. Therefore, the singlet state is responsible for 

the formation of the [Cu]+ and CH3OH product.  
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Figure 1.3. Potential-energy surface for the reaction of [CuO]+ with CH4. Relative energies corrected for 

zero-point energy contributions are given in kJ mol-1 and relevant bond lengths in Å. Reprinted from ref. 29. 
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In addition to bare [CuO]+, the formation of phenanthroline ligated copper-oxo was 

experimentally and theoretically investigated in the gas phase. Three different approaches 

have been reported to characterize and study reactivity of the ligated copper-oxo species: 

(i) collision induced dissociation (CID), (ii) ion mobility, and (iii) infrared multiphoton 

dissociation (IRMPD) experiment.  

In 2004, Schwarz and co-workers reported the generation of the ligated copper-oxo 

complex by using electrospray ionization (ESI) technique.27 They observed formation of 

[(phen)Cu(NO3)]
+ by ESI of the solution of the copper(II) nitrate and 1,10-phenanthroline 

(phen). Then, the [(phen)Cu(NO3)]
+ cations were mass-selected and subjected to CID 

experiment. The CID showed two fragmentation pathways resulted in the formation of the 

copper(I) and copper(III) complexes ([(phen)Cu]+ and [(phen)CuO]+).  

The copper(III)-oxo complex [(phen)CuO]+ (m/z 259) was further subjected to CID 

experiment in order to identify the structure. The results revealed that two fragmentation 

channels (O atom and CO molecule losses) are observed in the mass-selected ion at m/z 

259. The explanation of the CID pattern is that two isomers present within the single m/z 

259 ion. The O atom elimination corresponds to terminal copper-oxo complex and the CO 

elimination is assigned to the product self-oxidation of the 1,10-phenanthroline ligand. 

They also probed the reactivity of the two isomers with different hydrocarbons with C-H 

bond activation of hydrocarbons. Although no reaction was observed with methane, the 

complex activated propane and larger hydrocarbons. Experimental and theoretical results 

suggested that only the [(phen)CuO]+ isomer is reactive toward hydrocarbons. 

Also, Jašíková and co-workers published a work concerning the intermolecular 

activation of C-H bond in the ligated copper-oxo complex.116 The calculations and IRMPD 

spectra showed that the terminal Cu-O in the complex [(phen)CuO]+ is able to abstract 

hydrogen atom from position 2 of the phenanthroline ring (Scheme 1.3, isomer B). After 

formation of the copper(II) hydroxide intermediate, OH can be transferred to the ligand 

and generate the copper(I) complex (Figure 1.4). Thus, phenanthroline as ligand appears to 

facilitate the intramolecular C-H activation.  
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Scheme 1.3. Copper(III)-oxo complex [(phen)CuO]+ (a), self-oxidized copper complex [(phenox)CuO]+ (b). 

 

 

 

Figure 1.4. The B3LYP/TZVP potential energy surface (triplet in gray, singlet in black) for the C-H 

activation of the phenanthroline ligand. Reprinted from ref. 116. 

 

 

Another way to separate isomeric species was introduced in 2014 by using ion-

mobility spectrometry-mass spectrometry (IMS-MS). Rijs and co-workers demonstrated 

the ability of modern ion-mobility spectrometry to characterize and separate different 

isomers.30 The experiments were performed with a modified commercial travelling wave 

ion-mobility spectrometry (TWIMS) mass spectrometer to allow ion/molecule reactions at 

various stages of the gas-phase experiments They focused on the ligated triplet copper-oxo 

species [(phen)CuO]+. Their findings support that there are two isomers which correspond 

to the [(phen)CuO]+ and [(phenox)Cu]+ complexes. The former one has a higher TWIMS 

mobility. CID experiments performed for mass- and mobility - selected ions at m/z 259 
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(Figure 1.5) show that elimination of the oxygen atom from the isomer A is more efficient 

than in the isomer B. This is an evidence for the existence of terminal copper-oxo. 

Conversely, isomer B dominantly loses CO, which supports the existence of the oxidized 

ligand (Figure 1.5b). 

 

 

 

Figure 1.5. Individual CID spectra of mobility-separated m/z 259 isomers. Reprinted from ref. 30. Copyright 

(2014), with permission from Elsevier. 

 

Moreover, the two TWIMS-separated isomer differ in reaction with propane. The 

isomer A reacts with propane via C-H bond activation and O-atom transfer. On contrary, 

the isomer B showed no reactivity and only underwent adduct formation with molecules 

from the background. Furthermore, they investigated reactions with halobenzenes PhX (X 

= F, Cl, Br and I) no reactivity was observed. 

All reaction mechanisms were further investigated for each reaction by theoretical 

calculations. In a more recent study, the [(phen)CuO]+ complex activated the C-H bond in 

CH3F and CH2F2 via hydrogen atom transfer reaction.31  
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1.7 Aims and research objectives of PhD thesis 

 

Copper(III) complexes were observed as reactive intermediates in many 

microorganisms and biological systems. The formation of hypervalent copper complex in 

the gas phase is a challenging goal, and up to now, few systems of copper(III) complexes 

have been reported in the gas phase and their characterization is limited to CID and ion 

mobility. On the other hand, there are many theoretical studies to investigate the formation 

of copper(III) complexes.  

The aim of this work is to study generation and reactivity of copper(III) complexes 

with different ligands to better understand a properties and reactivity of the terminal Cu-O 

unit in biological systems. The complexes will be characterized using the gas-phase 

infrared spectroscopy. Combination of predicted and experimental values can give accurate 

information to analyze the structure of the copper complexes and reaction mechanisms. 

The above aim will be accomplished by the following research objectives in three parts: 

 Investigation of the redox chemistry of metal complexes with redox-active 

ligands. 

 Experimental and theoretical study of copper complexes with a pyridine 

dicarboxamide ligand; formation of copper(I), copper(II) and copper(III) 

complexes in the gas phase. 

 Study of gas-phase formation and reactivity of copper(III)-oxo complexes 

with model ligands. 

 

List of publications: 

I: Yassaghi, G.; Jašíková, L.; Roithová. J. Int. J. Mass Spectrom. 2016, 407, 92. 

II: Yassaghi, G.; Andris, E.; Roithová, J. ChemPhysChem. 2017, 18, 2217. 

III: Generation and reactivity of copper complexes with pyridine dicarboxamide pincer 

ligand, unpublished. 
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Experimental part 

2.1 Electrospray ionization source 

 

A prerequisite of all mass spectrometry studies is the generation of studied ions in 

the gas phase. One of the most successful ionization techniques is the Electrospray 

ionization (ESI), developed by John Fenn in the 1980.117 It has been a huge success, 

because it allowed the study of fragile biological molecules, due to its "softness". Due to 

the very same reason, it is particularly suited for transferring organic/organometallic 

compounds and intermediates in the gas phase.  

A schematic view of the ESI principle is shown in the Figure 2.1. The studied 

solution is sprayed through a silica capillary and converted to small droplets by applying a 

high electric field (3 - 5 kV). This leads to formation of so-called Taylor cone, out of 

which small droplets are separated.118 The solvent is evaporated due to presence of 

nitrogen gas and as the droplets become smaller, the charge density on their surface 

increases. After a critical density is reached, two things can happen: either the droplet 
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undergoes Coulomb explosion, which results in the formation of bare ions (Charged 

residue model (CRM)), or the ions are directly emitted from droplet one-by-one (Ion 

evaporation mechanism (IEM)).119,120 

 

 

Figure 2.1. Schematic depiction of the principle of electrospray (ESI) ionization in positive mode. 

 

The polarity of the formed ions depends on the applied electrical potential. Positive 

capillary voltage yield cations (as in the Figure 2.1), a negative voltage is used to generate 

anions. The ionization process in influenced by the choice of suitable solvent: usually, 

solvent with a high relative permittivity is used, such as methanol, acetonitrile or their 

mixtures with water. Other solvents such as tetrahydrofuran can also be used, if the studied 

compounds (which are by the principle of the methods usually ionic) can be dissolved. 

 

 

2.1.1 Preparation of ions in the gas phase 

 

Generation of the metal complexes with redox-active ligands (chapter 3, 

section 3.1). I have generated copper complex ions by electrospray ionization of a 

methanolic solution of the appropriate metal salt (Cu(CF3SO3), Cu(CF3SO3)2, CuCl2, 

ZnCl2, AgSbF6 and NaCl) and the redox-active ligands 9,10-phenanthraquinone (PQ), 

maltol and catechol. 
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Preparation of N,N´-bis[2,6 diisopropylphenyl]-2,6-pyridinedicarboxamide (L) 

(chapter 3, section 3.2). The ligand (L) used in the present work was synthesized 

according to the reported method with slight modifications (Scheme 2.1).121 2,6-pyridine 

carbonyl dichloride (1 g, 5 mmol) was dissolved in 8 ml CH2Cl2. A solution of 

diisopropylaniline (1.89 ml, 10 mmol) and triethylamine (1.39 ml, 10 mmol) in CH2Cl2 

(16.6 mL) was added at 0 °C. The reaction mixture was refluxed for 6h under argon 

(controlled by TLC). Then the reaction mixture was washed with water, and the organic 

layer was dried over anhydrous magnesium sulfate. Column chromatography was done on 

the silica gel (CH2Cl2/EtOAc) and the crude material was recrystallized from acetone and 

dried under vacuum to give the product as a white solid. The spectroscopic data 

corresponds to the literature values.121  

1H NMR (400 MHz, d6-benzene): δ 9.12 (s, 2H), 8.32 (d, J = 7.7 Hz, 2H) 7.24 (m, 4H), 

7.12 (br s, 1H), 7.10 (br s, 1H), 7.02 (t, J = 7.7 Hz, 1H), 3.27 (sept., J = 6.9 Hz, 4H), 1.20 

(d, J = 6.9 Hz, 24H). 13C NMR (d6-benzene): δ 162.6, 149.5, 146.6, 139.7, 131.8, 128.8, 

125.8, 124.8, 25.6, 23.8.  

 

 

 

Scheme 2.1. Schematic representation of pincer ligand (L) synthesis. 

 

General procedure for generation of [Cu(L-2H)(X)]− (chapter 3, section 3.2). 

The [Cu(L-2H)(X)]− complex, where L = N,N´-bis[2,6 diisopropylphenyl]-2,6-

pyridinedicarboxamide (L) and X = ClO3, CH3COO, NO3 and CF3SO3, was prepared by 

mixing 14 µl of 1.6 mM methanolic solution of L with 14 µl of 3.2 mM methanolic 

solution of the appropriate copper salts (two equivalents) in 1.5 ml of methanol. 
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Generation of [Cu(L-2H)(CH3O)]− (chapter 3, section 3.2). The stock solution of 

the pincer ligand in methanol (14 µl, 1.6 mM) and stock solution of copper triflate in 

methanol (14 µl, 1.6 mM) were mixed in 1.5 ml methanol in the presence of solid NaOH 

(0.1 mg). 

 

Generation of the [(PQ)Cu(X)]+ complexes (chapter 3, section 3.3). The 

[(PQ)Cu(X)]+ complexes (X = NO3, ClO4 and ClO3), the precursors of [(PQ)CuO]+, were 

prepared from the corresponding CuX2 salts. The final concentration of PQ in the 

measured methanolic solutions was 0.5 mM and the concentration of the copper salts was 

0.3 mM.  

 

Generation of the [(L)CuO]+ complexes in the gas phase (chapter 3, section 

3.3). A series of [(L)CuO]+ with different ligands were prepared: acetonitrile (ACN), 

phenanthraquinone (PQ), phenanthroline (phen), acetone, methanol, N,N-

dimethylformamide (DMF), and tetrahydrofuran (THF). The [(L)CuO]+ cations were 

generated by electrospray ionization of a methanol solution containing a ligand (L = PQ or 

phen, c = 0.5 mM) and copper(II) chlorate (~ 0.3 mM, ~ 0.3 M stock solution was prepared 

by mixing 0.58 M solution of KClO3 in water with 1 equivalent of Cu(ClO4)2.6H2O and 

filtering out the precipitated KClO4). [(MeCN)CuO]+, [(CH3COCH3)CuO]+, 

[(CH3OH)CuO]+, and [(THF)CuO]+ were generated similarly, but the ligand (PQ/phen) 

was omitted and methanol was substituted by the respective solvent. In the case of 

[(DMF)CuO]+ DMF/acetonitrile (1 : 2) was used as the solvent.  

By spraying these solutions, the [(L)Cu(ClO3)]
+ ions are initially transferred in the 

gas phase. These copper(II) chlorate ions are energized by collisions in the ion source and 

form [(L)CuO]+ ions. 
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2.2 Mass spectrometer with a quadrupole ion trap  

 

2.2.1 LCQ quadrupole ion trap mass spectrometer 

 

LCQ geometry. I performed experiments with the Finnigan LCQ mass 

spectrometer (Figure 2.2). It consists of an ESI ion source, ion transfer optics and radio-

frequency (rf) Paul trap.122 The sample solution is injected in the ion source region via a 

100 µm internal diameter fused silica capillary. The ionization voltage in the electrospray 

is set to 4 - 5 kV and the heated capillary of the ESI source is generally set at 150 - 300 °C. 

Variation of the tube lens electrode potential, which is situated in the medium pressure 

region of the ion source, allows to tune the amount of collisional activation of the 

ions.123,124 After that, the ions pass through additional ion transfer optics and finally enter 

the Paul trap, where they are stored and later analyzed in presence of ~ 1 µbar of Helium 

buffer gas. The ions are detected by electron multiplier upon their expulsion from the trap 

by AC voltage excitation applied to the end caps of the Paul trap. It is also possible to eject 

all ions with lower m/z ratio and higher m/z ratio than a selected one, which leaves only 

ions of certain m/z range in the trap. This is referred to as mass selection process. 

 

 

 

Figure 2.2. Schematic overview of a LCQ mass spectrometer. 

 

LCQ - CID experiments. Collision induce dissociation (CID) experiments were 

done by applying the AC voltage excitation of the ions with lower amplitude, where 

excitation is not strong enough to expel them from the trap in the presence of the helium 

gas. In this regime, the ions are heated by collisions with the helium, where their kinetic 
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energy is converted to internal energy. This increase the internal energy can cause a 

fragmentation of the ions. 

It is possible to combine multiple isolation/fragmentation cycles in a single 

experiment. Different collision energies (achieved by variation of the AC excitation 

potential) are applied to obtain energy-resolved CID (a breakdown diagram). The collision 

energies in the LCQ instrument are as so-called Normalized collision energies (NCEs). 

Detlef Schröder and co-workers introduced a method to transform NCEs into absolute 

energies by calibration of the appearance energies (AEs) measured in the NCEs scale with 

calculated bond dissociation energies of simple thermometer with a simple fragmentation 

pattern (substituted benzylpyridinium ions).125-129 In order to obtain calibration curve, 

calculated dissociation energies were plotted against measured AEs and then fitted by 

linear function. Example of such calibration used by me is in Figure 2.3 (see also Table 

2.1).  

 

 

Figure 2.3. The sigmoidal fits of the relative intensities in dependence on normalized collision energies for 

positive mode. 
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Table 2.1. Experimental and theoretical calibration values for the for LCQ Classic ion-trap mass spectrometer 

in positive mode. The salts used were: 2,4-dimethybenzylpyridinium, p-methybenzylpyridinium, p-cyanide 

benzylpyridinium, and p-metoxybenzylpyridinium. 

compound AEs  calculated Energy (eV) 

2,4-dimethybenzylpyridinium 22.41 1.90 

p-methybenzylpyridinium 23.06 2.07 

p-cyanide benzylpyridinium 27.38 2.56 

p-metoxybenzylpyridinium. 19.30 1.73 

 

 

Analogous calibration of the collision energy scale in the negative mode can be 

performed by monitoring decarboxylation of carboxylate anions (Figure 2.4 and Table 

2.2).130  

 

 

Figure 2.4. The sigmoidal fits of the relative intensities in dependence on normalized collision energies for 

negative mode. 
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Table 2.2. Experimental and theoretical calibration values for the for LCQ Classic ion-trap mass spectrometer 

in negative mode. The ions used were: benzoate, phenoxyacetate, tribromoacetate, trichloroacetate, and 

trifluoroacetate. 

compound AEs  calculated energy (eV) 

benzoate 33.11 2.27 

phenoxyacetate 26.84 2.25 

tribromoacetate 10.96 0.74 

trichloroacetate 16.93 1.44 

trifluoroacetate 22.34 1.50 

 

 

Optimized parameters for metal complexes with redox-active ligands (chapter 

3, section 3.1). The electrospray voltage was 4.5 kV and the capillary was heated to 180 - 

250 °C. The sheath gas, flow rate and voltages of capillary and lenses were optimized in 

order to obtain the maximum signal of the required ions. CID experiments were performed 

for mass-selected ions with the excitation period of 30 ms and a trapping parameter qz = 

0.25. The measurement was repeated three times for each complexes. 

 

Optimized parameters for copper complexes with pincer ligands (chapter 3, 

section 3.2). The complex copper(II) acetate required soft ionization conditions with the 

heated capillary kept at 180 °C, the spraying voltage set to 4.5 kV and flow rate of 0.3 μL 

min-1. While typical condition for the methanolato complex were: the capillary was heated 

to 230 °C, the spraying voltage set to 5 kV and flow rate of 0.3 μL min-1. These ionization 

conditions led to the formation of abundant [Cu(L-2H)(X)]− anions (X = CH3COO and 

CH3O). The collision-induced dissociation (CID) was done. The measurement was 

repeated three times for each complex. For negative mode, during CID experiment, 

excitation period of 30 ms and a trapping parameter qz = 0.20 were used. 
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2.2.2  A TSQ triplet quadrupole mass spectrometer  

 

Geometry of TSQ 7000. The experiments were performed with a Thermo Finnigan 

TSQ 7000 tandem mass spectrometer which consists of electrospray ionization (ESI) ion 

source, mass analyzer, and an ion detection system. The mass analyzer has QOQ 

(quadrupole-octopole-quadrupole) geometry, which allows MS and MS/MS experiments. 

Samples were introduced to the ESI source by a syringe pump through polyimide-coated 

fused-silica capillary (100 µm internal diameter, 180 µm external diameter). The capillary 

is set to 4 - 5 kV (for the positive mode) and the solution is nebulized and dried with a 

nitrogen gas. The metal capillary is set to 0 - 50 V potential and heated to approximately 

200 °C. The tube lens electrode potential is tuned to achieve fragmentation of ions in the 

ion source (Figure 2.5). 

The ions are mass-selected in the first quadrupole Q1. Ions of a single m/z are 

transmitted to the octopole filled with an inert gas (xenon) to study their dissociation 

behavior. Alternatively, the octopole can be filled with a reactive gas to study bimolecular 

ion-neutral reactions. The potential that accelerates the ions into the octopole can be varied 

to produce collisions at variable energies. These collisions lead to dissociation of the mass-

selected ions into fragment (product) ions. The fragment ions are analyzed in the third part 

of mass spectrometer (quadrupole Q2) to produce a spectrum of the product ions and 

detected by a Daly-type detector.  

 

 

 

Figure 2.5. Schematic overview of a TSQ mass spectrometer.  
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TSQ - CID experiments An MS/MS spectrum provides additional information of 

fragments of the precursor ion. For the MS/MS experiments, the reactant ions were mass-

selected by the first quadrupole Q1 and guided through the octopole O (collision cell). The 

pressure of the gas in the collision cell was measured by a baratron. In the CID process, the 

mass-selected ions can be collided in the collision cell with neutral gas molecules. The 

collision energy was set by the potential offset between the octopole and the ion source.  

As ions enter the cell and collide with the gas, the translational energy is converted 

to the internal energy of the ions which leads to fragmentation of the ions. Only a part of 

the translational energy is available for the conversion to the internal energy. It is the 

center-of-mass collision energy (ECM) (Equation 1). 

 

labCM E
Mm

m
E


         Equation (1) 

 

where the m represents the molecular mass of the neutral collision gas and M the molecular 

mass of the mass-selected ion. 

The energy of the ions in the laboratory frame of reference (Elab) is given by the 

potential difference between octopole and the nominally zero offset. 

The offset corresponding to zero collision energy was determined by retarding 

potential analysis (roughly, the potential offset of the octopole is set so that only one half 

of the parent ions can pass the octopole, see Figure 2.6).131 The nominally zero collision 

energy was determined from the highest point of the derivative of the ion current with 

respect to the octopole offset. The full with at half maximum of the kinetic energy 

distribution of the selected ions is found 0.7 ± 0.1 eV (Figure 2.6). 
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Figure 2.6. Retarding potential analysis for the [(L)CuO]+ reactant ions (L = MeCN (a), PQ (b), and phen 

(c)). The octopole potential offset is given by the potential difference between the ion source and the 

octopole. The potential offset that corresponds to the inflex point of the detected number of the ions (the 

black curve) sets the nominal zero collision energy. The derivative curve of the detected number of ions 

shows the kinetic energy distribution of the ions. FWHM (full width at half maximum) of the kinetic energy 

distribution is shown in red. 
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TSQ - reactivity of the gas-phase ions. The reactivity of the copper(III)-oxo 

species with neutral substrates was investigated. In these experiments, the copper(III)-oxo 

species ionized by ESI source and selected by the first quadrupole Q1. Various substrates 

are induced into collision cell (octopole O) via a leak valve. The pressure in the octopole 

collision cell was in the range 0.05 - 0.4 mTorr. As an example, the reaction of 

[(PQ)CuO]+ with ethylene is shown in Figure 2.7. Selected active ions are focused into a 

collision cell for the direct measurement of relative cross sections for each reaction 

channel. The product ions were mass analyzed with the second quadrupole Q2. The 

collision energy and the pressure dependence of each reaction channel can be obtained by 

allowing the desired ion to react with the neutral substrate for various collision energy (0 - 

6 eV) at a constant pressure (0.2 mTorr) and for various pressure (0.1 - 0.4 mTorr) at zero 

collision energy, respectively.  

 

 

 

Figure 2.7. Reaction of mass-selected [(PQ)CuO]+ (m/z 287) ions with C2H4 (ECM = 0 eV, P(C2H4) = 0.2 

mTorr). The insets show the pressure dependence (ECM = 0 eV) and the collision energy dependence 

(P(C2H4) = 0.2 mTorr) of the relative reaction cross sections. This spectrum is obtained by reaction of the 

mass-selected ions with C2H4 in the collision cell and analyzing the products using the second quadrupole.  
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The relative cross sections were obtained from the determined ion abundances Ii 

according to Equation 2, where Ii is the abundance of the product ions I and IP is the 

abundance of the parent ions (index n is used, when a sum of abundances of all product 

ions Ii is calculated). 
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The relative cross sections for the reaction of [(L)CuO]+ with different substrates 

are determined according to Equation 3, the simplified version of Equation (2) for the 

situation that the total fragmentation cross section is small. 
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         Equation (3) 

 

Optimized parameters for the copper(III)-oxo complexes (chapter 3, section 

3.3). Solutions were introduced into the instrument via a fused-silica capillary at a rate of 

1.5 μL min-1. The following values of the experimental parameters were used: spray 

voltage 4 kV, sheath gas pressure 70 psi, no auxiliary gas, capillary voltage 0 V, capillary 

temperature 150 °C and tube lens 140 V. 

 

 

2.3 Infrared multiphoton dissociation (IRMPD) spectroscopy  

 

Infrared multiphoton dissociation (IRMPD) spectroscopy was performed to study the 

structure of the ions. IRMPD is the possibility to record infrared spectra of mass-selected 

molecular ion by using sequential absorption of IR photons. IRMPD experiment has 

emerged as a powerful tool for the structural analysis when the experimental results can be 

compared with theoretical calculation IR spectra.  
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In the present study, IRMPD was applied to a variety of copper(I), copper(II), and 

copper(III) complexes. IRMPD spectra for non-redox-active metal complexes were also 

recorded. IRMPD experiments were performed at Centre Infrarouge Laser Orsay (CLIO) 

in France,132 which is equipped with Bruker Esquire 3000 ion trap mass spectrometer. The 

desired ions are generated from the solution with ESI which stored in ion trap and 

irradiated by tunable laser. The ion trap is equipped with an ESI source with provided 

potential of 4 - 5 kV. The ions were mass-selected and stored in the ion trap. 

Fragmentation of the ions was induced by 5 - 10 laser macropulses of 8 ms directed into 

the ion trap. Spectral resolution was in the range of 15 - 30 cm-1 (full width at half-

maximum, FWHM). The laser was operated in the 40 - 45 MeV electron-energy range and 

it provided mass spectrum in a 1000 - 1800 cm-1 range. The dependence of the 

fragmentation intensities on the wavelength of IR photons provided the IRMPD spectra of 

the investigated ions. 

The IRMPD process is associated with the use of a free electron laser (FEL) which 

is a tunable infrared light source and can dissociate isolated ions in the mass spectrometer. 

The IRMPD process involves several steps. The ion of interest is generated by ESI. After 

capturing ions in an ion trap, the desired ion mass selected and then irradiated with tunable 

laser to dissociate. Absorption of multiple IR photons is typically necessary to reach the 

dissociation threshold. The process involves by the intramolecular vibrational energy 

redistribution (IVR) (Figure 2.8). 

 

 

 

Figure 2.8. Sequential excitation-relaxation cycles during infrared multiphoton dissociation spectroscopy. 

Reproduced with permission from ref. 133. Copyright (2012) The Royal Society of Chemistry. 

 



Chapter 2. Technique and theory  

 

30 

The absorption of first photon takes place from  = 0 to  = 1 energy level. The 

energy of the absorbed photon is redistributed along the whole molecule. Absorption of 

another photons raises the internal energy of the ions which finally dissociates, creating the 

IRMPD signal. In general, obtained IRMPD spectra are compared to theoretical IR spectra 

calculated for several possible structures, as are presented in the Result and discussion part. 

Because of the multiphotonic nature of the IRMPD,134 the band intensities cannot be 

directly compared with theoretical IR intensities or with other results from single-photon 

methods. Some bands in IRMPD spectra can even disappear. This effect is especially 

abundant in IRMPD spectra of ions with large dissociation energies (i.e. many IR photons 

have to be absorbed to induce dissociation). Hence, usually the interpretation of the 

IRMPD spectra by using the theoretical calculations is based on the frequencies of the 

bands and not on intensities. 

 

 

Theoretical part 

 

2.4  DFT calculations 

 

Theoretical calculations were done for determination of binding energies, potential 

energy surfaces and theoretical infrared spectra. All the theoretical calculations presented 

in this thesis were performed using the B3LYP135 density functional as implemented in the 

Gaussian 09 program package.136 DFT calculation usually shows a poor description of van 

der Waals interaction.137 Therefore, I have used empirical dispersion correction methods, if 

dispersion interactions were important for description of the given system (DFT-D2,138 

DFT-D3,139 or DFT-D3BJ140). All mentioned relative energies refer to a temperature 0 K in 

the gas phase. The energetically preferred structures and all other isomers together with 

their theoretical IR spectra are shown in each section. The computed harmonic frequencies 

were scaled to obtain better match between the experimental IRMPD and theoretical 

spectra.141,134 All calculated transition states were verified by IRC calculation.142 
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Theoretical method for metal complexes with redox-active ligands (chapter 3, 

section 3.1). For this project, B3LYP method was used and basis set was combined from 

6-31G* at C, H, O, and Cl and LanL2TZ at Ag or 6-311+G* at Cu, Zn and Na. The D3 

version of empirical dispersion was used. The optimized structures were characterized by 

harmonic frequency analysis. The calculated frequency values are usually multiplied by a 

scaling factor. The scaling factor for [M(catechol)2]
+ and [M(catechol)2]

+ was 0.965. For 

calculation without correction for dispersion interactions, the same scaling factor, 0.965 at 

the B3LYP/6-31G*:6-311+G* level, was used for the spectra predicted for [M(catechol)2]
+ 

and [M(catechol)2]
+. The computed vibrational IR spectra were scaled for [M(PQ)Cl]+, 

[M(PQ)2]
+, [M(maltol)(maltol-H)]+, and [Cu(maltol)(maltol-H2)]

+ by 0.98, 0.975, 0.97, and 

0.98, respectively. For comparison with the IRMPD experiments, the calculated IR spectra 

were convoluted with Gaussian with a full width at half maximum (FWHM) of 15 cm-1. 

For the determination of the binding energies, the most stable structures were re-optimized 

with the TZVP basis set on all atoms. Correction for the basis set superposition error 

(BSSE) was included for bond dissociation. 

 

Theoretical method for the copper complexes with pincer ligands (chapter 3, 

section 3.2). Full geometry optimizations for copper(I) and copper(II) complexes with 

pincer ligand [Cu(L-2H)(CH3COO)]−, [Cu(L-2H)(CH3O)]−, and [Cu(L-2H)(H)]− were 

initiated using the hybrid B3LYP functional with 6-31G* basis set. All structure were then 

re-optimized using the same basis set (6-31+G*) for C, H, O, and N and 6-311+G* basis 

sets on copper. The D3 version of empirical dispersion was used. Potential energy surface 

were calculated at the B3LYP-D3/6-31G*:6-311+G* (Cu) level of theory for counter ions 

loss from both copper(II) complexes to investigate reaction mechanism (redox reaction, C-

H activation, and rearrangement). The transition state structures were further characterized 

by intrinsic reaction coordinate calculations. Similar levels of calculation have been used 

to find absolute binding energies in copper complexes. Correction for the basis set 

superposition error (BSSE) was included for bond dissociation. 

In addition, a scaling factor was applied to all calculated vibrational frequencies 

(0.968 for [Cu(L-2H)(CH3O)]− and 0.968 for [Cu(L-2H)(H)]−). These values give the best 

fits to the experimental spectra. 
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Theoretical method for the copper(III)-oxo complexes (chapter 3, section 3.3). 

The copper-oxo complexes geometries were first optimized with the 6-31G* basis set and 

then re-optimized with the 6-311+G** basis set. The D3 version of empirical dispersion 

was used. After obtaining the most stable structure for each complex, the theoretical IR 

spectra were calculated to compare with the experimental IRMPD data. The B3LYP-D3/6-

311+G** IR spectra are scaled by 0.986. Also, at both levels, frequency calculations were 

performed to characterize the minima/transition states. The transition state structures were 

further characterized by intrinsic reaction coordinate calculations.  

 

Optimized geometries are given in a separate xyz files which can be found at the end of 

this thesis on CD (the structures can be visualized by standard visualization programs). 

.
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The results and discussion chapter presents experimental and theoretical research 

findings. Mass spectrometry is a well-known technique to study gas-phase ions with a wide 

range of applications. Three experimental techniques are involved in this study of copper 

complexes: quadrupole ion trap mass spectrometry, triple quadruple mass spectrometry, 

and infrared multiphoton dissociation (IRMPD).  

Mass spectrometry coupled with electrospray ionization (ESI) source provides a 

way to generate, characterize, and determine binding energies. It is also possible to 

investigate intermediates of transition-metals catalyzed reactions in the gas phase with 

different substrates and reactive or inert gases. A tandem mass spectrometer was used for 

examination of the gas-phase reactivity study of reactive copper complexes with chosen 

substrates. The substrate of reaction can be inserted in the collision cell and the reaction 

can be monitored at a known pressure. I investigated and proposed a reaction mechanism 

for each gas-phase reaction of copper complexes.  

In order to get a potential energy surface (PES) for the overall reaction I have been 

carrying out theoretical calculation. I was then able to perform a detailed study of the ion 

structures by using ion spectroscopy (IRMPD) and theoretical calculation. 
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3.1 An investigation of metal complexes with redox-active 

ligands 

 

This section describes an experimental and theoretical study of singly charged 

metal complexes with redox-active ligands in the gas phase. Prototypical redox-active 

model ligands are based on ortho-benzoquinone skeleton.74,75 One-electron reduction leads 

to the formation of semiquinone and two-electron reduction yields catecholate (Scheme 

3.1.1). I have investigated the interaction of copper(I) and copper(II) with three redox 

active ligands: 9,10-phenanthraquinone (PQ), maltol, and catechol.143 I performed collision 

induced dissociation (CID) experiments in order to probe the effect of redox-active ligands 

on the stability of copper in different oxidation states.  

 

 

 

Scheme 3.1.1. a) One-electron and two-electron reduction of ortho-benzoquinone. b) Model system based on 

phenanthraquinone. c) Model system based on maltol. 
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3.1.1 Ion spectroscopy 

 

This part deals with IR spectroscopy of copper complexes to get structural 

information of these species. The IRMPD spectra have been measured for all the studied 

complexes: [Cu(catechol)2]
+, [Ag(catechol)2]

+, [CuCl(PQ)2]
+, [ZnCl(PQ)2]

+, [Cu(PQ)2]
+, 

[Ag(PQ)2]
+, [Na(PQ)2]

+, [Cu(maltol)(maltol-H)]+, [Zn(maltol)(maltol-H)]+, and 

[Cu(maltol)(maltol-H2)]
+. 

Catechol complexes. Firstly, I have started with the investigation of complexes of 

catechol with copper(I) and silver(I). Hence both, the ligand and the metals, are in the 

reduced oxidation states. Figure 3.1.1a and d show the IRMPD spectra for the complexes 

[Cu(catechol)2]
+ and [Ag(catechol)2]

+. Comparison of the IRMPD spectra for the two 

complexes suggests that both spectra contain peaks at similar positions and therefore a 

similar structure is expected. The metals can bind either to the -electrons of the aromatic 

ring or to the oxygen atoms. None of the coordination modes is strongly energetically 

preferred.  

The DFT calculations slightly favor coordination to the ring.144 The ring-

coordinated structures are even more favored, if the correction for dispersion137-140 

interactions is included to the calculations (Figure 3.1.3). 
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Figure. 3.1.1. IRMPD spectra of mass-selected a) [Cu(catechol)2]+ and d) [Ag(catechol)2]+. Theoretical 

(B3LYP-D3/6-31G*:6-311+G*) IR spectra of the most stable isomers of [Cu(1)2]+ (b,c) and [Ag(1)2]+ (e,f). 

The scaling factor was 0.965. 
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Figure 3.1.2. IRMPD spectra of mass-selected a) [Cu(catechol)2]+ and d) [Ag(catechol)2]+. Theoretical IR 

(B3LYP-D3/6-31G*:6-311+G*) spectra of [Cu(1)2]+ (g-j) and Theoretical IR (B3LYP-D3/6-31G*:LanL2TZ) 

spectra of [Ag(1)2]+ (k-n). For all structures, the D3 version of Grimme's dispersion was employed. The 

scaling factor was 0.965. 
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Figure 3.1.3. IRMPD spectra of mass-selected a) [Cu(catechol)2]+ and d) [Ag(catechol)2]+. Theoretical IR 

(B3LYP/6-31G*:6-311+G*) spectra of [Cu(1)2]+ (b, c, g, h, I, j) and Theoretical IR (B3LYP/6-

31G*:LanL2TZ) spectra of [Ag(1)2]+ (e, f, k, l, m, n). The scaling factor was 0.965. 

 

The IR spectra shows bands that correspond to the C=C and C-O stretching 

vibrations and the C-O-H bending modes (Figure 3.1.1). The different coordination modes 

lead only to modifications of the band intensities, but there are no significant changes in 

band positions that would be detectable with our resolution of IRMPD spectra. Hence, it is 
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not possible to give a definite answer to the question about the coordination modes in these 

complexes. It is highly probable that several isomers can be in equilibrium. Also, other 

possible isomers of were considered, but all isomers are higher in energy than the isomers 

in IR spectra b and c (Figure 3.1.2). 

Phenanthraquinone complexes. Phenanthraquinone, a prototype of a fully 

oxidized ligand, forms complexes with copper(II) or zinc(II) with the stoichiometry of 

[CuCl(PQ)2]
+ and [ZnCl(PQ)2]

+, respectively (Figure 3.1.4). The IRMPD spectra of both 

complexes are very similar. They are dominated by two intense, overlapping broad bands 

between (1560 - 1700 cm-1) corresponding to the C=O stretches coupled with the C=C 

stretching modes.  

Minor bands representing the C-C-H bending modes and the C-C stretching modes 

of phenanthraquinone can be found at 1306, 1347, and 1450 cm-1 (the values were 

determined from the spectrum of [ZnCl(PQ)2]
+). Theoretically, it is predicted that the zinc 

complex prefers a symmetrical coordination by all oxygen atoms of the ligands and 

chlorine in the apex. The zinc atom is not in the plane with the oxygen atoms but slightly 

above it. 

The copper center prefers a square-planar coordination by three oxygen atoms and 

chlorine. The last oxygen atom is weakly coordinated in the apex of a distorted tetragonal 

pyramid. The C=O stretching mode of this carbonyl group is too weak to be detected (it 

should be located at 1691 cm-1 - see Figure 3.1.4b). Nevertheless, it is predicted that the 

shape of the composite C=C/C=O stretching band of the copper complex should be 

narrower and with a relatively larger intensity at about 1600 cm-1 compared to the zinc 

complex (Figure 3.1.4). 
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Figure. 3.1.4. IRMPD spectra of mass-selected complexes a) [CuCl(PQ)2]+ and c) [ZnCl(PQ)2]+ and their 

comparison with theoretical (B3LYP-D3/6-31G*:6-311+G*) IR spectra (b,d).The scaling factor was 0.98. 

 

In the second step, copper(I) and its redox-inactive (or less active) analogs silver(I) 

and sodium(I) were selected. The IRMPD spectra are again fairly similar (Figure 3.1.5). 

The C-C and C-C-H characteristics of the phenanthraquinone ligand are found at about the 

same positions as above (1300, 1340, and 1455 cm-1).  

I calculated two isomers for [M(PQ)2]
+ (M = Cu and Ag). For both complexes, 

tetrahedral coordination of the ligands structure has the lowest energy. Positions of the 

C=O and C=C stretching bands depend on the central metal. Complexes of sodium and 

silver are similar to each other, but a distinct difference can be observed in the spectrum of 

the copper complex. This change does not originate from a different geometry, because all 

complexes have analogous structure with a tetrahedral coordination of the ligands.  
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Figure. 3.1.5. IRMPD spectra of mass-selected a) [Cu(PQ)2]+, d) [Ag(PQ)2]+, and g) [Na(PQ)2]+. Theoretical 

(B3LYP-D3/6-31G*:6-311+G*) IR spectra of [Cu(2)2]+ (b,c), theoretical (B3LYP-D3/6-31G*:LanL2TZ) IR 

spectra of [Ag(2)2]+ (e,f) and theoretical (B3LYP-D3/6-31G*:6-311+G*) IR spectrum of [Na(2)2]+ (h). The 

scaling factor was 0.975.  

 

The analysis of the theoretical IR spectrum of [Na(PQ)2]
+ suggests that the largest 

band at 1668 cm-1 corresponds to the C=O stretching, while the band at 1595 cm-1 

represents the C=C stretching of the ligand. Analogous results are obtained for [Ag(PQ)2]
+, 

but notably the C=O stretch is red-shifted by 18 cm-1 with respect to the sodium complex. 

Hence, it can be seen that silver shows a weak redox-activity with the ligand. Nevertheless, 

in comparison with the [ZnCl(PQ)2]
+ and [CuCl(PQ)2]

+ complexes, the C=O stretches 

resided at a very similar position and thus the differences in electron distribution are very 

small. 
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The complex with copper(I) tells a different story. The C=O stretching mode is 

considerably red-shifted to 1597 cm-1 and theory predicts its location at the same spectral 

range as the C=C stretching modes (Figure 3.1.5a,b). This clearly shows that there is 

partial electron transfer from the copper center to the ligand. 

Maltol complexes. IRMPD spectra of copper(II) or zinc(II) complexes with the 

maltol ligand are shown in Figure 3.1.6. Copper(II) or zinc(II) and the maltol ligand (see 

Scheme 3.1.1c) form complexes with the [M(maltol)(maltol-H)]+(M = Cu or Zn) 

stoichiometry. The experimental spectra of both complexes are again very similar. There is 

an intense band corresponding to the single C-O bond vibration at about 1270 cm-1. The 

umbrella bending vibration of the methyl groups is overlapping with the stretching 

vibration of the C-C bond between two C-O groups and the band is located at 1460 cm-1. 

Finally, the composite broad band at 1500 - 1650 cm-1 corresponds to the C=C and C=O 

stretching vibrations. 

Theoretical results suggest that the geometries of the copper and zinc complexes 

are different. Copper(II) prefers square planar coordination. Two mutual orientations of the 

ligands are considered and the obtained structures (Figure 3.1.6b,c) are almost isoenergetic. 

The theoretical spectra are in rough agreement with the experiment and provide a 

consistent explanation of the bands (see above). The largest discrepancy is in the range 

1150 - 1300 cm-1, where theory predicts the C-O stretch (1274 cm-1) and the C-O-H bend 

(1172 cm-1). While the former is detected as a strong band in the experiment, the latter is 

much weaker and blue shifted. The change of the intensity in the IRMPD spectrum (with 

respect to the corresponding theoretical IR intensity) is probably due to the effect of the 

copper coordination.145,146 Note that the multiphotonic character of IRMPD experiments 

often leads to intensities in an experimental IRMPD spectrum that differ from the 

theoretical predictions based on the assumption of a single-photon absorption.147,148 

The zinc complex possesses trigonal-planar coordination of the ligands where only 

three oxygen atoms are coordinated to the zinc ion. Again, two relative orientations of the 

ligands are possible and the respective isomers are almost isoenergetic (Figure 

3.1.6e,f).The corresponding IR spectra for both are very similar to the spectrum predicted 

for the copper complex. The bands at  1270 and  1200 cm-1 belong to C-O and C-O-H, 

respectively. The C-O-H band in the theoretical spectrum is again red-shifted with respect 

to the experimental one. Figure 3.1.7 shows alternative isomers of all complexes. It is 
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possible to predict that copper does not preferentially coordinate to the ring. The calculated 

IR spectra exhibit large discrepancies when compared to the experimental IRMPD 

spectrum. In conclusion, comparison of the experimental and the calculated IR spectra 

shows that the low energy conformers for copper(II) correspond to a square planar 

coordination and zinc complex prefers the trigonal-planar coordination. 

 

 

 

Figure 3.1.6. IRMPD spectra of mass-selected a) [Cu(maltol)(maltol-H)]+ an d d) [Zn(maltol)(maltol-H)]+ 

and their comparison with theoretical (B3LYP-D3/6-31G*:6-311+G*) IR spectra of the most stable isomers 

of the given complexes (b, c and e, f, respectively). The scaling factor was 0.97. 
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Figure 3.1.7. IRMPD spectra of mass-selected a) [Cu(maltol)(maltol-H)]+ and d) [Zn(maltol)(maltol-H)]+. 

Theoretical (B3LYP-D3/6-31G*:6-311+G*) IR spectra of [Cu(3)(3-H)]+ (g-j) and [Zn(3)(3-H)]+ (k-n). The 

scaling factor was 0.97. 

 

Attempt to generate copper in oxidation state +III. In the end, I obtained an 

IRMPD experimental spectrum for a cationic complex of copper and two deprotonated 

maltol molecules: [Cu(maltol-H)2]
+. The starting hypothesis included that copper center 

would be in the oxidation state +III. The experimental spectrum of this complex shows that 

the peaks of the C=O and C=C stretches are blue shifted with respect to the complexes 

analyzed above and the large band corresponding to the C-C stretch at 1460 cm-1 

disappeared (Figures 3.1.6 and 3.1.8). It suggests some structural changes or a change of 

the coordination mode. The theoretical analysis predicts a completely different IR 

spectrum of the corresponding copper(III) complex and therefore it can be excluded 

(Figure 3.1.8b). The alternative explanation is that one of the ligands is oxidized (maltol-

H2), whereas the other ligand is neutral. The complex is then formed with the copper in the 
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oxidation state +1. This is in accordance with the detected blue-shifts of the C=C and C=O 

stretching modes. The possible isomers are shown in Figures 3.1.8c and d. The theoretical 

IR spectrum of the most stable isomer in Figure 3.1.8c provides a good match with the 

experiment: The band at  1640 cm-1 represents mainly the C=O stretching of the oxidized 

ligand, the band at  1595 cm-1 corresponds to the C=C stretching vibrations of both 

ligands, and the band at  1550 cm-1 is due to the C=O stretching of the carbonyl group of 

the maltol ligand. The experimental IRMPD and theoretical IR spectra of the other possible 

conformers and high energy conformers for copper(I) and copper(III) complexes are 

compared in Figure 3.1.9e-k, the calculated IR spectra of the other possible conformers 

show disagreement with experimental spectrum.  
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Figure. 3.1.8. IRMPD spectrum of mass-selected (m/z = 313) a) [Cu(maltol)(maltol-H2)]+ and predicted IR 

spectra (B3LYP-D3/6-31G*:6-311+G*) of possible isomers (b-d). The scaling factor was 0.98. 
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Figure 3.1.9. IRMPD spectrum of mass-selected a) [Cu(maltol)(maltol-H2)]+ and predicted (B3LYP-D3/6-

31G*:6-311+G*) IR spectra of possible isomers (e-k). The scaling factor was 0.98. 

 

 

3.1.2 Mass spectrometric analysis 

 

In the next step, I have compared properties of the complexes bearing different 

center atoms and redox-active ligands by collision induced dissociation experiments. 

Complexes generated in the ESI source include [Cu(PQ)2]
+, [Ag(PQ)2]

+, [Na(PQ)2]
+, 

[Cu(maltol)(maltol-H)]+ [Zn(maltol)(maltol-H)]+, and [Cu(maltol)(maltol-H2)]
+.  

 

Phenanthraquinone complexes. I chose the complexes with phenanthraquinone, 

[M(PQ)2]
+ (M = Na, Ag, and Cu) as a ligand. The CID spectra of complexes [Cu(PQ)2]

+, 

[Ag(PQ)2]
+, and [Na(PQ)2]

+ are shown in Figure 3.1.10a, 3.10b, and 3.10c, respectively. 
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Dissociation induced by collision with xenon for all complexes resulted in one 

fragmentation channel, corresponding to the loss of the intact phenanthraquinone ligand 

forming the [M(2)]+ product. Also, I observed the formation of adducts with background 

water and methanol for [Cu(PQ)2]
+ and [Ag(PQ)2]

+, which appear in the CID mass spectra. 

Using energy resolved CID experiments I can derive the appearance energy for the 

elimination of the ligand and thus estimate its binding energy.149-156 

 

 

 

Figure 3.1.10. CID spectra (LCQ-MS) of mass-selected a) [Cu(PQ)2]+, b) [Ag(PQ)2]+, and c) [Na(PQ)2]+. 

 

Figure 3.1.11 shows the relative yields of the ligand elimination for all complexes 

[M(PQ)2]
+ with M = Na, Ag, and Cu. Even without further evaluation, the figure clearly 

shows that the binding energy of phenanthraquinone to the metals increases in the order Na 

< Ag < Cu. The extrapolation of the curves for the determination of the appearance 

energies provides AENa (PQ) = 1.62 ± 0.03 eV, AEAg (PQ) = 1.72 ± 0.03 eV, and AEcu (PQ) 

= 2.08 ± 0.03 eV for [Na(PQ)2]
+, [Ag(PQ)2]

+, and [Cu(PQ)2]
+, respectively (Figure 3.1.11).  
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Figure. 3.1.11. Relative abundances of the phenanthraquinone elimination from mass-selected [Cu(PQ)2]+ 

(green), [Ag(PQ)2]+ (red), and [Na(PQ)2]+ (blue) in dependence of the collision energy. The relative 

abundance of the parent ions is shown only for [Cu(PQ)2]+. The PQ elimination is the exclusive 

fragmentation channel in all experiments; the sum of the parent and fragment abundances was set to 100. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

 

I have theoretically determined theoretical binding energies for comparison with 

the CID experiments (Table 3.1.1; for results with the double  basis set see Table 3.1.1). 

The basis set was combined from 6–31G* at C, H, O, and Cl and LanL2TZ at Ag or 6–

311+G* at Cu, Zn or Na. For the determination of the binding energies, the most stable 

structures were re-optimized with the TZVP basis set at all atoms and corrected for the 

basis set superposition error (BSSE).157,158 The theoretical binding energies are in a very 

good agreement with the experiments (Table 3.1.1). 
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Table 3.1.1. Appearance energies AE(L) for elimination of a ligand from selected complexes and analogous 

theoretical binding energies BDEtheor(L). 

a The values in the brackets are the binding energies with the correction for the BSSE. 

b The isomer of the eliminated maltol molecule without the hydrogen bonding between the carbonyl and 

hydroxyl group was considered. If the more stable isomer with the hydrogen bonding was considered (which 

can be however formed only after the elimination of the ligand from the complex), the two fragmentation 

channels had very different theoretical dissociation energies. This was in contradiction to the experiment.  

 

Maltol complexes. As the second part of the model system, I studied the 

[M(maltol)(maltol-H)]+ complex. I performed CID experiments to compare the binding 

energy of the maltol ligand in complexes with copper and zinc. The CID mass spectrum of 

the [Cu(maltol)(maltol-H)]+ complex is shown in Figure 3.1.12a. The dominant 

fragmentation channels observed are: (1) loss of the neutral maltol ligand, (2) loss of the 

maltoxy, which leads to the reduction of copper(II) to copper(I). The spectrum also 

contains peaks that correspond to the addition of a water or a methanol molecule (present 

in the trap as background gases) to the bare fragments. These ions are treated in the 

evaluation as bare ions as the association with background molecules is a secondary 

process. Interestingly, the appearance energies for the neutral molecule as well as for the 

radical elimination are almost identical: AECu (maltol) = 2.1 ± 0.03 eV and AECu (maltol-H) 

= 2.08 ± 0.03 eV (Table 3.1.1). Nevertheless, the relative abundance of the neutral maltol 

elimination is much larger, which demonstrates that this is the kinetically preferred 

channel. 

 

Parent Ion 

 

Metal 

M 

Fragment 

L 

AE(L)  

[eV] 

BDEtheor(L) [eV] 

B3LYP-D3/6-31G*:6-311+G*. 

BDEtheor(L) [eV] 

B3LYP-D3/TZVP 

[Cu(PQ)2]
+ Cu PQ 2.08 ± 0.03 2.04 (1.82)a 2.13 (2.22)a 

[Ag(PQ)2]
+ Ag PQ 1.72 ± 0.03 1.62 (1.44) 1.79 (1.82) 

[Na(PQ)2]
+ Na PQ 1.62 ± 0.03 1.50 (1.28) 1.63 (1.66) 

[Cu(maltol)(maltol-H)]+ Cu maltol 2.1 ± 0.03 2.72 (2.43)b 2.58 (2.68)b 

[Cu(maltol)(maltol-H)]+ Cu (maltol-H) 2.08 ± 0.03 2.70 (2.43) 2.55 (2.67) 

[Cu(maltol)(maltol-H2)]
+ Cu (maltol) 2.07 ± 0.03 2.02 (1.72) 1.94 (2.03) 

[Cu(maltol)(maltol-H2)]
+ Cu (maltol-H2) 2.17 ± 0.04 2.27 (2.01) 2.17 (2.26) 

[Zn(maltol)(maltol-H)]+ Zn maltol 2.73 ± 0.03 3.54 (3.2) b 3.39 (3.50)b 
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Figure. 3.1.12. CID spectra of mass-selected a) [Cu(maltol)(maltol-H)]+ and c) [Zn(maltol)(maltol-H)]+ and 

(b,d) the graphs of the relative abundances of the peaks in the spectra as a function of the collision energy. 

The abundances of the bare fragment ions are summed together with the abundances of their secondary 

adducts with background water (18 Da) or methanol (32 Da). 

 

For the comparison, complexes with non-redox-active metal (Zn) is also examined. 

The CID mass spectrum obtained for singly charged [Zn(maltol)(maltol-H)]+ ion is shown 

in Figure 3.1.12c. I observed one major fragment, resulting from the loss of neutral maltol 

ligand [Zn(maltol-H)]+. Because of non-redox-active metal center, the redox pathway in 

the CID experiment is here switched off and it can be seen only the elimination of neutral 

maltol. The fragment ion [Zn(maltol-H)]+ again undergoes the addition of water or 

methanol from the background in the ion trap. The appearance energy for the maltol 

elimination is 2.73 ± 0.03 eV, hence considerably larger than that found for the copper 

complex. At this large energy range fragmentation channels for the degradation of the 

ligand molecules are opened as well. In addition to the ligand loss, I can thus observe 

elimination of fragments with mass 28 and 56. It most probably corresponds to one or two 

molecules of carbon monooxide (or C3H4O). The experimental studies are supported by 

DFT calculations that examine binding energies of selected complexes.  
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The theoretical binding energies determined for fragmentation of both complexes 

are overestimated by about 0.5 eV (Table 3.1.1).159 The effect of the basis set was checked, 

but there is only a slight improvement when using a larger basis set (Table 3.1.1). Relative 

difference between the energies is however in a very good agreement with our 

experimental data (Figure 3.1.13). 

The copper(I) complex with the oxidized ligand, [Cu(maltol)(maltol-H2)]
+, was 

probed as well. I was able to detect this complex by ESI at harder ionization conditions. 

This leads to the creation of a larger abundance of ions. The CID of [Cu(maltol)(maltol-

H2)]
+ (m/z 313) leads to the formation of fragments with m/z 189 and m/z 187, which 

correspond to the loss of maltol and oxidized maltol, respectively. As expected, the 

elimination of both neutral ligands was observed. The appearance energies for the 

elimination of maltol is AE(maltol) = 2.07 ± 0.03 eV and for the loss of oxidized maltol it 

is AE(maltol-H2) = 2.17 ± 0.04 eV (Table 3.1.1). The elimination of maltol is however 

almost triple more abundant than that of (maltol-H2). The theoretical results are in a good 

agreement with the experimental binding energies (Table 3.1.1). 

 

 

 

Figure. 3.1.13. CID spectra of mass-selected a) [Cu(maltol)(maltol-H2)]+ and b) the relative abundances of 

the peaks in the spectra as a function of the collision energy. The abundances of the bare fragment ions are 

summed together with the abundances of their secondary adducts with background water (18 Da) or methanol 

(32 Da). 
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3.1.3 C-O vibration as a spectral marker 

 

It was shown previously that the C-O vibrations of phenol-type ligands in 

complexes with copper can be valuable spectral markers for the determination of electron 

distribution. In this report, copper(II) complexes bearing the phenolate anion was designed 

and it was investigated the equilibrium between copper(II)/phenolate and 

copper(I)/phenoxy couple. The complexes with the copper ion in the oxidation state +II 

were revealed by the C-O band at about 1300 cm-1, whereas the reduction of copper led to 

the oxidation of the ligand to the phenoxy radical with the C-O band at 1500 cm-1.160,161 

The C-O stretching band of catechol in its complex with either silver(I) or copper(I) 

can be found at  1280 cm-1 (see Table 3.1.2 for all values). This value represents the C=O 

vibration of a fully reduced ligand. The C-O vibration of phenanthraquinone in its complex 

with zinc(II) or copper(II) is at 1640 cm-1. The complex of phenanthraquinone with sodium 

reveals the C=O stretch at 1668 cm-1. Hence, the interval 1640 - 1670 cm-1 should be taken 

as a marker of a fully oxidized quinone ligand. The minor changes are given by 

polarization. 

 

Table 3.1.2. The C=O/C-O stretching bands in various complexes determined by IRMPD spectroscopya. 

Complex C=O stretching [cm-1] C-O stretching [cm-1] 

[ZnCl(PQ)2]+ 1640  

[CuCl(PQ)2]+ 1640  

[Na(PQ)2]+ 1668  

[Ag(PQ)2]+ 1650  

[Cu(PQ)2]+ 1597  

[Ag(catechol)2]+  1277 

[Cu(catechol)2]+  ~1260 

[Zn(maltol)(maltol-H)]+ 1530 - 1640 1271 

[Cu(maltol)(maltol-H)]+ 1520 - 1640 1273 

[Cu(maltol)(maltol-H2)]+ 1637  

a All bands are broad and for some ions overlapping with C=C bands. The wavenumbers should be taken 

with accuracy ± 15 cm-1. The relative precision is better: ± 5 cm-1. 
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The clear redox process can be observed for the complex [Cu(PQ)2]
+. The 

corresponding CO stretching vibration is red-shifted to 1597 cm-1. Clearly, the electron 

transfer is only partial as the radical should be revealed by the vibration at about 1500 cm-1. 

The electronic changes are also affecting the binding energy between the metal and the 

ligands. The observed fragmentation threshold for the elimination of the 

phenanthraquinone ligand is by almost 0.5 eV more demanding for [Cu(PQ)2]
+ than for 

[Na(PQ)2]
+. I have checked whether the differences could be simply ascribed to different 

charge delocalization. The Mulliken population analysis provides the following trend for 

the charges localized at metals: Na +0.57 e, Ag +0.42 e, and Cu +0.38 e. Clearly the 

differences in the C=O stretching vibrations and the binding energies cannot be explained 

only based on charge delocalization (Figure 3.1.14). The effect for the copper complex is 

much more pronounced than it would be expected based on the charges. Thus, it can be 

concluded that the redox process depicted in Scheme 3.1.1b plays a role for this complex 

and influences its properties. 

 

 

 

Figure 3.1.14. Experimental observables for the [M(PQ)2]+ complexes (C=O stretching vibration and 

appearance energy of the ligand elimination) as a function of the Mulliken charge localized at the metal 

center. 
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For the complexes of copper and maltol (Scheme 3.1.1c) no redox changes have 

been observed in the IRMPD spectra. The special properties of copper become however 

operational when the unimolecular chemistry of the complexes is studied. The 

fragmentation of the [Cu(maltol)(maltol-H)]+ complex yields not only the elimination of 

the neutral maltol such as for the zinc-complex analogue, but it also leads to the loss of the 

maltoxy radical. This elimination corresponds to the fragmentation of the first resonant 

structure in Scheme 3.1.1c. The electron transfer from maltolate to the copper ion is 

probably associated with a kinetic bottle neck and therefore the elimination of the maltoxy 

radical is much less pronounced than the elimination of neutral maltol (though both 

channels are similarly energy-demanding).162 The second evidence of the redox activity of 

copper comes from the presence of the oxidized maltol in the solution. 

 

 

3.1.4 Conclusion  

 

In conclusion, I have studied interaction of several potentially redox-active ligands 

with copper and other metals. The comparison of analogous complexes with different 

central metals allowed us to assess the redox processes triggered by the presence of copper. 

IRMPD spectroscopy showed that the C=O vibration of the phenanthraquinone ligand is 

very sensitive to the electron distribution in the given complex. On contrary, for the maltol 

and catechol ligands, no significant changes were detected in the spectral characteristics 

imposed by copper. Redox activity of copper was studied by fragmentation experiments. A 

partial reduction of phenanthraquinone in the [Cu(PQ)2]
+ complex leads to an increase of 

its binding energy to the metal in comparison with analogous complexes with sodium or 

silver. The fragmentation of [Cu(maltol)(maltol-H)]+ also revealed a redox process. Its 

fragmentation can lead either to the elimination of neutral maltol (similarly as for the 

analogous zinc complex) or to the expulsion of the maltoxy radical. The latter process is 

associated with reduction of copper(II) to copper(I). The experimental data suggests that 

the redox process is associated with a kinetic barrier. 

 

 



Chapter 3. Results and discussion 

 

56 

3.2  Generation and reactivity of copper complexes with 

pyridine dicarboxamide pincer ligand 
 

This section shows an experimental and theoretical study of copper complexes with 

pincer ligands. Chemistry of pincer ligands is interesting because of their applications in 

catalysis.163-165 Additionally, pincer ligands have the propensity to support higher oxidation 

state of metals.166,92 Previously, the formation of neutral copper(III) complex with pyridine 

dicarboxamide ligand was reported by Tolman and co-workers.109,111  

My aim was to probe the effect of pincer ligand L (L = N,N´-bis[2,6-

diisopropylphenyl]-2,6-pyridinedicarboxamide) with different counter-ions, acetoxy and 

methoxy (Scheme 3.2.1), on the stability of different oxidation states of copper by using 

electrospray ionization mass spectrometry (ESI-MS) and MS/MS fragmentation studies. 

Collision induced dissociation (CID) breakdown curves were recorded and the resulting 

apparent activation energies were compared to calculated binding energies. The copper 

complexes to be discussed in detail have different counter-ions, acetoxy and methoxy 

(Scheme 3.2.1). Moreover, the copper(I) and copper(II) complexes have been characterized 

by IRMPD spectroscopy and DFT calculations. 

 

 

 

Scheme 3.2.1. Copper(II) complexes with pincer ligand L (L = N,N´-bis[2,6-diisopropylphenyl]-2,6-

pyridinedicarboxamide). 
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3.2.1 Mass spectrometry analysis 

 

Mass spectrometry with electrospray ionization was applied to generate the gas 

phase ions and to study the reactivity with different substrates. I focused on reactions 

between the pyridine dicarboxamide with different copper salts and the reactivity of the 

formed complexes in the gas phase. 

 

 

3.2.1.1 Formation of the copper(III) complexes 

 

In this project, I have probed a possibility to generate copper(III) complexes by 

electrospray ionization and consequently the species of interest were subjected to collision 

induced dissociation experiments. Methanolic solutions of pyridine dicarboxamide and 

copper salts (copper(I) triflate, copper(II) nitrate, and copper(II) chlorate) were explored. 

Firstly, ESI of methanolic solution of copper(I) triflate in the presence of pyridine 

dicarboxamide leads to the formation of complex [Cu(L-2H)(CF3SO3)]
−. In the CID 

spectrum of [Cu(L-2H)(CF3SO3)]
− (m/z 695), I have  observed elimination of neutral 

[Cu(L-2H] resulting in [(CF3SO3)]
− (Figure 3.2.1a). Similarly to the triflate complex, 

nitrate complex [Cu(L-2H)(NO3)]
− (m/z 608) can be generated by electrospray ionization 

of the corresponding methanolic solution. Fragmentation of [Cu(L-2H)(NO3)]
− ion (m/z 

608) leads dominantly to the loss of the HNO3 molecule leading to the copper(I) complex 

[Cu(L-3H)]−. This shows that the formation of HNO3 molecule is associated with the C-H 

activation process.  
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Figure 3.2.1. Negative-ion MS/MS fragmentation on: a) m/z 695 corresponding to the [Cu(L-2H)(CF3SO3)]− 

ion and b) m/z 608 corresponding to the [Cu(L-2H)(NO3)]− ion. 

 

Finally, I investigated methanolic solution copper(II) chlorate and pyridine 

dicarboxamide. The electrospray ionization of this solution provides [Cu(L-2H)(ClO3)]
− 

ions at m/z 629 (Figure 3.2.2). The CID spectrum of [Cu(L-2H)(ClO3)]
− shows two 

fragmentation channels (Figure 3.2.2b). One of them corresponds to the loss of ClO2
•
 

([Reaction (1)]) resulting in [Cu(L-2H)(O)]− (m/z = 562), and the other one probably 

corresponds to the combined loss of ClO2
• and H2O resulting in [Cu(L-4H)]− (m/z = 544) 

[Reaction (2)]. Mechanism of the second fragmentation probably starts with a loss of ClO2
• 
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from the parent ion [Cu(L-2H)(ClO3)]
−. In the second step, the formal intermediate [Cu(L-

2H)(O)]− eliminates water. 

 

[Cu(L-2H)(ClO3)]
−  [Cu(L-2H)(O)]− + ClO2

•        (1) 

 

      [Cu(L-2H)(O)]−  [Cu(L-4H)]− + H2O         (2) 

 

In the following, I will present two experiments for identification of the copper(III)-

oxo complex: 18O-labeling experiment and MS3 studies. 

 

18O-labeling experiment. In this part, 18O-isotopic labeling experiment was done 

to elucidate the fragmentation mechanism of [Cu(L-2H)(ClO3)]
− complex. The gas phase 

18O-labeled experiment was performed by using the Cu(Cl18O3)2 reagent. Figure 3.2.2c 

shows the CID spectrum of [Cu(L-2H)(Cl18O3)]
− complex at m/z 635. Again, two 

fragmentation pathways can be observed upon analysis of the labeled precursor ion; the 

loss of Cl18O2
• and the consecutive elimination of water. This result is consistent with the 

fragmentation pattern of the unlabeled complex. Both patterns suggest the formation of 

terminal oxo complex followed by H2O loss. 
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Figure 3.2.2. a) ESI-MS source spectrum of methanolic solution of pyridine dicarboxamide and copper(II) 

chlorate. Negative-ion MS/MS fragmentation mass spectrum of b) m/z 629 corresponding to the [Cu(L-

2H)(ClO3)]− ion and b) m/z 635 corresponding to the labeled complex [Cu(L-2H)(Cl18O3)]− ion. 

 

MS3 studies. Systematic MS3 studies are used to probe the structure of the product 

ions. In Figure 3.2.3, the MS3 spectra of the unlabeled (m/z 562) and labeled (m/z 564) 

product ions are showed. CID of the ion with m/z 562 results in a 18 Da loss, 

corresponding to the mass of water. Similarly, CID of the labeled ion at m/z 564 produces 

the labeled water loss of 20 Da (H2
18O). The signature of terminal metal oxo complexes is 

the elimination of the oxygen atom in CID experiments. This is not observed for the 

complex [Cu(L-2H)(O)]−.  
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Figure 3.2.3. MS3 spectra for each of the unlabeled and labeled product ions: a) m/z 562 b) m/z 564. 

 

I have also studied the appearance energies for the fragmentations of the [Cu(L-

2H)(ClO3)]
− (Figure 3.2.4). The determined appearance energies are 2.1 ± 0.1 eV for the 

ClO2
• loss and 2.1 ± 0.1 eV for the water loss from [Cu(L-2H)(O)]− complex. The second 

fragmentation is more abundant, but its appearance energy is the same as for the former 

fragmentation. These observations suggest that the elimination of water is spontaneous 

consecutive process after the initial ClO2
• elimination. Probably, the initially formed 

[Cu(L-2H)(O)]− complex undergoes a rapid exothermic self-oxidation. The self-oxidation 
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probably results in hydroxylation of the ligand; for example, one of the isopropyl groups 

can be transformed to a hydroxyisopropyl group.167 The hydroxylated ligand then rapidly 

loses water, because of the high internal energy content resulting from the exothermic 

hydroxylation (Scheme 3.2.2).  

 

 

 

 

Figure 3.2.4. The breakdown curve for the mass selected peak at m/z 629 ([Cu(L-2H)(ClO3)]−). 
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Scheme 3.2.2. Gas-phase studies of the pyridine dicarboxamide copper complex with chlorate counter-ion. 

 

A series of gas-phase reaction experiments with varying substrates were also 

performed to explore reactivity of the copper(III)-oxo complex. This complex is not able to 

activate substrates in the gas phase, because is too reactive which undergoes facile self-

oxidation of ligand in the gas phase (Figure 3.2.3). 
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3.2.1.2 Formation of copper(II) complexes with the pincer ligand 

 

Ion formation in the gas phase. In addition, the same experiments were done for 

the copper salts such as copper(II) acetate and copper(I) triflate in the presence of NaOH. 

Two copper(II) complexes were generated [Cu(L-2H)(CH3COO)]− and [Cu(L-

2H)(CH3O)]−. An important aspect of using carboxylates as counter-ions is that they play a 

role in catalytic C-H activation reactions. Carboxylate is able to bind a hydrogen atom 

from another ligand and generate carboxylic acid. Carboxylate assistance can be applied in 

many metal-catalyzed C-H bond activation reactions for C(sp2)-H bonds and for C(sp3)-H 

bonds.168,169 Methanolate complex [Cu(L-2H)(CH3O)]− shows a different behavior 

compared to the carboxylate complex. The methoxy counter-ion can transfers one 

hydrogen to the complex and transforms to formaldehyde.75 

I mixed methanolic solutions of copper salts with pyridine dicarboxamide and 

measured the ESI-MS spectra. The fragmentation behavior of the formed ions was studied. 

Electrospray ionization of methanolic solutions containing copper salts with pyridine 

dicarboxamide produces several ionic species in the gas phase, as shown for copper(II) 

acetate in Figure 3.2.5 and for copper(I) triflate in Figure 3.2.6.  

The spectrum in Figure 3.2.5 is simple and the most abundant peak corresponds to 

the complex [Cu(L-2H)(CH3COO)]− at m/z 605. Other minor peak corresponds to 

copper(I) complex [Cu(L-2H)]− (m/z 546).  
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Figure 3.2.5. ESI-MS source spectrum of methanolic solution of copper(II) acetate and pincer ligand. 

 

The methanolate complex, [Cu(L-2H)(CH3O)]−, was generated and examined by 

ESI mass spectrometry. The ESI spectrum of copper(I) triflate and pyridine dicarboxamide 

in the presence of sodium hydroxide gives peaks at m/z 577, which corresponds to [Cu(L-

2H)(CH3O)]− (Figure 3.2.6). Minor peaks at m/z 563 and 546 can be assigned to [Cu(L-

2H)(OH)]− and [Cu(L-2H)]−, respectively. The hydroxide ions are present because of the 

addition of NaOH to the solution. 
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Figure 3.2.6. ESI-MS source spectrum of methanolic solution of copper(I) triflate and pincer ligand in the 

presence of NaOH. 

 

Ion dissociations. In the next part, both complexes were subjected to collision 

induced dissociation experiments in order to investigate their unimolecular chemistry, their 

binding energies, and their structures. Firstly, I studied the copper(II) complexes with 

acetoxy counter-ion [Cu(L-2H)(CH3COO)]− (Figure 3.2.7). The collision induced 

dissociation of the mass-selected complex [Cu(L-2H)(CH3COO)]− shows a competition of 

two processes: C-H activation and a redox process. Three major fragment ions in the 

[Cu(L-2H)(CH3COO)]− CID spectrum were observed at m/z 546, 545, and 544.  

The dominant fragment channel is at m/z 546. The proposed explanation is the loss 

of the acetoxy radical. This is associated with the reduction of the copper(II) to copper(I) 

complex. This fragmentation can continue by dehydrogenation to yield ions with m/z 544. 

The second fragmentation channel corresponds to the loss of acetic acid and yields the 

complex [Cu(L-3H)]− at m/z 545. According to many studies, elimination of acetic acid is 

explained as carboxylate-assisted C-H activation.168,156 This step involves a transfer of a  

hydrogen atom from the isopropyl group to the acetoxy group. CID analysis shows that the 

elimination of the acetoxy radical is more abundant than the elimination of neutral acetic 

acid. The other minor fragments are associated with fragmentation of the pincer ligand. I 

determined the appearance energies for the fragmentation channels. The appearance energy 

for the acetoxy loss from [Cu(L-2H)(CH3COO)]− is 2.4 ± 0.1 eV and for the acetic acid 
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loss is 2.3 ± 0.1 eV (Figure 3.2.7). The energy for the elimination of neutral acetic acid is 

smaller and at the same time the abundance of this fragmentation is also smaller than that 

of the acetoxy radical. This observation suggests that the elimination of neutral acetic acid 

is kinetically disfavored and thus probably proceeds through a tight transition state. 

Conversely, the elimination of the acetoxy radical is kinetically favored. Theoretical bond 

dissociation energies (BDEs) were also determined (Table 3.2.1). The calculations predict 

the BDE of CH3COO• is as 2.91 eV. The elimination of CH3COOH 0.51 eV endothermic. 

It cannot be compared to our experimental value, because the experiment provides energy 

of the activation barrier and not the overall thermochemistry. 

 

 

 

Figure 3.2.7. CID spectrum of mass selected [Cu(L-2H)(CH3COO)]− with breakdown curves.  

 

Next, I investigated the copper complex with the methoxy counter-ion [Cu(L-

2H)(CH3O)]− (m/z 577). CID analysis shows the elimination of closed-shell molecule 

formaldehyde. This elimination has to be associated with rearrangements within the 

complex. It is not clear from the CID experiments if hydrogen transfers to the central atom 

(copper) or to a pincer ligand, but it can be explained by other methods which will be 

showed in the following part. The second fragmentation channel associates with the 

formation of the copper(I) complex ([Cu(L-2H)]−). From the collision energy resolved 

experiments, the appearance energies were determined for the formaldehyde loss as 1.9 ± 

0.1 eV and for the methoxy loss as 2.0 ± 0.1 eV (Figure 3.2.8). I have also determined 

theoretical binding energies for the comparison with the CID experiments (Table 3.2.1). 
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The determined appearance energy for CH3O
• agrees well with the calculated bond 

dissociation energy (BDE = 2.05 eV). The elimination of CH2O from [Cu(L-2H)(CH3O)]− 

requires 1.27 eV. Again, the experiment provides energy barrier height for the CH2O 

elimination and therefore the experimental value is larger than the calculated 

endothermicity of this channel.  

The reactivity difference the anionic ligands is thus clear. While acetate abstracts a 

hydrogen atom from the pincer ligand, methanolate transfers a hydrogen atom to the ligand 

or the metal. The redox process (elimination of the counter ion as a radical and generation 

of copper(I) complex) is much facile for the methanolate complex The very same redox 

process for the acetate complex requires 0.5 eV larger activation energy. For both 

complexes, however, this is the kinetically preferred channel and the prevailing channel at 

all collision energies. 

 

 

 

Figure 3.2.8. CID spectrum of mass selected [Cu(L-2H)(CH3O)]− with breakdown curves. 
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Table 3.2.1. Appearance energies AE(L) for selected complexes and analogous theoretical binding 

energies BDEtheor(L) using the B3LYP-D3/6-31G*:6-311+G*. 

 

 

 

 

 

 

 

 

a The values in the brackets are the binding energies without the correction for the BSSE.  

b The values correspond to hydrogen transfer from tertiary carbon. 

c The values correspond to hydrogen transfer from primary carbon. 

 

 

3.2.2 Ion spectroscopy 

 

In order to gain more insight into the structures of the species formed in the gas 

phase, IRMPD experiments were performed for copper(I) and copper(II) complexes. The 

IRMPD experimental results were compared with quantum chemical calculations to 

determine the structures that produce the best IR spectral match with the experimental 

spectrum. All possible complexes have been therefore optimized and their IR spectra have 

been calculated. 

Structure of [Cu(L-2H)(CH3O)]−. The IRMPD spectrum of the [Cu(L-

2H)(CH3O)]− complexes in Figure 3.2.9 exhibits three dominant peaks labelled as A-C in 

the 1000 - 1800 cm-1 range. Band A is located at 1652 cm-1 and is a dominant band in the 

spectrum, bands B and C are located at 1460 and 1380 cm-1. By comparison with the 

calculated IR spectra of 21Me, 
27Me, and 28Me conformers, I suggests that the experimental 

bands are well reproduced by the spectrum of the most stable conformer 21Me where copper 

is coordinated to the nitrogen atoms of the pincer ligand (Figure 3.2.9b). The band at 1652 

cm-1 corresponds to the stretching of the C=O groups.  

The conformer 27Me, in which copper coordinates with one carbonyl group only, 

lies 0.34 eV higher in energy than the conformer 21Me. The IR spectrum of 27Me does not 

Parent Ion 

 

Fragment 

X 

AE(L) 

[eV] 

BDEtheor(L) [eV] 

[Cu(L-2H)(CH3COO)]− (CH3COO) 2.4 ± 0.1 2.91 (3.24)a 

[Cu(L-2H)(CH3COO)]− (CH3COOH) 2.3 ± 0.1 1.79 (2.23)b 

   1.79 (2.20)c 

  [Cu(L-2H)(CH3O)]− (CH3O) 2.0 ± 0.1 2.05 (2.31) 

  [Cu(L-2H)(CH3O)]− (CH2O) 1.9 ± 0.1 1.27 (1.58) 
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match with the experimental peaks and has a broader band in the 1580 - 1700 cm−1 range, 

which represents the C=O stretching mode at 1652 cm-1 and the C=N stretching mode at 

1619 cm-1.  

Also, the conformer where copper is bonded to both of the carbonyl groups (28Me) 

lies higher in energy than the complex 21Me. The spectrum has split bands at 1614 and 1590 

cm-1, which correspond to both C=N stretching modes. In addition, the spectra calculated 

for all other isomers are displayed in Figure 3.2.10. According to the theoretical calculated 

energetics and the difference between the experimental and calculated spectra, the other 

isomers cannot be present in a significant amount. 
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Figure 3.2.9. a) Experimental IRMPD spectra of [Cu(L-2H)(CH3COO)]− and b-c) the three calculated IR 

spectra calculated at B3LYP-D3/6-31G*:6-311+G* level of theory corresponding to structures 21Me, 25Me, and 

26Me. All frequencies were scaled by 0.968. The line spectra (red) are folded with a Gaussian function with 

fwhm = 10 cm-1. 
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Figure 3.2.10. a) Experimental IRMPD spectra of [Cu(L-2H)(CH3O)]− and b-i) the three calculated IR 

spectra calculated at B3LYP-D3/6-31G*:6-311+G* level of theory. All frequencies were scaled by 0.968. 

The line spectra (red) are folded with a Gaussian function with fwhm = 10 cm-1.  
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Structure of [Cu(L-H)]−. To find out the structure of the complex formed by 

elimination of formaldehyde from [Cu(L-2H)(CH3O)]−. I have again compared the 

experimental IRMPD spectrum of [Cu(L-H)]− (m/z 547) with calculated vibrational spectra 

of possible isomers corresponding to the given mass (Figure 3.2.11). The IRMPD 

experiment was performed from 1260 to 1700 cm-1. Interestingly, the IRMPD spectrum of 

the [Cu(L-H)]− complex is strikingly similar to the one measured for [Cu(L-2H)(CH3O)]− 

(Figure 3.2.9). The close similarity of the spectra obtained for these two systems indicate 

that the ligand and the metal are bound in the same way. It means that the coordination and 

structure of the ligand did not change significantly and the oxidation state of the metal did 

not change either. In agreement, the spectrum agrees very well with the theoretical 

spectrum of [Cu(L-2H)(H)]−, where the extra hydrogen is bound as hydride to the metal 

center.  

The absorption peaks in the IRMPD spectrum of the [Cu(L-2H)(H)]− complex has 

three major peaks which correspond to the spectroscopic characteristics of the pincer 

ligand. The three dominant peaks are again labelled A-C in the 1300 - 1700 cm-1. The first 

band corresponds to the carbonyl stretch at 1609 cm-1, the B band is due to the CH3 

bending modes at 1435 cm-1, and the C-N stretching is found at 1349 cm-1. Three minima 

were identified, structures 23Me, 
25Me, and 26Me, which have different position of the extra 

hydrogen atom. The structure 23Me is the most stable isomer where the hydrogen atom is 

bound to the copper metal center (23Me).  

An alternative conformer with protonated pincer ligand lies higher in energy than 

23Me, and its theoretical IR spectrum does not match with the experimental spectrum. The 

split C=O stretching band is consistent with the transfer of the hydrogen atom from the 

methoxy counter-ion to the nitrogen of the pincer ligand, thereby having two different C=O 

stretching bands. In brief, 25Me and 26Me conformers are not observed in the gas phase. 

 



Chapter 3. Results and discussion 

 

74 

 

 

Figure 3.2.11. a) Experimental IRMPD spectra of [Cu(L-2H)(H)]− and b-c) the three calculated IR spectra 

calculated at B3LYP-D3/6-31G*:6-311+G* level of theory corresponding to structures 21Me, 25Me, and 
26Me. 

All frequencies were scaled by 0.95. The line spectra (red) are folded with a Gaussian function with fwhm = 

10 cm-1. 
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3.2.3 Computational studies on the reaction mechanism 

 

Theoretical calculations were performed for the studied complexes to analyze the 

two competitive pathways; C-H activation and redox process. The potential energy surface 

for [Cu(L-2H)(CH3COO)]− is depicted in Figure 3.2.12. The CID spectrum of [Cu(L-

2H)(CH3COO)]− shows two main fragmentation channels: losses of CH3COO• and 

CH3COOH (Figure 3.2.7). The calculations provide two alternative products for the C-H 

activation step: five- or six-membered ring products. The hydrogen atom can transfer from 

the primary carbon atom of the isopropyl group to the acetoxy counter-ion leading to the 

six-membered ring product (13Ace). The relative energy barrier for this step is 2.14 eV. 

Alternatively, the hydrogen atom can also transfer from the tertiary carbon atom resulting 

in the formation of the five-membered ring product (14Ace) (1.83 eV). The lower energy 

barrier for the formation of 24Ace is due to a smaller BDE of the hydrogen atom bound to 

the tertiary carbon atom than that bound to the primary carbon atom. On the other hand, the 

activation of the primary C-H bond is favored statistically. The reaction is significantly 

endothermic, therefore it will be probably steered towards the hydrogen atom transfer from 

the tertiary carbon atom leading to the formation of the 14Ace product. The experimental 

appearance energy for this channel is 2.3 eV, hence higher than the suggested theoretical 

energy barrier. This is due to a kinetic shift that is observed in experiment (a larger energy 

has to be delivered to the system in order to observe the given fragmentation on the time-

scale of the experiment). 

In comparison, direct elimination of CH3COO• requires an energy of 3.24 eV to 

(12). This energy is significantly higher than the experimental value for the acetoxy loss 

(2.5 eV). It suggests that the theoretical calculations overestimate the binding energies 

towards the copper ion. 
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Figure 3.2.12. Potential energy surface (B3LYP-D3/6-31G*:6-311+G*) for [Cu(L-2H)(CH3COO)]− involved 

in the C-H activation and the redox reaction.  

 

The experimental study of the [Cu(L-2H)(CH3O)]− complex revealed two 

fragmentation channels: elimination of CH2O and CH3O
• (Figure 3.2.8). The presence of 

the CH2O loss indicates a hydrogen transfer in the complex, which is associated with a 

rearrangement process. DFT analysis was carried out for the rearrangement and the redox 

processes. For the rearrangement process, DFT calculations predicted two different 

products with a hydrogen atom bound to copper or the pyridine dicarboxamide ligand. 

Starting from complex 21Me, the formation of the copper hydride product 23Me proceeds via 

an energy barrier of 1.29 eV (Figure 3.2.13). Also, complex 21Me easily undergoes redox 

process and gives rise to a copper(I) complex 12 derived from the elimination of methoxy. 
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This process requires energy of 2.31 eV. Therefore, elimination of the closed-shell 

molecule (CH2O) is energetically favored compared to the CH3O
• loss. On the other hand, 

the CH2O molecule is formed via a constrained transition state and therefore it is 

disfavored kinetically.  

 

 

 

Figure 3.2.13. Potential energy surface (B3LYP-D3/6-31G*:6-311+G*) for [Cu(L-2H)(CH3O)]− involving 

the rearrangement and the redox reaction. 

 

Moreover, another mechanism was explored for complex 21Me by DFT calculations. 

The mechanism involved hydrogen migration from the methanolate ligand to the pincer 

ligand (Figure 3.2.14). The higher energy barriers along this pathway as well as higher 

relative energies of products 25Me and 26Me (2.36 eV and 2.22 eV) perfectly explain the fact 

that both products are not formed in the gas phase. Thus, the elimination of formaldehyde 

from the methoxy group is associated with the formation of the copper hydride complex.  
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Figure 3.2.14. Potential energy surface (B3LYP-D3/6-31G*:6-311+G*) for [Cu(L-2H)(CH3O)]− involved 

rearrangement and redox reaction. 

 

Most copper hydride complexes have unique reactivity in synthesis and 

catalysis.170-172 However, attempts to study reactivity of the [Cu(L-2H)(H)]− complex with 

different substrates was not successful and no reactions were observed for this complex in 

the gas phase.  

 

3.2.4 Conclusion 

The results showed that the pyridine dicarboxamide ligand was able to form a series 

of copper complexes with different counter-ions (CF3SO3
−, NO3

−, ClO3
−, CH3COO−, and 

CH3O
−) and could be successfully characterized by means of ESI-MS, IRMPD 

experiments and DFT calculations. The pincer ligand is able to support copper(III) 

chemistry in the gas phase. MS/MS analyses and 18O-labeling experiments demonstrated 

the ability of [Cu(L-2H)(ClO3)]
− to generate transient complex [Cu(L-2H)(O)]−. This 

complex, however, immediately undergoes self-oxidation, so I could detect only oxidized 
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isomers. The oxidized isomers can easily eliminate a water molecule, but do not show any 

other reactivity.  

In addition, negatively charged [Cu(L-2H)(CH3COO)]− and [Cu(L-2H)(CH3O)]− 

complexes (L = N,N´-bis[2,6-diisopropylphenyl]-2,6-pyridinedicarboxamide) were studied 

by using electrospray ionization mass spectrometry. Unimolecular reactivities of both 

complexes show a competition between a process leading to the reduction of copper(II) to 

copper(I) and a chemical reactivity of the counter-ions. The first process is associated with 

the elimination of the counter-ion as the radical (acetoxy or methoxy radical). The 

chemical reactivity depends on the counter-ion. The acetate counter-ion is able to make a 

C-H activation of the ligand and therefore, the elimination of neutral acetic acid was 

observed in collision induced dissociation experiments. On the contrary, methanolate 

undergoes a rearrangement to form formaldehyde. The hydrogen atom can be transferred to 

one of the nitrogen atoms of the pincer ligand which would have to be associated with 

reduction of copper(II) to copper(0). Alternatively, the hydrogen atom can be transferred to 

the copper ion as hydride leaving the copper center in the oxidation state II. Also, the 

structures of the copper complexes were analyzed by IRMPD spectroscopy and DFT 

calculations. Evidence for the formation of [Cu(L-2H)(H)]− is provided by IRMPD 

spectroscopy. The spectrum showed that the hydrogen atom is bound to the copper center. 

The IRMPD spectrum of this complex matches nicely with the calculated spectrum of the 

lowest energy conformer, which belongs to the copper hydride complex. 
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3.3 Generation of hypervalent copper (III)-oxo complexes of 

monodantate and bidentate ligands in the gas phase 
 

In 2011, Schwarz and coworkers were able to generate bare CuO+ ions in the gas 

phase and show their reactivity with methane.29 Another system studied in the gas phase is 

the [(phen)CuO]+ complex (phen = 1,10-phenanthroline). The [(phen)CuO]+ cations can be 

generated as a mixture of the reactive [(phen)CuIII-O]+ ions and isomers with an oxidized 

ligand, [(phenox)CuI]+ (Scheme 3.3.1).27,116 The phenanthroline ligand suppresses the 

reactivity of the [Cu-O]+ core compared to the bare ion: he activation of methane is not 

possible, but fluoromethanes or alkanes starting with propane readily undergo the desired 

C-H activation.27,31 The high reactivity of the [(phen)CuIII-O]+ complex was also reflected 

in its self-oxidation, which leads to the hydroxylation of the ligand and the formation of the 

[(phenox)CuI]+ isomer.  

 

 

 

Scheme 3.3.1. Generation of the [(L)CuO]+ complexes (L = PQ, phen, acetonitrile, acetone, methanol, 

tetrahydrofurane and N,N-dimethylformamide) by in source fragmentation during electrospray ionization and 

structures of the generated complexes. 

 

This section shows the study that resulted in generation of copper(III)-oxo 

complexes in the gas phase. I investigated a way to generate new copper(III)–oxo 

complexes with monodendate and bidentate ligands (acetonitrile (ACN), 

phenanthraquinone (PQ), phenanthroline (phen), acetone, methanol, N,N-
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dimethylformamide (DMF), and tetrahydrofuran (THF)) and compared their reactivity in 

C-H activation reactions, oxygen-transfer reactions, and water oxidation reactions. 

 

 

3.3.1 Mass spectrometry analysis 

 

The [(phen)CuIII-O]+ ions were generated from the [(phen)CuII(NO3)]
+ precursors 

by CID experiment previously.27-31 The NO2
• elimination, which should have led to the 

required [(L)CuIII-O]+ ions, was a minor channel. A competing fragmentation was loss of 

the NO3
• radical. The aim of my research was to increase the yield of the [(L)CuIII-O]+ 

product ions, and therefore, I tested chlorate and perchlorate as counter-ions in the 

fragmentation reaction. I selected complexes bearing 9,10-phenanthraquinone (PQ) ligand 

for preliminary experiments. The [(PQ)Cu(X)]+ complexes were generated from 

methanolic solutions of PQ with the corresponding CuX2 salt (X = NO3, ClO4 and ClO3) 

by electrospray ionization. Comparison of the CID experiments with mass-selected 

[(PQ)Cu(NO3)]
+, [(PQ)Cu(ClO4)]

+, and [(PQ)Cu(ClO3)]
+ clearly showed that the use of 

chlorate counter-ion is superior to the other alternatives (Figure 3.3.1). 

The use of copper(II) chlorate gives the possibility to generate a series of 

[(L)CuO]+ complexes with L = PQ, phen, acetonitrile, acetone, methanol, tetrahydrofurane, 

and N,N-dimethylformamide. A representative mass spectrum of [(L)CuO]+ complexes are 

shows in Figure 3.3.2. For further experiments, the hypervalent copper(III)-oxo complexes 

were generated by CID in the ion source. Consequently, the ions were generated by 

electrospray ionization in the usual way, but the transfer-ion optics (lenses, capillary) were 

set to a high potential difference. The generated ions were thus accelerated in the ion-

source region and undergo collisions with nitrogen (used as a sheath gas). The 

fragmentation required energetic collisions, and therefore, the internal energy distribution 

of the generated ions probably corresponded to a temperature higher than room 

temperature.  
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Figure 3.3.1. CID spectra of mass-selected a) [(PQ)Cu(NO3)]+ (m/z = 333), b) [(PQ)Cu(ClO4)]+ (m/z = 370) 

and c) [(PQ)Cu(ClO3)]+ (m/z = 354). Collision gas: Xe; pressure: 0.2 mTorr; collision energy 5 eV (center-of-

mass frame); the parent ion peaks were normalized to 100. 
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Figure 3.3.2. a) ESI-MS spectrum of a methanolic solution of phenanthraquinone and Cu(ClO3)2. b) ESI-MS 

spectrum of a methanolic solution of phenanthroline and Cu(ClO3)2. c) ESI-MS spectrum of an acetonitrile 

solution of Cu(ClO3)2. 

 

The copper(III)-oxo complexes have a characteristic CID pattern: the weak Cu-O 

bond easily cleaves, and the oxygen atom is eliminated. Figure 3.3.3 shows the CID 

spectra for the [(MeCN)CuO]+ and [(PQ)CuO]+ complexes.  

The oxygen elimination can compete with the elimination of the ligand L. This 

channel is efficient only for monodentate ligands L (for example acetonitrile, Figure 

3.3.3a). In the CID spectrum of [(PQ)CuO]+, the weak competing channel most probably 

corresponds to decarbonylation of the ligand and formation of [(PQ-CO)CuO]+ (Figure 

3.3.3b). Decarbonylation can be a sign of hydroxylated aromatic ring. In the CID spectrum 

of the [(phen)CuO]+ complex, decarbonylation is the dominant channel. It is due to the 

isobaric impurity of the [(phenox)Cu]+ ions (Scheme 3.3.1) which undergo decarbonylation 

of the hydroxylated aromatic ring (Figure 3.3.4). The CID spectra of the remaining 

complexes are shown in the Figures 3.3.5a-d. The dominant fragment in the CID spectra of 

most of the [(L)CuO]+ complexes is [(L)Cu]+. 
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Figure 3.3.3. CID spectra of mass-selected a) [(MeCN)CuO]+ (m/z = 120) and b) [(PQ)CuO]+ (m/z = 287) 

with the dominant loss of the oxygen atom. Collision gas: Xe; pressure: 0.2 mTorr; collision energy: 10 eV 

for [(MeCN)CuO]+ and 6 eV for [(PQ)CuO]+ (both in the center-of-mass frame). 
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Figure 3.3.4. CID spectrum of mass-selected [(phen)CuO]+ (m/z = 259) with the dominant loss of the oxygen 

atom and carbon monoxide. Collision gas: Xe; pressure: 0.2 mTorr; Elab = 20 eV.  

 

 

 

 

Figure 3.3.5. CID spectra of mass-selected a) [(CH3COCH3)CuO]+ (m/z = 137), b) [(CH3OH)CuO]+ (m/z = 

111), c) [(THF)CuO]+ and (m/z = 151) d) [(DMF)CuO]+ (m/z = 152) with the dominant loss of the oxygen 

atom. Collision gas: Xe; Pressure: 0.2 mTorr; Elab = 20 eV. 
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3.3.2  Ion spectroscopy 

 

The structure of the generated [(PQ)CuO]+ complex was investigated starting from 

IRMPD experiments(Figure 3.3.6a). Investigation of the reactivity of ligated copper(III)-

oxo complexes in the gas phase was previously done with the [(phen)CuO]+ complex. It 

can be understood as a “benchmark” complex in the field, but it has a serious pitfall too. It 

is always generated together with the isomeric ions [(phenox)Cu]+ (Scheme 3.3.1). Genuine 

reactivity of the [(phen)CuO]+ complex can be studied only if the [(phenox)Cu]+ isomers 

are separated out by the ion-mobility technique.30,173 The phenanthroline ligand is oxidized 

during the generation of the [(phen)CuO]+ complex by a self-oxidation mechanism.116 The 

copper-bound oxygen atom abstracts a hydrogen atom from the neighboring aromatic 

carbon atom. In order to suppress this reactivity, an alternative bidentate ligand - 9,10-

phenanthraquinone - was used. In this ligand, the closest C-H group is much further away 

from the coordination site and therefore the simple self-oxidation should not be possible. 

Figure 3.3.6 compares the experimental IRMPD spectrum of [(PQ)CuO]+ complexes and 

the calculated IR spectra predicted for low-energy isomers.174,133  
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Figure 3.3.6. Comparison of a) the IRMPD spectrum of the [(PQ)CuO]+ complex and b,c) theoretical gas-

phase IR spectra of selected isomers of [(PQ)CuO]+ (B3LYP-D3/6-311+G**; the scaling factor was 0.986; 

the line spectra are folded with a Gaussian function with fwhm = 15 cm-1). 

 

Comparison of the experimental spectrum and the DFT calculated spectra shows a 

very nice agreement with the triplet state of the copper(III)-oxo complex ([(PQ)CuO]+). 

The IR spectra of possible copper(I) isomers with oxidized ligands display a phenolic C-O 

stretching vibration and C-O-H deformation vibration in the ν̃ = 1200 - 1350 cm-1 range. 

These bands are clearly visible in the theoretical spectrum of the most-stable singlet-state 

isomer in Figure 3.3.6c. Other calculated isomers show self-oxidation of the [(PQ)CuO]+ 

complex (Figure 3.3.7). The same spectral features led previously to the identification of 

the [(phenox)Cu]+ isomer (Scheme 3.3.1).116 The C-O-H deformation vibration is clearly 



Chapter 3. Results and discussion 

 

88 

not present in the experimental spectrum of [(PQ)CuO]+. I could therefore conclude that 

the self-oxidation of the [(PQ)CuO]+ complex is suppressed and the generated ions in 

majority correspond to the copper(III)-oxo complexes. 

 

 

 

Figure 3.3.7. Continued.  
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Figure 3.3.7. Continued.  
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Figure 3.3.7. (a) IRMPD spectrum of the [(PQ)CuO]+ complex and d - o) theoretical spectra of isomers of 

[(PQ)CuO]+ calculated with B3LYP-D3/6-311+G**. The scaling factor was 0.986. The line spectra are 

folded with a Gaussian function with fwhm = 15 cm-1. 
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3.3.3 Reactivity of the [(L)CuO]+ ions. 

 

I have investigated properties of the copper(III)-oxo complexes in reactions with 

water, ethane, and ethylene. I compared complexes with the monodentate ligand 

acetonitrile and the bidentate ligand PQ. Furthermore, I measured the reactivity of the 

“benchmark complex” with the phen ligand, keeping in mind that only part of the 

generated ions is reactive. The aim was a qualitative comparison of the reactions, so the 

ions were generated at similar ionization conditions (the identical conditions for given 

reactant ions). The kinetic-energy distribution was typically narrower than 0.8 eV (full 

width at half maximum in the laboratory frame) and the collision energy was nominally 0 

eV (Figure 2.6). 

 

Reaction with H2O. The most-reactive complex was [(MeCN)CuO]+. The 

dominant channel in the reaction with water is the formation of H2O2 [Reaction (1)]. It can 

be observed as a loss of the oxygen atom followed by addition of another water molecule 

(red signals in Figure 3.3.8, addition of water is indicated by the blue arrows). A minor 

reaction pathway leads to the naked Cu+ ion [Reaction (2)]. The copper ions in the 

subsequent steps associate with one or two water molecules. Both reaction channels have 

largest cross sections at nominally zero collision energy (Figure 3.3.10). 

Bimolecular reactions favored at low collision energies are those that form a 

reaction (collisional) complex and that do not require an additional energy to surmount a 

reaction barrier or to form endothermic products. The data observed here thus mean that 

the reaction between [(MeCN)CuO]+ and H2O proceeds via a collisional complex and is 

exothermic. Experimental conditions, which are applied in this experiment, enable 

stabilization of the collisional complex by subsequent collisions with the reactant gas in the 

collision cell. I can observe this effect as signals of the association products 

([(MeCN)CuO(H2O)]+). The cross sections for the product formation increase linearly or 

sublinearly upon increasing the gas pressure of the reactant (Figures 3.3.10 - 3.3.16). This 

supports the conclusion that the collisional complex is formed in a bimolecular reaction. 

An alternative mechanism for the formation of a long-lived collisional complex would 
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involve three-body association. Such a scenario should lead to a quadratic dependence of 

the cross section on the reactant-gas pressure. 

[(MeCN)CuO]+ + H2O  [(MeCN)CuO(H2O)]+  [(MeCN)Cu]+ + H2O2    (1) 

 

[(MeCN)CuO]+ + H2O  [(MeCN)CuO(H2O)]+  Cu+ + [MeCN,O,H2O]+  (2) 

 

 
 

Figure 3.3.8. Reaction of mass-selected [(MeCN)CuO]+ (m/z = 120) with H2O, D2O and H2
18O (Ecoll = 0 eV, 

P(H2O) = 0.2 mTorr). The star symbols refer to adduct formed with background gases. 

 

Reactions between the [(L)CuO]+ complexes (L = phen or PQ) and water do not 

lead to water oxidation or to the production of naked copper ions. Instead, I only see a 

reversible addition-elimination of water leading to the oxygen-atom exchange [Reaction 

(3)]. This can be clearly observed in the reaction with H2
18O, which provides (contrary to 

the reactions with H2O or D2O) product ions with ∆m/z = + 2 (Figure 3.3.9 and Figure 

3.3.10 - 3.3.16). 
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[(L)CuO]+ + H2
18O  [(L)CuO(H2

18O)]+  [(L)Cu18O]+ + H2O     (3) 

 

 

 

Figure 3.3.9. Reaction of the mass-selected [(PQ)CuO]+ ions (m/z = 287) with H2
18O (ECM = 0 eV, P(H2O) = 

0.2 mTorr). 
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Figure 3.3.10. a) Reaction of mass selected [(MeCN)CuO]+ (m/z = 120) with H2O at nominally zero collision 

energy (Pressure: 0.2 mTorr). b) Collision energy dependence of the relative cross sections (P(H2O) = 0.2 

mTorr). c) Pressure dependence of the relative cross sections (Ecoll = 0 eV). 
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Figure 3.3.11. a) Reaction of mass selected [(PQ)CuO]+ (m/z = 287) with H2O at nominally zero collision 

energy (Pressure: 0.2 mTorr). b) Collision energy dependence of the relative cross sections (P(H2O) = 0.2 

mTorr). c) Pressure dependence of the relative cross sections (Ecoll = 0 eV). 
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Figure 3.3.12. a) Reaction of mass selected [(PQ)CuO]+ (m/z = 287) with D2O at nominally zero collision 

energy (Pressure: 0.2 mTorr). b) Collision energy dependence of the relative cross sections (P(D2O) = 0.2 

mTorr). c) Pressure dependence of the relative cross sections (Ecoll = 0 eV). 
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Figure 3.3.13. Mass spectra of [(PQ)CuO]+ (m/z = 287) a) with H2
18O at pressure of 0.2 mTorr. b) Collision 

energy dependence of the relative cross sections (P(H2
18O) = 0.2 mTorr). c) Pressure dependence of the 

relative cross sections (Ecoll = 0 eV). 
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Figure 3.3.14. a) Reaction of mass selected [(phen)CuO]+ (m/z = 259) with H2O at nominally zero collision 

energy (Pressure: 0.2 mTorr). b) Collision energy dependence of the relative cross sections (P(H2O) = 0.2 

mTorr). c) Pressure dependence of the relative cross sections (Ecoll = 0 eV). 
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Figure 3.3.15. a) Reaction of mass selected [(phen)CuO]+ (m/z = 259) with D2O at nominally zero collision 

energy (Pressure: 0.2 mTorr). b) Collision energy dependence of the relative cross sections (P(D2O) = 0.2 

mTorr). c) Pressure dependence of the relative cross sections (Ecoll = 0 eV). 
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Figure 3.3.16. a) Reaction of mass selected [(phen)CuO]+ (m/z = 259) with H2
18O at nominally zero collision 

energy (Pressure: 0.2 mTorr). b) Collision energy dependence of the relative cross sections (P(H2
18O) = 0.2 

mTorr). c) Pressure dependence of the relative cross sections (Ecoll = 0 eV).  
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Reaction with ethane. The smallest alkane that undergoes C-H activation with 

[(MeCN)CuO]+ is ethane (Figure 3.3.17). The copper complex does not only abstract one 

hydrogen atom [Reaction (4)], but it also completes the reaction by forming a bond 

between the ethyl radical and the hydroxyl group, as evidenced by formal loss of the 

oxygen atom [Reaction (5)]. Double hydrogen abstraction is also detected leading to the 

dehydrogenation of ethane [Reaction (6)]. 

 

 

[(MeCN)CuO]+ + C2H6  [(MeCN)Cu(OH)]+ + C2H5
•
        (4) 

 

[(MeCN)CuO]+ + C2H6
  [(MeCN)Cu]+ + C2H5OH       (5) 

 

[(MeCN)CuO]+ + C2H6
  [(MeCN)Cu(H2O)]+ + C2H4        (6) 

 

 

The collision energy and the pressure dependence of the double-hydrogen 

abstraction channel show that it proceeds via a collisional complex (the insets in Figure 

3.3.17). The relative cross section of this channel drops rapidly with the increasing 

collision energy. At the zero collision energy, the yield of dehydrogenation increases 

almost linearly with the C2H6 pressure. The [(MeCN)Cu(H2O)]+ product ion can also be 

formed as a secondary product in reaction of the [(MeCN)Cu]+ product ion with 

background water molecules (water can be present as a background gas in the collision 

cell).  
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Figure 3.3.17. Reaction of mass-selected [(MeCN)CuO]+ (m/z = 120) with C2H6 (Ecoll = 0 eV, P(C2H6) = 0.2 

mTorr). The insets show the pressure dependence (Ecoll = 0 eV) and the collision energy dependence 

(P(C2H6) = 0.2 mTorr) of the relative reaction cross sections (color coded). 

 

Such scenario was excluded by a labelling experiment. The reaction of 18O-labeled 

reactant ion [(MeCN)Cu18O]+ with C2H6 leads to the corresponding [(MeCN)Cu(H2
18O)]+ 

product ion. The secondary reaction would be expected to yield the [(MeCN)Cu(H2
16O)]+ 

ion (Figure 3.3.18). 
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Figure 3.3.18. Reaction of mass selected [(MeCN)Cu18O]+ (m/z = 122) with C2H6 at nominally zero collision 

energy (Pressure: 0.2 mTorr). Hydroxylation of ethane is observed as formation of the product ion 

[(MeCN)Cu]+ (m/z = 104) and the secondary adducts [(MeCN)Cu(H2
18O)]+ (m/z = 124) and 

[(MeCN)Cu(C2H6)]+ (m/z = 134). 

 

The single-hydrogen-abstraction channel has an interesting collision energy profile 

(red line in the left inset in Figure 3.3.17). The maximum cross section for the formation of 

[(MeCN)Cu(OH)]+ is at zero collision energy, but it does not decrease with the increasing 

collision energy as observed for all other reaction channels. After a small decrease, the 

cross section starts to increase again with an increase in the collision energy. Consequently, 

the reaction proceeds via a collisional complex at low collision energies, similar to all other 

reaction channels. At larger collision energies, it can probably proceed as a direct H-

abstraction without the formation of a complex. On the contrary, the subsequent reaction 

(rebound) step leading to ethanol and [(MeCN)Cu]+ is effective only at about zero collision 

energy. At larger collision energies, the minor abundance of [(MeCN)Cu]+ is due to 

collision-induced dissociation of the parent ions (Figure 3.3.3a). Complexes with PQ and 

phen ligands are less reactive. It was shown previously that [(phen)CuO]+ can activate 

propane and larger hydrocarbons (Figure 3.3.19 for the reaction with 1,4-

cyclohexadiene).27 
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Figure 3.3.19. Reaction of mass selected [(PQ)CuO]+ (m/z = 287) with 1,4-cyclohexadiene at nominally zero 

collision energy (Pressure: 0.1 mTorr). The main reaction channel is OAT which is observed as the 

[(PQ)Cu]+ ion (m/z = 271) and the secondary adduct ions [(PQ)Cu(C6H8)]+. In parallel, decarbonylation (m/z 

= 259) followed again by the secondary reaction with C6H8 to yield [(PQ-CO)CuO(C6H8)]+ (m/z = 339). 

 

Reaction with ethylene. Epoxidation of olefins is another typical reactivity of 

hypervalent metal-oxo complexes.176,177 Figure 3.3.20 shows that all of the studied 

complexes readily undergo oxygen transfer with ethylene [Reaction (7)]. All spectra show 

the formation of the oxygen-transfer products [(L)Cu]+ (in red in Figure 3.3.20 and 3.3.22) 

and their secondary adducts with ethylene [(L)Cu(C2H4)]
+ (highlighted by green). Based on 

the mass of the detected products I cannot distinguish whether the oxygen-transfer 

products correspond to ethylene oxide or its more stable isomer acetaldehyde. 

 

[(L)CuO]+ + C2H4  [(L)Cu]+ + C2H4O       (7) 
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Figure 3.3.20. Reaction of mass-selected a) [(MeCN)CuO]+ (m/z = 120) and b) [(PQ)CuO]+ (m/z = 287) with 

C2H4 (Ecoll = 0 eV, P(C2H4) = 0.2 mTorr). The insets show the pressure dependence (Ecoll = 0 eV) and the 

collision-energy dependence (P(C2H4) = 0.2 mTorr) of the relative reaction cross sections (color coded). 
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Figure 3.3.21. a) Reaction of mass selected [(phen)CuO]+ (m/z = 259) with C2H4 at nominally zero collision 

energy (Pressure: 0.2 mTorr). b) Collision energy dependence of the relative cross sections (P(C2H4) = 0.2 

mTorr). c) Pressure dependence of the relative cross sections (Ecoll = 0 eV). 
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Finally, I have compared relative cross sections in all studied reactions obtained 

under the same conditions. The values in Table 3.3.1 represent sums of the relative cross 

sections of all channels corresponding to the oxygen-atom-transfer (OAT) reactions to the 

substrate or to the sum of OAT and hydrogen-atom-transfer (HAT)  reactions (for all 

results see Table 3.3.2). The total relative cross sections in all reactions of [(MeCN)CuO]+ 

are similar despite the fact that the reactions have distinctly different reaction pathways. 

This is consistent with a view that reactions proceed with the collision rate. 

 

Table 3.3.1. Comparison of the total relative cross sections (rel) for oxygen atom transfer (OAT) and 

hydrogen atom transfer (HAT) reaction of copper(III)-oxo complexes with H2O, C2H4, and C2H6.a 

 X = H2O X = C2H4 X = C2H6
 

[(L)CuO]
+
 rel

a (OAT) rel
a (OAT) rel

a (HAT + OAT) 

L = MeCN 0.17 ± 0.03 0.24 ± 0.10 0.14 ± 0.01 

L = PQ        < 1 x 10-3 0.23 ± 0.05                < 2 x 10-3 

L = phen        < 2 x 10-3           [0.11]b                < 3 x 10-3 

a Pressure of neutral reactants was 0.1 mTorr. Collision energy was 0 eV. 

b Note that mixture of [(phen)CuO]+ and ions [(phenOX)Cu]+ was investigated. 

 

The reactivities of the studied complexes in reactions involving hydrogen-atom 

transfer as the first step (water oxidation and hydrocarbon hydroxylation) are significantly 

influenced by the ligand at the Cu-O+ moiety. As discussed above, the bidentate ligands 

switch off the water oxidation reaction and do not allow C-H activation/hydroxylation of 

ethane (only larger hydrocarbons are activated). On the other hand, pure oxygen transfer in 

reaction with ethylene seems to be almost unaffected by the ligand. The complexes 

[(MeCN)CuO]+ and [(PQ)CuO]+ display the same relative reaction cross sections within 

the experimental error. The reactivity of the [(phen)CuO]+ complex is seemingly smaller, 

but this is a consequence of the investigation of a mixture of [(phen)CuO]+ and unreactive 

[(phenox)CuO]+. Hence, the oxygen-transfer reaction probably proceeds for all complexes 

with efficiency close to the collision rate. 
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Table 3.3.2. Comparison of the relative cross sections (rel)a for oxygen atom transfer (OAT) and hydrogen 

atom transfer (HAT) in reactions of copper(III)-oxo complexes with H2O, H2
18O, C2H4, C2H6, and C6H8.  

   

[(L)CuO]+ Relative cross sectionsa for reaction channels leading to the listed product ions at P(X) = 0.2 mTorr 

    

L=MeCN 

 

 

 

 

 

X=H2O 

 

m/z 138 

[(L)CuO(H₂O)]⁺ 

m/z 122 

[(L)Cu(H₂O)]⁺ 

m/z 104 

[(L)Cu]⁺ 

m/z 99 

[Cu(H₂O)₂]⁺ 

m/z 81 

[Cu(H₂O)]⁺ 

m/z 63 

[Cu]⁺ 

  Sum 

0.015 0.434 0.003 0.010 0.066 0.018  0.546 

0.014 0.417 0.003 0.010 0.064 0.016  0.542 

0.014 0.401 0.005 0.014 0.057 0.014   0.504 

X=C2H4 

m/z 147 

[Cu(C₂H₄)₃]⁺ 

m/z 132 

[(L)Cu(C₂H₄)]⁺ 

m/z 107 

[CuO(C₂H₄)]⁺ 

m/z 104 

[(L)Cu]⁺ 

m/z 91 

[Cu(C₂H₄)]⁺ 

m/z 63 

[Cu]⁺ 

  Sum 

0.015 0.373 0.008 0.362 0.002 0.005  0.764 

0.015 0.368 0.013 0.473 0.003 0.005  0.877 

0.006 0.256 0.006 0.185 0.001 0.000   0.454 

X=C2H6 

 

m/z 134 

[(L)Cu(C₂H₆)]⁺ 

m/z 122 

[(L)Cu(H₂O)]⁺ 

m/z 121 

[(L)Cu(OH)]⁺ 

m/z 109 

[CuO(C₂H6)]⁺ 

m/z 104 

[(L)Cu]⁺ 

    Sum 

0.048 0.075 0.083 0.005 0.189   0.401 

0.036 0.070 0.070 0.004 0.177   0.357 

0.057 0.088 0.081 0.006 0.178     0.410 

L=PQ 

 

 

 

 

 

X=H2
18O 

 

m/z 309 

[(L)Cu18O(H2
18O)]⁺ 

m/z 307 

[(L)CuO(H2
18O)]⁺ 

m/z 305 

[(L)CuO(H₂O)] 

m/z 289 

[(L)Cu18O]⁺ 

m/z 279 

[(L-CO)CuO(H2
18O)]⁺ 

m/z 277 

[(L-CO)CuO(H2O)]⁺ 

m/z 259 

[(L-CO)CuO]⁺ 

Sum 

0.04 0.136 0.074 0.023 0.040 0.032 0.001 0.347 

0.077 0.119 0.022 0.038 0.062 0.012 0.001 0.331 

0.115 0.163 0.047 0.040 0.029 0.011 0.004 0.408 

X=C2H4 

 

m/z 299 

[(L)Cu(C₂H4)]⁺ 

m/z 271 

[(L)Cu]⁺ 

m/z 259 

[(L-CO)CuO]⁺ 

        Sum 

0.194 0.382 0.010     0.585 

0.207 0.343 0.001     0.552 

0.189 0.362 0.007         0.559 

X=C6H8
b 

 

m/z 367 

[(L)CuO(C6H8)]⁺ 

m/z 351 

[(L)Cu(C6H8)]⁺ 

m/z 339 

[(L-CO)Cu(C6H8)]⁺ 

m/z 271 

[(L)Cu]⁺ 

m/z 259 

[(L-CO)CuO]⁺ 

    Sum 

0.0016 0.156 0.165 0.207 0.009     0.52 

L=phen 

 

 

 

X=H2
18O 

 

m/z 281 

[(L)Cu18O(H₂18O)]⁺ 

m/z 279 

[(L)CuO(H₂18O)]⁺ 

m/z 277 

[(L)CuO(H₂O)] 

m/z 261 

[(L)Cu18O]⁺ 

m/z 251 

[(L-28)CuO(H2
18O)]⁺ 

m/z 249 

[(L-28)CuO(H2O)]⁺ 

m/z 231 

[(L-28)CuO]⁺ 

Sum 

0.125 0.344 0.036 0.119 0.154 0.014 0.008 0.801 

X=C2H4 

 

m/z 287 

[(L)CuO(C₂H4)]⁺ 

m/z 271 

[(L)Cu(C₂H4)]⁺ 

m/z 243 

[(L)Cu]⁺ 

m/z 231 

[(L-28)CuO]⁺ 

      Sum 

0.040 0.131 0.115 0.009       0.294 

a The relative cross sections were obtained from the determined ion abundances Ii in the mass spectra 

according to Equation 1, where Ii is the abundance of product ions i and IP is the abundance of the parent 

ions.  
b The reaction was measured at the pressure P(C6H8) = 0.1 mTorr. 
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3.3.4 DFT calculation  

 

In this paragraph, the reaction of (31ACN) [(MeCN)CuO]+ with ethane is taken into 

account. The potential energy surface (PES) for the reaction of [(MeCN)CuO]+ with ethane 

is shown in Figure 3.3.22. The mechanism of this reaction is analogous to the previously 

published HAT and OAT mechanisms between metal-oxo complexes and 

hydrocarbons.177,30 Firstly, oxidation of ethane to ethanol involves adduct formation and 

then H-atom abstraction. This step proceeds on the triplet potential energy surface. The 

subsequent rebound step between the ethyl radical and the hydroxyl group bound to copper 

is associated with the spin-crossover to the singlet state. 
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Figure 3.3.22. The B3LYP-D3/6-311+G** potential energy surfaces for the reaction of [(MeCN)CuO]+ with 

C2H6 (blue: triplet state, red: singlet state) going to the oxidation of the acetonitrile molecule. The relative 

energies are at 0 K (including ZPVE correction) and are given in eV (ACN = acetonitrile). 

 

Next, reaction of [(L)CuO]+ (31L) with water first proceeds on the triplet potential 

energy surface to the formation of adduct [(L)CuO(H2O)]+ (32L, Figure 3.3.23). This 
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complex can undergo a reversible rearrangement (via transition structure 3TS2/3L) to the 

dihydroxo intermediate [(L)Cu(OH)2]
+ (3L). This complex has a singlet ground state (13L) 

and is very close in energy to the primary adduct 32L. Reaction can further proceed on the 

singlet potential energy surface towards the coupling of two OH groups to form hydrogen 

peroxide. The energy barrier for this process (1TS3/4L) is below the energy of the initial 

reactants for the complex 31MeCN, whereas it lies above the available energy for the 

complex 31PQ. This nicely explains why 31MeCN oxidizes water, whereas 31PQ provides only 

oxygen exchange by reversible rearrangement of 32PQ to 33PQ/13PQ. The final elimination of 

H2O2 from the 14MeCN cation has to be assisted by another water molecule (Figure 3.3.23a). 

A minor channel shows the formation of a bare copper ion in the reaction between 

the 31MeCN cation and water. A plausible explanation can stem from the oxidation of the 

acetonitrile molecule. Upon coordination of water to the copper ion, the oxygen atom can 

insert into the copper-nitrogen bond. This highly exothermic process leads to 

[(MeCNO)Cu(H2O)]+. Rearrangement of acetonitrile N-oxide to methyl isocyanate 

(MeNCO) and its subsequent hydration to methyl carbamic acid releases even more 

energy, which could probably explain the observation of bare and hydrated copper ions 

(Figure 3.3.24). 
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Figure 3.3.23. B3LYP-D3/6-311+G** potential energy surface for the reaction of a) [(MeCN)CuO]+ and b) 

[(PQ)CuO]+ with water. The blue and red lines are for the triplet and singlet states, respectively. The relative 

energies are given in eV at 0 K. 
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Figure 3.3.24. The B3LYP-D3/6-311+G** potential energy surfaces for the reaction of [(MeCN)CuO]+ with 

H2O (blue: triplet state, red: singlet state) going to the oxidation of the acetonitrile molecule. The relative 

energies are at 0 K (including ZPVE correction) and are given in eV (ACN = acetonitrile). 

 

The reaction of [(PQ)CuO]+ with ethylene is to a certain degree similar to the 

previously published reaction of Ag2O
+ with ethylene (Figure 3.3.25).177 The reaction 

proceeds via an intermediate with a four-membered ring (19PQ). Its formation is associated 

with a spin crossover from the triplet PES to the singlet PES. This intermediate can 

rearrange to form either an ethylene oxide complex 110PQ or acetaldehyde complex 111PQ. 

Epoxide product 110PQ is formed by a negligible energy barrier (1TS9/10PQ), whereas the 

rearrangement to acetaldehyde requires energy of about 1 eV (1TS9/11PQ). The former 

process is therefore kinetically favored. The acetaldehyde product is favored 

thermodynamically. Energy barriers for both reaction pathways lie well below the energy 
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of the reactants and therefore both can surmounted under the conditions of gas-phase 

experiments. 

 

 

Figure 3.3.25. B3LYP-D3/6-311+G** potential energy surface for the reaction of [(PQ)CuO]+ with ethylene. 

The blue and red lines are for the triplet and singlet states, respectively. The relative energies are given in eV 

at 0 K. 
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3.3.5 Conclusion 

In conclusion, it was shown that hypervalent copper(III)-oxo complexes can be 

easily formed in the gas phase from their copper(II) chlorate precursors. I demonstrated it 

by generation of a series of [(L)CuO]+ complexes with various monodentate and bidentate 

ligands L. Further, reactivity of [(L)CuO]+ (L = CH3CN, PQ, phen) was investigated with 

water and with saturated/unsaturated hydrocarbons. In reactions with water and alkanes, 

the complex with acetonitrile is more reactive than the complexes bearing bidentate 

ligands. [(CH3CN)CuO]+ is capable of oxidizing water to hydrogen peroxide, whereas 

[(PQ)CuO]+ and [(phen)CuO]+ provide only oxygen exchange reaction. The 

[(CH3CN)CuO]+ complex is capable of C-H activation and hydroxylation of ethane. All 

complexes readily undergo oxygen transfer reactions with ethylene at comparable rates. 

All reaction mechanisms were investigated with DFT calculations. The results perfectly 

explain the observed reactivity trends. 
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The aim of this study was to investigate copper complexes with different ligands in 

the gas phase. I used several methods, namely mass spectrometry, ion spectroscopy, and 

theoretical calculations to examine the reaction mechanisms and to determine the structure 

of copper complexes. Furthermore, I worked with the following selected systems to study 

the interactions of copper complexes: redox-active ligands, pincer ligand and model 

ligands.  

First, I selected redox-active ligands, and I investigated the interaction of copper 

with phenanthraquinone (PQ), maltol, and catechol. Although I was unable to detect 

copper(III) complexes, the results showed the presence of copper(I) and copper(II) 

complexes in the gas phase. Infrared multiple-photon dissociation (IRMPD) spectra of the 

singly charged complexes [Cu(catechol)2]
+, [CuCl(PQ)2]

+, [Cu(PQ)2]
+, [Cu(maltol-

H)(maltol)]+, and [Cu(maltol)(maltol-H2)]
+ were measured. The analysis of the spectra 

enabled determining the structure of the ion by comparison with theoretically predicted IR 

spectra. The structures of different possible isomers of these complexes were determined 

by density functional theory (DFT) calculations. The copper complexes were compared 

with complexes of other metals (Zn, Ag, and Na) that do not participate in redox processes. 

The experimental and theoretical results indicate that the phenanthraquinone ligand is 
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involved in the redox process, which can be monitored by changes in the position of the 

C=O stretching vibration. Moreover, for each metal-phenanthraquinone complex 

([M(PQ)2]
+ examined (where M = Cu, Ag, and Na), the CID spectra showed that the 

elimination of neutral phenanthraquinone leads to the formation of metal(I) species 

([M(PQ)]+). Overall, these findings clearly show that the ligand phenanthraquinone is 

reduced to semiquinone form and maltol ligands are oxidized to ortho-benzoquinone form, 

thereby generating copper (I) species.  

Second, I focused on copper complexes with pincer ligand L (L = N,N´-bis[2,6-

diisopropylphenyl]-2,6-pyridinedicarboxamide). For such purpose, I selected several 

copper salts, namely copper(I) triflate, copper(II) nitrate, copper(II) acetate, and copper(II) 

chlorate. The copper(III)-oxo complex can be generated in the gas phase via ClO2
• loss by 

CID of the [Cu(L-2H)(X)]− complex with X = ClO3; the other copper(II) complexes, 

[Cu(L-2H)(X)]− (X = CF3SO3, NO3, CH3COO, and CH3O), can be formed by electrospray 

ionization mass spectrometry but do not form copper(III)-oxo complexes by CID. The 

copper(III)-oxo complex is very reactive and is involved in the self-activation process of 

the pyridine dicarboxamide ligand. This activation process is triggered during the CID 

experiment. Hence, the isolated complex corresponds to copper(I) complex with 

hydroxylated ligand. Reactivity screening showed that the generated complex is unable to 

activate any gas-phase substrates, which is consistent with a complete conversion of the 

primary copper(III)-oxo complex to the copper(I) product ion. The role of the counter-ions 

in the copper(II) complexes with acetoxy and methoxy was investigated by CID. The 

mechanistic details of the gas phase fragmentations of [Cu(L-2H)(X)]− complexes strongly 

depend on the character of the counter-ion X (X = CH3O and CH3COO). The [Cu(L-

2H)(X)]− complex with X = CH3COO loses the radical X• and HX, thus forming the 

copper(I) and copper(II) complexes, respectively. The results showed that copper 

participates in the redox process, in the C-H activation of the ligand and in the reduction of 

acetoxy to acetic acid. I also compared the results with the reactivity of the [Cu(L-2H)(X)]− 

complex with methoxy as the counter-ion (X = OCH3). The presence of methoxy counter-

ion leads to two dissociation pathways. The first involves the elimination of 31 Da, 

attributed to the loss of CH3O
•, to form the copper(I) complex. The second fragmentation 

pathway involves the formation of the copper(II) complex in which the methoxy ligand is 

oxidized to formaldehyde (CH2O). However, the site for the hydrogen-atom transfer from 
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the methoxy to the complex is variable. DFT calculations predict three minima for this 

complex. The first minimum shows hydrogen atom coordination to a metal center, whereas 

the hydrogen atom is only bonded to the ligand in the second and third minima. The best 

agreement between the theoretical and the IRMPD spectra is found for the first minimum 

where the hydrogen atom is bonded to the copper metal to form the copper hydride 

complex. Furthermore, DFT calculations confirmed this mechanism of C-H activation and 

the redox process of the copper(II) complexes. 

Lastly, I tested monodentate and bidentate ligands with different copper salts to 

assess their effect on the stabilization of copper(III) complexes because both ligands can 

stabilize copper(III) complexes, but monodentate ligands are highly reactive. I presented a 

new approach to generate and characterize copper(III)-oxo complexes [(L)CuO]+ (L = 

acetonitrile, acetone, methanol, tetrahydrofurane, and N,N-dimethylformamide). The 

results showed that copper(II) chlorate is a suitable candidate to generate copper(III) 

complexes with terminal copper oxygen. In addition to using monodentate ligands, I 

successfully generated copper(III) complexes using bidentate ligands (phenanthraquinone 

and phenanthroline). The complexes were characterized by infrared multiphoton 

dissociation spectroscopy and theoretical calculations. The reactivity of the complexes was 

probed in reactions with different substrates, such as alkane, alkene, and water. C-H 

activation can be observed in propane and larger alkanes. Reaction with ethylene leads to 

oxygen atom transfer in all complexes, thereby suggesting that oxygen transfer reactions 

are less affected by the character of the ligand than hydrogen transfer reactions. The DFT 

study of the reaction between [(PQ)CuO]+ and ethylene showed that oxygen atom transfer 

from the complex to ethylene leads to either ethylene oxide or acetaldehyde. Ethylene 

oxide formation is kinetically favored, whereas acetaldehyde is the thermodynamically 

preferred product. The reaction of water with copper(III)-oxo complexes [(MeCN)CuO]+ 

led to the oxidation of the water, which produced hydrogen peroxide, and the reaction with 

the bidentate ligand complex results only in oxygen exchange reaction. 
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