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ABSTRACT 

High resolution tandem mass spectrometry (MSn) coupled with various separation 

techniques, such as high-performance liquid chromatography (HPLC) and gas chromatography 

(GC), is widely used to analyze mixtures of unknown organic compounds. In a mass spectrometric 

analysis, analytes of interest are at first transferred into the gas phase, ionized (protonated or 

deprotonated) and introduced into the instrument. Tandem mass spectrometric experiments may 

then be used to gain insights into structure and reactivity of the analyte ions in the gas phase. The 

tandem mass spectral data are often compared to those reported in external databases. However, 

the tandem mass spectra obtained for protonated analytes may be markedly different from those 

in external databases because protonation site manifested during a mass spectrometric experiment 

can be affected by the ionization technique, ionization solvents and condition of the ion source. 

This thesis focuses on investigating the effects of instrumental conditions and analyte 

concentrations on the protonation sites of 4-aminobenzoic acid. Reactivities of radical species were 

also investigated. A modified bracketing method was developed and proton affinities of a series 

of mono- and biradicals of pyridine were measured. In another study, a para-benzyne analog was 

generated in both solution and the gas phase and its reactivities towards various neutral reagents 

in the gas phase were compared to those in solution. 

 Chapter 2 discusses the fundamental aspects of the instruments used in this research. In 

chapter 3, the effects of residual moisture in linear quadrupole ion trap on the protonation sites of 

4-aminobenzoic acid are considered. Chapter 4 focuses on the use of gas-phase ion-molecule 

reactions with trimethoxymethylsilane (TMMS) for the identification of the protonation sites of 4-

aminobenzoic acid. Further, the effects of analyte concentration on the protonation sites of 4-

aminobenzoic acid are considered. Chapter 5 introduces a modified bracketing method for the 

experimental determination of proton affinities of a series of pyridine-based mono- and biradicals. 

In chapter 6, successful generation of para-benzynes in solution is discussed. The reactivity of a 

para-benzyne analog, 1,4-didehydrophenazine, is compared to its reactivity in the gas phase. 
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 INTRODUCTION 

1.1 Introduction 

Mass spectrometry (MS) is one of the most widely used analytical tools for the 

characterization of complex mixtures of organic compounds, such as those important in fuel 

research, petroleomics and pharmaceutical research.1–4  Mass spectrometers have evolved 

tremendously over the years and are well known for their versatility, sensitivity and fast data 

acquisition. High-resolution mass spectrometric methods can be used for the determination of the 

chemical formulas of analytes. Tandem mass spectrometry (MSn) is one of the most commonly 

used techniques to obtain structural information for ionized analytes directly in mixtures. 

Combination of high-resolution mass spectrometry along with tandem mass spectrometry makes 

mass spectrometric analysis a powerful technique for characterization of unknown analytes.  

A mass spectrometric analysis requires at least four steps: sample evaporation, compound 

ionization, ion separation and ion detection. The analyte solution is brought into the gas phase by 

evaporation and often is ionized nearly simultaneously. The ions are then separated according to 

their mass-to-charge ratios. Separation of the ions can be achieved, for example, by using a 

constant magnetic field that separates ions based on the frequency of ion motion, by using a flight 

tube that enables separation of the ions based on their flight times, or by using a scanning magnetic 

field that separates ions based on their momentum. Once the ions are separated, they are detected 

and their abundances are determined. 

Commonly used MSn approaches involve collision-activated dissociation (CAD) or ion-

molecule reactions of isolated ions. In CAD experiments, the isolated ions are subjected to 

energetic collisions with a target gas, which lead to fragmentation of the ions. The fragment ions 

are then detected and analyzed for gaining structural information on the ions of interest.5,6 In ion-

molecule reaction experiments, isolated analyte ions of interest are allowed to react with a reagent 

gas to produce diagnostic reaction products. The common tandem mass spectrometers include 

triple quadrupole mass spectrometers, linear quadrupole ion trap mass spectrometers and Fourier-

transform ion cyclotron resonance mass spectrometers. In this dissertation, a linear quadrupole ion 

trap (LQIT) mass spectrometer was utilized.  
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1.2 Thesis Overview 

The research discussed in this thesis can be classified into three different areas: 

investigation of factors affecting protonation sites in polyfunctional analytes, determination of 

proton affinities of a series of pyridine-based mono- and biradicals, and investigation of the 

reactivity of a para-benzyne analog both in the gas phase and in solution. Chapter 2 depicts the 

fundamental aspects of the mass spectrometry ionization methods and instrumentation used for 

this research. The instruments described in chapter 2 include linear quadrupole ion traps (LQIT) 

and a LQIT coupled to a high-resolution orbitrap mass analyzer.  

Chapter 3 discusses the effects of residual water in the ion trap of the LQIT instrument on 

the protonation sites of 4-aminobenzoic acid. Polyfunctional analytes, such as aminobenzoic acids, 

with multiple protonation sites with similar proton affinities, are often difficult to analyze 

accurately because the proton can reside on multiple sites and the different protomers can generate 

different mass spectra.7,8 The most basic site of 4-aminobenzoic acid in solution is the amino 

nitrogen whereas calculations indicate that in the gas phase, the most basic site is the carbonyl 

oxygen.7 Several previously published studies have demonstrated that different solvents used 

during electrospray ionization (ESI) can influence the manifested protonation site.7,9 When 3-1 

(v/v) methanol-water was used as the ionization solvent the carbonyl oxygen was the predominant 

site of protonation whereas when 1-1 (v/v) acetonitrile-water was used as the ionization solvent, 

the amino nitrogen was the predominant site of protonation.7 In this study, the protonation sites of 

4-aminobenzoic acid protonated via ESI were investigated using several fragmentation techniques 

in an LQIT/orbitrap mass spectrometer. CAD in the ion trap was observed to result in scrambling 

of the protonation sites, irrespective of the ionization solvents used.  

Chapter 4 discusses the effect of analyte concentration on the protonation sites of 4-

aminobenzoic acid using positive mode APCI as the ionization technique. A previous study 

demonstrated that TMMS forms stable adducts with protonated compounds with amino groups 

whereas it reacts with protonated compounds with carboxylic acid groups to generate  an adduct 

that has lost a methanol molecule.10 The selective reactivity of TMMS towards amino and 

carboxylic acid functional groups were exploited to identify the protonation sites of 4-

aminobenzoic acid upon APCI. When using methanol as the ionization solvent, O-protomer was 

the major protomer formed at low analyte concentrations whereas N-protomer was the major 

protomer formed at high analyte concentrations. In contrast, when 1-1 (v/v) acetonitrile-water was 
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used as the ionization solvent, N-protomer was the major protomer formed, irrespective of the 

analyte concentration. 

In chapter 5, measurement of proton affinities of a series of pyridine-based mono- and 

biradicals is discussed. Due to the high reactivity of radicals, traditional methods for measuring 

proton affinities (Cooks’ kinetic method,11 equilibrium method12 and traditional bracketing 

method13,14) could not be used for this study. Hence, a modified bracketing technique was 

developed for both LQIT and FT-ICR mass spectrometers to determine the proton affinities based 

on proton transfer reactions from the protonated radicals to reference bases in the gas phase. The 

gas-phase proton affinity values measured are in agreement with calculated values. The proton 

affinity values were found to increase as the distance between the basic nitrogen atom and the 

radical site increased. Among the monoradicals, 4-dehydropyridine had the largest proton affinity 

whereas among the biradicals 3,5-didehyropyridine biradicals had the largest proton affinity. 

In chapter 6, a para-benzyne analog (1,4-didehyrophenazine) was successfully generated 

both in solution and in the gas phase. In solution, 1,4-didehydrophenazine (dissolved in the 

compound selected as the reagent) was generated by photon-induced and heat-induced Bergman 

cyclization of 2,3-diethynylquinoxaline. The photon-induced Bergman cyclization was faster than 

the heat-induced Bergman cyclization. The generated neutral biradical was then allowed to react 

with reagents commonly used in gas-phase studies of radical cations: allyl iodide, 

dimethyldisulfide and tetrahydrofuran. The products were analyzed using off-line high-resolution 

tandem mass spectrometry. In the gas phase, protonated 1,4-didehyrophenazine was generated by 

CAD of the protonated precursor 1,4-diiodophenazine in the ion trap of the LQIT. The biradical 

was allowed to react with the same reagents (allyl iodide, dimethyldisulfide and tetrahydrofuran) 

in the gas phase. Products formed in the gas-phase ion-molecule reactions were recorded and 

compared to the products obtained with the same reagents in solution. Surprisingly, both 

tetrahydrofuran and dimethyldisulfide generated the same products both in the gas phase and the 

solution, in spite of the fact that the biradical was protonated in the gas phase but neutral in solution. 

However, allyl iodide generated different products in solution and in the gas phase.   
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 INSTRUMENTATION AND EXPERIMENTAL DETAILS 
OF LINEAR QUADRUPOLE ION TRAP MASS SPECTROMETERS AND 

HIGH RESOLUTION ORBITRAP MASS SPECTROMETERS 

2.1 Introduction 

Mass spectrometry is a powerful and versatile analytical technique which has immense 

applications in the fields of proteomics1, pharmaceutical sciences2, forensics3, petroleomics4 and 

environmental sciences.5 Improvement in mass spectrometric analyses can be attributed to the 

rapid development of various instruments, ionization techniques and ionization methods.6–8 

A complete mass spectrometric analysis involves three main steps: a) solvent evaporation and 

ionization, b) separation of ions based on mass to charge ratio (m/z) and c) detection of ions. 

Currently used ionization techniques include electrospray ionization (ESI),9 atmospheric pressure 

chemical ionization (APCI),10 atmospheric pressure photoionization (APPI)11 and field ionization 

(FI)12. It is crucial to choose ionization techniques that are best suited for the nature of samples to 

be analyzed.13 Tandem mass spectrometers like linear quadrupole ion traps are equipped with MSn 

capabilities which can be utilized to obtain structural information on analyte ions of interest. 

Usually in tandem mass spectrometric experiments, ions of interest are isolated and allowed to 

either a) fragment by colliding with neutral gases (often nitrogen, helium or argon), a technique 

known as collision-activated dissociation (CAD) or b) react with neutral reagents introduced into 

the ion trap using home-built manifold, a technique referred to as gas-phase ion-molecule reactions. 

Based on the fragmentation patterns obtained in CAD experiments or the products obtained after 

gas-phase ion-molecule reactions, the structure and the functional groups present in analyte ions 

can be deduced.  

There are two types of tandem mass spectrometric instruments: a) scanning mass 

spectrometers where steps (ion isolation and activation) leading to MSn experiments are performed 

in different parts of the instrument or tandem-in-space and b) trapping mass spectrometers where 

all the steps of MSn experiments are performed in the same region of the instrument but at different 

times or tandem-in-time. All the experimental studies discussed in this dissertation were performed 

in a trapping mass spectrometer, specifically linear quadrupole ion trap (LQIT). In some of the 

experiments LQIT coupled with an orbitrap was also used. The details of the instrumentation and 
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fundamental aspects of MSn experiments performed on this instrument are discussed later in this 

chapter. 

2.2 Linear Quadrupole Ion Trap (LQIT) 

One of the most widely used tandem mass spectrometers are linear quadrupole ion traps 

(LQIT) with versatile applications both in academia14 and industries.15 In the studies discussed in 

this dissertation a Thermo Scientific LQIT mass spectrometer was used. The schematics of the 

instrument used is shown in Figure 2.1.16 

There are four major regions in LQIT:  

a) Ion source box which operates at 760 Torr and houses the API source (electrospray 

ionization (ESI) or atmospheric pressure chemical ionization (APCI) probes). 

b) Atmospheric pressure ionization (API) stack which is maintained at a pressure of 

approximately 1 Torr. This was done by using two Edwards E2M30 rotary-vane 

mechanical pumps with an evacuation rate of 650 L/min. 

c) Ion optics region which is maintained at a pressure 0.5 - 1x10-5 Torr. This was achieved 

by a triple ported Leybold TW220/150/15S turbomolecular pump. Evacuation rates of 25 

L/s, 300 L/s and 400L/s were maintained for the first, second and third inlets respectively.  

d) Ion trap region which is maintained at a pressure of approximately 1x10-5 Torr by the 

third inlet of the turbomolecular pump. A cathode ionization gauge monitored the pressure 

of this region. 

The different regions of LQIT and the methods of their operation are discussed in detail 

sequentially. 
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Figure 2.1. Various components of a Thermo Scientific LQIT mass spectrometer with 
operational pressures (in yellow boxes) for each region of the instrument. The evacuation rates 

(in green boxes) of rough and turbomolecular pumps are also shown. 

2.2.1 Ion Source Box and API Stack 

The ion source box is equipped with an ionization source (either an ESI or an APCI source) 

that facilitated the evaporation and ionization of analytes before entering the API stack. The 

principles and mechanisms of ESI and APCI are discussed in sections 2.2.1.1 and 2.2.1.2, 

respectively. After successful evaporation and ionization, the ions were guided into the ion trap by 

the generation of a potential difference of 0 - 20 V between the ion source box and the API stack. 

Nitrogen was used as sheath and auxiliary gas in order to guide the ions into the ion trap via an ion 

transfer capillary. The ion transfer capillary was heated to facilitate desolvation of the ions. A DC 

offset voltage (0 – 20V) applied to the ion transfer capillary enabled the transmission of the ions 

into the transfer capillary. The voltage applied to tube lens redirects these ions into the ion optics 

region via an off-center orifice of the skimmer cone. The skimmer cone orifice is set off-center to 

prevent neutral molecules from entering the ion optics region.  
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Figure 2.2 A schematic of an ESI source. Analyte solution passes through the ESI needle. The 
N2 sheath gas flows coaxially through the needle while the N2 auxiliary gas flows alongside the 
ESI needle and converges with the sheath gas at the tip of the needle. The sheath and auxiliary 

gases together generate a spray plume of a fine mist of droplets. 

2.2.1.1 Electrospray Ionization (ESI) 

ESI is one of the most widely used methods for evaporation and ionization of polar and 

thermally labile analytes, such as drug metabolites, peptides and proteins. John Fenn and Koichi  

Tanaka shared a Nobel Prize in 2002 for their development of electrospray ionization.9 It is 

believed that in some cases, ionization may occur in the solution before introduction of the analytes 

into the ESI source, while in other cases, the ionization occurs during the ESI process.17 All ESI 

sources are equipped with capillary needle. The analyte solutions are passed through the needle 

and sprayed as a plume (Figure 2.2). The mechanism of ESI is still under debate, however, one of 

the most commonly accepted mechanisms can be described as follows. A voltage of 1 – 5 kV 

applied to the tip of the needle generates charges on the surface of droplets. The droplets move 

towards the inlet of the mass spectrometer following the vacuum drag. The solvent evaporates 

during this process, generating smaller droplets. Shrinking of the droplet size increases the charge 

density on the surface of the droplets. The charge density increases on the droplet surface until the 

repulsive electrostatic forces exceed the surface tension of the solvent. This causes the droplet to 

divide into smaller droplets.18 This process occurs repeatedly until the volume of the droplets 

becomes extremely small and the increased electrostatic repulsion between the ionized analytes 

causes ejection of the ionized analytes from the droplets into the gas phase (Figure 2.3). 
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Figure 2.3 One of the proposed mechanisms for ESI is illustrated above. A) Large droplets exit 
the ESI needle and the solvent molecules keep evaporating from the droplets while they are 
travelling towards the inlet. B) As the droplets decrease in size, the electrostatic repulsions 

between the ions eventually exceeds the surface tension of the droplets, causing the droplets to 
break into smaller droplets. C) Solvent evaporation eventually results in the release of analyte 

ions from the droplet into the gas phase15 

2.2.1.2 Atmospheric Pressure Chemical Ionization (APCI) 

APCI is one of the most widely used methods for the evaporation/ionization of non-volatile, 

nonpolar analytes, such as hydrocarbons and other analytes that are not efficiently evaporated and 

ionized by ESI. APCI is predominantly believed to follow a gas-phase ionization mechanism.13  

An APCI source is usually equipped with a capillary usually held at a temperature of 300 

– 500 oC. N2 is commonly used as the sheath and auxiliary gases that are blown through or outside 

the capillary, respectively. Analyte solutions are introduced into the capillary. The sheath and 

auxiliary gases also as nebulization gases. In the presence of a nebulization gas a mist of fine 

droplets of analyte and solvent molecules are formed near the corona discharge needle (Figure 

2.4).19 The corona discharge needle is usually maintained at a potential of 2.0 – 4.0 kV which 

ionizes the nebulization gas (N2) to produce primary ions (N2
+.). These primary ions undergo a 

complex series of reactions to generate protonated solvent molecules, as shown in Scheme 2.1 for 

water. The solvent ions react with analyte molecules to form protonated analyte molecules. A 

schematic showing the cascade of ion-molecule reactions initiated by the corona discharge to 

generate analyte ions is shown in Scheme 2.1.20 
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Figure 2.4 APCI ionization process in positive ion mode. Analyte ions are formed by reaction 
between solvent ions and analytes. 

 

Scheme 2.1 Mechanism for the generation of protonated analytes in positive ion mode when 
using water as a solvent in APCI ionization. 

2.2.2 Ion Optics Region 

The ions generated in the API source are then moved into the API stack which enables 

transfer and desolvation of the ions on their way to the ion optics region. After exiting the API 

stack, the ions enter the ion optics region and pass through four lenses (lens 0, lens 1, gate lens and 

front lens) without contacting any of the solid internal parts of the mass spectrometer. A DC 

voltage applied to each lens, along with an RF voltage, enable focusing of the ions through several 

ion guides. The ion guides are referred to as MP00, MP0 and MP1. MP00 and MP0 are square 

quadrupole ion guides while Q1 is a round-rod octupole ion guide (Figure 2.6).21 RF frequency 
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applied to the opposite poles of the electrodes restrict the motion of the ions in the x-and y-direction. 

Adjacent rods in the multipole are supplied with an rf-voltage with the same amplitude and 

frequency but the opposite rods are supplied with an rf-voltage that is 180 o out of phase (Figure 

2.5). This generates an oscillating RF field between the rods, causing ions to move in a circular 

oscillatory fashion.  

Lenses in between the ion guides facilitate ion to transfer from one ion guide into another. 

Ions exiting multipole Q00 have almost zero kinetic energy in the z-direction due to the high 

pressure in this region. A DC potential gradient created by applying different DC voltages to the 

ion guides accelerate the ions and facilitates the transfer of the ions towards the ion trap. Figure 

2.6 shows a typical DC potential gradient applied to the ion guides. 

 

Figure 2.5 Opposite rods are supplied with RF voltage of same phase whereas the voltage 
applied to adjacent poles is 180 ° out-of-phase 19 
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2.2.3 Ion Trapping 

 

Figure 2.6 A DC voltage gradient facilitates the transmission of ions in the axial direction 
through the ion optics region.15 

The ion trap is comprised of four hyperbolic electrodes and two lenses, one in the front and 

one in the back. The hyperbolic electrodes are partitioned into three sections (front, center and 

back). The central electrodes contain slits to allow ejection of ions for detection (Figure 2.7). Ions 

enter the ion trap via the front lens. RF voltages of the same frequency and amplitude are applied 

to opposite electrodes while RF voltages 180 o out of phase are applied to adjacent electrodes. This 

allows trapping of ions in the x-y direction (radial motion). DC voltages applied to the front, back 

and center parts of the electrodes (DC1, DC2 and DC3) enables trapping of the ions axially The 

use of helium as a buffer gas cooled the ions and restricted the ions’ motion to the center of the 

ion trap. The details of the ion trapping are discussed below. 
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Figure 2.7 The lengths of the front, center and back sections of the ion trap are indicated. Slits in 
the central electrode are also shown. 

2.2.4 Ion trapping in the Radial (x and y plane) 

A quadrupolar potential is generated by applying RF and DC potentials to the front, center 

and back parts of all the electrodes. This quadrupolar potential trapped the ions in the radial 

direction in the quadrupole ion trap.22 The quadrupolar potential (Φ) can be defined as 

                                       Φ = Φ0 (𝜆𝑥2 + 𝜎𝑦2+ 𝛾𝑧2)/ r02                                                        (2.1) 

where Φ0 is the applied electric potential, 𝜆, 𝜎 and 𝛾 are the weighing constants for x, y and z 

coordinates respectively and r0   is a constant. The value of r0 depends upon whether the quadrupole 

was a mass filter or an ion trap. All differential equations within an electrical field must satisfy the 

Laplace transform.22 Hence the following equation for the weighing constants must be valid: 

                                                                        𝜆 + 𝜎 + 𝛾 = 0                                                            (2.2) 

In the case of a LQIT, 𝜆 = 𝜎 = 1 while 𝛾 = -2.22 Substituting the values of these constants, equation 

2.1 can be written as  

                                                              Φx,y,z = Φ0 (𝑥2 + 𝑦2- 2𝑧2)/ r02                                           (2.3) 

Utilizing the standard transformations x = r cosθ, y = r sinθ and z = z, equation 2.3 can be 

expressed as  

                                                            Φr,z = Φ0 (r2cos2θ + r2sin2 θ - 2𝑧2)/ r02                               (2.4) 

After applying the trigonometric identity cos2θ + sin2θ = 1, equation 2.4 can be redefined as22 

                                                            Φr,z = Φ0 (r2 - 2𝑧2)/ r02                                                       (2.5) 
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The quadrupolar potential Φ0 depends on the RF potential (V cosΩt, where V is the amplitude of 

the RF voltage with an angular frequency of Ω, expressed in rad s-1) and the DC potential (U where 

U is the DC voltage). Hence Φ0 can be expressed as 

                                                              ±𝛷଴ =  ±(𝑈 − 𝑉 𝑐𝑜𝑠 𝛺 𝑡)                                              (2.6) 

Substituting Φ0, defined by equation 2.6 into equation 2.3, followed by differentiating with respect 

to x, the quadrupole potential becomes 

                                                                
ஔ஍

ப୶
=
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୰బ
మ  (𝑈 + 𝑉𝑐𝑜𝑠𝛺 𝑡)                                                        (2.7) 

Therefore, the forces exerted upon an ion (with mass m and charge z) in the x- and y-directions 

within a quadrupolar field can be expressed as 

                                                                 𝐹௫  = m
ௗమ௫

ௗ௧మ
 = -ze

ௗః

ௗ௫
                                                             (2.8) 

                                                             𝐹௬ = m
ௗమ௬

ௗ௧మ
 = -ze

ௗః

ௗ௬
                                                             (2.9) 

 where e corresponds to the charge of an electron (1.602 x 10-19 Coulombs). 

Substituting equation 2.7 into equation 2.8, the force experienced by the ion in the x-direction can 

be written as  

                                                             
2

2 2
0

2
( cos )  = 0

d x ze
U V t x

dt mr
                                            (2.10) 

Similarly, in the y-direction the force can be redefined as23,24  
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The motion of ions and their stable trajectories in LQIT can be defined using equations 2.10 and 

2.11, which resemble the Mathieu equation shown below: 
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 where parameter 𝜉 can be defined as   

                                                                    
2
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Substituting parameter 𝜉 in equations 2.10 and 2.11, the following Mathieu expressions result: 
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Figure 2.8 Mathieu stability diagram describing the a and q values of the ion motion inside the 
trap. The circles of different colors and sizes represent ions of different m/z ratios. The ions will 

have stable trajectories in the overlapping regions. The unstable regions of the ions are also 
indicated. 
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where qu and au are Mathieu stability parameters, describing the motion of the ion and the 

stabilities of the ion motions inside LQIT. As evident from equations 2.14 and 2.15, the mass of 

the ion is inversely proportional to the Mathieu stability parameters qu and au. 

The stability region of Mathieu stability diagram is shown in Figure 2.8. Any ions with a 

and q values within this region will have stable trajectories in LQIT whereas the ions with a and q 

values outside this region will have unstable trajectories and cannot be trapped. When au is set to 

0, the motion of the ions in the ion trap can be manipulated by varying the RF potential amplitude, 

which in turn increases the qu values. When the value of qu reaches 0.908, the trajectories of the 

ions in both x- and y-directions become unstable, leading to ejection of the ions. It is noteworthy 

that since the mass of the ions and qu are inversely proportional to each other, ions are ejected in 

the order of increasing m/z values, with the ions of lowest m/z values ejected first. 

In LQIT each ion oscillates at a particular frequency ( uω
) and this frequency can be 

expressed by the following equation: 

                                                     𝝎𝒖 =  
𝜷𝒖𝜴

𝟐
                                                                              (2.16) 
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Where 𝜴 is the angular frequency of the RF frequency applied to the rods of the ion trap, 𝜷𝒖 is the 

Dehmelt approximation25 for qu values less than 0.4. 𝜷𝒖 can be expressed as: 

                                                          

21
 ( + )

2u u ua q 
                                                            (2.17) 

As evident from equation 2. 17, the maximum value for 𝜷𝒖 is 1. Hence the maximum plausible 

secular frequency for an ion is half of the RF angular frequency (𝜴) applied to the electrodes. It is 

noteworthy that the secular frequency of ion motion is directly proportional to its qu value and 

inversely proportional to its m/z value. Hence ions with smaller m/z values have larger qu values 

and oscillate at higher secular frequencies compared to ions with larger m/z values. 

2.2.4.1 Ion Trapping in the Axial (z) Direction 

DC voltages applied to the front, back and center parts of the electrodes (DC1, DC2 and 

DC3) enables trapping of the ions axially (Figure 2.10). A low DC potential applied to DC1 and 

DC2 enables the ions to enter the ion trap. The ions are then confined axially in the ion trap by  

 

Figure 2.9 Application of three DC trapping potentials to the ion trap, one for each section, 
creates a potential energy well. This potential energy well regulates the axial (z-axis) motion of 

ions. Larger DC potential is applied to the front (DC 1) and back sections (DC 2) than to the 
center section (DC 3). The circles indicate ions trapped in the potential well 
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raising the DC potentials of the front and back electrodes (D1 and D3, respectively). A lower 

potential applied to the central electrode D2 creates a potential energy well that enables trapping 

of the ions into the center of the ion trap in the z-direction (Figure 2.9). 

2.2.4.2 Role of Helium as a Buffer Gas 

Helium was used as a buffer gas inside the ion trap. Ions undergo frictional collisions with 

helium, which decreases the kinetic energy of the isolated ions and localizes the ions into the center 

of the ion trap in z-direction. This process increases the sensitivity of the analysis.26  

2.2.5 Isolation of Ions 

Ion isolation is the first step of tandem mass spectrometry experiments (MSn). Ion isolation 

involves trapping the ion of interest while ejecting all other ions from the ion trap. Ions of specific  

m/z values oscillate at their unique frequencies, as discussed above, which is exploited to eject 

unwanted ions from the ion trap. First, the RF amplitude is increased in such a manner that the ion 

of interest has a qu value of 0.803. This results in ions of lower m/z values to be ejected due to their 

higher qu values (Figure 2.10).15 A dipolar excitation with frequencies 5 – 500 kHz (except the 

frequency corresponding to the ion of interest) is then applied to the x-electrodes. This process 

results in successful ejection of all other ions but the ion of interest. 

2.2.6 Ion Activation 

After ion isolation, the q-value of the isolated ion is adjusted to 0.25 by changing the 

amplitude of the main RF field. Then a supplementary RF potential with a frequency equal to the 

secular frequency of the isolated ions is applied to the x- electrodes. This causes dipolar excitation 

and acceleration of the isolated ions.24  
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Figure 2.10 (A) Mathieu stability diagram showing ions of different m/z values with stable 
trajectories. (B) The RF amplitude is increased until the ion of interest (indicated using a blue 

circle) has a q value of 0.83 accompanied by ejection of the smallest ion (i e., red circle) from the 
ion trap. (C) A tailored RF waveform is applied to the x-rods at all frequencies except for the 

secular frequency of the motion of the ion of interest (i.e., blue circle). The black arrow drawn 
from the green circle denotes an unstable trajectory when the tailored RF waveform is applied. 

This process results in isolation of the desired ion.15 
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2.2.7 Collision-activated Dissociation (CAD) 

In tandem mass spectrometric analysis, often the ions of interest are fragmented using CAD 

to gain insights into the structures of the ions. The ions of interest are at first isolated and excited. 

Then the ions undergo repeated low-energy collisions with the helium buffer gas inside the ion 

trap for a specific period of time (usually 30 ms). Each collision converts part of the ion kinetic 

energy into internal energy. Repeated collisions result in a gradual accumulation of internal energy 

in the ions until the internal energy is high enough to overcome the lowest dissociation energy 

threshold of the ion. At this point, the ions undergo fragmentation via low-energy pathways. 27 

2.2.8 Ion-molecule Reactions 

In order to obtain structural information on analytes, often gas-phase ion-molecule 

reactions are used in addition to CAD experiments.28–31 In this experiment, the ions of interest are 

first isolated and are allowed to react with a neutral reagent introduced into the ion trap through a 

home-built manifold. The product ions generated are detected which can provide helpful insights 

into the structure of the precursor ion.  

For the introduction of the neutral reagents into the ion trap, an external manifold is used 

which was first developed by Gronert and co-workers.32,33 The schematic of this manifold setup  

used is shown in Figure 2.11. In this setup, the reagent is leaked in through the helium line of the 

manifold using a syringe pump. Both the syringe port and the surrounding area of the manifold are 

heated to a temperature appropriate for the neutral reagent of choice in order to ensure complete 

evaporation of the reagent. A Granville-Phillips leak valve along a diverting line to waste is used 

to control the flow of the He/reagent mixture into the ion trap. Each day after completion of the 

experiments, the manifold is isolated from the instrument and baked out under vacuum to prevent 

contamination. During gas-phase ion-molecule reactions, a reactant complex is formed between 

the neutral reagent and the ions of interest due to long-range ion-dipole and/or ion-induced dipole 

forces, as illustrated in the scheme below: 

* * k 'k kpc+ + + +bA  + BC  A ...BC   AB...C AB + C
k kp'b

         
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Figure 2.11 Inlet manifold for introduction of helium/reagent gas mixtures. The valves shown 
above are open to the manifold which allows the diluted reagent/helium mixture into the ion trap 

via a control valve.19 

where kc is the rate of collision, kb is the rate of dissociation to form separated reactants, kp and kp’ 

are the rates of forward and backward reactions respectively, and kb’ is the rate of dissociation to 

form separated products. In order to understand the plausible outcomes of ion-molecule reactions, 

Brauman proposed the double-well potential energy surface model (Figure 2.12).34,35 According 

to this model, the long range dipole forces lower the potential energy of the complex by providing 

solvation energy. The collision complex utilizes this solvation energy to overcome the barrier for 

the reaction. The rate of the gas-phase ion-molecule reaction is dictated by the energy difference 

between the separated reactants and the transition states (ΔE; Figure 2.12). Unlike reactions in 

solution, the total energy in vacuum is conserved and gas-phase ion-molecule reactions proceed 

only when the overall reaction is exothermic. The height of the barrier dictates whether the reaction 

proceeds forward to generate the products or reverses back to form the reactants.  
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Figure 2.12 The Brauman double-well potential energy surface for a simple ion-molecule 
reaction in the gas phase.19 

The transition state that leads to the formation of products is usually tighter than that 

leading to separated products. This implies that the transition state for the generation of the 

products is generally low in entropy and the dissociation of the reactant complex to generate 

separated reactants may occur faster than the product formation. This indicates that even when the 

net reaction is exothermic and the barrier is low in energy, many gas-phase ion-molecule reactions 

do not occur at collision rates (kc as shown above) or may not proceed at all.35 

2.2.9 Ion Ejection for Detection 

The ions are detected by two detectors located perpendicular to the z-axis of the ion trap. 

Each detector consists of a conversion dynode and an electron multiplier (Figure 2.13). A potential 

of -15 kV or + 15 kV applied to the conversion dynodes attracts positive or negative ions, 

respectively, ejected from the ion trap. Positive ions hit the negatively charged dynode to eject 

electrons. An attractive electric field between the dynode and the electron multiplier attract the 

ions into the electron multiplier. The electrons hit the surface of the electron multiplier, which 

causes ejection of several electrons. The funnel shape of the electron multiplier enables this process 

to occur multiple times, creating more and more electrons. This cascade of electrons eventually 

creates a measurable current, which is proportional to the number of ions ejected from the ion trap. 
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2.2.10 Ion Detection 

In order to detect the ions in the ion trap, they are ejected from the ion trap into the detection 

system using resonance ejection. A dipolar resonance excitation is applied on the x- electrode to 

enable ion ejection and this method increases the resolution and sensitivity.36,37 Initially a 

supplementary RF voltage is applied to the x-electrodes and the main RF voltage is increased till 

the q value for the ions reached 0.88. At this point, the supplemental RF voltage applied to the x-

electrodes is in frequency to the secular frequency of the ion, causing the ion to gain kinetic energy 

and oscillate (Figure 2.14). This oscillation causes the ions to get ejected from the ion trap through 

the slits on the x-rods of the ion trap. Then, the ejected ions hit the conversion dynode and were 

detected. 

 

Figure 2.13 (A) The q values of the ions also increase with increasing main RF amplitude. (B) 
When the q value of the smallest ion (purple as shown above) reaches 0.88, a supplementary RF 
voltage is applied to the x-electrodes. The frequency of motion of the ions whose q value is 0.88 

will be in resonance with the frequency of the supplementary RF voltage applied to the x-
electrodes (C) These ions (purple circles) gain kinetic energy. The ions then move away from the 

center of the ion trap, exit via slits in the x-electrodes and strike the conversion dynode.15 
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2.3 Orbitrap  

Orbitrap mass analyzers were first introduced in 2000 by Makarov.7 The orbitrap utilizes 

a dynamic trapping method based on DC field to separate the ions. Dynamic trapping can be 

achieved by using one of three ways: linear trapping, ring trapping and orbital trapping.7 Orbital 

trapping method, was initially developed by Kingdon in 1923 and was utilized to trap ions in the 

orbitrap mass spectrometers.38 The concept ion trapping in Kingdon traps involves trapping of ions 

around a central wire stretched along the axis of a cylindrical electrode.38 In orbitraps however, 

the ions are trapped in between two electrodes.39 A schematic of a LQIT coupled with an orbitrap 

detector (Thermo Linear Quadrupole Ion Trap-Orbitrap XL) is shown in Figure 2.15. Analysis 

using the orbitrap mass analyzer is comprised of three key steps: transferring the ions into the 

orbitrap, moving the ions across and around the orbitrap and detecting the ions. The instrument 

(Thermo LTQ-Orbitrap XL) used in this research is equipped with an additional octupole collision 

cell (commercially known as HCD cell) additional fragmentation experiments, here referred to as 

medium-energy collision-activated dissociation (MCAD; also known as HCD) can be performed 

in the octupole collision cell. The details of these experiments are discussed below. 

 

Figure 2.14 Schematic of an LQIT coupled to an orbitrap mass spectrometer (Thermo LTQ-
Orbitrap XL). The pressures in different areas are also indicated. The red arrows represent the 

ion pathways from the C-trap into the orbitrap.15 
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The orbitrap consists of an outer barrel-like electrode and an inner coaxial spindle-like 

electrode, with the latter being supplied with external voltages.40 The space between the electrodes 

is evacuated by a vacuum pump. This space makes up the ion trapping region. In this region, the 

ions are accelerated to a higher tangential velocity. Ions of same m/z values move as tight packets 

back and forth along the spindle electrode and also cycle around the spindle electrode.  

2.3.1 Injection of Ions into the Orbitrap 

Ions are transferred from the linear quadrupole ion trap into a C-shaped-RF only 

quadrupole called the C-trap (Figure 2.17). The C-trap is supplied with N2 as cooling gas and the 

pressure is maintained at approximately 1 mTorr.41 The ions undergo collisional cooling by 

colliding with the N2 molecules before being axially compressed into the center of the C-trap by 

electrostatic fields. Then the ions pass through the ion optics as a tight ion packet and accelerated 

to high kinetic energies before being injected through a slit into one end of the orbitrap in less than 

one ms. An electrostatic deflector allows transfer of only the ions and prevents the carryover of N2 

gas from the C-trap to the orbitrap.  

 

Figure 2.15 (A)Ions enter the orbitrap slightly off center (B) The electric field in the orbitrap 
causes ions to oscillate around and along the inner electrode. Ions with same m/z value move in 
tight packets (shown as thin rings). (C) The outer electrode measures the image current for the 
motion of the ion packets. (D) The frequency of the harmonic oscillations is proportional to the 

m/z value of the ions. 
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Ions were injected in tight packets at a position offset from the center of the orbitrap which 

leads to coherent axial oscillations of ion packets. Different ion packets are formed for ions with 

different m/z values and move differently. The rotational frequencies of ion packets depend upon 

their angles, initial position and their energies. The ion packets spread over the angular coordinates 

and form several thin rotating rings around the central electrode.  

2.3.2 Trajectories of Ions in the Orbitrap 

The outer and inner electrodes of the orbitrap were designed to create a three-dimensional 

electrostatic field (U) when a DC voltage was applied to the inner electrodes. The quadro-

logarithmic field (U) generated this way can be defined as 
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                                   (2.16) 

 where r represents angular coordinate, z represents the axial coordinate (z=0 due to equatorial 

plane of symmetry), k is a constant related to field curvature, Rm is radius of ion of mass m, and C 

is a constant.40,42   

The ions in this quadro-logarithmic field experience mainly two types of ion motion, rotational 

motion around the central electrode (r, φ-motion where φ is the angular coordinate) and axial 

oscillations along the central electrode. The frequencies of such motions can be represented as 

𝜔௥ , 𝜔ఝ  and 𝜔௭  respectively (Figure 2.16). The equations of ion motion in polar coordinates 

(φ, r, z)  can be defined as  
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 where m/q is the mass-to-charge ratio of the ion39 

Among the above three frequencies, only the axial frequency 𝜔ఝ is independent of the position 

and energy of the ions. Hence, the axial frequency is used to determine the m/q value of the ions. 

The axial frequency of oscillation (ωz) of an ion can be defined as  
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 where k is a constant proportional to the voltage applied to the inner electrode.  

2.3.3 Detection of Ions in the Orbitrap 

 

Figure 2.16 Red line indicates the injection of ion packets into the orbitrap off-center by the C-
trap. The image current produced by the axial oscillation (z-axis) of the ions is measured by the 

outer electrode19 

The image current of the oscillating ion packets is differentially amplified from each half 

of the outer electrode (Figure 2.17).39,41,43 After amplification, the image current is converted into 

a frequency spectrum using fast Fourier transformation (FFT). Using a two-point calibration, the 

frequency spectrum is finally converted into a mass spectrum.41 
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2.4 Octupole Collision Cell 

The LTQ Orbitrap XL mass spectrometer used in the research described in this thesis is 

equipped with an octupole collision cell (commercially known as HCD cell) filled with N2 

collision gas at a pressure of 3.8 mTorr. This collision cell is widely used to perform beam-type 

CAD experiments.44 Although this method is commercially termed as ‘higher-energy collision 

activated dissociation’, IUPAC recommends that the term ‘high-energy’ should refer to ions with 

a translational energy greater than 1 keV.45 Hence, our research group has introduced the term 

medium-energy collision-activated dissociation or MCAD for this fragmentation technique. 

Before MCAD experiments, ions are isolated in the linear quadrupole ion trap and transferred into 

the C-trap maintained at ground potential (Figure 2.18). Potential energy difference between the 

C-trap and the octupole collision cell accelerates the ions from the C-trap into the octupole 

collision cell and determines their kinetic energy. The accelerated ions collided with N2 collision  

gas and undergo fragmentation. The DC offsets applied to the various sections of the instrument 

during MCAD are shown in Figure 2.18. MCAD often results in more extensive fragmentation 

compared to CAD in the ion trap because ions have greater kinetic energy during MCAD and 

collisions with N2 are higher in energy than those with helium. After fragmentation, all ions are 

again transferred into the C-trap. From C-trap, ions are ejected into the orbitrap for analysis as 

described above for detection in the orbitrap. 
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Figure 2.17 (A) A DC offset potential between the C-trap and the MCAD cell accelerates ions 
into the MCAD cell and induces their fragmentation. (B) Typical offset potentials applied to 

eject ions from the MCAD cell back into the C-trap. The ions are then transferred into the orbitrap 
for analysis. Only transfer of ions from the linear quadrupole ion trap via the C trap into the MCAD 

cell and then back into the C-trap is illustrated. The black circle represents a positively charged 
isolated ion while the blue and orange circles represent positively charged fragment ions generated 

by fragmentation of the isolated ion15 
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 EFFECTS OF RESIDUAL WATER IN A LINEAR 
QUADRUPOLE ION TRAP ON THE PROTONATION SITES OF 4-

AMINOBENZOIC ACID 

3.1 Introduction 

In recent years, protonation sites in polyfunctional analytes have received a lot of attention. 

In solution, the protonation site(s) of polyfunctional analytes are governed by the basicity of the 

different sites in the analyte as well as the interactions between the neutral and protonated 

functionalities of the analyte and the surrounding solvent. In the gas phase, usually the 

thermochemically favored protonation site dominates due to lack of solvation energy (present in 

solution).1 This can become problematic in many ionization techniques where analytes are 

evaporated from their solution. After atmospheric pressure ionization, the distribution of protomers 

of polyfunctional analytes in the gas phase can be different from that in solution. The protomer 

distribution has been reported to depend on many experimental parameters, including the solvent(s) 

used, the method of ionization and the conditions in the ion source.2–7 This causes difficulties in 

identifying polyfunctional analytes when the structures of their protonated forms are probed using 

collision-activated dissociation (CAD) as the fragmentation patterns obtained for different 

protomers can be very dissimilar. This also complicates the comparison of analyte CAD 

fragmentation patterns with  CAD databases.8–10  Different protomers may also exhibit different 

bimolecular reactivities, which can complicate the identification of functional groups in protonated 

analytes via functional-group selective gas-phase ion-molecule reactions.11 Numerous studies have 

been carried out to better understand the influence of solvents and other variables on the 

protonation sites of various polyfunctional analytes. One of such widely studied analyte is 4-

aminobenzoic acid whose protonation sites have been investigated extensively using electrospray 

ionization (ESI) in tandem mass spectrometry.1,2,5,7,12–14  

In solution, 4-aminobenzoic acid is predominantly protonated on the amino nitrogen 

because  the localized charge on the nitrogen atom is better solvated than the delocalized charge 

on the protonated carboxylic acid group.15 Quantum chemical calculations indicated that in the gas 

phase, the carboxylic acid oxygen is the most basic site.3 This is because the charge in protonated 

4-aminobenzoic acid is delocalized over both oxygen atoms, the aromatic ring and the amino 

nitrogen.3 Interestingly, numerous mass spectrometric studies have reported simultaneous 
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generation of the two protomers upon ESI and that the relative abundances of the protomers depend 

upon various experimental parameters, including the nature of the ionization solvent used.1,3,12–14 

Protonation occurred predominantly on the amino nitrogen when acetonitrile was used as the 

ionization solvent.1 However, when water was used as the ionization solvent, both the N- and O-

protomers were generated  and detailed experimental studies using IRPD spectroscopy suggested 

that the preferred protonation site depended upon the size of the water clusters formed around the 

protonated 4-aminobenzoic acid molecule after ionization.16 IR spectra obtained by both 

calculations and experiments showed that if the cluster contained six or more water molecules, the 

amino nitrogen was the preferred site of protonation whereas if the cluster contained less than six 

water molecules, the carboxylic acid oxygen was the preferred site of protonation.16 Extensive 

calculations performed at the B3LYP-GD3/6-311++G(d,p) level of theory suggested that when 

using methanol as the ionization solvent, N-protomer is predominantly generated in the presence 

of more than eight methanol molecules.6,12 However, for smaller clusters of methanol, the 

carboxylic acid oxygen is the predominant site of protonation.6,12  

The protonation sites of 4-aminobenzoic acid have also been investigated in mixed solvent 

systems. The O-protomer has been reported to be preferentially generated when 3-1 (v/v) 

methanol-water was used as the ionization solvent.3,6 This observation has been rationalized by 

formation of water/methanol clusters capable of forming a solvent bridge between the protonation 

sites which can move the proton from the amino nitrogen onto the carbonyl oxygen. On the 

contrary, the N-protomer has been reported to be preferentially generated when 1-1 (v/v) 

acetonitrile-water was used as the ionization solvent. This observation has been explained by the 

formation of adducts of acetonitrile and the N-protomer in the gas phase, which prevents the 

transfer of the proton from the amino nitrogen to the carboxylic acid oxygen (favored in the gas 

phase).1 

Collision-activated dissociation (CAD) or infrared photodissociation spectroscopy have 

been used in the above studies to identify the structures of the protomers.1–3 Most recently, 

conclusive studies have been performed using ion-mobility experiments.12,17 The widely accepted 

consensus is that upon CAD, the O-protomer fragments predominantly via loss of H2O while the 

N-protomer fragments much slower than the O-protomer and loses CO2 (Scheme 3.1).  
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Scheme 3.1 Losses observed upon CAD of the two protomers of protonated 4-aminobenzoic acid 

Inspired by the above published results, the protonation sites of 4-aminobenzoic acid were 

investigated using the linear quadrupole ion traps (LQIT) in our group. However, when protonated 

4-aminobenzoic acid was subjected to CAD inside a linear quadrupole ion trap (ion-trap CAD or 

ITCAD) in this thesis research, the solvent dependent selectivity of the protonation sites was lost. 

This finding contradicts the previously published literature reports.3,12 Investigation of causes for 

such discrepancy led to the current research. 

3.2 Experimental 

3.2.1  Chemicals 

4-Aminobenzoic acid (with > 99 % purity) was purchased from Sigma-Aldrich. LC-MS 

grade methanol, water and acetonitrile were purchased from Thermo Fischer Scientific. All the 

chemicals were used as received without any further purification. Nitrogen used as a collision gas 

during medium-energy CAD experiments was obtained from the boil off of liquified nitrogen 

which was purchased from Linde. 

3.2.2 Sample Preparation 

Stock solutions of 4-aminobenzoic acid were prepared in 3-1 (v/v) methanol-water and 1-

1 (v/v) acetonitrile-water at a concentration of 0.01 mM. 
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3.2.3 Instrumentation 

A Thermo Scientific LTQ XL linear quadrupole ion trap (LQIT) mass spectrometer 

coupled with a high-resolution orbitrap mass analyzer was used for the experiments. An 

electrospray ionization source (ESI) operating in the positive ion mode was used. The ESI capillary 

was maintained at a temperature of 275 oC, the sheath gas (N2) flow rate was 30 (arbitrary units), 

the auxiliary gas (N2) flow rate was 10 (arbitrary units) and the spray voltage was kept at 3 kV. 

The analyte solutions were introduced into the ESI source at a flow rate of 20 µL min-1 using a 

500 µL Hamilton syringe. 

3.2.3.1 In-Source CAD (ISCAD) 

During ISCAD, the ions generated in the ion source were accelerated from the skimmer 

region into the first multipole region of the ion source. The ion optics region is usually maintained 

at a pressure of 1 mTorr. The accelerated ions collided with the solvent and the air molecules 

present in the ion optics region and underwent fragmentation. It is important to note that during 

ISCAD, ions were subjected to CAD without isolation. 

3.2.3.2 Medium-energy CAD (MCAD) (commercially known as HCD) 

In order to perform MCAD experiments, protonated 4-aminobenzoic acid was first isolated 

in the linear quadrupole ion trap (filled with helium buffer gas) using an isolation width of 2 m/z 

units and an isolation time of 30 ms. The isolated ions were then transferred from the linear 

quadrupole ion trap into the C-trap. The ions were then accelerated from the C-trap into an octupole 

collision cell by keeping the octupole at a 13 V lower potential than the C-trap.18 The details of 

this process have been described in Chapter 2. The accelerated ions underwent collisions for a very 

short period of time (µs) with nitrogen gas molecules (purity 99.998 %) present in the octupole at 

a nominal pressure of 3-5 mTorr. The fragment ions generated were transferred into the orbitrap 

for detection and analysis.  

3.2.3.3 CAD in the Ion Trap (ITCAD) 

During ITCAD experiments, the ions were isolated in the linear quadrupole ion trap and 

were subjected to CAD for 30 ms by accelerating them and allowing them to collide with helium 
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buffer gas (nominal pressure about 2 mTorr). For ITCAD, a q value of 0.25 and a collision energy 

of 30 (arbitrary units) were used. Detection and analysis of fragment ions were carried out by 

ejecting the ions in a mass selective manner from the ion trap into two electron multipliers, one on 

each side of the ion trap. 

In a few experiments, additional water was injected into the linear quadrupole ion trap via 

an external home-built manifold. A syringe pump maintained at a flow rate of 6 µL/h was used for 

the introduction of water. The injected water was diluted with helium at a flow rate of 0.6 L/h and 

a Granville-Phillips leak valve was used for the introduction. The manifold set up used has been 

described previously.19–21 The manifold was kept at a temperature of 100 oC. 

3.2.3.4 Computational Studies 

Geometry optimizations and single-point energy calculations were performed using 

Gaussian 16.22 M06-2X/6-311++G(d,p) level of theory was used to optimize the molecular 

structures and for calculation of the potential energy surfaces for the fragmentation of the O- and 

N-protomers. All the optimized structures were ensured to have the correct number of negative 

frequencies (0 for minima and 1 for transition states). The negative frequency found for the 

transition states was verified to correspond to the bond(s) broken and/or formed during the reaction. 

All the calculations were performed at 298 K and all the values were corrected for zero-point 

energy. Intrinsic reaction coordinate (IRC) calculations were carried out for all transition states.  

3.3 Results and Discussions 

Two previously studied solvent systems, 3-1 (v/v) methanol-water and 1-1 (v/v) 

acetonitrile-water, were used for the dissolution of 4-aminobenzoic acid.3 4-Aminobenzoic acid 

was protonated using ESI. The ions were subjected to three different CAD experiments, CAD in 

the ion source area (in-source CAD or ISCAD), CAD in the octupole collision cell (medium-

energy CAD or MCAD) and CAD in the linear quadrupole ion trap (ITCAD). The results of the 

experiments performed are discussed below in the same order. 

During ISCAD experiments, all ions were transferred from the ion source into the skimmer 

region that was maintained at ground potential.23 An attractive dc voltage applied to the ion transfer 

multipole (located after the skimmer region) was used to accelerate the ions. The accelerated ions 



 

55 

underwent activating collisions with the solvent and air molecules in the multipole region, causing 

fragmentation of the ions. All the ions were then transferred into the LQIT where they were 

separated according to their m/z values and were detected using the electron multipliers located on 

two sides of the ion trap. The mass spectra obtained after using two different solvent systems are 

shown in Figure 3.1. As shown in Figure 3.1a, when methanol-water was used as the solvent 

system, protonated 4-aminobenzoic acid predominantly lost H2O whereas when acetonitrile-water 

was used as the solvent system, predominant loss of CO2 was observed (Figure 3.1 b). These results 

indicate that protonation had occurred preferably on the carbonyl oxygen when using methanol-

water but on the amino nitrogen when using acetonitrile-water. These results are in agreement with 

the previously published reports.2,3 

 

Figure 3.1 ISCAD mass spectra (collision energy 30 V) measured for all the ions ionized using 
ESI in a) 3-1 (v/v) methanol-water and b) 1-1 (v/v) acetonitrile-water. The ions were detected 

using electron multipliers located outside the linear quadrupole ion trap. 

Previously published studies have indicated that the N-protomer requires about 30 kcal/mol 

more energy for fragmentation than the O-protomer.2 Therefore, greater abundance of the 
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unfragmented protonated 4-aminobenzoic acid (m/z 138) was observed when acetonitrile-water 

was used as the ionization solvent (Figure 3.1 b). This observation further verifies the dominant 

generation of N-protomer in acetonitrile-water and predominant generation of O-protomer in 

methanol-water. 

Protonated 4-aminobenzoic acid was also subjected to MCAD experiments. In these 

experiments, ions isolated in the linear quadrupole ion trap were accelerated and transferred into 

the octupole collision cell. In the octupole collision cell, the accelerated ions were subjected to 

CAD with nitrogen gas. After MCAD, all the ions were transferred into the orbitrap for analysis 

and detection. Predominant loss of H2O was observed when 4-aminobenzoic acid was dissolved 

in methanol-water (Figure 3.2a) but predominant loss of CO2 was observed when acetonitrile-

water was used as the ionization solvent (Figure 3.2b).These results are in agreement with those 

observed for ISCAD as well as with previous literature. 
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Figure 3.2 High resolution MCAD mass spectra (collision energy 13 eV) recorded for protonated 
4-aminobenzoic acid, ionized using ESI in a) 3-1 (v/v) methanol-water and b) 1-1 (v/v) 

acetonitrile-water. 

Lastly, protonated 4-aminobenzoic acid was subjected to ITCAD. In these experiments, 

the ions were isolated in the linear quadrupole ion trap. The isolated ions were then accelerated in 

the ion trap by applying a low amplitude rf-excitation voltage at the same secular frequency as the 

frequency of motion of the ions. Multiple low-energy collisions of the accelerated ions with helium 

buffer gas in the ion trap resulted in fragmentation of the ions. The fragment ions were detected 

using the electron multipliers located on each side of the LQIT and the mass spectra obtained are 

shown in Figure 3.3. As evident from Figure 3.3b, when acetonitrile-water was used as the 

ionization solvent, protonated 4-aminobenzoic acid predominantly fragmented via loss of CO2, in 

agreement with the literature.2,3,12 On the contrary, when methanol-water was used as the 

ionization solvent, fragment ions corresponding to loss of CO2 and H2O were observed in nearly 

equal abundance (Figure 3.3a). These unexpected results suggest that before or during ITCAD, 
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some of the O-protomers formed in the ion source had converted back to the N-protomers, which 

contradicts with the results obtained for MCAD and ISCAD.  

 

Figure 3.3 ITCAD mass spectra (collision energy 30 arbitrary units) recorded for protonated 4-
aminobenzoic acid, ionized using ESI in a) 3-1 (v/v) methanol-water and b) 1-1 (v/v) 
acetonitrile-water. Ion of m/z 77 corresponds to loss of NH3 from the ion of m/z 94 

In order to investigate whether the method used for detection of fragment ions plays a role 

in the manifested protonation sites, the fragment ions resulting from ITCAD were transferred 

through the C-trap into the high-resolution orbitrap for analysis and detection. As evident from 

Figure 3.4, ITCAD mass spectra obtained this way were similar to those obtained using the 

electron multipliers. 
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Figure 3.4 ITCAD products (collision energy: 35 arbitrary units) of protonated 4-aminobenzoic 
acid detected by high-resolution orbitrap when using a) 3-1 (v/v) methanol-water and b) 1-1 (v/v) 

acetonitrile-water solvent systems. 

These observations led to the hypothesis that residual water in the LQIT may be responsible 

for the different protomer distribution. The ion transfer region between the capillary skimmer cone 

and the linear quadrupole ion trap (region where ISCAD occurs) contains significant amounts of 

air and solvent molecules and is maintained at a pressure of ~ 1 mTorr.24,25 Some less volatile 

solvent molecules may survive into the low-pressure regions of the mass spectrometer, including 

the linear quadrupole ion trap. In order to test this hypothesis, the background compounds in the 

linear quadrupole ion trap were investigated. This experiment was performed by generating 

molecular ions of CO2 via APCI using CO2 as the auxiliary and sheath gas. The molecular ions of 

CO2 were transferred into the linear quadrupole ion trap, isolated and allowed to react with residual 

compounds present in the ion trap for 30 ms. The resulting mass spectrum is shown in Figure 3.5. 

As shown in Figure 3.5, significant amount of water and oxygen were observed in the linear 

quadrupole ion trap. If enough water molecules were present to form clusters containing six or 

more water molecules around the O-protomer, they would behave like bulk solution favoring the 
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formation of N-protomers (Scheme 3.2a). O-protomers in these clusters could have rearranged 

back to N-protomers which can explain the greater than expected abundance of the N-protomers 

in when using methanol-water as the ionization solvent.  

 

Figure 3.5 Water and oxygen were detected in the linear quadrupole ion trap when the molecular 
ions of carbon dioxide (ionized using APCI) were isolated and allowed to react with residual 
molecules in the ion trap for 30 ms. As N2 has a greater ionization energy (15.6 eV) than CO2 

(13.8 eV), N2 in the ion trap were not detected using this method 

In order to investigate the above assumptions, two more experiments were performed. In 

these experiments, additional water was introduced into the linear quadrupole ion trap by using an 

external reagent manifold. 4-Aminobenzoic acid dissolved in the two different solvent systems 

was introduced into the ESI source and ionized, and the ions were transferred into the ion trap, 

isolated and subjected to ITCAD in the presence of added water. The mass spectra collected when 

using 3-1 methanol-water solvent system did not change significantly upon addition of water into 

the trap (Figure 3.6a). On the contrary, product distribution measured when using acetonitrile-

water changed drastically and resembled that measured using methanol-water although some 

excess of the N-protomer was still detectable (Figure 3.6b). This can be rationalized by the 
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presence of water clusters of various sizes in the linear quadrupole ion trap, some favoring the O-

protomer while others favoring the N-protomer. After prolonged exposure to the background water 

in the ion trap, an equilibrium mixture of the protomers may have been achieved. As both the 

solvent systems generated almost the same abundances of the two protomers, this distribution of 

protomers must be close to the equilibrium distribution. Since N-protomer required extra water to 

reach a similar protomer distribution as the O-protomer, conversion of N-protomer requires larger 

water clusters than conversion of the O-protomer (> 6). A summary of such isomerization reactions 

taking place is shown in Scheme 3.2 

 

Figure 3.6 ITCAD mass spectra (collision energy 30 arbitrary units; detection 
method: external electron multipliers) recorded in the presence of extra water for 
protonated 4-aminobenzoic acid (ionized by ESI by using a) 3-1 (v/v) methanol-

water and b) 1-1 (v/v) acetonitrile-water solvent systems) 
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Scheme 3.2 Scheme showing tautomerization of the protomers of 4-aminobenzoic acid when 
ionized using a) 3-1 methanol-water and b) 1-1 acetonitrile-water.a a n is the number of solvent 

molecules in solvent clusters around the protonated analyte  

It is crucial to address the reasons for the lack of isomerization of the O-protomer to N-

protomer during ISCAD and MCAD. In both ISCAD and MCAD experiments, the kinetic energies 

of the ions were greater and the time frame was shorter (µs vs ms time frame) than for ITCD. For 

ISCAD, the pressure was lower than for ITCAD, which might hinder formation of large long-lived 

solvent clusters. The octupole collision cell used for MCAD experiments was located far away 

from the atmospheric pressure ionization source and it was filled with high-purity nitrogen gas. 

This may have prevented the formation of large solvent clusters around the analyte ions during 

MCAD. 

Previously published calculations suggested that the activation enthalpy for the loss of H2O 

from the O-protomer is almost the same as that for the loss of CO2 (44.1 and 43.2 kcal/mol, 

respectively).2 This result is not in a complete agreement with the present experimental results 
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where the loss of H2O from the O-protomer was more facile than the loss of CO2. In order to better 

understand the mechanisms and energetics of the fragmentation patterns of the two protomers, 

quantum chemical calculations were performed at the M06-2X/6-311++G (d,p) level of theory. 

The activation enthalpy for the loss of H2O from the O-protomer was calculated to be only 

38.6 kcal/mol while the activation enthalpy for the loss of CO2 from the O-protomer was calculated 

to be 45.5 kcal/mol (Figure 3.7). Hence the activation energy required for the loss of H2O is than 

that for the loss of CO2 from the O-protomer. The N-protomer requires substantially more energy 

to eliminate CO2 than the O-protomer as the activation enthalpy was calculated to be 74.3 kcal/mol. 

According to literature, even more energy is required for the elimination of NH3 from the N-

protomer (reaction endothermicity 81.9 kcal/mol). These results explain the lower rate of 

fragmentation of the N-protomer than the O-protomer, in agreement with the literature.2,3,6,12  

3.4 Conclusions 

The most basic site of 4-aminobenzoic acid in solution is the amino nitrogen whereas 

calculations indicate that the carbonyl oxygen is the most basic site in the gas phase.2,3,12,17 Based 

on CAD, both the N- and O-protomers were generated upon electrospray ionization with their 

relative abundances depending upon the experimental conditions.3,12,17 When acetonitrile-water 

was used as the ionization solvent, solution-favored N-protomer was predominantly generated. 

This is because acetonitrile can form a stable adduct with the N-protomer, trapping the proton on 

the amino nitrogen.13 When methanol-water was used as the ionization solvent, O-protomer was 

predominantly generated. This observation can be rationalized by the evaporation of solvent 

molecules from the large solvent clusters initially formed in the ion source area, resulting in the 

formation of smaller water and/or methanol clusters where the O-protomer is more stable than the 

N-protomer.6,12 A solvent bridge between the two protonation sites allows the transfer of a proton 

from the amino nitrogen onto the carbonyl oxygen. This phenomenon is not possible in presence 

of acetonitrile. These previously published observations, however, are in sharp contrast with the 

results obtained in ITCAD experiments in the presence of extra water in the linear quadrupole ion 

trap. These experiments revealed the formation of a nearly equal amount of both protomers when 

using both solvent systems, which can be rationalized by the formation of water clusters of various 

sizes inside the ion trap. These water clusters vary widely in sizes, some of which favor the 

formation of the N-protomer while the others favor the formation of the O-protomer by forming a 
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solvent bridge between the two protonation sites. Similar protomer distributions in both solvent 

systems suggest that an equilibrium was nearly reached in presence of water. In contrast, ISCAD 

and MCAD results were in agreement with literature. This can be rationalized by the lack of long-

lived water clusters during MCAD experiments and the shorter ion residence times during ISCAD 

experiments. Finally, the addition of water into the linear quadrupole ion trap eliminated the 

solvent-caused differences exhibited in ITCAD experiments in the protomer distribution of 4-

aminobenzoic acid. 
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Figure 3.7 Potential energy surfaces and transition state structures calculated at the M06-2X/6-
311++G(d, p) level of theory for (A) loss of H2O from the O-protomer, (B) loss of CO2 from the 

O-protomer and (C) loss of CO2 from the N-protomer 
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 THE EFFECTS OF ANALYTE CONCENTRATION ON 
THE PROTONATION SITES OF 4-AMINOBENZOIC ACID UPON APCI 

AS REVEALED BY GAS-PHASE ION-MOLECULE REACTIONS 

4.1 Introduction 

Identification of drug metabolites is extremely important for understanding the metabolic 

activities of drugs, which is required for FDA approval. 1–3 Commonly used techniques for the 

structural elucidation and identification of drug metabolites include NMR spectroscopy, X-ray 

crystallography, liquid chromatography coupled with mass spectrometry (LC-MS) and tandem 

mass spectrometry (MSn).2 However, NMR spectroscopy and X-ray crystallography require 

relatively large amounts of pure samples, which may not be available. In contrary, tandem mass 

spectrometric methods do not require pure samples or large amounts of sample. Tandem mass 

spectrometric analysis based on collision-activated dissociation (CAD) often generates similar 

fragmentation patterns for isomeric ionized compounds.4 Hence, numerous functional group-

selective gas-phase ion-molecule reactions have been developed to distinguish between isomeric 

compounds with/without similar functional groups.5–7  

In polyfunctional analytes containing multiple plausible protonation sites, two or more sites 

may have similar gas-phase proton affinities. If these sites with similar proton affinities are also 

the most basic sites, these analytes may get protonated at several sites.5 Ionization solvents and ion 

source conditions may influence the preferred protonation sites.8–10 For gas-phase ion-molecule 

reactions that are not initiated by proton transfer from a protonated analyte to the neutral reagent, 

the site of reaction in the analyte is often controlled by the site of protonation.11 Hence it is crucial 

to understand the factors controlling the manifested protonation sites. 

4-Aminobenzoic acid, a bifunctional analyte containing functional groups with similar 

proton affinities, is one of the most widely studied compounds in  investigations of factors 

controlling protonation sites.8,12–17 In solution, the most basic site of 4-aminobenzoic acid is the 

amino nitrogen while calculations suggest that the carbonyl oxygen is the most basic site in the 

gas phase.8 Fragmentation patterns obtained using collision-activated dissociation (CAD) have 

revealed that electrospray ionization (ESI) of 4-aminobenzoic acid dissolved in 3-1 (v/v) 

methanol-water predominantly prefers protonation on the carbonyl oxygen whereas the same 

dissolved in 1-1 (v/v) acetonitrile-water prefers protonation on the amino nitrogen.8,16 Another 
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study reported that the size and nature of solvent clusters present during the desolvation process 

of electrospray ionization affected the manifested protonation sites.13 In clusters containing 3-7 

methanol molecules, a solvent bridge was proposed to be formed between the two protonation 

sites, leading to shuffling of a proton from the amino nitrogen (favored in solution) onto the 

carbonyl oxygen (favored in the gas phase).13 On the contrary, in the presence of < 2 or > 8 

methanol molecules, the proton was suggested to remain on the amino nitrogen (favored in 

solution).13 

ESI is one of the most commonly used techniques for ionization of polar analytes whereas 

atmospheric pressure chemical ionization (APCI) can be used to ionize analytes with low 

polarity.18,19 Most of the investigations regarding protonation sites of 4-aminobenzoic acid have 

been carried out using ESI.8,16 So far, only one study using APCI has been published. This study 

reported fragmentation patterns that suggested that a higher infusion rate (50 µL/min) of 4-

aminobenzoic acid dissolved in 2-1 (v/v) acetonitrile-water led to predominant generation of the 

N-protomer whereas at low infusion rates (5 µL/min), both N- and O-protomers were generated in 

almost equal amounts.20 However, the effects of other parameters, such as the ionization solvent 

or analyte concentration on the manifested protonation sites of 4-aminobenzoic acid ionized via 

APCI  have not been studied so far.  

 

Scheme 4.1 Gas-phase ion-molecule reactions of the two protomers of 4-aminobenzoic acid with 
trimethoxymethylsilane (TMMS) 
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CAD is commonly used for structural elucidation of protomers in tandem mass 

spectrometry experiments.8,15,16 However, this method is inadequate for the identification of 

protomers of 4-aminobenzoic acid in linear quadrupole ion traps (LQIT) because LQITs contain 

significant amount of residual moisture that can change the protonation site during CAD.21 In this 

study, previously known22 gas-phase ion-molecule reactions of trimethoxymethylsilane (TMMS) 

with amines and aromatic carboxylic acids have been employed to identify the protonation sites of 

4-aminobenzoic acid (Scheme 4.1). The results suggest that both analyte concentration and 

ionization solvent system determine the manifested protonation sites.  

4.2 Experimental 

4.2.1 Chemicals 

4-Aminobenzoic acid, benzoic acid, aniline, 4-chloroaniline, methyl 4-aminobenzoate and 

trimethoxymethylsilane (TMMS) were purchased from Sigma Aldrich. Aniline and benzoic acid 

had a purity of > 99.5 % while 4-chloroaniline, trimethoxymethylsilane and methyl-4-

aminobenzoate had a purity of 98 %. 4-Aminobenzoic acid had purity of > 99% whereas 

trimethoxymethylsilane had a purity of 98%. LC-MS grade methanol, water and acetonitrile were 

purchased from Thermo Fisher Scientific. All the chemicals were used without further purification. 

4.2.2 Sample Preparation 

Two different solvent systems, methanol and 1-1 (v/v) acetonitrile-water, were used to 

prepare solutions of 4-aminobenzoic acid at the following analyte concentrations (in M): 10-9, 10-

8,10-7,10-6, 10-5, 10-4, 10-3. Solutions containing aniline, benzoic acid, 4-chloroaniline and methyl 

4-aminobenzoate at analyte concentrations of 10-5 M were prepared using methanol as the solvent. 

4.2.3 Instrumentation 

A linear quadrupole ion trap (LQIT) mass spectrometer equipped with an APCI source was 

used for all the experiments. The APCI source was operated in positive ion mode with nitrogen as 

the sheath and auxiliary gas. The analyte solutions were introduced into the APCI source by using 

a 500 µL Hamilton syringe at a flow rate of 50 µL/min. Following are the parameters of the APCI 

source used to ensure maximum signal for the analyte ions: vaporizer temperature: 300 oC, 
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capillary temperature: 250 oC, sheath gas (N2) flow rate: 30 (arbitrary units), auxiliary gas (N2) 

flow rate: 10 (arbitrary units), capillary voltage: 5 kV. An ion isolation width of 2 m/z units and a 

q of 0.25 was used for the isolation of ions. After isolation of ions, the ions were allowed to react 

with TMMS for 300 ms followed by detection of all ions by using the electron multipliers located 

on the two sides of the ion trap. 

An external home-built manifold was used to inject TMMS into the ion trap.23–25 The 

manifold was maintained at a temperature of 125 oC to ensure complete evaporation of TMMS. A 

syringe pump maintained at a flow rate of 6 µL/h was used to inject TMMS into the trap. The 

reagent was diluted with helium at a flow rate of 0.6 L/h and was introduced into the ion trap by 

using a Granville-Phillips leak valve. 

4.3 Results and Discussions 

Prior to the investigation of 4-aminobenzoic acid, gas-phase ion-molecule reactions of protonated 

aniline with TMMS was examined in the ion trap as previous studies.22 Aniline was dissolved in 

pure methanol, ionized using APCI and was introduced into the mass spectrometer. Protonated 

aniline was isolated in the ion trap and allowed to react with TMMS. A stable adduct was slowly 

generated (Figure 1), that indicated that gas-phase ion-molecule reactions with TMMS can be used 

to differentiate between the protomers of protonated 4-aminobenzoic acid.  

TMMS reacts with protonated amines to form an adduct (TMMS adduct) but with protonated 

carboxylic acids to generate product whose m/z corresponds to an adduct that has lost a methanol 

molecule (TMMS adduct - MeOH).22 Hence, in the case of gas-phase ion-molecule reactions with 

protonated 4-aminobenzoic acid, generation of TMMS adduct (m/z 274) should indicate formation 

of N-protomer whereas generation of [TMMS adduct-methanol] (m/z 242) should indicate 

formation of the O-protomer. The mechanism based on a previously published report22 is shown 

in Scheme 4.2. 4-Aminobenzoic acid was dissolved in pure methanol or 1-1 (v/v) acetonitrile-

water at various concentrations, ionized using APCI, transferred into the ion trap, isolated, and 

allowed to react with TMMS for 300 ms. The results obtained when 4-aminobenzoic acid was 

dissolved in methanol are discussed first followed by those obtained when 1-1 (v/v) acetonitrile-

water was used as the ionization solvent.  
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Scheme 4.2 Proposed mechanisms of the gas-phase ion-molecule reactions between 
trimethoxymethylsilane (TMMS) and the protomers of 4-aminobenzoic acid. TS indicates 
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The mass spectra (MS/MS) recorded for such experiments are shown in Figure 4.1. As 

evident from Figures 4.1a to 4.1d, [TMMS adduct-methanol] was the predominant product at low 

analyte concentrations. The abundances of TMMS adduct and [TMMS adduct-methanol] were 

similar in Figure 4.1e whereas at higher analyte concentrations (10-4 M), TMMS adduct was the 

major product. These results indicated that the abundance of N-protomer increased with increasing 

analyte concentration. For accurate analysis of the data, the relative rates of the reactions of the 

two protomers with TMMS were investigated via model compound studies. 

 

Figure 4.1 MS2 spectra measured after 300 ms gas-phase ion-molecule reactions between TMMS 
and protonated 4-aminobenzoic acid (dissolved in methanol) ionized using positive ion mode 

APCI. The MS/MS spectra were collected at analyte concentrations of a) 10-9 M, b) 10-8 M, c) 
10-7 M, d) 10-6 M, e) 10-5 M and f) 10-4 M 
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Protonated benzoic acid (proton affinity (PA) 196.3 kcal/mol26) and protonated aniline (PA 

210.9 kcal/mol26) were allowed to react with TMMS (PA ~202 kcal/mol as calculated previously 

at the B3LYP/6-31++G(d,p) level of theory). Protonated benzoic acid predominantly generated an 

adduct (m/z 227) that had lost a methanol molecule whereas protonated aniline predominantly 

generated a stable adduct (m/z 230) (Figure 4.2). Protonated benzoic acid was also observed to 

react with TMMS about ten times faster than protonated aniline. This may be due to the low PA 

of benzoic acid which enables an exothermic proton transfer (exothermic by 6 kcal/mol) to TMMS 

causing fast dissociation of the complex via loss of methanol (Scheme 4.2). Proton transfer from 

protonated aniline however is less likely (endothermic by ~9 kcal/mol) leading to slow formation 

of stable adduct. However, PAs of the protomers of 4-aminobenzoic acid are much closer to each 

other and therefore different reactivity is expected. Both the PA of carbonyl oxygen (~207 

kcal/mol) and the amino nitrogen (~201 kcal/mol) are close to PA of TMMS (~202 kcal/mol). 

Therefore, the reactivity difference between the two protomers can be expected to be much smaller 

than that for aniline and benzoic acid. 

For an appropriate comparison and to obtain an estimate for the reactivities for the two 

protomers, additional model compounds were investigated. Two model compounds (4-

chloroaniline and methyl 4-aminobenzoate) having similar PAs as the protomers of 4-

aminobenzoic acid were chosen. PA of 4-chloroaniline is 208.826 kcal/mol which is close to PA of 

the carbonyl oxygen (~207 kcal/mol) in 4-aminobenzoic acid whereas the PA of methyl 4-

aminobenzoate is 201.3 kcal/mol, similar to the amino nitrogen (~ 201 kcal/mol) of 4-

aminobenzoic acid. As expected from the PA values protonated 4-chloroaniline was observed to 

react faster than protonated aniline whereas methyl 4-aminobenzoate was observed to react 

substantially slower than protonated benzoic acid (Figure 4.2). It is noteworthy that protonated 

methyl 4-aminobenzoate reacts with TMMS via adduct formation about 90 times slower than 

protonate benzoic acid and four times slower than 4-chloroaniline. Comparing the PAs of the 

model compounds and the protonation sites of 4-aminobenzoic acid, O-protomers are expected to 

have reactivities similar to protonated 4-chloroaniline whereas the N-protomers are expected to 

have reactivities similar to protonated methyl 4-aminobenzoate and the O-protomers are expected 

to react with TMMS about four times faster than the N-protomer. 
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Figure 4.2 Mass spectra spectra recorded after 300 ms gas-phase ion-molecule reactions between 
TMMS and a) protonated benzoic acid b) protonated aniline c) protonated methyl-4-

aminobenzoate and d) protonated 4-chloroaniline. The indicated ratio corresponds to the sum of 
the abundances of all the product ions divided by the abundance of the reactant ions after 

reaction time of 300 ms. 
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Based on the above discussions results shown in Figure 4.1, at low analyte concentrations, 

in methanol solvent the abundance of the N-protomer was about twice the abundance of the O-

protomer. At higher analyte concentrations, the amino nitrogen was the predominant site of 

protonation. These results are interesting because a) the results suggest that analyte concentrations 

play significant role on the manifested protonation sites upon APCI although previous reports 

suggested that analyte concentrations do not affect the protonation sites upon ESI.10 and b) results 

suggest that N-protomer dominates at all analyte concentrations although a previous report20,27 for 

a similar model compound, dimethylaminochalcone showed that only O-protomer was generated 

upon APCI in presence of methanol as the ionization solvent. The plausible reasons for these 

observations are explained below. 

A previously published report based on density functional theory found that solvent 

clusters containing 3-8 methanol molecules can form a solvent bridge between the protonation 

sites and transfer the proton from the amino nitrogen (favored in solution) onto the carbonyl 

oxygen (favored in the gas phase).13 On the contrary, if the number of methanol is < 2, a solvent 

bridge cannot be formed, leading to trapping of the proton on the amino nitrogen. If the number of 

methanol molecules in the cluster is > 8, protonated analytes are suggested to behave as if they 

were in solution; i.e., generation of the N-protomer dominates (favored in solution).13 Predominant 

formation of N-protomers in the current study can be explained as the following: initially formed 

the O-protomers upon APCI in presence of > 8 methanol molecules in solvent clusters can convert 

to N-protomers. This hypothesis can be supported by recent studies showing residual moisture in 

ion trap can form solvent clusters around analyte ions and affecting the manifested protonation 

sites.28 APCI source is also expected to contain significant amount of methanol molecules during 

ionization which may allow formation of bigger solvent clusters around analyte ions, resulting in 

conversion of initially formed O-protomer to N-protomer. 

Increased abundance of N-protomers with respect to O-protomers at high analyte 

concentrations are discussed next. A previous study showed that long-lived proton bound dimers 

of 4-aminobenzoic acid can be formed during ESI which survived the ion desolvation process and 

affected the manifested protonation sites.17 In order to understand whether proton-bound dimers 

are responsible for the generation of the N-protomers at high analyte concentration, further 

experiments were performed. All the ions entering the mass spectrometer, prior to isolation were 

investigated. Figure 4.3 shows the mass spectra recorded at analyte concentrations of 10-5 M and 
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10-4 M. A shown in Figure 4.3a, only protonated 4-aminobenzoic acid was detected at low analyte 

concentrations. This maybe because methanol adducts have been reported to be unstable.17 At 

higher analyte concentrations (≥10-4 M), proton bound dimers (m/z 275) of 4-aminobenzoic acid 

were observed along with methanol adducts (m/z 170) of 4-aminobenzoicacid (Figure 3b). Proton 

bound dimers of 4-aminobenzoic acid have been previously reported to be more stable than 

methanol adducts.17 This suggests that proton-bound dimer may be responsible for the 

predominant generation of N-protomer at high analyte concentration. However, the proton-bound 

dimers can fragment to generate either the N- or the O-protomer. Hence further experiments were 

performed to determine the structure of the dimer formed 

 

Figure 4.3 Mass spectra measured for methanol solutions of 4-aminobenzoic acid (MW 137 Da) 
ionized using positive ion mode APCI at concentrations of a) 10-5 M and b) 10-4 M. Ion of m/z 
275 corresponds to a protonated dimer of 4-aminobenzoic acid. Ion of m/z 170 corresponds to a 

methanol adduct of protonated 4-aminobenzoic acid. 
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Five plausible structures exist for the proton bound dimer of protonated 4-aminobenzoic 

acid and neutral 4-aminobenzoic acid (Figure 4.4). Calculations in a previously published study17 

showed that dimers O1, O2 and O3 are more stable than dimers N1, N2 and N3 in the gas phase 

whereas dimers N1, N2 and N3 are more stable than O1, O2 and O3 in water. Calculations in the 

same study revealed that dimer N1 is the most stable dimer generated in water. In the same study, 

experiments using IR spectroscopy studies showed that a mixture of N1 and N2 is formed, 

suggesting that the dimers are formed during ionization process. According to the study,17 dimers 

N1 and N2 can survive the desolvation process before dissociating in vacuum in the mass 

spectrometer. In the current studies using APCI, dimers O1, O2 and O3 are expected to be formed. 

 

Figure 4.4 Possible structures of the proton-bound dimer of 4-aminobenzoic acid. O1, O2 and O3 
correspond to structures where the carbonyl oxygen is protonated (calculated15 to be more stable 

in the gas phase) while N1, N2 and N3 correspond to structures where the amino nitrogen is 
protonated (calculated15 to be more stable in water).  

According to Cooks’ kinetic method developed for the accurate measurement of proton 

affinities of gaseous Bronsted bases, proton bound adducts of two bases fragment upon CAD in 

such a manner that the base with the greater proton affinity is predominantly protonated.29,30 In the 

case of 4-aminobenzoic acid, the most basic site in the gas phase is the carbonyl oxygen whereas 

in solution, the most basic site is the amino nitrogen. Hence dimers O1, O2 and O3 generated 

during APCI are expected to dissociate and predominantly generate the O-protomers. On the 

contrary dimer N1 can fragment to form only the N-protomer. Further experiments were performed 

O1 O2 O3 N1 N2 N3 
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to investigate the structure of the dimer formed. A methanol solution containing 4-aminobenzoic 

acid at a concentration of 10-3 M was introduced into the ion trap. Protonated dimer (m/z 275) was 

isolated and subjected to CAD to generate 4-aminobenzoic acid (Scheme 4.3) which was isolated 

and allowed to react with TMMS. TMMS adduct was predominantly formed (Figure 4.5) which 

suggests predominant formation of the N-protomer after dissociation of the proton-bound dimer. 

This result also suggest that most likely dimer N1 was formed upon APCI which fragmented to 

generate the N-protomers. These results are interesting for two reasons: 1) The proton bound dimer 

of 4-aminobenzoic acid may be responsible for the predominant formation of the N-protomers at 

high analyte concentrations (Scheme 4.4) and 2) dimer N1 observed to be formed during APCI 

was reported by previously published manuscripts to be more stable in water, indicating that the 

mechanisms for APCI and ESI are similar. This is in agreement with recent studies that showed 

that compounds having ionization efficiency in ESI also have high ionization efficiencies in 

APCI.19 

 

Scheme 4.3 Isolation of the gaseous proton bound dimer (generated during APCI) of 4-
aminobenzoic acid followed by CAD to generate protonated 4-aminobenzoic acid that was 

isolated in the ion trap and allowed to react with TMMS 
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Figure 4.5 a) MS3 spectrum measured after isolation of the gaseous proton bound dimer 
([2M+H]+; m/z 275) of protonated 4-aminobenzoic acid formed in the ion trap followed by CAD 

(collision energy: 10 arbitrary units)  generates protonated 4-aminobenzoic acid ([M+H]+; m/z 
138).b) Isolation of protonated 4-aminobenzoic acid (m/z 138) followed by 300 ms reactions  

with trimethoxymethylsilane (MS4). 
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Scheme 4.4 Mechanisms proposed for tautomerization of the protomers of 4-aminobenzoic acid 
in 1-1 (v/v) acetonitrile-water during ion transfer, when concentrations of a) ≤10-5 M and b) 

≥10-4 M were used. 

Intrigued by above results, the effects of concentration on the protonation sites of 4-

aminobenzoic acid dissolved in 1-1 (v/v) acetonitrile-water were next investigated. Figure 4.6 

shows MS/MS spectra measured after gas-phase ion-molecule reactions for 300 ms between 

TMMS and the protomers of 4-aminobenzoic acid at concentrations varying from 10-9 M to 10-4 

M. TMMS adduct was the predominant product observed for all concentrations. This result 

suggests that in the presence of 1-1 (v/v) acetonitrile-water, proton remains trapped on the amino 

nitrogen, leading to predominant generation of the N-protomer. This observation is in agreement 

with previously published studies for ESI that found that the amino group is predominantly 

protonated in acetonitrile-water.8,14,16,17 This has been rationalized based on the formation of a 

stable adduct between acetonitrile and protonated 4-aminobenzoic acid that leads to the trapping 

of the proton onto the amino nitrogen.17  
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TMMS and the protomers of 4-aminobenzoic acid at concentrations varying from 10-9 M to 10-4 

M. TMMS adduct was the predominant product observed for all concentrations. This result 

suggests that in the presence of 1-1 (v/v) acetonitrile-water N-protomer was predominantly 

generated irrespective of analyte concentrations. This can be explained by the formation of bulky 

water clusters which are formed during APCI, leading to the formation of protomers favored in 

solution, the N-protomers. 

 

Figure 4.6 MS2 spectra measured after the gas-phase ion-molecule reactions for 300 ms between 
TMMS and protonated 4-aminobenzoic acid (dissolved in 1-1 (v/v) acetonitrile-water) ionized 
using positive ion mode APCI. The MS/MS spectra were collected at concentrations of a) 10-9 

M, b) 10-8 M, c) 10-7 M, d) 10-6 M, e) 10-5 M and f) 10-4 M 

Next all the ions/adduct formed when 4-aminobenzoic acid was sprayed with 1-1 (v/v) 

acetonitrile-water were investigated and the mass spectra recorded are shown in Figure 4.7. 

Figure 4.7 shows that acetonitrile adducts both at high and low analyte concentrations. In addition, 

0

50

100
274

138
242120

0

50

100
274

138

242
120

0

50

100
274

138

120 242

100 200 300 400
m/z

0

50

100
274

138

120 242

100 200 300 400

m/z

0

50

100
274

138

120 242

0

50

100
274

138120 242

R
el

at
iv

e 
A

bu
n

da
nc

e

[TMMS adduct]+

[M+H]+

[TMMS 
adduct -
MeOH]+

[TMMS adduct]+

[TMMS 
adduct -
MeOH]+

[M+H]+

a) b)

c) d)

e) f)

-H2O -H2O



 

84 

at high analyte concentrations ((≥10-4 M), formation of proton bound dimers of 4-aminobenzoic 

acid ([2M+H]+) was also observed (Figure 7). This indicated that proton bound dimers both may 

be responsible for the generation of N-protomer at high analyte concentrations.  

 

Figure 4.7 Mass spectra measured for solutions of 4-aminobenzoic acid in 1-1 (v/v) acetonitrile-
water ionized using APCI for analyte concentrations a) 10 -5 M and b) 10 -4 M. ACN indicates 

acetonitrile. Ion of m/z 83 corresponds to a protonated dimer of acetonitrile 

4.4 Conclusions 

In this study, preferred protonation sites in 4-aminobenzoic acid have been identified using 

functional group-selective gas-phase ion-molecule reactions. Trimethoxymethylsilane (TMMS) 

reacts with protonated amines to generate TMMS adduct and with protonated carboxylic acids to 

generate TMMS adduct-methanol. Protonated carboxylic acids react with TMMS about four times 
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faster than protonated amino groups. This functional group-selective reactivity of TMMS has been 

exploited in this study to identify N- and O-protomers of 4-aminobenzoic acid.  

In this study, analyte concentration was observed to play a significant role in the manifested 

protonation sites of 4-aminobenzoic acid when ionized using positive mode APCI and methanol 

as the ionization solvent. At low analyte concentrations, the abundance of N-protomer generated 

was about twice the abundance of O-protomers. This result is in contrast to the popular notion that 

APCI predominantly involves gas-phase ions and is expected to generate the O-protomer. This 

observation can be rationalized based on  previous studies13 that showed that in the presence of 

solvent clusters containing large clusters of solvent molecules (> 8 methanol molecules) during 

ionization can initially formed O-protomers can get converted to N-protomers. 

At high analyte concentrations, N-protomers were formed exclusively. This may be due to 

the formation of proton-bound dimers of 4-aminobenzoic acid. These dimers may survive the 

desolvation step and travel through ion optics region before fragmenting to generate the N-

protomer. Interestingly, experimental results suggest that the structure of the dimer observed 

corresponds to those preferred in solution, not in gas phase.  

When 1-1 (v/v) acetonitrile-water was used as the ionization solvent, amino nitrogen was 

the predominant site of protonation irrespective of analyte concentration. This can be rationalized 

based on the formation of bigger water clusters during APCI. In presence of bigger solvent clusters 

4-aminobenzoic acid behaves as if it is bulk solution, leading to the manifestation of the N-

protomer. Above results indicate that ESI-like solution chemistry is important during APCI in 

contrast to the popular belief that APCI produce gaseous ions. 
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 MEASUREMENT OF THE PROTON AFFINITIES OF A 
SERIES OF MONO- AND BIRADICALS OF PYRIDINE 

5.1 Introduction 

In the recent years aromatic carbon-centered σ-type mono- and biradicals (such as benzynes) 

have received increased attention because they serve as reaction intermediates in many areas, 

including the function of some DNA-cleavers such as calicheamicin and dynemicin.1–3 These drug 

molecules contain enediyne functional groups that can undergo Bergman cyclization to generate 

highly reactive biradicals (para-benzynes) in biological systems. These biradicals once formed 

can abstract hydrogen atom from each strand of double-stranded DNA, ultimately leading to 

apoptosis of cells.1 Hence a better understanding of the properties of these types of reaction 

intermediates (biradicals) is necessary that could facilitate the design of better  synthetic prodrugs 

that generate desirable, biologically-active biradical intermediates. 

Protonated mono-and biradicals are substantially more reactive than the corresponding 

neutral molecules both in solution and in the gas phase.4 Hence knowledge on the proton affinities 

(PA) of basic mono-and biradicals is crucial for understanding their reactivities. The proton 

affinity (PA) of a neutral molecule is defined as the negative of the enthalpy change for the gas-

phase reaction between a proton and the neutral molecule to produce the (charged) conjugate acid 

of the molecule.5 Gas-phase PA values are interesting because complications due to solvation 

effects are absent in the gas phase.4 However, only very few experimental gas-phase PA values 

have been recorded for monoradicals,6–9 and none for monoradicals of the type considered here. 

Gas-phase PA of one related biradical, 2, 6-didehydropyridine has been previously determined.10 

Various mass spectrometric techniques are commonly used for experimental determination 

of gas-phase PA values. Many mass spectrometric methods have been developed for this purpose 

such as the equilibrium method11 and the Cooks’ kinetic methods.12 In case of equilibrium method, 

an equilibrium between the protonated analyte and a reference base needs to be established, which 

is impossible in the case of highly reactive radical species. On the other hand, the Cooks’ kinetic 

method requires formation of a proton-bound dimer between the protonated analyte and a reference 

base. Unfortunately, this method cannot be used for radical species as they are highly reactive and 

may react in undesirable ways with the references bases. PA values can be also determined by 

another method known as the bracketing method.11,13,14 The bracketing technique utilizes proton 
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transfer reactions of the protonated analytes with different reference bases with known PAs. The 

occurrence of, or absence of, (exothermic) proton transfer is monitored as a function of the PA of 

the reference base to determine the upper and lower limits for the PA of the analyte. This 

bracketing method is suitable for determination of PA values of (bi)radicals and hence this method 

was employed here to measure the PA values for a series of pyridine-based mono- and biradicals. 

The experimentally determined PA values have also been compared to those obtained by quantum 

chemical calculations. 

5.2 Experimental 

5.2.1 Chemicals 

The radical precursors, 2-iodopyridine, 3-iodopyridine, 4-iodopyridine, 2, 3-

diiodopyridine, 2,4-diiodopyridine, 3, 5-diiodopyridine and 3, 4-pyridinedicarboxylic anhydride, 

were purchased from Sigma-Aldrich (purities ≥ 97%) while 2, 6-Diiodopyridine was purchased 

from Accel Pharmtech (purity ≥ 97%). LC-MS grade methanol and water were purchased from 

Thermo Fisher Scientific and all the chemicals were used without further purification. Nitrogen 

gas used for atmospheric pressure chemical ionization (APCI) was derived from boil off of 

liquified nitrogen (purity: 99.998 %) purchased from Linde. 

5.2.2 Sample Preparation 

Solutions containing the radical precursors were prepared at a concentration of 0.5 mM in 

1-1 (v/v) methanol-water. 

5.2.3 Instrumentation 

5.2.3.1 Ion-Molecule Reactions in Linear Quadrupole Ion Trap 

Some of the experiments have been performed using a linear quadrupole ion trap equipped 

with an atmospheric pressure chemical ionization (APCI) source. Solutions containing 

monoradical and biradical precursors were injected into the APCI source by using 500 µL 

Hamilton syringe maintained at a flowrate of 10 µL/min. The APCI source was operated at the 

following conditions: vaporizer temperature of 300 oC. capillary temperature of 250oC, sheath gas 
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(N2) flow rate of 30 (arbitrary units), auxiliary gas (N2) flow rate of 10 (arbitrary units), and 

capillary voltage of 5 kV. Protonated (bi)radical precursors were guided by the ion transfer optics 

into the linear quadrupole ion trap. The ion optics were optimized in order to ensure maximum 

signal intensity of the ions. The protonated radical precursors were then isolated using an isolation 

width of 2 m/z units and a q value of 0.25. The precursors were then subjected to collision activated 

dissociation (CAD) using a collision energy of 30-50 (arbitrary units) and helium as the collision 

gas. The biradical precursors needed two CAD events (MS3) while the monoradical precursors 

needed only one CAD event (MS2). The Bi- and monoradicals generated after CAD were isolated 

and allowed to react with reagent bases introduced into the ion trap. 

An external home-built manifold (described elsewhere)15–17 was used to introduce the 

reference bases into the ion trap. The manifold was maintained at a temperature of 160 oC to ensure 

evaporation of the reference bases. The bases were diluted with helium, introduced in the inlet 

manifold at a flow rate of 0.6 L/h using a Granville-Phillips leak valve. In order to examine the 

exo-/endothermicity of any observed proton transfer reactions, protonated mono- and biradicals 

were allowed to react with the reference bases for varying periods of time. When the relative 

abundances of the reactant ions were < 3 % compared to the most abundant ion in the mass 

spectrum, abundances of all the ions were measured. At this reaction time, the ratio of the 

abundance of the protonated base (and the dimer of the protonated base if observed) to the sum of 

the abundances of all the product ions was determined. This ratio was used to classify the reaction 

as exothermic or endothermic.  

5.2.3.2 Ion-Molecule Reactions in Fourier Transform Ion Cyclotron Resonance (FT-ICR) 
Mass Spectrometer 

Some experiments on the biradicals were also performed using a Finnigan model FTMS 

2001 FT-ICR by previous group members. The instrument was equipped a differentially pumped 

dual cell placed within the magnetic field produced by a 3.0 T superconducting magnet. The two 

cells were separated by a common plate with a 2-mm hole in the center. Usually this plate and 

other two trapping plates were kept at +2 V unless otherwise stated. Two Edwards (Sanborn, NY, 

USA) diffusion pumps (800 L/s) maintained the nominal base pressure in each cell at < 1 × 10-9 

Torr. The diffusion pumps were backed with an Alcatel mechanical pump.  
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In FT-ICR, protonation of the precursors were carried out via methanol chemical ionization 

described elsewhere.18 The conductance limit plate was then grounded for transferring the 

precursor ions into the other cell. Usually the transfer time varied between 100- 160 µs depending 

upon the m/z of the ions. In the second cell, the precursor ions were subjected to sustained off-

resonance irradiation collision-activated dissociation (SORI-CAD)19 to generate protonated mono- 

and biradicals. Prior to isolation of the protonated biradical, either one or five second cooling times 

was used to reduce the extra energy of the biradicals via IR emission and collisions with Ar gas, 

pulsed into the cell using a set of two pulsed valves. Isolation of the biradicals were carried out 

using stored-waveform inversed Fourier transform (SWIT) by ejecting all unwanted ions from the 

cell. The isolated ions were then allowed to react with reference bases introduced into the trap 

using a Granville-Phillips leak valve. 

5.3 Computational Methods  

All the calculations for this project were performed by Dr. Nash. Optimization of molecular 

geometries for all the neutral and protonated species were optimized at the density functional (DFT) 

level of theory by using the correlation-consistent polarized valence-triple- (cc-pVTZ) basis set.20 

An isodesmic reaction involving proton transfer from the charged aromatic (bi)radical to pyridine 

to produce pyridinium cation and the neutral (bi)radical was used to calculate the proton affinities 

(PA) for the mono- and biradicals. In order to derive PAs for the (bi)radicals the calculated 

enthalpy change for the isodesmic reaction was then added to the experimentally determined PA 

for pyridine (222 kcal mol-1).5 The performance of the following levels of theory were compared 

by calculating the PAs for the mono- and the biradicals: (1) (U)B3LYP/cc-pVTZ//(U)B3LYP//cc-

pVTZ, (2) RHF-(U)CCSD(T)//(U)B3LYP/cc-pVTZ, (3) RHF-(U)CCSD(T)/cc-PVTZ//RHF-

(U)CCSD(T)/cc-pVTZ, and (4) CASPT2/CASSCF(m,n)/cc-pVTZ//RHF-(U)CCSD(T)/cc-pVTZ. 

All the calculated PAs were corrected for zero-point vibrational energy differences at 298 K by 

using the (U)B3LYP frequencies. 

5.4 Results and Discussion 

In traditional PA bracketing experiments, exothermic or endothermic proton transfers are 

usually distinguished based on whether they occur or not.21 If only exothermic proton transfer 
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reactions are assumed to occur, observation of proton transfer from a protonate analyte to a 

reference base indicates that the PA of the reference base is greater than that of the analyte. 

However, reactions that are slightly endothermic may still occur, although slowly.13,22 For 

determination of the most endothermic proton transfer reactions that can be observed in a linear 

quadrupole ion trap (LQIT) and a Fourier -transform ion cyclotron resonance mass spectrometer 

(FT-ICR), a series of protonated reference bases were allowed to react with neutral references 

bases, both with known PA values. Next procedures were developed for the differentiating 

between exo- and endothermic proton transfer reactions in these instruments, based on the previous 

results. Using the same procedure, PA values for the mono- and biradicals were experimentally 

determined. 

5.4.1 Proton Affinity Measurements for Reference Bases. 

In both the LQIT and FT-ICR, protonated reference bases (1) were allowed to react with 

neutral reference bases (2), both with known PAs.5,23 The experimental results from LQIT are 

discussed first. As expected, exothermic proton transfer reactions were observed to occur much 

faster than the endothermic proton transfer reactions (Figures 5.1 and 5.2 respectively). 

Experimental data for several endothermic reactions are shown in Table 5.1 and all the data for 

proton transfer reactions between reference bases are shown in Table 5.2. As shown in Table 5.1, 

a proton transfer reaction that is endothermic by 2.5 kcal mol-1 was observed to take place from 

protonated N-ethylacetamide to N, N-dimethylformamide whereas no proton transfer reaction was 

observed from protonated mesitylene to cyclopentanone (a reaction that is endothermic by 3.0 kcal 

mol-1). These results suggest that in the LQIT any proton transfer reaction that can be observed 

must have an enthalpy change less than 3.9 kcal mol -1. 

Mass spectra for gas-phase ion-molecule reactions were recorded at various reaction times. 

When the relative abundance of the reactant ions was < 3% compared to the most abundant ion in 

the mass spectrum, a ratio of the abundance of the protonated reference base 2 ( and the abundance 

of the protonated dimer of the reference base 2, if present) to the sum of the abundances of all ions 

present was calculated (Tables 5.1 and 5.2). For endothermic proton transfer reactions, the ratio 

was observed to be much smaller (< 0.4) while for exothermic proton transfer reactions, the ratios 

were calculated to be > 0.6. The proton transfer reactions whose ratios lie in between 0.4 and 0.6 
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were nearly thermoneutral. These results were subsequently used to determine whether the proton 

transfer reactions observed for mono- and biradicals in LQIT were exo- or endothermic. 

 

Figure 5.1 Mass spectra (MS2) recorded in the LQIT after (a) 500 ms and (b) 1000 ms 
exothermic proton transfer from protonated dimethylcarbonate to 2-methylfuran (introduced into 

the ion trap using manifold) 
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Figure 5.2 Mass spectra (MS2) recorded in the LQIT after (a) 100 ms and (b) 600 ms 
endothermic proton transfer from protonated N, N-dimethylformamide to dicyclopropylketone 

(introduced into the ion trap through the reagent mixing manifold 
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Table 5.1 Structures of Reference Bases 1 and 2, Proton Affinities (PA) of the bases, a ΔPAs, 
and Proton Transfer Observations and Abundance Ratios Determined in a Linear Quadrupole Ion 

Trap Mass Spectrometer (LQIT) 

1aReference 5. bDifference in PA between reference bases 1 and 2. ΔPA is the endothermicity of the proton transfer 
reaction. cRatio of the abundance of protonated base 2 to the sum of the abundances of all ions after all protonated 
base 1 had reacted away (the relative abundance of protonated base 1 was < 3% compared to the most abundant ion 
in the spectrum; see text). dn/a = not applicable because no proton transfer reaction was observed. 
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2.7 

 
 

yes 

 
 

0.01 

   
 

3.0 

 
 

no 

 
 

n/ad 

   
 

3.2 

 
 

no 

 
 

n/ad12 
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Table 5.2 . Observation of Proton Transfer Reactions between Protonated Reference Bases 1 and 
Neutral Reference Bases 2 (introduced into the ion trap), Both with Known PA, in the LQIT. The 

Ratio of the Abundance of the Protonated Reference bases 2 to the Sum of the Abundances of 
All Ions After All the Protonated Base 1 Had Reacted Away. 

protonated base 1 
(PA) 

base 2 
(PA 

ΔPAb 
kcal mol-1 

proton 
transfer 

observed? 

abundance 
ratioc 

  - 8.6 yes 0.70 

198.4 207.0 

  - 3.5 yes 0.83 

203.5 207.0 

  + 3.4 yes 0.06 

210.4 207.0 

  + 5.1 no bnot applicable 

212.1 207.0 

 
 + 7.6 no 

not applicable 
 

214.6 207.0 

 
 + 8.3 no not applicable 

215.3 207.0 

  
-15.6 yes 0.82 

194.8 210.4 
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Table 3.2 continued 

  
-12.0 yes 0.92 

198.4 210.4 

  
-6.9 yes 0.82 

203.5 210.4 

  
-3.4 yes -0.79 

207.0 210.4 

  
+ 1.7 yes 0.06 

212.1 210.4 

  
+ 4.2 no not applicable 

214.6 210.4 

  + 4.9 no not applicable 

215.3 210.4 

  
-17.9 yes 0.80 

194.8 212.1 

  -13.7 yes 0.99 

198.4 212.1 
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Table 3.2 continued 

  
-8.6 yes 0.98 

203.5 212.1 

  
-5.1 yes 0.96 

207.0 212.1 

  -1.7 yes (slow) 0.07 

210.4 212.1 

  
+2.5 yes 0.28 

214.6 212.1 

  
+3.2 no not applicable 

215.3 212.1 
a PAs of reference bases are from reference 19 and have the uncertainty of + 1.9 kcal mol-1. b No proton transfer 
reactions were observed. 
 
 

In FT-ICR the precursor ions may acquire excess internal energy during SORI-CAD and 

ion isolation. For example, an endothermic (ΔPA = 1.8 kcal mol-1) proton transfer reaction was 

observed from 2-methoxypropene to N, N-dimethylformamide after a cooling time of 1 s. In 

attempt to distinguish between exo- and endothermic proton transfer reactions in the FT-ICR, the 

protonated bases 1 were subjected to two cooling times, 1s (normal) and 5 s, prior to isolation and 

ion-molecule reactions. A cooling time of 5 s is expected to cool down the ions considerably and 

hence the cooler ions should not undergo endothermic reactions. Table 5.3 shows whether 

endothermic proton transfer reactions were observed or not after 5 s cooling time. Endothermic 

proton transfer reactions were observed when ΔPA of the reference bases was 0.4 kcal mol-1 and 

1.6 kcal mol-1 but no proton transfer reaction was observed when ΔPA was 1.8 kcal mol-1. These 
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results suggest that when ΔPA of the reference bases is 1.8 kcal mol-1 or greater, endothermic 

proton transfer reactions cannot be observed in FT-ICR.  

The method described above for LQIT was used to determine the PAs of the mono- and biradicals 

whereas the method developed above for the FT-ICR was used to determine the PAs of some of 

the biradicals. 

Table 5.3 Structures of Reference Bases 1 and 2, Proton Affinities (PA) of the reference bases, a 
ΔPAs, and Proton Transfer Observations Determined b in an FT-ICR Mass Spectrometer 

aReference 5. bAfter a cooling time of 5 s. cDifference in PA between reference bases 1 and 2. Note that 
ΔPA is the endothermicity of the proton transfer reaction. 

5.4.2 Proton Affinity Measurements for Monoradicals 

The precursors of the monoradicals (isomeric mono-iodopyridines) were introduced into 

LQIT where they were protonated, transferred into the ion trap, isolated and subjected to CAD to 

cleave off iodine atom to generate the monoradicals (e.g., Scheme 5.1). The monoradicals were 

isolated and allowed to react with neutral reference bases until the relative abundance of the radical 

was < 3% compared to the most abundant ion in the mass spectra. At this time, the ratio of the 

abundance of the protonated base and protonated base dimer (if present) to the sum of the 

abundances of all of the product ions was determined. If the ratio was < 0.4, the reaction was 

protonated base 1 
 (PA) 

base 2 
(PA) 

ΔPAc 
kcal mol-1 

proton 
transfer 

observed?  

 

 

 

 

0.4 

 

yes 

  
 

1.6 

 

yes (slow) 

 

 
1.8 no 

N

H

(217.5 kcal mol-1)

Br

+
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assigned to be endothermic whereas if the ratio was > 0.6, the reaction was designated to be 

exothermic. If the ratio was calculated to be between 0.4 and 0.6, it was designated to be a 

thermoneutral reaction. The final PA values were determined by taking an average of the PA of 

the reference base (if any) for which a thermoneutral reaction was observed and the value obtained 

by taking the average of the PA values of the reference bases undergoing the least endothermic 

reaction and the least exothermic reaction. The final values are shown in red in Table 5.4. The 

similarity of the final values to that of the reference bases supports the accuracy of the determined 

PA values. The error of the PA measurements can be calculated based on the uncertainties of the 

reported PAs of the reference bases. PAs of the reference bases used here has an uncertainty of + 

1.9 kcal mol-1 (NIST database).5 To account for the accuracy of PA values determined here, the 

error for the experimental PA values is estimated to be ± 2.5 kcal mol-1, which is close to the 

commonly accepted error range21,24,25 for bracketing method. 

 

Scheme 5.1 CAD of protonated 2-iodopyridine in an LQIT in order to generate protonated 2-
dehydropyridine via homolytic cleavage of the C-I bond, followed by isolation of the protonated 

monoradical and proton transfer from the monoradical to a reference base (Bref). 

  



 

102 

Table 5.4. Reference Bases, Their Proton Affinities (PA) and Abundance Ratios b Determined in 
a LQIT. The Average of the PA Values of the Reference Bases Whose Ratios Are Given in Bold 

Was Averaged with the PA Value of the Reference Base Observed to Undergo a Nearly 
Thermoneutral Reaction (0.4 < Ratio < 0.6; Underlined in Below Table) to Determine the Final 

PA (Given in Red) for Each Monoradical 

aReference 5. bRatio of the abundance of the protonated reference base (and protonated base dimer if present) to 
the sum of the abundances of all ions after all protonated radicals had reacted away. Values used to derive a PA for 
each monoradical are shown in bold. 

The ratio determined for the proton transfer reaction protonated 2-dehydropyridine to 3-

chloropyridine (PA = 215.9 kcal mol-1) was 0.61 while the ratio for proton transfer reaction from 

protonated 2-dehydropyridine to N, N-dimethylformamide (PA = 212.1 kcal mol-1) was 

determined to be 0.26. These results indicate that proton transfer reaction from protonated 2-

dehydropyridine to 3-chloropyridine (PA = 215.9 kcal mol-1) is exothermic whereas the proton 

transfer reaction from 2-dehydropyridine to N,N-dimethylformamide (PA = 212.1 kcal mol-1) is 

endothermic and the PA of 2-dehydropyridine lies in between those of N- ethyl-acetamide and 

N,N-dimethylformamide (the average of these two values being 214.0 + 2.5 kcal mol-1). Proton 

transfer reaction from protonated 2-dehydropyridine to N-ethylacetamide (PA = 214.6 kcal mol-1) 

was observed to be thermoneutral with ratio = 0.58. Hence the final value was determined to be 

214.3 kcal mol-1 by taking an average of value calculated above (214.0 + 2.5 kcal mol-1) and the 

PA of the reference base N-ethylacetamide (PA = 214.6 kcal mol-1). Similarly protonated 3-

dehydropyridine was observed to undergo exothermic proton transfer (ratio = 0.63) to 3-

chloropyridine (PA = 215.9 kcal mol-1) and endothermic proton transfer to N-ethylacetamide (ratio 

= 0.25). Hence the PA for 3-dehydropyridine was determined to be 215.3 kcal mol-1. Similar 

 
reference 

base    

 

   

PA 
(kcal mol-1) 

207.0 210.4 212.1 214.6 215.3 215.9 217.5 

 
0.04 0.07 0.26 0.58 

214.3 
 0.69 0.88 

 

no 
proton 
transfer 

 0.09 0.25  
0.63 

215.3 
0.64 

 

no 
proton 
transfer 

0.02 0.01 0.23 0.25 0.55 
216.2 

0.72 
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experimental results yielded a PA of 216.2 + 2.5 kcal mol-1 for 4-dehydropyridine. It is noteworthy 

that the experimental PAs of all the monoradicals are lesser than that of pyridine (PA = 222 kcal 

mol-1). This reflects the presence of an electron-withdrawing site in monoradicals. Further, the PAs 

of the monoradicals also reflect the distance of the radical site from the basic nitrogen atom which 

agrees with calculated atomic charges. Calculations indicate that the nitrogen atom has the greatest 

negative charge for pyridine (0.628) followed by 4- (-0.570), 3- (-0.543) and 2-dehydropyridines 

(-0.417). 

5.4.3 Proton Affinity Measurements for Biradicals 

The PAs of isomeric biradicals were measured using both LQIT and FT-ICR. Experimental 

data obtained from LQIT are discussed first followed by data obtained from FT-ICR. In LQIT, 

protonated diiodoprecursors were initially isolated and subjected to two CAD steps in the ion trap 

to cleave two iodine atoms that generated protonated biradicals. The protonated biradicals were 

again isolated and allowed to react with reference bases with known PAs (Scheme 5.2) for variable 

reaction times until the relative abundance of the biradicals were < 3% compared to the most 

abundant ion in the mass spectrum. At this reaction time, the ratio of the abundances of the 

protonated reference bases (and protonated base dimers if present) to the sum of the abundances 

of all the product ions were determined in order to distinguish between exo- and endothermic 

proton transfer reactions. As explained in case of monoradicals, a reaction was assigned to be 

endothermic if the ratio was <0.4, exothermic if it was >0.6, and thermoneutral in between. The 

final PA values were determined by taking the average of the PAs of the reference bases 

undergoing the least endothermic reaction and the least exothermic reaction (Table 5.5). 

 

Scheme 5.2 CAD of protonated 2,3-diiodopyridine in an LQIT in order to generate protonated 
2,3-didehydropyridine via homolytic cleavages of the two C-I bonds, followed by isolation of the 

protonated biradical and proton transfer from the biradical to a reference base (Bref) 
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Figure 5.3 shows tandem mass spectra (MS3) recorded after reactions between protonated 

2,6-didehydropyridine and N-ethylacetamide in the LQIT for 30 ms and 150 ms. As shown in 

Figure 5.3, the relative abundance of protonated N-ethylacetamide (m/z 88) is high at short 

reaction times whereas the relative abundance of the protonated base dimer (m/z 175) increases 

significantly at higher reaction times. Ion corresponding to m/z 70 is a fragment of protonated N-

ethylacetamide. Hence during determination of ratio of the protonated base, protonated base dimer 

and fragment ion of m/z 70 are also considered. The ratio was calculated to be 0.88, indicating an 

exothermic proton transfer (Table 5.5). Reactions of protonated 2,6-didehydropyridine with other 

reference bases suggested that the PA of 2,6-didehydropyridine lies in between PAs of 2-butanol 

(PA= 194.8 kcal mol-1) and dimethylcarbonate (PA = 198.4 kcal mol-1) and a final PA of 196.6 ± 

2.5 kcal mol-1 was assigned to 2,6-didehydropyridine.  

 

Figure 5.3 Mass spectra (MS3) recorded using the LQIT after (a) 30 ms and (b) 150 ms reaction 
of protonated 2,6-didehydropyridine with N-ethylacetamide. Proton transfer is exothermic. 
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Mass spectra measured after reactions of protonated 2,3-didehydropyridine with N- 

methylformamide for 5 ms and 10 ms are shown in Figure 5.4. As shown in Figure 5.4 the 

abundance of protonated N-methylformaldehyde (m/z 60) does not increase significantly with 

reaction time and the major reaction is formation of an adduct that has lost the formyl radical (m/z 

108). The ratio of the abundance of protonated N-methylformamide at the end of the reaction was 

0.05, indicating that the proton transfer reaction is endothermic (Table 5.5). Similarly, reactions 

of protonated 2, 3-didehydropyridine with other reference bases indicated that the PA of 2, 3-

didehydropyridine lies in between the PAs of N-methylformamide and 2-methylfuran (PA = 207.0 

kcal mol-1) and a final PA of 205.3 kcal mol-1 was assigned to 2, 3-didehydropyridine. The PAs of 

all other biradicals were determined similarly with two exceptions (Table 5.5). 

 

Figure 5.4 Mass spectra (MS3) recorded using the LQIT after (a) 5 ms and (b) 10 ms reaction of 
protonated 2,3-didehydropyridine with N-methylformamide. Proton transfer is endothermic 
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The PAs of the same biradicals were also determined in FT-ICR. The biradical precursors were 

introduced into FT-ICR cell, protonated using chemical ionization using methanol as reagent 

followed by sustained off-resonance irradiation collision-activated dissociation (SORI-CAD) to 

generate the radical sites (Scheme 5.3). The protonated biradicals were then cooled for 5 s using 

collisions with Ar, followed by isolation and ion-molecule reactions with various reference bases 

(Table 5.3). The results obtained are reported in Table 5.5 and it is noteworthy that proton transfer 

reactions with endothermicity less than 1.8 kcal mol-1 cannot be differentiated from exothermic 

reactions using this approach. The results obtained in FT-ICR are in agreement with those obtained 

in LQIT except one. 

 

Scheme 5.3 Transfer of protonated 2,3-diiodopyridine from the first cell into the second cell of 
the FT-ICR, followed by SORI-CAD in order to generate the protonated 2,3-didehydropyridine 

biradical, cooling of the biradical for either 1 s or 5 s, isolation (using the SWIFT 

The experimentally determined PA values for 2,3-didehydropyridine, 2,4-

didehydropyridine, 2,6-didehydropyridine, 3,4-didehydropyridine and 3,5-didehydropyridine are 

205.3 ± 2.5 kcal mol-1, 209.6 ± 2.5 kcal mol-1, 196.6 ± 2.5 kcal mol-1, 213.4 ± 2.5 kcal mol-1 and 

214.0 ± 2.5  kcal mol-1, respectively (Table 5.5). 

5.4.4 Calculated Proton Affinities for Mono- and Biradicals 

PAs of the radicals discussed above were calculated by Dr. Nash at several levels of theory 

and compared to those obtained experimentally. Geometries were optimized at both the 

(U)B3LYP/cc-pVTZ and RHF-(U)CCSD(T)/cc-pVTZ levels of theory while energies were 

computed at the (U)B3LYP/cc-pVTZ, RHF-(U)CCSD(T)/cc-pVTZ, and CASPT2/cc-pVTZ levels 

of theory. the PA values calculated at the (U)B3LYP//(U)B3LYP level of theory have the largest 

range of error (–5.0 to +2.6 kcal mol-1) compared to other levels of theory examined and PAs 

calculated by using (U)B3LYP//(U)B3LYP may only be reliable to 4–5 kcal mol-1. The 

performance of CASPT2 using RHF-(U)CCSD(T) optimized geometries appears to be about
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Table 5.5. Structures of Reference Bases, Proton Affinities (PA) of the Bases,a Proton Transfer Observations When Using the Fourier-
transform Ion Cyclotron Resonance Mass Spectrometer, b and the Linear Quadrupole Ion Trap Mass Spectrometer,c and the Final PA 

(in Bold Red) 

aReference 5. Note that each of these values has an uncertainty of + 2.5 kcal mol-1. b + Indicates observation of an exothermic proton transfer in FT-ICR; – indicates 
not. cAbundance ratios in parenthesis if proton transfer was observed in LQIT. dThe final PA is the average of the PA values of the reference bases whose ratios 
are given in bold, with two exceptions. eThe PA of this base undergoing the least exothermic proton transfer reaction based on ICR results (+) was taken as the 
upper limit for the unknown PA.  fThis base showed no proton transfer reaction so no ratio could be determined. gSee discussion on this assignment in the FT-ICR 
results section. 

reference 
base   

   
 

 

 

  

PA 
(kcal 
mol-1) 

191.8 194.8 198.4 203.5 207.0 210.4 212.1 
 

212.4 214.6 215.9 217.5 

 

 
(no 

proton 
transfer) 

- (0.02) - (0.05) 
+  

(0.65) 
205.3 

(0.62) + 
 

(0.69)   

 

  

(no 
proton 
transfe

r) 

 - 
(0.13) 

- (0.07) 
 
 
 

+ e  
209.6 

 

 
(0.66) + (0.61) 

 
  

 

- (no 
proton 
transfe

r) 

- (no 
proton 

transfer
)f 

+ 
(0.70) 
196.6 

+ 
(0.92) 

(0.82) 
+ 

(0.84) 
(0.77) 

 
 

(0.88) 
 

  

 
   - - (0.12) - (0.32) 

 
+ (0.75) 
213.4 

+ (0.67)  

 
   - 

(no 
proton 

transfer) 
 - (0.13) 

 
- (0.62) 
214.0g 

 
+ (0.60) 

 
+ (0.65) 
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Table 5.6 Calculateda,b,c Proton Affinities (PA) for Mono- and Biradicals at Different Levels of Theory and Differences Between 
Calculated and Experimental Values (ΔPA) 

 (U)B3LYP// 
(U)B3LYP 

ΔPAd RHF-(U)CCSD(T)// 
(U)B3LYP 

ΔPAd RHF-(U)CCSD(T)// 
RHF-(U)CCSD(T) 

ΔPAd CASPT2// 
RHF-(U)CCSD(T) 

ΔPAd exp. 

2-DPe 209.3 -5.0 210.2 -4.1 210.2 -4.1 211.1 -3.2 214.3 ± 2.5  
3-DP 216.2 +0.9 216.5 +1.2 215.3 -0.0 217.2 +1.9 215.3 ± 2.5  
4-DP 217.3 +1.1 217.7 +1.5 217.6 +1.4 218.1 +1.7 216.2 ± 2.5  
2,3-DDPe 203.6 (198.3) -1.7 206.8 (200.4) +1.5 207.0 (200.3) +1.7 207.7 (202.9) +2.4 205.3 ± 2.5  
2,4-DDP 211.7 (206.4) +2.1 208.2 (207.4) -1.4 207.4 (207.3) -2.2 206.0 (208.3) -3.6 209.6  ± 2.5  
2,6-DDP 204.1 (195.9) -0.7 217.3 (196.9) 0.3 208.0 (196.9) 0.3 207.4 (198.4) +1.8 196.6 ± 2.5  
3,4-DDP 209.4 (212.0) -4.0 209.8 (211.3) -3.6 209.8 (211.2) -3.6 212.1 (213.1) -1.3 213.4 ± 2.5  
3,5-DDP 216.6 (207.8) +2.6 215.1 (207.8) +1.1 214.3 (207.7) +0.3 213.5 (211.5) -0.5 214.0 ± 2.5  
          
MUEf  2.3  1.8  1.7  2.1  
          
max. error  +2.6  +1.5  +1.7  +2.4  
min. error  -5.0  -4.1  -4.1  -3.6  
Range  7.6  5.6  5.8  6.0  

aAll values in kcal mol-1; the cc-pVTZ basis set was used for all calculations. bProton affinities were calculated by using an isodesmic equation involving proton 
transfer from the protonated (bi)radical to pyridine to produce the neutral (bi)radical and pyridinium cation. cPA values for the triplet states of the biradicals are 
given in parentheses. dΔPA = PAcalc - PAexp. e”DP”: dehydropyridine; “DDP”: didehydropyridine. fMean Unsigned Error. 
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the same as that for the RHF-(U)CCSD(T)//(U)B3LYP and RHF-(U)CCSD(T)//RHF-(U)CCSD(T) 

levels of theory with the range of error being –3.6 to +2.4 kcal mol-1 and this level of theory is 

expected to be reliable to ca. 3–4 kcal mol-1. 

Among the biradicals, 2,6-didehydriopyridine is particularly interesting because 

protonated 2,6-didehydropyridine is known10 to undergo proton transfer from its lowest-energy 

excited triplet state, which is more acidic (by ca. 10 kcal mol-1; Table 5.5) than its (ground) singlet 

state. The experimentally determined PA value (196.6 + 2.5 kcal mol-1) is in much better 

agreement with the calculated PA for the triplet state than that for the singlet state (CASPT2//RHF-

(U)CCSD(T): 198.4 and 207.4 kcal mol-1 for the triplet and singlet states, respectively; Table 5.6). 

Hence the present study is consistent with the previously published study.10 

5.5 Conclusions 

The proton affinities (PA) of several mono- and biradicals of pyridine were experimentally 

determined and compared to PA values derived after calculations at various levels of theory. Both 

LQIT and FT-ICR mass spectrometers were used for the experimental studies. A modified 

bracketing technique has been developed in both the instruments to distinguish between endo-and 

exothermic proton transfer reactions. The PAs of the monoradicals lie between 214–217 kcal mol-

while the PAs of the biradicals are lower (205–214 kcal mol-1). It is noteworthy that The PAs of 

all the mono- and biradicals are considerably lower than that of pyridine (222 kcal mol-1) which 

maybe because of the electron deficient nature of the radical site(s) and species containing more 

radical sites are expected to have a lower PA. Mono- and biradicals that had a radical site (s) farther 

from the basic pyridine nitrogen were observed to have greater PA. Among the monoradicals, 4-

dehydropyridine was found to have the largest PA (216.2 ± 2.5 kcal mol-1) while 2-

dehydropyridine was found to have the smallest PA (214.3 ± 2.5 kcal mol-1). The same applies to 

the biradicals except in case of 3,5-didehydropyridine. In overall the experimentally determined 

PA values are in good agreement with the calculated PA values. Among the levels of theory used 

for calculation of PAs, (U)B3LYP//(U)B3LYP is the least reliable (estimated error: 4–5 kcal mol-

1) while the performance of the RHF-(U)CCSD(T)//(U)B3LYP, RHF-(U)CCSD(T) and 

CASPT2//RHF-(U)CCSD(T) levels of theory are slightly better. 
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 COMPARISON OF SOLUTION AND GAS-PHASE 
REACTIONS OF 1,4-DIDEHYDROPHENAZINE BIRADICAL WITH 

VARIOUS NEUTRAL REAGENTS 

6.1 Introduction 

Certain drugs such as calicheamicin γ1
Ι and dynemicin A undergo nucleophile-induced 

Bergman cyclization to generate para-benzyne biradicals. The para-benzyne biradicals can 

irreversibly abstract hydrogen atoms from DNA strands, causing DNA degradation which may 

eventually lead to apoptosis of healthy cells.1,2 This mechanism of action of the enediyne drugs 

has brought increased attention and interest to the Bergman cyclization reaction. The mechanism 

of enediyne drugs involving Bergman cyclization has been utilized for development of clinical 

drugs, but the drugs have been found to be too toxic for human use.3–9 Hence, an improved 

understanding of para-benzynes is necessary for designing and development of synthetic 

anticancer drugs. 

The Bergman cyclization of enediyne containing compounds has been known to be 

triggered by heat, protons or nucleophiles.10–12 Heat-induced Bergman cyclization has been 

explored extensively both theoretically and experimentally.13–16 Reaction conditions involving 

high temperature are not suitable for biological systems. However, inside target cancer cells phot-

induced cyclization can be triggered at normal temperature and.17,18 Although the first photo-

induced Bergman cyclization was discovered by Campbell in 1968, photochemistry of enediynes 

was not investigated until 1990s.19 Since 1994, substantial research has been carried out on the 

photochemistry of enediynes.20–23  

The kinetics and mechanisms of enediyne cyclization have been investigated extensively 

in the past few decades and parameters such as the nature of substituents at the alkyne termini of 

the enediynes.24–29 For example, photon irradiation of propyl substituted enediynes in isopropanol 

produced both Bergman cyclization products and photoreduction products of a triple bond of 

enediyne whereas the phenyl-substituted enediynes under similar conditions produced only 

Bergman cyclization products.12 Triplet sensitization of enediynes with propyl substituents on the 

triple bonds using xanthones as the triplet sensitizer yielded higher amount of photoreduction 

products compared to the Bergman cyclization products.12 These results suggested that the 

Bergman cyclization reactions likely involved either excited singlet or triplet states. 
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Electronic repulsion between the in-plane π-orbitals of the alkyne groups was proposed to 

lower the activation enthalpy for Bergman cyclization of enediynes with electron withdrawing 

groups at the alkyne termini.30–32 Computational studies showed that the electronic repulsion 

caused by substituent-induced structural perturbation resulted in the acceleration of Bergman 

cyclization in both cyclic and acyclic enediynes.33  

Previous studies also reported that the architecture of the enediyne also affects the 

activation energy of the Bergman cyclization. Experimental results suggested that the activation 

energy of Bergman cyclization is lower for conformationally rigid enediynes than for less rigid 

systems, leading to higher yield of cyclization products in rigid systems. For example, nine-

membered enediynes were found to undergo photon-induced Bergman cyclization more efficiently 

than ten-membered cyclodeca-1,5-diyn-3-ene.34 In the case of heteroarene-fused enediynes, 

electron deficient heteroenediynes, e.g., pyridine-fused enediynes, were found to have lower 

activation energy compared to the benzene-fused enediynes.16 However, very few studies 

regarding photochemistry of heteroaromatic enediynes have been reported so far. In this study both 

heat-induced and photon-induced Bergman cyclization of 2,3-diethynylquinoxaline have been 

investigated in the presence of different reagents: allyl iodide (AI), dimethyldisulfide (DMDS) and 

tetrahydrofuran (THF). The products were ionized using atmospheric pressure chemical ionization 

(APCI) and characterized using tandem mass spectrometry, high resolution accurate mass analysis 

and gas-phase ion-molecule reactions. A comparison between gas-phase and solution reactivities 

of the generated para-benzyne (1,4-didehydrophenazine) has been explored in this study using the 

same reagents. The above reagents have been chosen because they have been extensively used for 

decades to investigate the reactivities of radical cations in the gas phase.35,36  

6.2 Experimental 

The para-benzyne analog (1,4-didehydrophenazine) was generated both in solution and 

gas-phase. 1,4-Didehydrophenazine was then allowed to react with neutral reagents such as allyl 

iodide (AI), dimethyldisulfide (DMDS) and tetrahydrofuran (THF). The details of such 

experiments are discussed sequentially.  



 
 

115 

6.2.1 Chemicals 

1,4-Diiodophenazine was used as the precursor for the generation of 1,4-

didehydrophenazine. 1,4-Diiodophenazine was synthesized from benzene-1,2-diamine using a 

previously published procedure37 as shown in Scheme 6.1. All the chemicals were purchased from 

Sigma Aldrich and were used without further purification. The structure of the final product (1,4-

diiodophenzine) was verified by using X-ray crystallography and the corresponding data are 

shown in Scheme 6.1. A para-benzyne analog, protonated 1,4-didehydrophenazine, was generated 

from protonated 1,4-diiodophenazine in the gas phase in a linear quadrupole ion trap (LQIT) by 

using a procedure described in the experimental section (6.2.2). 

 

Scheme 6.1 Scheme showing synthesis of 1,4-diiodophenazine along with the X-ray 
crystallographic data for the synthesized product 

 

Scheme 6.2  Chemical synthesis of 2,3-diethynylquinoxaline from 2,3-dichloroquinoxaline 
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1,4-Didehyrophenazine was generated in solution by heat-induced and photon-induced 

Bergman cyclization of 2,3-diethynylquinoxaline. 2,3-Diethynylquinoxaline was synthesized from 

2,3-dichloroquinoxaline by using a previously published synthetic procedure (Scheme 6.2).38 The 

reagents allyl iodide (AI), dimethyldisulfide (DMDS) and tetrahydrofuran (THF) were all 

purchased from Sigma Aldrich and had purity of > 98 %. All the reagents were used without further 

purification. N2 used for atmospheric pressure chemical ionization was purchased from Linde.  

6.2.2 Experimental Section 

Investigation of the gas-phase reactivity of para-benzyne analog was performed in a linear 

quadrupole ion trap (LQIT) equipped with an atmospheric pressure chemical ionization (APCI) 

source operating in positive ion mode. 1,4-Diiodophenazine was dissolved in 1-1 (v/v) methanol-

water at a concentration of 0.01 mM and injected into APCI source. After ionization, protonated 

1,4-diiodophenazine was transferred into the ion trap. Ions corresponding to protonated 1,4-

diiodophenazine were isolated in the ion trap using an isolation width of 2 m/z units and a q value 

of 0.25. The isolated ions were then subjected to collision-activated dissociation (CAD) using a 

collision energy of 30 (arbitrary units) and helium as the collision gas. Upon CAD, protonated 1,4-

diiodophenazine lost an iodine atom and generated a monoradical. The monoradical was again 

isolated and subjected to CAD, which led to the loss of the second iodine atom and generation of 

the desired biradical (protonated 1,4-didehydrophenazine). The biradical was again isolated and 

allowed to react for variable times with neutral reagents introduced into the trap by using an 

external manifold. The neutral reagents were introduced into the ion trap by using a home-built 

manifold described elsewhere.39–41 The manifold was maintained at a temperature of 160 oC and 

the reagents were diluted with helium  

A Rayonet reactor chamber (Model RPR-200, Southern New England Ultraviolet Co.) 

equipped with sixteen 253 nm wavelength UV lamps was used for photon-induced Bergman 

cyclization. Solutions containing 2,3-diethynylquinoxaline and allyl iodide (AI) or 

dimethyldisulfide (DMDS) or tetrahydrofuran (THF) were prepared and deoxygenated by purging 

with argon for 5 mins. The solutions were then transferred into quartz tubes and irradiated for 

variable times. “Dark control” experiments were also performed where an aliquot of the sample 

solution was placed into into a vial, the vial was wrapped with aluminum foil and subjected to 

irradiation under the same experimental conditions as the reaction solutions. The photolysis 
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reaction chamber was maintained at 15 oC to ensure that the reaction products are produced by 

photolysis of the irradiated reaction mixture and not by thermal activation of the mixture. The 

reaction mixtures were analyzed using a linear quadrupole ion trap coupled with a high resolution 

orbitrap mass spectrometer (LTQ-Orbitrap XL). In some cases, gas-phase ion-molecule reactions 

were also used to identify the products formed by Bergman cyclization products. 

Heat-induced Bergman cyclization of 2,3-diethylnylquinoxaline was also investigated. 

Solutions of 2,3-diethynylquinoxaline in allyl iodide (AI) or tetrahydrofuran (THF) were prepared 

and purged with argon for 10 mins. Solutions of 2,3-diethynylquinoxaline in allyl iodide or in THF 

were heated to 60 oC. Both the reactions were carried out under inert atmosphere (in the presence 

of argon). Aliquots containing reaction mixture were withdrawn at intervals of one hour, ionized 

using positive mode APCI and analyzed using LTQ-orbitrap-XL. Following conditions were used 

upon APCI: vaporizer temperature 300 0C, capillary temperature 250 0C, capillary voltage 5 

(arbitrary units), sheath gas (N2) 30-40 (arbitrary units), auxiliary gas (N2) 10-15 (arbitrary units), 

tube lens voltage 20 Volts 

6.3 Results and Discussion 

The para-benzyne analog 1,4-didehydrophenazine was generated in solution by photon-

induced and heat-induced Bergman cyclization of 2,3-diethynylquinoxaline in the presence of 

tetrahydrofuran (THF) or dimethyldisulfide (DMDS) or allyl iodide (AI). The reaction products 

were analyzed using tandem mass spectrometry and high-resolution mass analysis. Protonated 1,4-

didehydrophenazine was generated in the gas phase by collision-activated dissociation (CAD) of 

protonated 1,4-diiodophenazine and was allowed to react with the same reagents mentioned above. 

Reactivities of various reagents towards protonated 1,4-didehydrophenazine in the gas phase and 

towards 1,4-didehyrophenazine in solution are discussed below. 

6.3.1 Reactivity of para-Benzyne Toward Tetrahydrofuran in the Gas Phase and in 
Solution 

Protonated 1,4-diiodophenazine was isolated in the ion trap and subjected to two CAD 

events to generate protonated 1,4-didehydrophenazine which was again isolated and allowed to 

react with THF for various times. Mass spectra recorded at 1 s and 5 s reaction times are shown in 
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Figure 6.1. As shown in Figure 6.1, THF addition is the major reaction and abstraction of 2 H 

atoms also occurs, albeit slowly. The efficiency for the reaction was measured to be 1.1 %. 

 

Scheme 6.3 Generation of protonated 1,4-didehydrophenazine by CAD followed by ion-
molecule reactions with tetrahydrofuran (introduced into the ion-trap by using a manifold) 

 

Figure 6.1 Mass spectra showing gas-phase ion-molecule reaction products when protonated 1,4-
didehydrophenazine biradical was allowed to react with tetrahydrofuran (introduced through 

manifold) for a) 1 s and b) 5 s 

The para-benzyne analog 1,4-didehydrophenazine was also generated in solution using 

photon-induced and heat-induced Bergman cyclization (Scheme 6.4). Photon-induced Bergman 

cyclization was carried out by irradiating a solution of 2,3-diethynylquinoxaline in tetrahydrofuran 

for 30 mins by UV light of wavelength 253 nm. The products were diluted using methanol and 

ionized using positive mode APCI before being analyzed by LQIT. A ‘dark control’ experiment 

was also performed under the same experimental conditions. A solution containing neat THF was 
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also irradiated under the same experimental conditions. Mass spectrum measured for the products 

generated in solution reactions by the products of photon-induced Bergman cyclization of 2,3-

diethynylquinoxaline is shown in Figure 6.2.  

 

Scheme 6.4 Generation of 1,4-didehydrophenazine by photon-induced and heat-induced 
Bergman cyclization of 2,3-diethynylquinoxaline 

As shown in Figure 6.2b, 2,3-diethynylquinoxaline does not undergo any reactions under 

dark control experiments. In the presence of UV irradiation protonated 2,3-diethynylquinoxaline 

undergoes Bergman cyclization to generate 1,4-didehydrophenazine in solution. 1,4-

Didehydrophenazine reacts with THF to generate products corresponding to THF-addition (m/z 

251) and 2 THF-addition (m/z 323) (Figure 6.2). 

Heat-induced Bergman cyclization of 2,3-diethynylquinoxaline was carried out by heating 

a solution of 2,3-diethynylquinoxaline dissolved in THF at 60 oC for 5 hours. The products were 

analyzed using APCI as the ionization source and the LTQ-orbitrap XL as mass analyzer. Mass 

spectra showing the solution reaction products at various reaction times are shown in Figure 6.3. 

THF addition is the major product, with the product corresponding to 2 THF-addition being the 

minor product. The reaction was almost complete after 5 hours. As shown in Figures 2and 3, 2,3-

ditheynylquinoxaline underwent photon-induced and heat-induced Bergman cyclization to 

generate 1,4-didehydrophenazine which reacted with THF in solution to generate a product 

corresponding to THF addition. This indicated that both photon-induced and heat-induced 

Bergman cyclization yielded the same biradical species. It is noteworthy that protonated 1,4-

didehydrophenazine biradical reacts with THF in the gas phase to generate the same product ion 
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corresponding to THF addition (Figure 6.1). This finding suggests that the reactivity of protonated 

1,4-didehydrophenazine in the gas phase is similar to the reactivity of neutral 1,4-

dehydrophenazine in solution.  

 

 

Figure 6.2 Figure showing mass spectra measured  a) for ionized photolysis products when THF 
was irradiated for 30 mins, b) in dark control experiments and c) when 2,3-diethynylquinoxaline 
was subjected to photon-induced Bergman cyclization  induced  using an UV irradiation of 253 

nm for 30 mins in the presence of THF 
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Figure 6.3 Figure showing mass spectra measured for thermally induced (60 oC) Bergman 
cyclization of 2,3-diethynylquinoxaline in presence of THF after a) 1 hour, b) 3 hours and c) 5 

hours 
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6.3.2 Reactivity of para-Benzyne Toward Dimethyldisulfide in the Gas phase and in 
Solution 

 

Scheme 6.5 Generation of protonated 1,4-didehydrophenazine by CAD followed by ion-
molecule reactions with dimethyldisulfide in the gas phase  

Protonated 1,4-didehydrophenazine was generated using two successive CAD events on 

protonated 1,4-diiodophenazine. The biradical was isolated and allowed to react with DMDS for 

various reaction times. Figure 6.4 shows the mass spectra recorded after 1 s and 10 s reactions. 

As shown in Figure 6.4, product corresponding 2-thiomethyl abstraction (m/z 273) was the major 

product. It is noteworthy that product corresponding to two SCH3 abstraction is a secondary 

reaction product of mono-SCH3 abstraction product (m/z 226). The efficiency for the total reaction 

was measured to be 35 %. Water addition products (m/z 197) from residual moisture in the trap 

were also observed. 

DMDS is known to undergo thermal decomposition.42 Hence, experiments leading to heat-

induced Bergman cyclization of 2,3-diethynylquinoxaline were not performed. Photon-induced 

Bergman cyclization of 2,3-diethynylquinoxaline in the presence of DMDS were performed using 

UV irradiation at 253 nm for 45 mins (Scheme 6.6). The products were ionized using positive 

mode APCI. The mass spectra recorded for irradiated DMDS experiments, dark control 

experiments and irradiated reaction mixture containing 2,3-diethynylquinoxaline in DMDS are 

shown in Figure 6.5. As shown in Figure 6.5 c and Figure 6.4, product corresponding to 

abstraction of two SCH3 groups was the major product obtained both in the gas phase and in 

solution. This finding indicated similar reactivities for protonated 1,4-didehydrophenazine 

biradical in the gas phase and for the neutral 1,4-didehydrophenazine (generated by photon-

induced Bergman cyclization) towards DMDS in solution. 

 

 



 
 

123 

 

 

Figure 6.4 Mass spectra measured after  protonated 1,4-didehydrophenazine biradical was 
allowed to react with dimethyldisulfide  for a) 1 s and b) 10 s  in the gas phase 

 

 

Scheme 6.6 Generation of 1,4-didehydrophenazine by photon-induced Bergman cyclization of 
2,3-diethynylquinoxalineinduced by  UV irradiation at 253 nm for 45 mins in the presence of 

DMDS. 
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Figure 6.5 Figure showing mass spectra measured a) after  DMDS was irradiated for 45 mins, b) 
in dark control experiments and c) after 2,3-diethynylquinoxaline was subjected to photon-
induced Bergman cyclization induced using an UV irradiation of 253 nm for 45 mins in the 

presence of DMDS 
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6.3.3 Reactivity of para-Benzyne Toward Allyl Iodide in the Gas Phase and in Solution 

 

Scheme 6.7 Generation of protonated 1,4-didehydrophenazine by CAD of protonated 1,4-
diiodopyridine followed by ion-molecule reactions with allyl iodide 

Protonated 1,4-diiodophenazine was isolated in the ion trap and subjected to two successive 

CAD events to generate protonated 1,4-didehydrophenazine biradical which was isolated and 

allowed to react with AI for varying reaction times. The mass spectra recorded after 5 s and 10 s 

are shown in Figure 6.6. As shown in Figure 6.6, the major reaction observed was allyl iodide 

addition to protonated 1,4-didehydrophenazine whereas product ions corresponding to abstraction 

of two iodine atoms were also formed, albeit slowly. The efficiency of the reaction was measured 

to be 14 %.   

1,4-Didehydrophenazine biradical was also generated by photon-induced and heat-induced 

Bergman cyclization of 2,3-diethynylquinoxaline in the presence of allyliodide. In the case of 

photon-induced Bergman cyclization, a solution containing 2,3-diethynylquinoxaline and 

allyliodide was irradiated with UV light at 253 nm wavelength at 15 oC for 30 mins (Scheme 6.6). 

A solution containing neat allyl iodide was also irradiated. ‘Dark control’ experiments were also 

performed. The mass spectra recorded are shown in Figure 6.7. As shown in Figure 6.7c, the 

major product ion (m/z 433) corresponds to abstraction of two iodine atoms which is an indication 

of successful generation of the biradical by photon-induced Bergman cyclization in solution. 

Product ion (m/z 687) corresponding to abstraction of four iodine atoms was also observed. 

However, CAD studies (Figure 6.8) indicate that ion of m/z 687 is a weakly bonded I2 adduct of 

the product ion with m/z 433. Heat-induced Bergman cyclization of 2,3-diethynylquinoxaline was 

carried out by heating a mixture of 2,3-diethynylquinoxaline and allyl iodide at 60 oC for 12 hours 

(Scheme 6.6). Aliquots of the reaction mixture were withdrawn every hour and analyzed. Mass 

spectra recorded at three different reaction times are shown in Figure 6.9. 

. 
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Figure 6.6 Mass spectra measured after  protonated 1,4-didehydrophenazine biradical was 
allowed to react with allyl iodide  for  a) 1 s and b) 10 s in the gas phase 

 

Scheme 6.8 Generation of 1,4-didehydrophenazine by photon-induced and heat-induced 
Bergman cyclization of 2,3-diethynylquinoxaline in the presence of allyl iodide 
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Figure 6.7 Figure showing mass spectra measured  a) after allyl iodide was irradiated for 30 
mins, b) in dark control experiments and c) after 2,3-diethynylquinoxaline was subjected to 

photon-induced Bergman cyclization induced using UV irradiation of 253 nm for 30 mins in the 
presence of allyl iodide 
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Figure 6.8 Mass spectra measured after  product ion of m/z 687 was subjected to CAD at a 
collision energy of 12 (arbitrary units) 

 

Figure 6.9 Figure showing mass spectra measured after heat-induced (60 oC) Bergman 
cyclization of 2,3-diethynylquinoxaline in the presence of allyl iodide after a) 4 hours, b) 8 hours 

and c) 12 hours. 
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As shown in Figure 6.9, the major product formed after heat-induced Bergman cyclization 

of 2,3-diethynylquinoxaline in solution corresponds to addition of two iodine atoms (m/z 433). 

Product corresponding to abstraction of four iodine atoms (m/z 687) was also formed. However, 

CAD experiments suggest that ion with m/z 687 is an I2 adduct of ion of m/z 433. It is noteworthy 

that in solution after photon-induced and heat-induced Bergman cyclization reactions, the major 

reaction was abstraction  of 2 iodine atoms (Figures 6.7 and 6.9) whereas in the gas phase, the 

major reaction was addition of allyl iodide. The structure of the product ion of m/z 433 (Figure 

6.7 and 6.9) was verified by gas-phase ion-molecule reactions with allyl iodide. A solution 

containing the reaction mixture after heat-induced Bergman cyclization of 2,3-

diethynylquinoxaline was introduced into the LQIT. Product ions corresponding to abstraction of 

two iodine atoms (m/z 433) were isolated and subjected to CAD (Scheme 6.7) (MS2). MS2 spectra 

recorded showed that the ion m/z 433 lost one iodine atom and two iodine atoms upon CAD 

(Figure 6.10 a). The fragment ions corresponding to the loss of two iodine atoms were isolated 

(MS3) and allowed to react with allyl iodide. The mass spectra recorded after 10 s is shown in 

Figure 6.10 b. Allyl iodide addition was observed to be the major reaction, which is similar to the 

reactivity of protonated 1,4-didehydrophenazine biradical in the gas phase. 

 

Scheme 6.9 Ionization of products of heat-induced Bergman cyclization of 2,3-
diethynylquinoxaline, followed by isolation of product ion of m/z 433. The isolated ion (m/z 
433) was then fragmented using CAD, followed by isolation of fragment ion of m/z 179. The 

isolated ion (m/z 179) was then allowed to react with allyl iodide. 

The mass spectra shown in Figure 6.10 b indicate formation of allyl iodide addition 

products to ion with m/z 179, similar to the gas-phase reactivity of 1,4-didehydrophenazine with 

allyl iodide (Figure 6.6). This finding confirms that the structure of the product ion of m/z 179 is 

the same as that of protonated 1,4-didehydrophenazine. This evidence suggests that the Bergman 

cyclization of 2,3-diethynylquinoxaline was successful under the current experimental conditions  
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Figure 6.10. a) Figure showing mass spectra after product ion of m/z 433 obtained upon heat-
induced Bergman cyclization of 2,3-diethynylquinoxaline in the presence of allyl iodide was 

subjected to CAD. b) Mass spectrum measured after fragment ion of m/z 179 was isolated and 
allowed to react with allyl iodide for 10 s in the ion trap. 

6.4 Conclusions 

A para-benzyne analog (1,4-didehydrophenazine) was successfully generated in solution 

using both photon-induced and heat-induced Bergman cyclization. Reactivity of protonated 1,4-

didehydrophenazine biradical towards THF and DMDS in the gas phase is similar to the reactivity 

of neutral 1,4-dehydrophenazine towards the same reagents in solution. In contrast, protonated 

1,4-didehydrophenazine biradical reacts with allyl iodide in the gas phase to form an addition 

product whereas 1,4-dehydrophenazine generated via Bergman cyclization reacted with allyl 

iodide in solution by predominant abstraction of two iodine atoms. Further fragmentation 

experiments on the product and additional gas-phase ion-molecule reactions support the successful 

generation of a para-benzyne (1,4-didehydrophenazine) via photon-induced and heat-induced 

Bergman cyclization of 2,3-diethynylquinoxaline in solution. Further, this study indicates that the 
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as-phase ion-molecule reactions of radical cations studied so far can be used to predict the 

reactivities of the corresponding neutral radical species in solution. 
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