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ABSTRACT 

Imidacloprid and thiamethoxam belong to the nitroguanidine subclass of 

neonicotinoid insecticides. Nitroguanidine neonicotinoids induce higher acute and 

chronic toxicity in bees, therefore, analytical methods have been developed to evaluate 

the biological and ecological effects of neonicotinoids. The structures and unimolecular 

chemistries of protonated imidacloprid and protonated thiamethoxam have been studied 

in the gas phase by infrared multiphoton dissociation (IRMPD) spectroscopy and 

computational methods. Electronic structure calculations employing density functional 

theory (DFT) were conducted to determine thermodynamic results, relative enthalpies and 

Gibbs energies, and to compute the infrared frequencies of stretching and bending 

vibrations. Comparison of the experimental IRMPD and computed IR spectra was done to 

identify the vibrational features of the protonated neonicotinoids, imidacloprid and 

thiamethoxam. 

The lowest energy isomer of protonated imidacloprid, protonated at the pyridine 

nitrogen, generates an IR spectrum that is most consistent with the IRMPD spectrum. The 

spectroscopic IRMPD data for protonated imidacloprid urea (loss of N2O), protonated 

desnitroimidacloprid (loss of NO2
•), protonated desnitrosoimidacloprid (loss of NO•), and 

the loss NO• and •OH from protonated imidacloprid are also presented. A DFT calculated 

potential energy diagram of protonated desnitroimidacloprid reveals the energetic barriers 

for intramolecular proton transfer versus bond dissociation of NO2
•. A possible 

mechanism for the loss of NO• and •OH from protonated imidacloprid describes 

isomerization of the NO• loss product ion and tautomerization of the •OH product ion. 



iii 

 

The structures, energetics, and infrared spectra of protonated thiamethoxam were 

computed using the B3LYP and M06-2X methods. There is a discrepancy in the 

computed energies for the lowest energy isomers of protonated thiamethoxam, therefore, 

a comparison of the calculated IR spectra and the IRMPD spectrum reveals that the 

oxygen protonated isomer is the best match. IRMPD spectroscopy experiments in 

conjunction with DFT computations are also performed for protonated desnitro-

thiamethoxam (loss of NO2
•), and protonated dechlorinated desnitro-thiamethoxam (loss 

of NO2
• and Cl•). 
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Chapter 1 – Introduction 

1.1 A Brief History of Neonicotinoid Insecticides 

Currently, there are seven neonicotinoids commercially available on the global market. 

Since the introduction of the first neonicotinoid insecticide, imidacloprid, neonicotinoids 

have become the fastest growing class of chemical insecticides. Neonicotinoids are 

categorized based on their molecular features and divided into sub-classes: N-

nitroguanidines (imidacloprid, thiamethoxam, clothianidin, and dinotefuran), 

nitromethylenes (nitenpyram), and N-cyanoamidines (acetamiprid and thiacloprid).1,2 The 

chemical structures of the identified neonicotinoids are depicted in Figure 1.1.  

 

Figure 1.1. Chemical structures of the neonicotinoid insecticides. 

Nicotinic acetylcholine receptors (nAChRs) are major excitatory neurotransmitter 

receptors found in vertebrates and invertebrates that play a key role in neuronal signal 

transduction.3–6 nAChRs are molecular targets for compounds that exhibit toxic effects in 
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insect pests.3–5 Potent agonists of insect nAChRs disrupt neurotransmission causing 

abnormal behaviour, immobility, and death of target insect organisms.6,7 Nithiazine, a 

nitromethylene heterocyclic compound developed by Shell in the 1970s, demonstrated 

moderate insecticidal activity and was found to be active on insect nAChRs. Nithiazine 

was never used as a commercialized product due to the poor photostability but was used 

in the synthesis of the first neonicotinoid.3,8–11 Substitution of the nitroguanidine group, in 

place of the nitromethylene group and addition of the chloropyridine ring, resulted in the 

development of imidacloprid. Imidacloprid was introduced to the agrochemical market in 

1991 by Bayer CropScience, and since the discovery of imidacloprid several other 

neonicotinoids have been commercialized. Nitenpyram was launched in 1995 by 

Sumitomo Chemical Takedo Agro Company, acetamiprid in 1996 by Nippon Soda, 

thiamethoxam in 1998 by Syngenta, thiacloprid in 2000 by Bayer CropScience, 

clothianidin in 2002 by Takedo and Bayer, and dinotefuran in 2002 by Mitsui 

Chemicals.2,3,11,12  

Neonicotinoids show good activity against pests that are resistant to other classes of 

insecticides such as organophosphates, carbamates, pyrethroids, and chlorinated 

hydrocarbons.13–16 Neonicotinoids were developed to replace synthetic organic 

insecticides in an attempt to integrate a higher specificity for insect pests and to lower 

vertebrate toxic effects that impair cognitive functions, behaviour, and physiological 

functions.16 
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1.2 Motivation for Studying Neonicotinoid Insecticides  

A computational study describing the structural and electronic properties of imidacloprid 

was conducted by Moreira et al.17 to gain information about the charge distribution and 

the binding interaction of imidacloprid with nAChRs. Hirschfeld Population Analysis and 

Natural Population Analysis were performed on imidacloprid structural conformers to 

predict the electronic charges. The electronic charge distribution examination revealed a 

pronounced negative charge in the nitroguanidine moiety due to the electronegative 

oxygen atoms in the nitro group as well as the negatively charged imine nitrogen. The 

delocalized negative charge that is present in the tip of the molecule enhances the 

interaction between imidacloprid and the positively charged amino acid residues on the 

active sites of nAChRs. In addition, the electronegative nitrogen in the chloropyridine 

ring facilitates the binding interaction by acting as a hydrogen bond acceptor.17  

Investigation of the electronic parameters of imidacloprid has proven to be useful in 

understanding the mechanism of molecular recognition of imidacloprid and its receptors. 

Neonicotinoids act as agonists at the nAChRs of insects. The selective toxicity of 

neonicotinoids toward insects over mammals is due to the stronger binding specificity of 

target sites in insects.18–22 Neonicotinoid insecticides are neurotoxins that can cause 

receptor blockage, paralysis, and death in target organisms.23 The systemic uptake of 

these insecticides in plants makes them effective against a broad spectrum of insect 

pests.24,25 The widespread use and persistence of neonicotinoids in soil and water 

environments can have biological and ecological implications on non-target terrestrial and 

aquatic invertebrates.26,27 When honeybees (Apis mellifera) and bumblebees (Bombus 
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terrestris) are exposed to environmental concentrations of neonicotinoids, these pesticides 

present adverse effects such as impairing the following: bee flight ability, foraging 

activity, long-term memory formation, olfactory learning, and immune system response 

thus increasing susceptibility to diseases.28–33 Honeybees are essential for the pollination 

of agricultural crops and wilds plants; therefore, bee pollinators are important for food 

security and the maintenance of biodiversity.6,33  

Neonicotinoids possessing the nitroguanidine moiety induce higher acute and 

chronic toxicity in bees (Acute contact toxicity LD50: imidacloprid 0.081 µg/bee, 

thiamethoxam 0.024 µg/bee. Acute oral toxicity LD50: imidacloprid 0.0037 µg/bee, 

thiamethoxam 0.005 µg/bee. Chronic oral toxicity LD50: imidacloprid >0.00282 

µg/bee).34–36 Consequently, the European Food Safety Authority (EFSA) implemented a 

moratorium on the use of neonicotinoids in flowering crops in 2013 to further assess the 

implications of clothianidin, imidacloprid, and thiamethoxam on non-target organisms, 

specifically, honeybees and bumblebees.37 Similarly, Health Canada’s Pest Management 

Regulatory Agency (PMRA) conducted a pollinator risk assessment to re-evaluate 

imidacloprid and its associated products. Risk mitigation measures have been put in place 

to reduce pollinator exposure and to monitor the effects on honeybee and bumble bee 

colonies, as well as solitary bee species.38  These mitigation measures include, but are not 

limited to, the removal of certain pesticides containing imidacloprid and restrictions on 

application times for crops that are attractive to bees. 

The lethal and sublethal effects on pollinator species caused by exposure to field 

realistic doses of neonicotinoids has prompted the development of analytical methods for 

the determination of neonicotinoids and their metabolites in agricultural products 
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(cucumbers, spinach, apple, pomelo, chestnut, shallot, ginger, tea, cabbage, potato, rice, 

tomato, lettuce, pepper, etc.),39–44 bee products (honeybees, honey, pollen, beeswax),14,45–

49 and in the environment (soil, water)39,50–53. The detection and quantification of 

neonicotinoid insecticide residues in biological matrices is accomplished using liquid 

chromatography coupled with mass spectrometry; these mass spectrometric techniques 

include LC-MS, LC-MS/MS, and UPLC-MS/MS. Studying the structures, energetics, and 

reactions of gas phase ions will allow us to better understand the ion-molecule chemistry 

of these insecticides in a mass spectrometer. Research on the physical chemistry of gas 

phase protonated neonicotinoid complexes studied by tandem mass spectrometry will 

help environmental chemists to improve analytical techniques that are used to detect and 

identify neonicotinoids currently in use. Structural information obtained from gas phase 

studies will aid in the development of alternative pest management methods; replacing 

former neonicotinoids with chemical insecticides that display greater efficacy for 

controlling target pests. 

1.3 Vibrational and Computational Studies of Imidacloprid 

Theoretical infrared and Raman spectra generated from quantum chemistry calculations 

were used to identify vibrational signatures of imidacloprid in vacuum and solvated 

models. The spectral features were assigned using the global minimum energy 

conformers obtained using the M06-2X and B3LYP exchange-correlation functionals 

with the basis set 6-311++G(d,p).54 For the purpose of this summary only the vibrational 

modes identified by infrared (IR) spectroscopy are discussed here. The IR spectrum for 

imidacloprid in the 1200-2000 cm-1 region and the minimum energy conformers obtained 
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from the geometry optimizations are portrayed in Figure 1.2. In the experimental IR 

spectrum of imidacloprid, the absorption bands observed at 1585, 1570, and 1551 cm-1 

correspond to C-H in plane bending, N-C-N and N-C(=N)-N stretching in the 

imidazolidine ring, and N-O and O-N-O stretching in the nitro moiety. The vibrational 

modes observed at 1456 and 1447 cm-1 can be attributed to C=C stretching and CH2 

bending, respectively. The IR bands at 1295 and 1279 cm-1 are due to C-N-H and CH2 

bending and C-C-N stretching in the imidazolidine ring, as well as N-O stretching in the 

nitro group. The absorption band at 1233 cm-1 in the IR spectrum corresponds to N-N-O 

and C=N-N stretching in the nitroguanidine group, N-C=N and C-N-C stretching in the 

imidazolidine ring, and C-C-N stretching in the methylene bridge.54 Moreira et al.54 used 

M06-2X and B3LYP functionals to calculate IR spectra in the solution phase using the 

polarization continuum model (PCM) and in vacuum (VAC). The computational results 

predicted the structural features and vibrational frequencies of imidacloprid. The B3LYP 

functional was found to outperform the M06-2X functional in identifying experimental 

absorption bands, producing the smallest deviation when comparing theoretical 

frequencies to experimental values. In the current thesis, structural characteristics of 

protonated imidacloprid were determined using IRMPD spectroscopy, and experimental 

absorption bands were assigned based on the computed vibrational frequencies obtained 

from DFT calculations.   
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Figure 1.2. The IR spectrum for imidacloprid in the region of 1200 to 2000 cm-1; the 

experimental results are depicted in the top of the figure followed by the theoretical 

results computed using the M06-2X and B3LYP functionals. Figure adapted from 

reference 54 with permission.  

Gas phase imidacloprid structures and reactivities have been studied in the 

protonated form. The proton affinities of imidacloprid were calculated using density 

functional theory (DFT) at the B3LYP/6-311++G(d,p) level of theory.55 The calculated 

proton affinities for each possible protonation site of imidacloprid, desnitroimidacloprid, 

and desnitrosoimidacloprid are presented in Figure 1.3. It has been determined by Donald 

et al.55 that the most favourable site of protonation is the pyridine nitrogen of the 

chloropyridine ring. The next lowest energy site of protonation is the imine nitrogen of 

the nitroguanidine group which is calculated to be 24.2 kJ mol-1 higher in energy than the 
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pyridine basic site. Furthermore, when protonated imidacloprid loses a fragment of NO2
•, 

the imine nitrogen of the guanidine group is computed to be the lowest energy site of 

protonation and is calculated to be 32.7 kJ mol-1 lower in energy than the pyridine 

nitrogen. Similarly, when protonated imidacloprid loses NO•, the imine nitrogen of the 

group is computed to be the lowest energy site of protonation and is calculated to be 20.7 

kJ mol-1 lower in energy than the pyridine nitrogen.55 Vibrational spectroscopy 

experiments are needed to confirm if the fragmentation of the nitroguanidine group 

results in a proton transfer between the pyridine nitrogen and the imine nitrogen or if the 

dissociation of NO2
• and NO• causes the proton to be maintained at the pyridine nitrogen 

basic site. Moreover, it is important to know whether the IRMPD absorption bands of 

desnitroimidacloprid and desnitrosoimidacloprid are more consistent with the calculated 

IR bands of the protonated pyridine nitrogen product ions or the protonated imine 

nitrogen product ions. 

 

Figure 1.3. Calculated proton affinities (in kJ mol-1) for each basic site of (1) 

imidacloprid, (2) desnitroimidacloprid, and (3) desnitrosoimidacloprid. Figure adapted 

from reference 55 with permission.  

Tandem mass spectrometry experiments and DFT calculations were conducted by 

Fusetto et al.56 to compare the structures and dissociation of olefin-imidacloprid to 

imidacloprid. Isomeric structures of the olefin metabolite were explored by placing the 
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proton on all heteroatoms (N and O) and computing the relative proton affinities for each 

protonation site. The B3LYP/6-311G++(d,p) calculated proton affinities and the 

optimized geometries of protonated olefin-imidacloprid are shown in Figure 1.4. 

Protonation at the N5 pyridine nitrogen (2Ha
+) was found to be the thermodynamically 

favoured site of protonation. The succeeding favoured sites of protonation are the O2 

oxygen atom of the nitro group (2Hb
+), the N2 imine nitrogen of the nitroguanidine group 

(2Hc
+), the O1 oxygen atom of the nitro group (2Hd

+), and the N1 nitrogen of the 

imidazole ring (2He
+). The results of the DFT calculations reveal that the ionizing proton 

is positioned on N5 in both imidacloprid55 and olefin-imidacloprid56. Moreover, the O2 

position shows a significant difference in proton affinities, where the relative proton 

affinity obtained for imidacloprid is 32.1 kJ mol-1 and for olefin-imidacloprid is 9 kJ mol-

1. The greatest difference in proton affinities is attained from the proton residing on the 

N1 position, the relative proton affinities were computed to be 122.4 kJ mol-1 for 

imidacloprid and 193 kJ mol-1 for olefin-imidacloprid.55,56 X-ray crystallographic analysis 

of imidacloprid and olefin-imidacloprid showed that extensive delocalization of the 

electron density in the nitroguanidine moiety led to the structure adopting two resonance 

forms, A1 and A2. The resonance forms deriving from tautomer A are displayed in Figure 

1.5. The structural parameters obtained from the Cambridge Crystallographic Data Centre 

(CCDC) suggest that there is a greater contribution by resonance form A2 for olefin-

imidacloprid based on the N-N and C-N bond distances, and that resonance form A1 

predominates in imidacloprid. Resonance form A2 explains why O2  is more basic and 

N1 is less basic for olefin-imidacloprid in comparison to imidacloprid.56  
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Figure 1.4. Optimized geometries of the various protonation sites of olefin-imidacloprid. 

The DFT calculated proton affinities (in kJ mol-1) are relative to the most favourable site 

of protonation 2Ha
+ and are designated as 2Hb

+, 2Hc
+, 2Hd

+, and 2He
+. Figure reproduced 

from reference 56 with permission.  

 

Figure 1.5. Structures containing a nitroguanidine group can exist as two tautomers. 

Tautomer A can be represented by two resonance forms, A1 and A2. Figure adapted from 

reference 56 with permission.  
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Theoretical calculations are often used to support and complement experimental 

results, hence furthering our knowledge about the structures and thermochemical 

properties of molecules. Previous studies investigating the ionization reactions of 

protonated nitroimidazoles have been conducted to show that the position of the proton 

has a role in determining the unimolecular chemistry of 2-nitroimidazole, 4-

nitroimidazole, and 5-nitroimidazole.57,58 The proton affinities of all possible protonation 

sites were assessed by DFT calculations, employing B3LYP/6-31++G(d,p)57 and  M06-

2X/6-311+G(d,p)58 levels of theory. The results of the proton affinity calculations 

indicate that protonation on the nitrogen of the imidazole ring is favoured in contrast to 

the oxygens of the nitro group, thus providing insight into the chemical reactivity.57,58 In 

another study, electronic energies, zero-point energies, and proton affinities for alkyl- and 

nitro- substituted imidazoles were computed using B3LYP and MP2 methods.59 This 

study showed that the electron-donating alkyl groups increase the basicity of the 

imidazole ring; therefore, the proton affinity increases as the chain length of the alkyl 

group increases. The electron-withdrawing nitro groups, on the other hand, decrease the 

basicity of the imidazole, resulting in increased charge delocalization and decreased 

proton affinity.59 

Computational chemistry has been used to determine the preferential sites of 

protonation on structurally related compounds of imidacloprid, specifically 

heteroaromatic molecules.60–62 In a computational study, the calculated proton affinities 

of 23 five-membered heteroaromatic molecules were obtained from the total energies 

computed using the Gaussian-3 (G3) composite method and geometry optimizations 

performed using the MP2 method.60 The G3 proton affinities reveal that the primary site 
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of protonation is the carbon atom adjacent to the heteroatom in molecules with a single 

nitrogen, oxygen, or sulfur atom (furans, pyrroles, and thiophenes). Furthermore, the G3 

proton affinity results show that protonation on the pyridine-type nitrogen occurs in 

heteroaromatics that consist of more than one heteroatom (oxazoles, thiazoles, diazoles, 

triazoles, pyrazoles, and imidazoles). The calculated proton affinities of the most basic 

sites are in excellent agreement with the experimental values reported in the literature.60 

In a similar study, the proton affinities of 24 heterocyclic amines were calculated using 

the B3LYP/6-31G(d) and B3LYP/6-31++G(d,p) levels of theory, as well as the G3B3 

method, a variant of G3 theory in which structures are optimized and zero point 

vibrational energies are calculated using the B3LYP functional.61 The computational 

results demonstrate that the proton tends to interact with the electron lone pair on the ring 

nitrogen. The theoretical proton affinities obtained from B3LYP/6-31++G(d,p) and G3B3 

calculations were in exceptionally good agreement with the experimental values obtained 

from Hunter and Lias.61 

IRMPD spectroscopy in combination with electronic structure calculations can be 

used as a powerful tool to probe structural characteristics and thermochemical properties 

of protonated imidacloprid and its decomposition products. 

1.4 Vibrational and Computational Study of Thiamethoxam 

Thiamethoxam was characterized by FT-IR, FT-Raman, and UV-vis spectra to provide 

insights on the vibrational and electronic properties of thiamethoxam.63 The vibrational 

and electronic absorption spectra for thiamethoxam are shown in Figure 1.6. Harmonic 

frequencies and geometry optimizations were computed using DFT methods; B3LYP, 
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CAMB3LYP, M06, and PBE1PBE, and relativistic Hartree-Fock (RHF) methods with the 

basis set 6-311++G(d,p). Spectral features were assigned based on the comparison 

between the experimental and computational results. In the chlorothiazole ring, the IR 

band observed at 1413 cm-1 corresponds to C=N stretching coupled with C=C and C-Cl 

stretching. The absorption band observed at 1111 cm-1 is attributed to the C-H bending 

mode coupled with the C-N stretching mode. Furthermore, the vibrations observed at 693 

and 631 cm-1 correspond to C-S stretching modes in the IR experimental spectra. In the 

nitroimino-oxadiazinane ring, the vibrational modes observed at 1520 and 1527 cm-1 

correspond to C-N stretching, C-N-H bending, and CH2 bending. The N-O stretching 

modes of the nitro group are observed at 1520 cm-1 in the IR spectrum. The C-O-H 

bending modes are observed at 1433 cm-1 coupled with H-C-N-C wagging out-of-plane 

vibrational modes. C-H bending modes are observed at 1389, 1326, 1269, and 1177 cm-1 

in the IR spectrum. Moreover, the IR band at 902 cm-1 is assigned predominantly to C-O 

stretching as well as C-N stretching in the oxadiazinane ring, and N-N stretching in the 

nitroguanidine group. The RHF and DFT methods were found to overestimate the 

vibrational frequencies in comparison with the experimental frequencies; however, the 

best results are obtained using the B3LYP functional with the smallest margin of error.63 

In the current thesis, the B3LYP and M06-2X functionals were employed for structural 

optimization and calculating the harmonic vibrational frequencies of protonated 

thiamethoxam, as well as computing the IR spectra to compare with the IRMPD 

spectroscopic data. 
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Figure 1.6. The experimental and calculated IR spectra for thiamethoxam. Figure adapted 

from reference 63 with permission.  

1.5 Fragmentation Chemistry of Protonated Neonicotinoid Complexes 

The fragmentation pathways of neonicotinoid insecticides undergoing collision-

induced dissociation (CID) have been reported in previous work. IRMPD activation 

(photon-mediated) produces fragmentation patterns that are similar to CID activation 

(collision-mediated) where dissociations occur through the lowest energy pathways for 

both ion activation techniques.64,65  The current work examines the IRMPD mass spectra 

of protonated neonicotinoid complexes to determine if the IRMPD fragments observed 

complement the CID fragments described in the literature. The fragmentation pathway 
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proposed by Xiao et al.66 is shown in Figure 1.7, portraying tentative structures for the 

main fragment ions of seven neonicotinoids. The unimolecular chemistry of the 

nitroguanidine sub-class of insecticides is initiated by fragmentation of the nitroimine 

functional group. The CID reaction of protonated imidacloprid (m/z 256) mainly involves 

the concurrent loss of H• and NO2
• (m/z 209) and the simultaneous loss of NO2

• and Cl• 

(m/z 175).43–45,66 The decomposition of imidacloprid by ozonation gives rise to the 

dissociation products mentioned above, and the loss of N2O (m/z 212) and loss of NO• 

(m/z 226).67 The loss of NO2
• and Cl• (m/z 211) is reported for the decomposition reaction 

of protonated thiamethoxam (m/z 292). Likewise, the primary dissociation pathway for 

protonated clothianidin (m/z 250) proceeds via the loss of NO2
• and Cl• (m/z 169).43–45,66 

The fragmentation mechanisms for protonated thiamethoxam and protonated clothianidin 

present conflicting chemical structures for the product ion at m/z 132. The chemical 

structure for the decomposition product of thiamethoxam is proposed to be either 

dimethyl-nitroguanidine44 or  chloro-methyl-thiazole45,66. Similarly, the chemical 

structure for the decomposition product of clothianidin is depicted as chloro-methyl-

thiazole43,66 or dimethyl-nitroguanidine44,45. CID of protonated dinotefuran (m/z 203) 

results in the loss of NO2
• (m/z 157),44,45 and the simultaneous loss of CH2 and NNO2 (m/z 

129).43–45,66 Tandem mass spectrometry studies were undertaken to analyze pesticide 

residues and propose fragmentation structures for the product ions observed in the mass 

spectra of neonicotinoids. The fragmentation mechanisms reported in the literature for 

imidacloprid and thiamethoxam will be discussed further in Chapters 3 and 4, 

respectively.  
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Figure 1.7. Proposed fragmentation pattern and MS/MS product scan spectra of seven 

neonicotinoids. Figure reproduced from reference 66 with permission.  
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The dissociation of the nitromethylene sub-class of insecticides is initiated by the 

fragmentation of the nitromethylene group. The CID reaction of protonated nitenpyram 

(m/z 271) primarily proceeds via the loss of NO2
• (m/z 225).44,45,66,68 Fragment ions 

observed at m/z 189, and m/z 99 are related to the losses of H• and Cl•,44 and 

chloromethylpyridinyl,45,66,68 respectively. A competing fragmentation pathway involves 

the consecutive losses of •OH (m/z 254 and m/z 237).68 The unimolecular fragmentation 

of the cyanoamidine sub-class of neonicotinoids is not initiated by cleavage of the 

cyanoimine functional group. The dissociation products of protonated acetamiprid (m/z 

223) are observed at m/z 126 corresponding to chloro-methyl-pyridine,43,45,66 and m/z 56 

corresponding to methyl-ethanimine.43–45,66 In addition, the dissociation products of 

protonated thiacloprid (m/z 253) are observed at m/z 186 ascribed to the loss of S and 

Cl•,44,45,66 and m/z 126 attributed to chloro-methyl-pyridine.43,45,66 

1.6 Contents of this Thesis 

In Chapter 2 of this thesis, structural characterization achieved using Infrared 

Multiphoton Dissociation (IRMPD) spectroscopy in combination with ion trapping mass 

spectrometry, specifically Quadrupole Ion Traps (QIT) and Fourier-Transform Ion 

Cyclotron Resonance (FT-ICR) mass spectrometers, are discussed in detail. Electronic 

structure calculations performed using density functional theory with different basis sets 

will also be described. Chapter 3 examines the tautomerization and fragmentation 

pathway of protonated imidacloprid. The structures of protonated imidacloprid and its 

fragment ions are investigated using IRMPD spectroscopy in the 500-1900 cm-1 region. 

Geometry optimization and harmonic frequency calculations are performed to obtain 
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relative enthalpies (ΔrelH) and Gibbs energies (ΔrelG). Chapter 4 provides structural 

insight into protonated thiamethoxam and its fragment ions using the same experimental 

and computational methods. In Chapters 3 and 4, the experimental IRMPD spectra and 

the computed IR spectra are compared to determine the most probable structures and 

assign the vibrational signatures of these complexes.  
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Chapter 2 - Methods 

2.1 Experimental Methods 

2.1.1 Quadrupole Ion Trap (QIT) Mass Spectrometry 

The three-dimensional (3D) quadrupole ion trap (QIT) operates as both a storage device 

to confine gaseous ions and a mass spectrometer so that the mass-to-charge ratio, m/z, of 

the trapped ions can be measured.1 The 3D quadrupole ion trap consists of three 

electrodes: two end-cap electrodes and one ring electrode which is aligned symmetrically 

between the two end-cap electrodes.1–3 There are holes located in the end-cap electrodes 

for the transmission of ions into and out of the ion trap.3 Figure 2.1 depicts the hyperbolic 

electrodes of a quadrupole ion trap. 

Ions of a specified m/z are confined in the ion trap provided that the trajectories are 

stable in both the radial and axial directions. Ions of lower m/z have unstable trajectories 

in the radial direction while ions of higher m/z have unstable trajectories in the axial 

direction.4 Ion confinement is achieved by varying the magnitude of the direct current 

(DC) and radio frequency (RF) voltage imposed by the electrodes, establishing the 

quadrupole trapping field. The oscillatory motion of the ions is characterized by the 

secular frequencies of the axial and radial directions.5 Resonant excitation is carried out 

for ion isolation, excitation, dissociation, and ejection. A supplemental RF potential 

oscillating at the axial secular frequency is applied to the electrodes to increase the kinetic 

energy of the ions so that the ions experience a greater trapping field. 
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Figure 2.1. (a) Schematic diagram of a quadrupole ion trap displaying the r0 and z0 

dimensions. (b) A model of the end-cap electrodes and the central ring electrode. Figure 

reproduced from reference 3 with permission.  

The motion of ions in a quadrupole field are described mathematically.5,6 Ions 

within a quadrupole field experience restoring forces that focus ions near the center of the 

ion trap. The quadrupolar potential, 𝜙, at any point within the electric field is shown in 

Equation 2.1, 

𝜙 =
𝜙0

𝑟0
2

(𝜆𝑥2 + 𝜎𝑦2 + γ𝑧2) (2.1) 

where 𝜙0 is the applied electric potential, 𝜆, 𝜎, and 𝛾 are weighing constants for x, y, and 

z, respectively, and 𝑟0 is a constant defined based on the device. The applied potential is a 

combination of the DC potential, 𝑈, and the RF potential, 𝑉 cos Ω𝑡.  

𝜙0 = 𝑈 + 𝑉 cos Ω𝑡 (2.2) 
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Equation 2.1 must satisfy the Laplace condition, ∇2𝜙 = 0, such that  

𝜆 + 𝜎 + 𝛾 = 0 (2.3) 

The simplest case for the quadrupole ion trap fulfilling the Laplace condition is 𝜆 = 1, 

𝜎 = 1, and 𝛾 = −2. Substituting the values of 𝜆, 𝜎, and 𝛾 into Equation 2.1 yields 

Equation 2.4. 

𝜙𝑥,𝑦,𝑧 =
𝜙0

𝑟0
2

(𝑥2 + 𝑦2 − 2𝑧2) (2.4) 

The forces in the x, y, and z coordinate directions can be determined independently 

because the quadrupolar field is uncoupled. As an example, the force acting on an ion in 

the x-direction is demonstrated by Equation 2.5, 

𝐹𝑥 = 𝑚𝑎 = 𝑚 (
𝑑2𝑥

𝑑𝑡2
) = −𝑒

𝜕𝜙

𝜕𝑥
(2.5) 

where m corresponds to the mass, a corresponds to the acceleration, and e corresponds to 

the charge of the ion. Substituting Equation 2.2 for applied potential into Equation 2.1 for 

quadrupolar potential and obtaining the partial differentials with respect to x, y, and z 

gives the potential gradients, represented by Equations 2.6 – 2.8.  

𝜕𝜙

𝜕𝑥
=

2𝜆𝑥

𝑟0
2

(𝑈 + 𝑉 cos Ω𝑡) (2.6) 

𝜕𝜙

𝜕𝑦
=

2𝜎𝑦

𝑟0
2

(𝑈 + 𝑉cos Ω𝑡) (2.7) 

𝜕𝜙

𝜕𝑧
=

2𝛾𝑧

𝑟0
2 (𝑈 + 𝑉 cos Ω𝑡) (2.8)

Substitution of the potential gradients in the x-, y-, and z-directions into the equations for 

the force components acting on the ion in each cartesian direction leads to the equations 

of motion, presented by Equations 2.9 – 2.11. 
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𝑑2𝑥

𝑑𝑡2
+ (

2𝑒𝜆

𝑚𝑟0
2) (𝑈 + 𝑉 cos Ω𝑡)𝑥 = 0 (2.9) 

𝑑2𝑦

𝑑𝑡2
+ (

2𝑒𝜎

𝑚𝑟0
2) (𝑈 + 𝑉 cos Ω𝑡)𝑦 = 0 (2.10) 

𝑑2𝑧

𝑑𝑡2
+ (

2𝑒𝛾

𝑚𝑟0
2) (𝑈 + 𝑉 cos Ω𝑡)𝑧 = 0 (2.11) 

The motion of the ions in the trap can be expressed in terms of solutions to the Mathieu 

equation, a second-order linear differential equation, 

𝑑2𝑢

𝑑𝜉2
+ (𝑎𝑢 − 2𝑞𝑢 cos 2𝜉)𝑢 = 0 (2.12) 

where 𝑢 represents the coordinate axes x, y, and z, 𝜉 is a dimensionless variable relating 

to frequency and time, and 𝑎𝑢 and 𝑞𝑢 are dimensionless trapping parameters. Using the 

chain rule and the relationship 𝜉 =
Ω𝑡

2
, Equation 2.13 can be obtained. 

𝑑2𝑢

𝑑𝑡2
=

𝑑𝜉

𝑑𝑡

𝑑𝑢

𝑑𝜉
{
𝑑𝑢

𝑑𝑡
} =

Ω2

4

𝑑2𝑢

𝑑𝜉2
(2.13) 

Comparing Equations 2.9 – 2.11 to the Mathieu equation and applying the operator 

notation defined above, the trapping parameters, 𝑎𝑢 and 𝑞𝑢, can be determined where 𝑢 

constitutes the cartesian coordinate axes or cylindrical coordinate axes.  

The quadrupole ion trap has cylindrical symmetry; thus, it is essential to convert the 

cartesian coordinates of 𝜙𝑥,𝑦,𝑧 into cylindrical polar coordinates in order to acquire an 

equation for 𝜙𝑟,𝑧. This is accomplished by employing the functions 𝑥 = 𝑟 cos 𝜃, 𝑦 =

𝑟 sin 𝜃, and 𝑧 = 𝑧 and applying the trigonometric identity 𝑠𝑖𝑛2𝜃 + 𝑐𝑜𝑠2𝜃 = 1.  

𝜙𝑟,𝑧 =
𝜙0

𝑟0
2

(𝑟2 − 2𝑧2) (2.14)  
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The trapping parameters with regards to the radial (r) and axial (z) directions of the QIT 

can be obtained in a similar manner to the derivation presented above.  

𝑎𝑟 =
4𝑒𝑈

𝑚𝑟0
2Ω2

; 𝑞𝑟 = −
2𝑒𝑉

𝑚𝑟0
2Ω2

(2.15) 

𝑎𝑧 = −
8𝑒𝑈

𝑚𝑟0
2Ω2

; 𝑞𝑧 =
4𝑒𝑉

𝑚𝑟0
2Ω2

(2.16) 

The trapping parameters, 𝑎𝑢 and 𝑞𝑢, provide solutions to the Mathieu equation which 

govern the stability and instability of the ion trajectories within the quadrupole ion trap. 

Stable trajectories are delineated as the ion displacement periodically passing back 

through the origin of the device, and unstable trajectories are described as the ion 

displacement increasing to infinity.6 The Mathieu stability diagram in Figure 2.2 portrays 

the stability regions in the r- and z-directions. The limits of the stable trajectories are 

bounded by the 𝛽𝑟 and 𝛽𝑧 lines. The trajectories of the ions are determined by altering the 

potential applied to the electrodes. When an RF potential is applied to the ring electrode 

and no DC potential is applied between the ring and end-cap electrodes, all ions possess 

𝑎𝑧 values of zero. The locus of all possible mass-to-charge ratios are mapped directly 

onto the 𝑞𝑧 axis. By increasing the amplitude of the RF potential, ions of successively 

increasing m/z will adopt unstable trajectories.1,3,6 Ion species will be ejected axially 

through perforations in the end-cap electrodes and detected by an electron multiplier, and 

is known as mass-selective instability. 
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Figure 2.2. The Mathieu stability diagram in 𝑎𝑢 − 𝑞𝑢 space for the quadrupole ion trap. 

The intersection of the r-stable and z-stable regions, labelled A and B, coincide with ion 

trajectories whose radial and axial components are stable. Figure adapted from reference 

5 with permission.  

 

Figure 2.3. The Bruker amaZon Speed ETD ion trap mass spectrometer at the FELIX 

laboratory. Figure taken from the FELIX website.7 
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The Free Electron Lasers for Infrared eXperiments (FELIX) facility in the 

Netherlands is equipped with a modified 3D quadrupole ion trap mass spectrometer 

[Bruker amaZon Speed ETD].8 A photograph of the QIT mass spectrometer is shown in 

Figure 2.3. The instrument has been modified to permit optical access to the ion 

population for conducting infrared ion spectroscopy experiments. The ring electrode 

contains two 3 mm holes to create an optical path for the free electron laser. In addition, 

IR transparent windows have been installed in the MS vacuum housing and two gold 

coated mirrors have been placed below the ion trap so that the laser beam can pass 

through the ion trap. 

2.1.2 Fourier Transform Ion Cyclotron Resonance (FTICR) Mass Spectrometry 

Mass spectrometry is an analytical technique that accurately measures the mass-to-charge 

ratio, m/z, of ions. A Fourier Transform Ion Cyclotron Resonance (FTICR) mass 

spectrometer provides ultra-high mass resolving power, mass resolution, and mass 

accuracy.9 In an FTICR mass spectrometer, ions of a particular m/z are detected according 

to their cyclotron frequency, and trapping mass-selective ions for sufficiently long periods 

allows for the cyclotron frequency to be determined with high precision. The high-

resolution capabilities of the FTICR can be used to examine the ion-molecule reactions of 

biological molecules by performing multistage tandem mass spectrometric measurements.  

Ions moving in the ion cyclotron resonance (ICR) cell experience an oscillating 

electric field that is perpendicular to the magnetic field causing ions to undergo circular 

orbits. In the presence of a spatially uniform magnetic field, an ion will rotate at a 

frequency characteristic of its mass-to-charge ratio.9–13 The cyclotron motion effectively 
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traps ions in the ICR cell, where excitation and detection also take place. Equation 2.17 

demonstrates the relationship between the angular velocity, 𝜈𝑐, and the cyclotron 

frequency, 𝜔𝑐.  

𝜈𝑐 =
𝜔𝑐

2𝜋
(2.17) 

Equation 2.18 shows that the cyclotron frequency can be expressed in terms of the 

magnetic field strength, B, the mass of the ion, m, and the charge of the ion, q. 

𝜔𝑐 =
𝑞𝐵

𝑚
 (2.18) 

Equations 2.17 and 2.18 are combined and rearranged to yield Equation 2.19, an 

expression for the mass-to-charge ratio, m/q. 

𝑚

𝑞
=

𝐵

𝜔𝑐

(2.19) 

 Ion cyclotron motion must be spatially coherent in order to be detectable, therefore, an 

oscillating electric field applied to the trapped ions within the ICR cell is done to excite 

ions to larger detectable cyclotron radii. The coherent orbiting ion packet induces an 

image charge on the opposed detector electrodes when the ions’ orbital is near a detection 

plate. The image charge is detected as a sinusoidal image current which is measured as a 

function of time. A Fourier transformation of the time-domain transient gives the 

frequency-domain spectrum, which is then converted to a mass spectrum. A Bruker 

Apex-Qe 7.0 FTICR mass spectrometer at Memorial University is used to perform SORI-

CID experiments. A brief overview of FTICR mass spectrometry is presented in this 

section, and ion activation and fragmentation by SORI-CID is outlined in the following 

section. 
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2.1.3 Collision-Induced Dissociation (CID) 

Tandem mass spectrometry (MS/MS) is a powerful tool used for the structural elucidation 

of biomolecules. MS/MS involves the mass selection of a precursor ion of interest and 

subjecting it to energetic excitation through activation techniques, resulting in the 

subsequent unimolecular dissociation of the precursor ion.14,15 Herein, we describe the ion 

activation techniques of collision-induced dissociation (CID) and sustained off-resonance 

irradiation collision-induced dissociation (SORI-CID). In CID and SORI-CID 

experiments, many successive inelastic collisions with a nonreactive target gas (N2, Ar, or 

He) at low pressures of ~10-6 Torr are necessary to activate the precursor ion and produce 

fragmentation.16  The collision process converts a portion of the ion’s translational energy 

into internal energy thus depositing sufficient energy in the precursor ion for 

dissociation.17 Low-energy CID experiments, in the range of 1-100 eV, are typically 

performed using tandem quadrupole and trapping devices such as quadrupole ion traps 

and Fourier-transform ion cyclotron resonance instruments, which are discussed above. In 

contrast, high-energy CID experiments, in the range of a few keV, are conducted using 

sector and time-of-flight instruments.17  

SORI-CID experiments are typically conducted in FTICR mass spectrometers. The 

confined ions are irradiated by a radio-frequency pulse that is off-resonance with the ion’s 

natural cyclotron frequency. As a result of the offset excitation frequency, ions undergo 

numerous acceleration and deceleration cycles that lead to increasing and decreasing the 

orbital radius during SORI excitation.16–18 Consequently, many more collisions occur 

between the excited ions and target gas, and deposit less kinetic energy per collision 
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causing the internal energy of the ions to increase slowly.18 This slow activation of 

molecules causes dissociation to occur through the lowest energy pathway.16 SORI-CID 

experiments are performed in the Laboratory for the Study of Energetics, Structures, and 

Reactions of Gaseous Ions at Memorial University, however, SORI-CID mass spectra are 

omitted from this thesis due to the indistinguishable fragmentation patterns observed 

between SORI-CID and IRMPD mass spectra. It has been shown previously that the 

fragmentation products in the MS/MS of IRMPD are typically similar to fragments 

observed in the MS/MS of CID.19,20 

Additional ion dissociation techniques constituting collision-mediated activation in 

mass spectrometry include surface-induced dissociation (SID) and higher-energy collision 

dissociation (HCD). Photon-mediated ion activation and dissociation methods utilized in 

mass spectrometry include infrared multiphoton dissociation (IRMPD), blackbody 

infrared radiative dissociation (BIRD), and ultraviolet photodissociation (UVPD). 

Further, electron-mediated ion activation and dissociation techniques encompass electron 

capture dissociation (ECD), electron transfer dissociation (ETD), electron detachment 

dissociation (EDD), and electron-induced dissociation (EID).15,16 IRMPD is the 

experimental technique of choice for the research conducted on protonated neonicotinoid 

complexes, therefore, IRMPD spectroscopy will be described in the next section. 

2.1.4 Infrared Multiphoton Dissociation (IRMPD)  

Infrared multiphoton dissociation (IRMPD) is a fragmentation technique used for the 

characterization of molecular structure in ion spectroscopy. An ion of interest is selected 

based on its mass and irradiated with tunable infrared radiation from the laser. For the 
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process of IRMPD to occur there must be a vibrational mode in resonance with the laser 

frequency, permitting infrared photons to be absorbed (𝑣 = 0 →  𝑣 = 1 transition).21 The 

energy absorbed by a normal mode of the ion is rapidly redistributed to other vibrational 

degrees of freedom in the molecule by a process known as intramolecular vibrational 

energy redistribution (IVR). IVR disperses the initial absorbing photons energy to other 

vibrational modes so that subsequent absorptions can occur. The sequential absorption of 

photons preceding IVR slowly causes an increase in the internal energy of the ions until 

the dissociation threshold, D0, is reached and exceeded, resulting in dissociation of the 

precursor ion.15,21,22 Figure 2.4 gives a detailed description of the IRMPD mechanism, 

depicting the process of infrared photon absorption followed by IVR. Absorption of one 

or multiple infrared photons is detected by a loss in precursor ion signal and a change in 

the mass-to-charge ratio, m/z, is observed, which is indicative of the emergence of 

fragment ions.21,23 Monitoring fragmentation of the ion as a function of the infrared laser 

wavelength, a vibrational IRMPD spectrum can be obtained.22 The IRMPD efficiency, 

given by Equation 2.20, is defined as the negative logarithm of the precursor ion intensity 

divided by the sum of the precursor and fragment ion intensities. 

IRMPD Efficiency = − log (
𝐼𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟

𝐼𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 + ∑ 𝐼𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡(𝑖)𝑖
) (2.20) 

IRMPD spectroscopy is referred to as a “consequence” spectroscopy technique because it 

is the consequence of infrared photon absorption that is detected and measured.24 

To the best of our knowledge the application of IRMPD spectroscopy has not been 

used to study neonicotinoids. The application of IRMPD to probe the structures and 

unimolecular reactivity of protonated imidacloprid and protonated thiamethoxam will be 
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discussed in Chapters 3 and 4, respectively. The IRMPD spectra were collected at the 

FELIX laboratory in Nijmegen, the Netherlands.25 The free electron laser produces 

tunable radiation in the form of infrared pulses (energies up to 150 mJ/pulse) in the 500-

1900 cm-1 spectral region. 

 

Figure 2.4. Schematic representation of the IRMPD mechanism. Absorption of infrared 

photons occurs, and the energy absorbed is redistributed to other vibrational modes. This 

raises the internal energy of the ion, and thus, the density of vibrational states. The 

process of absorption followed by IVR continues until the internal energy of the ion 

surpasses the dissociation threshold, resulting in fragmentation of the ion.  
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2.1.5 Free Electron Laser (FEL) 

A free electron laser (FEL) operates as a source of continuously tunable, high power 

radiation for wavelengths ranging from the microwave to the X-ray of the 

electromagnetic spectrum.26 Free electrons, unbound to atomic nuclei, are ejected from an 

electron gun and accelerated to relativistic speeds by a radio-frequency linear accelerator 

(rf Linacs). The electron beam passes through a periodic magnetic field, an undulator, 

which is generated by an array of magnets. Due to the Lorentz force, the electrons 

propagating through the alternating magnetic field are subjected to a wiggling motion.26–

28 The transverse oscillations of the electrons result in the emission of incoherent 

radiation at each change in direction. In order to give rise to stimulated emission, it is 

necessary for the electrons to form coherent bunches.26,29 The electrons propagate at a 

speed less than light, therefore to achieve coherence, the radiation advances by an integer 

value of the wavelength per undulator period, 𝑛𝜆, in relation to the electron bunch. A 

diagram of an FEL is illustrated in Figure 2.5.30 The wavelength of the radiation emitted 

can be tuned by altering the energy of the electron beam, or the magnetic field of the 

undulator.31 

The IRMPD experiments in the present work are conducted at the FELIX user 

facility at Radboud University in the Netherlands. Vibrational spectra in the 500-2000 

cm-1 region are collected using a quadrupole ion trap mass spectrometer interfaced to the 

electron beamline of FELIX.29,32 FELIX produces infrared radiation as macropulses, 5-10 

µs duration, consisting of a train of micropulses, 0.1-10 ps duration. The average output 
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power of a macropulse is of the order of 10 kW and the peak power of a micropulse is in 

the range of MW. 

 
Figure 2.5. A schematic representation of a free electron laser. A beam of electrons is 

produced by the electron accelerator and then is directed through the alternating magnetic 

field of the undulator. Coherent and intense radiation is amplified within the optical 

cavity by mirrors placed at either end of the undulator. Figure taken from the FELIX 

website. 

2.1.6 Electrospray Ionization (ESI) 

Electrospray ionization (ESI) is a method used in mass spectrometry that allows for the 

sensitive analysis of non-volatile and thermally labile compounds.33 ESI is a soft 

ionization technique that requires the formation of gaseous ions from solution.34,35 The 

mechanistic description of the ESI process is provided here. A high voltage (2-5 kV) is 

applied to the metal capillary through which the solution containing the analyte of interest 

is expelled.33,36–39 The electric field gradient, created by the applied voltage, gives rise to 

the separation of charged ions in solution. The repulsion of the ions caused by the 

accumulation of charge on the surface and the pull of the electric field results in the 
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distortion of the meniscus at the capillary tip; consequently, the solution emerges in the 

form of a Taylor cone. Evaporation of the solvent is aided by a heated drying gas that 

flows in the opposite direction of the ions. Removal of the neutral solvent decreases the 

size of the charged droplets, which increases the charge density of the droplets. When the 

Coulombic repulsion of the surface charge overcomes the cohesive force of the surface 

tension, a point called the Rayleigh limit is reached. As a result, the charged droplets 

undergo Coulombic explosion, namely droplet fission, to produce smaller charged 

droplets. Figure 2.6 illustrates the process of electrospray ionization for the formation of 

gas phase ions from highly charged droplets of solution.  

 

Figure 2.6. The electrospray ionization process. Charged droplets of analyte solution are 

produced at the capillary tip, solvent evaporation and Coulombic explosion split larger 

charged droplets into smaller highly charged droplets, and gas phase ions are formed by 

the CRM or IEM. Figure reproduced from reference 36 with permission.  
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There are two principal theories that explain the formation of gas phase ions: the 

charge residue model (CRM) and the ion evaporation model (IEM). The CRM suggests 

that solvent evaporation and Coulombic fission at the Rayleigh limit continue until only 

the charged analyte ion remains.40 The IEM suggests that when solvent evaporation and 

Coulombic explosion have reduced the size of the charged droplets to a radius of 10-20 

nm, an analyte ion is desorbed, released from the droplet surface, into the gas phase, 

thereby diminishing the Coulombic repulsion within the charged droplet.41  

2.2 Computational Methods 

2.2.1 Density Functional Theory (DFT) 

Density functional theory (DFT) is used in quantum chemistry to calculate the electronic 

structure of atoms and molecules. This computational theory is based on the electron 

density, ρ(r), rather than the many-electron wave function, ψ(r1,r2,…,rN). DFT methods 

originate from the Hohenberg-Kohn42 theorem, which states that the ground state 

electronic properties of a many-electron system can be determined from the ground state 

density, the electron density depending only on three spatial variables.43 The external 

potential is a unique functional of the density, and the external potential is part of the 

Hamiltonian which provides solutions to the Schrödinger equation. As a result, the 

electronic wave function can be defined by the electron density. Density functional theory 

is further developed by the Kohn-Sham44 equations, which introduce a set of imaginary 

orbitals for individual electrons used to describe a many-electron system.45 Exchange and 

correlation effects are considered in the Kohn-Sham scheme, providing a better 
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representation of the kinetic energies of the interacting and non-interacting electron 

systems.  

Theoretical methods, B3LYP and M06-2X density functionals, are used exclusively 

in this thesis to calculate electronic structures, 298 K relative enthalpies and Gibbs 

energies, and theoretical vibrational spectroscopy (IR band positions and intensities). The 

B3LYP hybrid functional integrates the Becke 3-parameter exchange functional and the 

Lee-Yang-Parr correlation functional.46,47 M06-2X is a Minnesota functional that is 

established from meta-generalized gradient approximations, exploiting kinetic energy 

density and exchange-correlation functionals.48 

2.2.2 Basis Sets 

A basis set in theoretical and computational chemistry is a linear combination of atomic 

orbitals used to construct molecular orbitals. A basis set is made up of a finite number of 

mathematical functions.49 Slater-type orbital (STO) functions and Gaussian-type orbital 

(GTO) functions are the most commonly used basis functions in molecular calculations 

for representing the electronic wave function.49,50 In the current research, the atomic 

orbitals are expanded in terms of Gaussian functions to approximate the electron 

distribution of neonicotinoid molecules. A Gaussian function is defined in Equation 2.21. 

𝜒𝐺𝑇𝑂 = 𝑁𝑥𝑙𝑦𝑚𝑧𝑛𝑒−𝜁𝑟2
(2.21) 

In this equation, N is a normalization constant, x, y, and z are the position coordinates 

measured from the nucleus, the sum of l, m, and n determines the angular momentum (𝑙 +

𝑚 + 𝑛 = 0, 𝑙 + 𝑚 + 𝑛 = 1, and 𝑙 + 𝑚 + 𝑛 = 2 correspond to s, p, and d orbitals, 

respectively), and ζ is an orbital exponent.51,52 



45 

 

A minimal basis set, a single zeta basis set, gives the simplest representation of the 

occupied orbitals for an atom and requires only a single basis function to describe each 

orbital.50,53 Minimal basis sets give an insufficient explanation of the spherical symmetry 

and the process of bond formation in molecules. Split-valance basis sets provide an 

improved description of the relative energies and molecular geometries. The core and the 

valance atomic orbitals of split-valance basis sets are defined independently, in which one 

or more basis functions are assigned.54 In this thesis, the enthalpies and Gibbs free 

energies of protonated imidacloprid and protonated thiamethoxam are computed using the 

split-valance double zeta basis set 6-31+G(d,p). The core orbitals of the 6-31+G(d,p) 

basis set are represented by one basis function, consisting of six Gaussian functions. The 

valance orbitals are represented by two basis functions, the inner shell composed of three 

Gaussian functions and the outer shell composed of one Gaussian function. Single point 

energies are calculated using the split-valance triple zeta basis set 6-311+G(3df,2pd).  

Polarization functions, higher angular momentum functions, allow for displacement 

of electron distribution away from the nuclei.55 Polarization functions are introduced to 

basis sets to permit more flexibility and account for the distortion of the atomic 

symmetry. The inclusion of (d,p) or ** to the basis set means that d-type polarizations 

functions are added to main group elements (carbons, nitrogens, oxygens, and sulfur 

atoms) and p-type polarization functions are added to hydrogen atoms. Moreover, diffuse 

functions are necessary to account for electrons held at larger distances from the nuclei 

than core or bonding electrons.49 The addition of + to the basis set denotes the 
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incorporation of diffuse functions, functions with small values of 𝑒−𝜁𝑟2
, s-type and p-type 

diffuse functions are added to non-hydrogen atoms. 
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Chapter 3 – A Vibrational Spectroscopic and Computational 

Study of the Structures of Protonated Imidacloprid and its 

Fragmentation Products in the Gas Phase 

3.1. Introduction  

Imidacloprid belongs to a class of compounds called neonicotinoids which are used 

extensively in agricultural practice to control insect pests.1–3 Neonicotinoids are 

structurally similar to nicotine4–6 and like nicotine, they are neurotoxins that act as 

agonists at the nicotinic acetylcholine receptors (nAChRs) in the central nervous system 

of insects.3,6–11 Neonicotinoids show selective toxicity toward insects over mammals, due 

to the stronger binding capability of insect nAChRs.2,12–14 Neonicotinoid insecticides are 

systemic as they are absorbed by the roots or leaves of plants and distributed to all tissues 

in a plant’s vascular system.10,11,15–17 As a result, both pollen and nectar collected by 

forager bees often contain neonicotinoids, which may be transported back to the 

beehive.2,9,16,18 

Colony collapse disorder (CCD), characterized by the decline of honey bee 

colonies, is widely attributed to the global overuse of neonicotinoids.3,5,6,14,17 This concern 

led the European Union (EU) to introduce a two-year ban on the use of imidacloprid, 

clothianidin, and thiamethoxam for seed treatment, soil application, and foliar treatment 

in crops that are visited by bees.10,16,19–21 Exposure to sublethal doses of neonicotinoids 

will not directly cause the mortality of honey bees and bumblebees; nonetheless this can 
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cause learning and memory dysfunctions, negatively affecting their ability to 

navigate.6,16,20  

In honeybees, imidacloprid typically metabolizes to form olefin-imidacloprid, 5-

hydroxyimidalcoprid, 4,5-dihydroxyimidacloprid, desnitro-imidacloprid, imidacloprid 

urea, and 6-chloronicotinic acid.22,23 Acute oral toxicity tests conducted on honey bees 

showed that when forager bees were treated with high doses (10-10,000 µg/kg) of 

imidacloprid and its plant metabolites for short term periods (48 h), the 5-hydroxy- and 

olefin- metabolites exhibited toxicities close to that of imidacloprid.24,25 Neonicotinoids 

that possess the nitroguanidine moiety are harmful to bees at concentrations lower than 1 

µg/kg, thus, parent compounds and metabolites that are acutely toxic have been the focus 

of many studies for quantifying insecticides.26 Chronic oral tests revealed that when 

honeybees ingested 0.1, 1.0, and 10.0 µg/kg of compound, imidacloprid and the six 

studied metabolites induced substantial mortality.24 Chronic dietary toxicity tests toward 

honeybees for a 10 day exposure period to imidacloprid and two metabolites, 

imidacloprid urea and 6-chloronicotinic acid, were inspected on younger hive bees and 

older forager bees.27 The experimental findings of this study showed no lethal effect when 

bees ingested 0.1, 1.0, and 10.0 µg/L metabolite solutions.  

Methods for identification and confirmation of neonicotinoid insecticides in 

agricultural products by liquid chromatography-tandem mass spectrometry (LC-MS/MS), 

in food by ultraperformance liquid chromatography combined with electrospray 

ionization tandem mass spectrometry (UPLC-MS/MS), and in vegetable matrices using 

liquid chromatography in combination with time of flight mass spectrometry (LC/TOF-

MS) have been used to investigate the fragmentation mechanisms of imidacloprid.28–30 
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Maximum residue limits (MRLs) for pesticides are specified by Government agencies to 

assess whether the concentrations of pesticides found in agricultural foods pose a 

significant threat to human health. Monitoring the degradation and residues of 

insecticides is essential for safe consumption of food. The quantitative analysis revealed 

that the measured concentrations of neonicotinoid insecticides are lower than the MRLs, 

therefore, the concentration levels are not a concern for humans exposed to foods 

contaminated with neonicotinoids.28–30 Xie et al.28 reported that protonated imidacloprid 

(m/z 256) produces fragment ions at m/z 209 and 175 corresponding to the loss of HNO2 

and the simultaneous loss of NO2 and Cl, respectively. Liu et al.29 proposed chemical 

structures for the product ions of imidacloprid at m/z 209 and 175 consistent with the 

fragmentation pattern suggested by Xie et al.28 Ferrer et al.30 demonstrate that 

imidacloprid produces fragments at m/z 210, 209, and 175 which are formed from radical 

loss of NO2, loss of HNO2, and radical losses of NO2 and Cl, respectively. The 

degradation of neonicotinoids has also been studied by electrospray ionization (ESI) and 

atmospheric pressure chemical ionization (APCI) mass spectrometry.31 The full-scan 

mass spectrum and the tandem mass spectrum (MS/MS) of imidacloprid show that the 

most abundant ions in the mass spectra are m/z 256 and 212. Chai et al.31 concluded that 

the product ion at m/z 212 is protonated imidacloprid urea, generated from an 

intramolecular nucleophilic reaction where the oxygen of the nitro group attacks the 

carbon of the guanidine group resulting in N2O loss. Furthermore, Lopes et al.32 explored 

the degradation of imidacloprid by ESI-MS in acidic aqueous solution induced by zero-

valent metals (Fe, Sn, Zn) exposed to ultrasonic irradiation. The degradation pathway for 

imidacloprid involves the initial reduction of the NO2 moiety to NH2.
32

  



55 

 

Like nicotine, imidacloprid contains multiple protonation sites (Scheme 3.1). In 

nicotine, the pyridine nitrogen is computed to be only 9.7 kJ mol-1 more acidic than the 

pyrrole nitrogen; this made it difficult to assign a proton affinity to either of these 

nitrogens, which was determined by bracketing experiments in a Fourier transform ion 

cyclotron resonance (FT-ICR) spectrometer.33 Vibrational spectroscopy (Infrared  

multiphoton dissociation, IRMPD, spectroscopy) experiments on gaseous protonated 

nicotine clearly showed that the protonated site was the pyridine nitrogen.34 

 

Scheme 3.1. Structures of imidacloprid, desnitroimidacloprid, and nicotine showing the 

computed differences in proton affinity (in kJ mol-1) of their basic sites (imidacloprid and 

desnitroimidacloprid, reference 35; nicotine, reference 33). The scheme also shows the 

numbering for the nitrogen atoms and carbon atoms. 

Imidacloprid contains five basic nitrogen atoms. The pyridine site is computed to be 

significantly more basic (24.2 kJ mol-1) than the imine nitrogen35 leaving little doubt as to 

the site of protonation, although there are no experimental determinations of the proton 

affinity of imidacloprid. More interesting, it has been determined that the two most basic 

sites in imidacloprid are reversed when imidacloprid loses NO2
•, the imine nitrogen being 
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32.7 kJ mol-1 more acidic than the pyridine nitrogen. This raises the obvious question as 

to the structure of protonated desnitroimidacloprid; does it retain the proton at the 

pyridine nitrogen, does it transfer to the imine nitrogen, or are there other lower energy 

tautomeric structures given the presence of the other N-H group. In a previous collision 

induced dissociation (CID) study, Donald et al.35 observed that protonated imidacloprid 

loses NO2
• and that a similar ion which has been methylated at the pyridine nitrogen does 

not lose NO2
•. Since in methylated imidacloprid, the charge is immobile, it was surmised 

that the position of the charge had a role in determining the fragmentation pattern, so 

proton transfer from the pyridine nitrogen to the imine nitrogen precedes NO2
• loss in 

protonated imidacloprid. Indeed, their calculations provided a pathway that was slightly 

lower enthalpically, by 7 kJ mol-1, for the proton transfer mechanism compared to simple 

loss of NO2
• from the lowest energy protonated imidacloprid structure. 

In this work, protonated imidacloprid and some of its fragmentation products are 

studied in the gas phase by IRMPD spectroscopy in the 600-2000 cm-1 region. The 

experimental IRMPD spectra are compared with the computed IR spectra from the 

electronic structure calculations to determine which structures contribute to the average  

population of sampled ions, and to provide more direct evidence of the protonation site of 

imidacloprid and its fragmentation products, including desnitroimidacloprid.  
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3.2. Methods 

3.2.1. IRMPD Experimental Methods 

All experiments were performed using a modified quadrupole ion trap mass spectrometer 

[Bruker, AmaZon Speed ETD] coupled to the Free Electron Laser for Infrared 

eXperiments (FELIX).36,37 1.0 mM imidacloprid solutions were prepared using 1.0 mL of 

50/50 methanol and water to which 20 μL of 1% formic acid solution was added. Ions 

were generated by ESI using 20 μL of the 1.0 mM imidacloprid solution diluted to 1.0 

mL of 50/50 acetonitrile and water. Precursor ions were isolated in the quadrupole ion 

trap and irradiated with two pulses of infrared radiation from the free electron laser 

(FEL). The isolated imidacloprid ions were irradiated for 0.5-1 s at a 10 Hz pulse 

repetition rate with each pulse having an energy of 40-100 mJ. The experimental IRMPD 

spectra were obtained by plotting the IRMPD efficiency, defined as the negative 

logarithm of the precursor intensity divided by the sum of the precursor and fragment ion 

intensities, versus the laser radiation wavenumber. All spectra were recorded in the 600-

2000 cm-1 region.  The bandwidth of the laser was 0.5% of the central frequency. 

3.2.2. Computational Methods 

Geometry optimizations and frequency calculations were conducted using the Gaussian 

16 suite of programs.38 Structures were optimized and their infrared spectra were 

computed using density functional theory (DFT) with the B3LYP functional and the 6-

31+G(d,p) basis set. For all calculations, an empirical correction for dispersion was done 

using Grimme’s D3 method with the original D3 damping function, B3LYP-D3.39 Due to 
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errors associated with the harmonic approximation, the computed harmonic frequencies 

were scaled by 0.975 to better match with the experimental spectra.40,41 The computed 

infrared spectra were convoluted with a Lorentzian profile with a width (FWHM) of 15 

cm-1. Reported thermochemistries, enthalpies and Gibbs energies, are 298 K values in kJ 

mol-1. 

3.3. Results and Discussion  

3.3.1 IRMPD Mass Spectra 

The mass spectra following isolation and IRMPD for protonated imidacloprid, m/z 256, 

and some of its dissociation products (loss of NO•, m/z 226; loss of N2O, m/z 212; loss of 

NO2
•, m/z 210; and loss of 47 Da [N,O2,H], m/z 209) are shown in Figure 3.1 labelled 

with the corresponding irradiation wavelength. Where comparisons exist, these IRMPD 

mass spectra are consistent with those observed for CID. For example, protonated 

imidacloprid shows fragment ions predominantly at m/z 226, 212, 210, 209, 175, and 128 

corresponding to the losses of NO•, N2O, NO2
•, HNO2, NO2Cl, and C3N4O2H4, 

respectively. The mass spectrum taken upon IRMPD of isolated m/z 226, protonated 

desnitrosoimidacloprid, shows that the m/z 209  ion is predominantly due to loss of NO• 

followed by •OH loss, entirely consistent with the conclusion of Donald et al.32 The 

prominent fragment ion at m/z 173 in the IRMPD mass spectrum of m/z 226 corresponds 

to the loss of HCl, following the loss of •OH, which is also seen in the IRMPD mass 

spectrum of isolated m/z 209. The predominant loss upon IRMPD of isolated m/z 212, 

protonated imidacloprid urea, is a loss of 84 Da, with the molecular formula C3N2OH4. 
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IRMPD of m/z 210, protonated desnitroimidacloprid, mostly shows the loss of Cl• at m/z 

175, but also some H• loss at m/z 209. The m/z 174 peak could be due to loss of HCl from 

the m/z 210 ion or subsequent loss of Cl• following H• loss, however the absence of m/z 

174 in the IRMPD mass spectrum of isolated m/z 209 rules out the latter.   
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Figure 3.1. IRMPD mass spectra for protonated imidacloprid and its fragmentation 

products (m/z 256 → m/z 226, m/z 256 → m/z 212, m/z 256 → m/z 210, m/z 256 → m/z 

209) at their maximum ion dissociation. 
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3.3.2. IRMPD Spectroscopy 

3.3.2.1 Protonated Imidacloprid, m/z 256 

The IRMPD spectrum for protonated imidacloprid in the 600-1800 cm-1 region is 

presented in Figure 3.2 (black trace) and compared to the computed spectra of various 

isomers (grey traces). Strong absorptions are observed between 1500 and 1600 cm-1 with 

maxima at 1560 and 1595 cm-1 and a strong broad band between 1200 and 1350 cm-1.  

Weaker spectral features are also observed at 1450 and 1495 cm-1 as well as at 1135 and 

780 cm-1. The computed infrared spectrum for the lowest energy structure, protonated at 

N5 and a hydrogen on N1 (pIMI_N1-N5), is in excellent agreement with the observed 

spectrum. The absorption at 1595 cm-1 is assigned predominantly to C=C stretching and 

N-H wagging in the chloropyridine ring, as well as C=N stretching in the imidazolidine 

ring. The 1560 cm-1 absorption is attributed to the O-N-O asymmetric stretch of the nitro 

group and C=N stretching in the imidazolidine ring. The broad feature that is observed 

between 1200 and 1350 cm-1 is assigned to mainly motions of the C-H and CH2 groups 

and C=C-H bending of the chloropyridine ring. The weak bands at 1450 and 1495 cm-1 

correspond to CH2 scissoring modes.  

Three other N1-N5 minima were found within 14.1 kJ mol-1 in Gibbs energy, and 

their spectra are compared to the observed spectrum in Figure S3.1 in the supplementary 

material. Structures pIMI_N1-N5 and pIMI_N1-N5b differ by a rotation of the two rings 

with the C-H bond ortho to the pyridine nitrogen being closer to N2 and O2. pIMI_N1-

N5c and pIMI_N1-N5d have a rotation of the two rings such that the C-H para to the 

pyridine nitrogen is in proximity to the NNO2 substituent of the imidazolidine ring. All 
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four of these structures produce virtually the same predicted infrared spectrum and none 

could be ruled out based on the agreement with the observed vibrational spectrum, but 

based on the computed relative Gibbs energies, structure pIMI_N1-N5 and pIMI_N1-N5b 

might be expected to be present in the greatest abundance and the breadth and lack of 

features in the 1200-1350 cm-1 feature supports this. 

 

Figure 3.2. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the lowest energy structures of protonated 

imidacloprid. Protonation at the nitrogen atom of the pyridine ring (N5 position) is 

calculated to be favoured over the other basic sites. All relative thermochemistries are 298 

K values and are in kJ mol-1. 

The computed IR spectra for some higher energy N1 tautomer structures are also 

compared in Figure 3.2. The next lowest energy tautomeric structure, pIMI_N1-N2, 

protonated at N2, is 23.1 kJ mol-1 higher in Gibbs energy, and can be ruled out 

spectroscopically as there is an intense absorption predicted at 1692 cm-1 corresponding 
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to N-N-H bending in the nitroguanidine group which is not observed in the experimental 

spectrum. The O2 protonated structure, pIMI_N1-O2, is 31.9 kJ mol-1 higher in Gibbs 

energy and its computed infrared spectrum generally agrees with the observed spectrum, 

but it is not as good a match as the lowest energy structure, pIMI_N1-N5. Overall poor 

agreements are observed between the experimental spectrum and the calculated spectra 

for the pIMI_N1-O1, pIMI_N1-N3, and pIMI_N1-N1 structures which are 47.2, 106.4, 

and 119.8 kJ mol-1 higher in Gibbs energy, respectively. The intense bands predicted 

above 1690 cm-1 are due to N-O-H bending, N1-C-N2 asymmetric stretching, and N3-C-

N2 asymmetric stretching for the pIMI_N1-O1, pIMI_N1-N3, and pIMI_N1-N1 

structures, respectively. The poor agreement and featureless experimental spectrum 

between 1690 and 1800 cm-1, rules out these higher energy structures as possible 

contributors to the experimental spectrum. 

In Figures S3.2 and S3.3, the experimental vibrational spectrum of protonated 

imidacloprid is compared to other protonated tautomeric imidacloprid structures.  None of 

the computed IR spectra closely resemble the experimental spectrum, and their computed 

energies are significantly higher than the N1-N5 tautomer. These higher energy tautomers 

can be ruled out as being significant contributors to the IRMPD spectrum. 

Based on the spectroscopy as well as computed thermochemistries, the most likely 

structure of protonated imidacloprid is the N5 protonated N1 tautomer, pIMI_N1-N5. 

3.3.2.2 Protonated Desnitrosoimidacloprid, m/z 226 

Isolation and IRMPD activation of protonated imidacloprid resulted in the loss of NO•, 

m/z 226, corresponding to protonated desnitrosoimidacloprid. Scheme 3.2 shows two of 
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the possible protonation sites resulting from loss of NO•, one mechanism entails the direct 

dissociation of NO• without proton transfer and the other produces the lowest energy 

structure resulting from a proton transfer from N5 to N2, the former computed to be 

almost 22 kJ mol-1 higher in Gibbs energy. Donald et al.32 also reported a proton affinity 

switch between the N5 and N2 position after NO• loss from protonated imidacloprid. 

 

Scheme 3.2. Loss of NO• from protonated imidacloprid (without and with proton 

transfer) forming protonated desnitrosoimidacloprid and loss of N2O from protonated 

imidacloprid forming protonated imidacloprid urea. 

The IRMPD spectrum of protonated desnitrosoimidacloprid, pIMI-NO, in the 600-

1800 cm-1 region is shown in Figure 3.3 and is compared to several possible isomers. The 

computed IR spectrum for the lowest energy isomer, protonated at N2 and a hydrogen at 

N1 (pIMI-NO_N1-N2), agrees very well with the experimental spectrum. Strong 

absorptions are observed between 1500 and 1650 cm-1 with maxima occurring at 1580 

and 1630 cm-1. The absorption at 1630 cm-1 corresponds to C=N2-H bending and N1-C-
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N3 asymmetric stretching and the absorption at 1580 cm-1 is associated with C=C 

stretching in the chloropyridine ring and C-N1-H bending in the imidazolidine ring. The 

absorption band at 1485 cm-1 corresponds to C=C-H bending in the chloropyridine ring 

and N-H wagging in the imidazolidine ring. Features observed in the experimental 

spectrum between 1200 and 1400 cm-1 can be attributed to C-H and CH2 bending modes. 

The absorptions centered at 1285 and 1110 cm-1 correspond to N-H wagging in the 

imidazolidine ring and C-Cl stretching in the chloropyridine ring, respectively.  

 

Figure 3.3. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the lowest energy structures of protonated 

desnitrosoimidacloprid (loss of NO•). All relative thermochemistries are 298 K values and 

are in kJ mol-1. 

The computed IR spectra for higher energy pIMI-NO isomers are also compared to 

the experimental spectrum in Figure 3.3 and Figure S3.4. It is evident that these other 

isomers, including the N1-N5 isomer formed by simple NO• loss, can be ruled out 
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spectroscopically as both the C=N2-H bending mode and the N1-H wagging mode are not 

predicted by the electronic structure calculations. Furthermore, overall poor agreement is 

achieved between the experimental spectrum and the computed IR spectra of these higher 

energy isomers, thus these isomers can be ruled out as contributors.  

Clearly, CID of protonated imidacloprid not only results in loss of NO•, but a N5 to 

N2 proton transfer to form the lowest energy isomer. The enthalpy and Gibbs energy 

barriers to proton transfer from N5 to N2 were computed to be about 150 and 160 kJ mol-

1 (Figure S3.5). 

3.3.2.3 Protonated Imidacloprid Urea, m/z 212 

Protonated imidacloprid urea, m/z 212, is formed upon CID by loss of N2O from 

protonated imidacloprid, Scheme 3.2. The IRMPD spectrum for protonated imidacloprid 

urea in the 600-1800 cm-1 region is depicted in Figure 3.4. Good agreement is obtained 

between the experimental spectrum and the computed spectrum for the lowest energy 

isomer, the N5 protonated N1 tautomer (pIMIU_N1-N5). An intense free C=O stretch is 

observed at 1730 cm-1. Weaker bands are observed at 1580, 1530, 1485, 1410, and 1355 

cm-1 in the experimental spectrum. These spectral features are due to C=C stretching and 

N-H wagging in the chloropyridine ring (1580 cm-1), C=C-H bending and N-H bending 

(1530 cm-1), CH2 scissoring modes (1485 cm-1), and CH2 wagging and twisting modes 

(1410 and 1355 cm-1). The intense absorption band centered at 1260 cm-1 in the 

experimental spectrum correlates well with the position of the predicted wagging and 

twisting motions of the three CH2 groups. The two weaker low intensity absorptions at 
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1125 and 765 cm-1 can be attributed to the C-Cl stretching and N-H out-of-plane bending 

in the chloropyridine ring. 

 

Figure 3.4. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the lowest energy isomers of protonated 

imidacloprid urea (loss of N2O). All relative thermochemistries are 298 K values and are 

in kJ mol-1.  

Three other computed spectra for higher energy N1-N5 conformers are compared to 

the computed spectra in Figure S3.6 and are within 8.4 kJ mol-1 in Gibbs energy. All four 

computed spectra are virtually indistinguishable in the fingerprint region and these 

conformers may certainly contribute to a minor extent to the experimental spectrum. 

In Figure 3.4, the computed spectra for three higher energy N1 protomers – 

protonated at different positions – are compared to the experimental spectrum of 

protonated imidacloprid urea, and even higher energy isomers in Figure S3.7. The next 

lowest energy protomer is some 38 kJ mol-1 higher in energy than the lowest energy N1-
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N5 structure. On inspection of Figures 3.4 and S3.7, it is clear that none of the computed 

IR spectra of the higher energy isomers account for the observed IRMPD spectrum. The 

spectroscopic results indicate that upon collisionally activated N2O loss from protonated 

imidacloprid no hydrogen or proton transfer occurs. Based on the computational results, 

there is no thermodynamic drive for proton or hydrogen transfer since the lowest energy 

structure found is the N5 protonated N1 tautomer which is also the lowest energy 

protonated imidacloprid structure. Dissociation results of m/z 212 also support the charge 

being on N5 since loss of 84 Da is seen upon IRMPD of m/z 212 forming primarily m/z 

128. This fragmentation is most likely loss of the imidazolidine-2-one moiety resulting in 

N-protonated 2-chloro-4 methylpyridine.   

3.3.2.4 Protonated Desnitroimidacloprid, m/z 210 

In section 3.3.2.1, it was shown that the structure which was entirely consistent with the 

observed vibrational spectrum of protonated imidacloprid was the lowest energy N1-N5 

structure. Scheme 3.3 shows that simple cleavage of the N2-N4 bond to lose NO2
• results 

in N5 protonated desnitroimidacloprid (pDIMI_N1-N5) which is not the lowest energy 

structure due to the switch in proton affinity from N5 to N2 upon loss of NO2
•. The 

pDIMI_N1_N2 structure was the lowest in energy found by Donald et al.32 and is 

consistent with the present calculations which show it to be lower in Gibbs energy than 

the N1-N5 structure by about 33 kJ mol-1. However, an even lower energy structure, 

pDIMI_N2-N2, is computed and involves both a proton shift from N5 to N2 and a 

hydrogen shift from N1 to N2. 
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Scheme 3.3. Loss of NO2
• from protonated imidacloprid forming protonated 

desnitroimidacloprid. Three mechanistic schemes consist of the direct dissociation of 

NO2
•, a proton transfer, and a proton transfer and hydrogen shift. 

In Figure 3.5, the IRMPD spectrum of protonated desnitroimidacloprid, m/z 210, in 

the 600-1800 cm-1 region is presented and compared to the computed IR spectra of the six 

lowest energy computed isomers. The experimental IRMPD spectrum shows strong 

features at 1600, 1540, and 1460 cm-1. Weak, but distinct shoulders are observed at 1485 

and 1655 cm-1. The absorption band observed at 1600 cm-1 can be attributed to C=C 

stretching, C=C-H bending and N-H wagging in the chloropyridine ring; the spectral 

feature at 1540 cm-1 corresponds to C=C-H bending and N-H wagging in the 

chloropyridine ring; and the band at 1460 cm-1 is assigned to CH2 scissoring modes.  

Weaker absorptions are observed at 1345, 1300, 940, 810, and 625 cm-1 in the 

experimental spectrum. 
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Donald et al.35 reasonably concluded that a proton transfer must occur prior to the 

loss of NO2
• based on the fact that N5 methylated imidacloprid, where the charge is 

isolated at N5, does not lose NO2
•. A potential energy surface (UB3LYP)/6-311++G(d,p)) 

was constructed and showed that an indirect proton transfer from N5 to O2 and then O2 

to N2 followed by the loss of NO2
• producing pDIMI_N1-N2 was lower in energy than 

the direct dissociation route producing pDIMI_N1-N5. The indirect proton transfer 

enthalpy barrier was found to be 19 kJ mol-1 lower than the energy requirement for the 

direct loss of NO2
•. Similarly, a proton transfer directly from N5 to N2 followed by the 

loss of NO2
• was also lower in energy than the direct dissociation pathway producing 

pDIMI_N1-N5 by 7 kJ mol-1.35 Our own UB3LYP/6-31+G(d,p) calculations (Figure 

S3.8) reproduce the energetics although the direct dissociation route is computed to be 

35.9 kJ mol-1 higher in enthalpy than the indirect proton transfer barrier (a proton transfer 

from O2 to N2). However, when entropy is taken into account, the direct loss of NO2
• is 

computed to be 24.4 kJ mol-1 lower in Gibbs energy than the direct proton transfer barrier 

(N5 to N2) and is 15.8 kJ mol-1 lower in Gibbs energy than the indirect proton transfer 

barrier (O2 to N2), making proton transfer prior to NO2
• loss unlikely when entropy is 

taken into account. 

More importantly, comparing the computed IR spectrum for pDIMI_N1-N2a (or the 

higher energy conformer, pDIMI_N1-N2b) in Figure 3.5, it is clear that these structures 

cannot be solely responsible for the observed vibrational spectrum. The general 

disagreement between the computed spectrum and the observed spectrum means that it is 

unlikely that proton transfer from N5 to N2 producing pDIMI_N1-N2 occurs to any great 

extent before or after loss of NO2
•. 
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It can be seen from Figure 3.5, by comparison of the computed IR spectrum for 

pDIMI_N2-N2 and the experimental spectrum that this lowest energy structure is also not 

entirely responsible for the experimental spectrum. The strongest absorption predicted for 

this isomer occurs at 1650 cm-1, corresponding to NH2 scissoring and C-N stretching in 

the guanidine moiety, but it is not predominant in the IRMPD spectrum, nor is the next 

strongest computed band, the C-Cl stretch, at about 1100 cm-1. However, the weak 

shoulder observed at 1650 cm-1 is not predicted by any of the other computed isomers 

except the lowest energy pDIMI_N2-N2 structure. While pDIMI_N2-N2 cannot be 

completely ruled out, based on the weakness of the observed band, this isomer is not 

likely to be a major contributor.  

The formation of pDIMI_N2-N2 would require an overall transfer of a proton from 

N5 to N2 and tautomerization from N1 to N2. In Figures S3.9 and S3.10, computed 

potential energy diagrams are shown that illustrate the proton transfer and tautomerization 

from pDIMI_N1-N5 to pDIMI_N2-N2 following NO2
• loss, Figure S3.9 depicts a proton 

transfer preceding tautomerization, and S3.10 portrays a proton transfer succeeding 

tautomerization. The proton transfer, followed by tautomerization is the lowest energy 

route from pDIMI_N1-N5 to pDIMI_N2-N2, and the barriers are quite similar. They are, 

however, significantly higher (~50 kJ mol-1) than for the proton transfer following NO2
• 

loss which could be why proton transfer to the N1-N2 or N2-N2 structures are not 

observed to any great extent. 
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Figure 3.5. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the lowest energy isomers of protonated 

desnitroimidacloprid (loss of NO2
•). All relative thermochemistries are 298 K values and 

are in kJ mol-1.  

The computed IR spectrum of the direct NO2
• loss product, pDIMI_N1-N5, predicts 

many of the positions of the features observed in the experimental IRMPD spectrum and 

has a much better agreement than the two lower energy structures discussed so far. The 

tautomeric structures pDIMI_N2-N5a and pDIMI_N2-N5b are also decent matches to the 

experimental IRMPD spectrum, indicating that other higher energy tautomers may 

contribute to the vibrational spectrum of pDIMI. The N2-N5 structures do require a N1 to 

N2 tautomerization which is shown in the potential energy diagram in Figure S3.10. 

Figure S3.11 also compares the computed IR spectra of some much higher energy 

structures to the observed vibrational spectrum. Structures such as the pDIMI_N3-N5 

structure, protonated at N3 cannot be completely ruled out based on the spectroscopy, 
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however, it is almost 100 kJ mol-1 higher in Gibbs energy than the global minimum and 

would require an endergonic proton and hydrogen transfer which are unlikely. 

This example is clearly not as clean as those discussed above. This is due to there 

being a thermodynamic drive to tautomerize and undergo proton transfer to produce the 

lower energy isomers. If isomerization were required to occur before loss of NO2
•, then it 

would be expected that we would solely observe the N1-N2 structures which is not the 

case based on the spectroscopic results. The thermodynamic drive coupled with large 

energy barriers to proton and hydrogen transfer result in a complex mixture of protonated 

desnitroimidacloprid isomers.   

3.3.2.5 Loss of [N,O2,H] from protonated Imidacloprid, m/z 209 

When protonated imidacloprid was isolated and subjected to IRMPD a prominent 

fragment ion at m/z 209 resulted from the loss of [N,O2,H], see Figure 3.1. The m/z 209 

ion is seen to result following isolation and fragmentation of both m/z 226 and m/z 210 

indicating two sources; loss of NO• followed by loss of •OH and loss of NO2
• followed by 

loss of H•, respectively. The prominent dissociation pathway for the dissociation of m/z 

210 is loss of Cl• (m/z 175), but the dissociation of m/z 226 produces predominantly m/z 

209 and m/z 173. Further, m/z 173 is formed via loss of HCl following losses of •OH and 

NO•. Based on this data, the m/z 209 ion isolated after CID of m/z 256, protonated 

imidacloprid, is predominantly formed by the loss of NO• followed by the loss of •OH, 

with only a minor contribution from the losses of NO2
• and then H•. In section 3.3.2.2 the 

structure of pIMI-NO, m/z 226, was concluded to be the lowest energy isomer, pIMI-
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NO_N1-N2. First, we discuss the IRMPD spectra of m/z 209 in terms of loss of •OH from 

pIMI-NO_N1-N2. 

The comparison between the computed IR spectra for four isomers and the 

experimental IRMPD spectrum in the 650-1850 cm-1 range for m/z 209 from protonated 

imidacloprid, pIMI-NO/OH, is presented in Figure 3.6 and there are comparisons with 

other higher energy isomers in Figures S3.12-S3.19 in the supplementary information.  

The lowest energy structure found is pIMI-NOOH_N2-N2a which can be formed via loss 

of NO• from protonated imidacloprid and then tautomerization from N1 to O1, followed 

by loss of •OH and then tautomerization from C2 to N2 (see Figure 3.7). The main 

disagreement between the experimental IRMPD spectrum and the computed spectrum for 

pIMI-NOOH_N2-N2a is the very strong N2=C stretching band predicted at 1700 cm-1, 

but with no experimental band observed. Similarly, the comparison of the rest of the 

spectrum is generally poor.  

The best matches to the experimental IRMPD spectrum are pIMI-NOOH_N1-N2b 

and pIMI-NOOH_N2-N2b which are 40 and 50 kJ mol-1 higher, respectively, in Gibbs 

energy than the lowest energy structure, pIMI-NOOH_N2-N2a. The weak experimental 

band observed at 1740 cm-1 is in good agreement with the predicted band positions for the 

N1-C=N2 and N1=C-N2 asymmetric stretches for the pIMI-NOOH_N1-N2b and pIMI-

NOOH_N2-N2b isomers, respectively. Similarly, the most intense feature at about 1600 

cm-1 in the experimental spectrum is well reproduced by the calculations for the pIMI-

NOOH_N1-N2b and pIMI-NOOH_N2-N2b structures. The 1460 cm-1 band is better 

reproduced by the bend of the CH2 group next to N3 in pIMI-NOOH_N1-N2b. In Figure 

S3.12 the computed spectra for some higher energy isomers are compared, but do not 
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agree as well with the experimental spectrum as does the pIMI-NOOH_N1-N2b 

computed spectrum. 

 

Figure 3.6. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO• and •OH from protonated 

imidacloprid, singlet state isomers. All relative thermochemistries are 298 K values and 

are in kJ mol-1.  

In Figure 3.7 some possible pathways from protonated imidacloprid to pIMI-

NO/OH are explored. As stated above, the first step is the loss of NO• from protonated 

imidacloprid followed by a proton transfer from N5 to N2 producing pIMI-NO_N1-N2, 

the lowest energy m/z 226 structure. This is followed by isomerization transferring either 

the N1 or N2 hydrogen atom to the oxygen position, with Gibbs energy barriers (298 K) 

of 128.5 and 211.4 kJ mol-1, respectively, forming pIMI-NO_N2-O1 and pIMI-NO_N1-

O1, respectively. Note that while pIMI-NO_N2-O1 is higher in energy than pIMI-

NO_N1-O1 by about 78 kJ mol-1, the threshold for its formation is more than 80 kJ mol-1 
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less. Both of the m/z 226 isomers can then lose •OH, forming high energy m/z 209 

isomers (pDIMI-H_N1 and pDIMI-H_N2, both triplets) which are not expected to 

contribute to the experimental spectrum due to their poor agreement and the fact that they 

are so high in energy (see Figure S3.13). pDIMI-H_N1 can undergo a hydride transfer 

from C4 producing the singlet species pIMI-NOOH_N1-N2b. pDIMI-H_N2 can undergo 

tautomerization from either C4 or C2 to produce pIMI-NOOH_N2-N2b or pIMI-

NOOH_N2-N2a, respectively. Despite pIMI-NOOH_N2-N2a being the 

thermodynamically favoured product, its formation is a multistep pathway (see Figure 

S3.20) with an energy requirement some 160 kJ mol-1 higher than for the formation of 

pIMI-NOOH_N2-N2b. The potential energy surface in Figure 3.7 is consistent with 

pIMI-NOOH_N2-N2b being the major m/z 209 product. 

Other higher energy singlet structures can be seen in Figure S3.12 along with a 

comparison of their computed spectra with the experimental spectrum. Similarly, much 

higher energy triplet structures can be seen in Figure S3.13-S3.19. None of the structures 

agree very well with the experimental spectrum except for pDIMI-H_C2_N1-N5 (the 

triplet version of pIMI-NOOH_N2-N2a) which could be formed from pDIMI_N1-N5 

following loss of a hydrogen atom from C2. While we cannot rule out this structure, it is 

probably a minor contributor since the NO•/•OH loss route is more likely than NO2
•/H• 

loss as described above. 
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Figure 3.7. Potential mechanism for the formation of the m/z 209 ion resulting from the 

dissociation of NO• and •OH from protonated imidacloprid. 

3.3.2.6. Protonated Dechlorinated Desnitroimidacloprid, m/z 175 

The computed IR spectra for protonated dechlorinated desnitroimidacloprid, pDIMI-Cl, 

are compared to the experimental spectrum in the 600-2000 cm-1 region and are shown in 

Figures 3.8-3.9 and Supplementary Figures S3.21-S3.28. The IRMPD spectrum exhibits a 

broad absorption with two distinct maxima centered at 1640 and 1560 cm-1. Weaker 

spectral features are observed in the range of 1200-1400 cm-1, displaying a moderately 

intense peak at 1370 cm-1.  
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Imidacloprid residues found in medicinal plants were identified by LC-MS/MS 

analysis using ESI operated in positive ion mode. A fragmentation pathway for 

imidacloprid residues was suggested by Besil et al.42 where the structure for protonated 

dechlorinated desnitroimidacloprid is portrayed as a triple state diradical ion, protonated 

at the imidazolidine nitrogen. The calculated IR spectra for the diradical isomers with 

triplet spin multiplicities are compared to the experimental IRMPD spectrum in Figures 

3.8 and S3.21. The computed IR spectrum for the pDIMI-Cl_N2-N2 isomer generates the 

best match with the IRMPD spectrum. The strong absorption calculated at 1655 cm-1 is 

assigned to NH2 bending and C-N stretching in the guanidine group and the minor 

absorption calculated at 1545 cm-1 corresponds to C=C-H bending in the pyridine ring. 

The positions of these bands agree exceptionally well with the spectral features observed 

at 1640 and 1560 cm-1, however, the intensity of the 1560 cm-1 absorption is not 

reproduced by the calculations. The calculated IR bands in the 1200-1400 cm-1 region are 

due to motions of the C-H and CH2 groups, which are in good agreement with the 

experimental spectrum. It is clear from observation that none of the higher energy triplet 

diradical isomers contribute to the structure of pDIMI-Cl due to the overall poor 

agreement observed between the computed IR spectra and the experimental IRMPD 

spectrum, nevertheless the energetics of pDIMI-Cl_N2-N2 suggest that this isomer is not 

responsible for the structure of protonated dechlorinated desnitroimidacloprid.  
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Figure 3.8. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), triplet state isomers. All relative thermochemistries are 298 K values and are in kJ 

mol-1. 

The fragmentation mechanism for the loss of Cl• from protonated 

desnitroimidacloprid proposed by Donald et al.35 involves intramolecular cyclization 

where the odd-electron radical generated in the pyridine ring reacts with the odd-electron 

radical of the guanidine moiety, forming a non-radical species with singlet spin 

multiplicity. A similar mechanism is reported by Chandran et al.43 for the loss of Cl• from 

the desnitro product ion of protonated nitenpyram, a nitromethylene neonicotinoid 

insecticide. For that reason, we inspected structures undergoing radical cyclization 

reactions. Firstly, we considered isomers where the guanidinyl radical attacks the C5=C6 

bond or C5=C9 bond, generating a 5-membered ring encompassing the methylene bridge 

and the N2-C5 bond. The energetics and geometries of the pDIMI-Cl_N2C5A and 
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pDIMI-Cl_N2C5B isomers are depicted in the supplementary information (Figures S3.22 

and S3.23); the pDIMI-Cl_N2C5 structural isomers differ by a rotation of the pyridine 

ring. It is noteworthy that the generated IR spectra for the N1-N2 isomers (pDIMI-Cl_N1-

N2_N2C5A and pDIMI-Cl_N1-N2_N2C5B) and the N1-N5 isomers (pDIMI-Cl_N1-

N5_N2C5A and pDIMI-Cl_N1-N5_N2C5B) are in reasonable agreement with the 

experimental IRMPD spectrum. The N1-N2 and N1-N5 computed isomers predict the 

absorption bands in the 1500-1700 cm-1 region, therefore, these calculated structures 

cannot be ruled out based on the spectroscopic agreement. Higher energy computed 

isomers protonated at various other basic sites shown in Figures S3.22 and S3.23 can be 

definitely ruled out energetically and spectroscopically. 

The mechanism to form the second intramolecular cyclization reaction that we 

examined requires that the guanidinyl radical attacks the C6=C7 bond generating a 6-

membered ring consisting of the N2-C6 bond; a radical-radical combination reaction 

occurs to form the C7=C8 bond. The singlet state pDIMI-Cl_N2C6 isomers are portrayed 

in Figure S3.24. The shape and positions of the calculated IR bands are in poor agreement 

with the measured bands, thus, the pDIMI-Cl_N2C6 computed structures can be excluded 

as possible contributors. The relative enthalpies and Gibbs energies suggest that these 

structures are not thermodynamically favoured. Moreover, the pDIMI-Cl_N2C6 isomers 

were subjected to a hydrogen shift from the C6 position to the N2 position. The singlet 

state pDIMI-Cl_N2C6H isomers are illustrated in Figure 3.9. It is evident from the 

comparison of the computed IR spectra and the IRMPD spectrum that the N1-N2-N5 

isomer of the N2C6H structures demonstrates the best match with the experimental 

spectrum. The calculated IR band at 1652 cm-1 corresponds to C-N1-H and C-N2-H 
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bending in the imidazolidine ring, and the slight shoulder to the red of this calculated IR 

band corresponds to C=C-H bending in the pyridine ring and N3=C stretching (N3-C 

resonance form) in the imidazolidine ring. The minor calculated IR band predicted at 

1546 cm-1 represents N5-H wagging, however, the intensity of the observed absorption is 

not reproduced by the calculations. The higher energy pDIMI-Cl_N2C6H computed 

structures can be eliminated as possible contributors with regard to the thermodynamic 

and spectroscopic results.  

 

Figure 3.9. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C6 bond formation and a hydrogen shift from 

C6 to N2. All relative thermochemistries are 298 K values and are in kJ mol-1. 
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The mechanism to form the third intramolecular cyclization reaction we 

investigated involves guanidinyl radical attack on the C9=N5 bond generating a 6-

membered ring that incorporates the N2-C9 bond; a radical-radical combination reaction 

occurs to produce the N5=C8 bond. The singlet state pDIMI-Cl_N2C9 isomers are 

displayed in Figure S3.25 and the computed IR spectra for the pDIMI-Cl_N2C6 and 

pDIMI-Cl_N2C9 isomers are virtually indistinguishable. None of the pDIMI-Cl_N2C9 

computed structures generate a decent match with the IRMPD spectrum, thus, these 

isomers can be ruled out as probable contributors to the structure based on the 

spectroscopy and the energetics. The pDIMI-Cl_N2C9H isomers, shown in Figure S3.26, 

are closely related to the hydrogen shift isomers described above, however, in this case 

the isomers are derived from the pDIMI-Cl_N2C9 isomers, and the hydrogen is displaced 

from the C9 position to the N2 position. The computed IR spectrum of the N1-N2-N5 

isomer of the N2C9H structures is the most consistent with the experimental IRMPD 

spectrum. The pDIMI-Cl_N1-N2-N5_N2C6H computed isomer generates a more fitting 

match with the experimental spectrum, and is lower in enthalpy and Gibbs energy than 

the pDIMI-Cl_N1-N2-N5_N2C9H isomer, however, neither isomer can be ruled out 

entirely. The higher energy pDIMI-Cl_N2C9H computed structures can be ignored as 

contributing to the observed vibrational spectrum due to the overall poor agreement 

between the experimental and computational results.  

Lastly, we considered the intramolecular cyclization reaction reported by Donald et 

al.35 for protonated dechlorinated desnitroimidacloprid. The pDIMI-Cl_N2C8A and 

pDIMI-Cl_N2C8B computed structures are generated from the radical-radical 

combination of the alkyl radical and the guanidinyl radical forming the N2-C8 bond. The 
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singlet state pDIMI-Cl_N2C8A and pDIMI-Cl_N2C8B isomers are presented in Figures 

S3.27 and S3.28, respectively. The comparison of the computed IR spectra and the 

experimental IRMPD spectrum reveals that none of the pDIMI-Cl_N2C8A and pDIMI-

Cl_N2C8B computed structures can be eliminated as contributing to the IRMPD 

spectrum. The N1-N5 isomers predict the spectral feature observed at 1640 cm-1 

corresponding to N2=C8 stretching, and the 1560 cm-1 spectral feature is also calculated 

but the intensity is not reproduced by the calculations. The N1-N2 isomers calculate the 

experimental IRMPD band at 1560 cm-1 which can be ascribed to C-N1-H and C-N2-H 

bending. The N1-N1 isomers predict a strong absorption for the 1640 cm-1 spectral 

feature which can be attributed to C=N2 stretching and NH2 bending, and a minor 

absorption is calculated for the 1560 cm-1 spectral feature. The N2-N5 isomers predict the 

1640 and 1560 cm-1 experimental bands which correlate to C=N1 stretching and N5-H 

wagging, respectively. The N2-N2 calculated isomers predict the 1640 cm-1 IRMPD 

absorption which is due C=N1 stretching, and a weakly intense IR band is calculated for 

the 1560 cm-1 IRMPD absorption. No individual pDIMI-Cl_N2C8A and pDIMI-

Cl_N2C8B computed structure can be assigned as a primary contributor according to the 

spectroscopic comparison between the experimental spectrum and the computed spectra 

as well as the relatively high enthalpies and Gibbs energies computed.  

The breadth of the 1500-1700 cm-1 absorption is not adequately reproduced by any 

of the investigated structures, therefore, additional geometry optimizations, energy 

calculations, and infrared spectroscopy data must be obtained to better describe the 

observed IRMPD spectrum.  
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3.4 Conclusions  

A combination of IRMPD spectroscopy experiments in the 600-2000 cm-1 region and 

computational methods were conducted with the aim of elucidating the structures of 

protonated imidacloprid (pIMI) and its fragmentation products; protonated 

desnitrosoimidacloprid (pIMI-NO), protonated imidacloprid urea (pIMIU), protonated 

desnitroimidacloprid (pDIMI), the loss of N,O2,H from protonated imidacloprid (pIMI-

N,O2,H), and protonated dechlorinated desnitroimidacloprid (pDIMI-Cl). The 

experimental IRMPD spectra were compared to the theoretical IR spectra and led to the 

definitive assignment of the lowest energy structures for pIMI, pIMI-NO, and pIMIU. 

The decent agreement achieved between the calculated IR bands and the measured 

IRMPD bands for several isomers of protonated desnitroimidacloprid revealed a complex 

contribution, including isomers involving the simple loss of NO2
• and some undergoing 

isomerization. Based on the comparison of the computed IR spectrum for the lowest 

energy structure of pDIMI and the IRMPD spectrum, it was concluded that the lowest 

energy structure did not contribute to the experimental spectrum. This observation is 

rationalized as being due to the energy requirement for proton transfer and hydrogen shift, 

being substantially higher than that for simple loss of NO2
•. 

A comparison of the experimental IRMPD and computed IR spectra for the loss of 

NO• and •OH from protonated imidacloprid indicated that computed structures entailing a 

hydride shift from the methylene bridge to the guanidine moiety, succeeding •OH 

elimination, generated the best match with the experimental spectrum. This was 

consistent with the computed potential energy surfaces showing this structure as having 

the lowest energy requirement. 
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Chapter 4 – Investigation of the Structures and Unimolecular 

Fragmentations of Protonated Thiamethoxam in the Gas Phase 

by IRMPD Spectroscopy and Computational Methods  

4.1 Introduction 

Nicotine was once used as an insecticide to control sucking pests despite its relatively low 

potency toward insects.1–3 Neonicotinoids are chemically similar to nicotine but contain 

unique structural features; possessing either a nitromethylene, nitroimine, or cyanoimine 

group that enhance their insecticidal efficacy in comparison to nicotine.3–8 Neonicotinoids 

have a high target specificity to insects, acting at insect nicotinic acetylcholine receptors 

(nAChRs), making these insecticides particularly advantageous in the agricultural 

industry for crop protection against aphids, whiteflies, planthoppers, lepidopteran, 

dipteran, and coleopteran species.4,9–12 Neonicotinoids persisting in the environment pose 

a significant threat to non-target organisms which include pollinators,13–15 aquatic 

insects,16,17 and birds18,19 that are exposed to these insecticides. 

Thiamethoxam is a second-generation insecticide belonging to the thianicotinyl 

subclass of the nitroguanidine class of neonicotinoids.3,8,20 In plants and insects, the 

binding affinity of thiamethoxam on insect nAChRs is up to 10,000 times less active than 

other neonicotinoids, suggesting that the insecticidal activity of thiamethoxam is due to 

its open-chain metabolite clothianidin, which readily binds to the same receptor site as 

imidacloprid and other neonicotinoid compounds.21 In mammalian systems, 

thiamethoxam metabolites are formed through cleavage of the nitroguanidine moiety, 
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producing the following metabolites: nitrosoguanidine (TMX-NNO), aminoguanidine 

(TMX-NNH2), desnitroguanidine (TMX-NH), and the urea derivative (TMX-Urea).22–25 

Nitro reduction, demethylation (TMX-dm), and cleavage of the oxadiazine ring 

(formation of clothianidin) are the main metabolic reaction pathways of thiamethoxam in 

organisms.22,25 Investigating the fragmentation pathways of thiamethoxam by applying 

mass spectrometric techniques is important for structural elucidation and understanding 

the unimolecular reactivities of thiamethoxam. In an electrospray ionization-collision 

induced dissociation (ESI-CID) study of nitenpyram, a nitromethylene neonicotinoid, it 

was found that the main fragmentation pathways of protonated nitenpyram are initiated 

by NO2
• and •OH losses.26 The ESI-CID spectrum of protonated nitenpyram was 

contrasted with the CID spectrum of protonated imidacloprid previously investigated in 

the literature,27 as well as thiamethoxam and ranitidine which are similar in structure to 

nitenpyram and consist of an NO2 group.26 In the ESI-CID spectrum of protonated 

thiamethoxam (m/z 292), minor NO2
• and NO• losses were observed (m/z 246 and m/z 

262, respectively), however, the primary fragment ion results from the loss of Cl• from 

protonated desnitro-thiamethoxam (m/z 246 → m/z 211). In addition, no •OH elimination 

from the precursor ion is observed indicating that oxygen protonation does not occur.26 

Analogously, isotope labelling mass spectrometry experiments were conducted in order to 

assign fragment ions in the tandem mass spectrum (MS/MS) of thiamethoxam.28 The 

MS/MS spectrum of protonated thiamethoxam (m/z 292) reveals fragment ions at m/z 211 

and 181, which correspond to the loss of NO2
• and Cl• for the m/z 211 fragment ion, and 

the loss of N2O2, Cl•, and CH3
• for the m/z 181 fragment ion, according to previously 

proposed fragmentation pathways.29,30 Thiamethoxam isotope analogues, thiamethoxam-
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d3 and thiamethoxam-d4, were used to assess the fragmentation pattern suggested in the 

literature. The MS/MS/MS analysis of thiamethoxam provides evidence that the fragment 

ion at m/z 181 is due to the loss of CH2O from the fragment ion at m/z 211,28 invalidating 

the proposed pathway. In the MS/MS spectrum of thiamethoxam, the fragment ion at m/z 

246 originates from the loss of NO2
•, and the fragment ion at m/z 211 arises from the 

simultaneous loss of NO2
• and Cl•,28 consistent with the previously reported dissociation 

products.29–33 It is interesting to note that in a study conducted using atmospheric pressure 

chemical ionization (APCI) and electrospray ionization (ESI) interfaces in mass 

spectrometry, protonated thiamethoxam urea is reported as a degradation product of 

protonated thiamethoxam, which is observed at m/z 248 in the mass spectrum.34 

In this work, structures of protonated thiamethoxam and its fragment ions are 

investigated in the gas phase by infrared multiphoton dissociation (IRMPD) spectroscopy 

in the 600-1800 cm-1 region. Electronic structure calculations were carried out to compare 

the energies of isomeric structures and to compare the computed infrared (IR) spectra to 

the experimental IRMPD spectra.  

4.2 Methods 

4.2.1 Computational Methods 

All calculations were performed using the Gaussian 16 program.35 Optimized geometries 

and harmonic frequencies were carried out using the B3LYP density functional theory 

with the 6-31+G(d,p) basis set for all atoms. 298 K enthalpies and Gibbs energies, 

relative to the lowest energy structure, are reported in kJ mol-1. Empirical dispersion 
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corrections were done using Grimme’s D3 version with the original damping function, 

B3LYP-D3.36 Due to errors associated with the computational method and the harmonic 

approximation, a scaling factor is applied. The vibrational frequencies were scaled by 

0.975 when comparing the computed IR spectra to the experimental spectra,37,38 and  

convoluted with a Lorentzian profile with a width (FWHM) of 15 cm-1. Single point 

energy calculations using the B3LYP/6-311+G(3df,2pd) level of theory were performed 

on the lowest energy isomers of protonated thiamethoxam in order to compare electronic 

energies. When calculating thermodynamic properties for systems containing non-

covalent interactions the M06-2X functional exhibits accurate results.39 Optimization and 

frequency calculations were then repeated for the lowest energy isomers of protonated 

thiamethoxam using the M06-2X functional with the 6-31+G(d,p) basis set. The 

vibrational frequencies were scaled by 0.95 in the 600-1800 cm-1 region using the M06-

2X/6-31+G(d,p) level of theory.40 

4.2.2 Experimental Methods 

IRMPD experiments were performed at the Free Electron Laser for Infrared eXperiments 

(FELIX) facility at Radboud University (Nijmegen, the Netherlands). Experiments were 

accomplished through the use of a 3D modified quadrupole ion trap (QIT) mass 

spectrometer [Bruker AmaZon Speed ETD] coupled to the IR beam line of the free 

electron laser.41,42 FELIX provides tunable infrared radiation in the 600-1950 cm-1 region. 

The mass-isolated ions that are trapped in the QIT are irradiated with 5-10 µs 

macropulses (energies of 40-100 mJ/pulse) followed by a train of 6 ps long micropulses 

spaced by 1 ns. Thiamethoxam was obtained from Toronto Research Chemicals. 
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Protonated thiamethoxam ions were generated by electrospray ionization (ESI) using 20 

µL of 1.0 mM thiamethoxam solution diluted in 1.0 mL of 50/50 acetonitrile and water. 

The 1.0 mM solution of thiamethoxam was prepared in 1.0 mL of 50/50 methanol and 

water to which 20 µL of 1% formic acid was added.  

4.3 Results and Discussion 

4.3.1 IRMPD Mass Spectra 

Figure 4.1 depicts the IRMPD mass spectra for protonated thiamethoxam. The precursor 

ion at m/z 292 was isolated and subjected to IRMPD activation, producing fragment ions 

at m/z 246, 211, and 181, agreeing with the tandem mass spectrometry fragmentation 

pathways reported previously using CID as the activation technique.28 The MS/MS 

spectrum for the m/z 246 product ion reveals fragmentations at m/z 211 and 181. In the 

MS3 spectrum, the m/z 211 product ion dissociates into m/z 199, 181, 152, 139, and 122; 

where the most abundant fragment ion is the m/z 181 peak. The MS4 spectrum for m/z 

181 shows similar dissociation products at m/z 152, 139, and 122 so their appearance in 

the mass spectrum of m/z 211 is likely due to secondary fragmentation of m/z 181.  
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Figure 4.1. IRMPD mass spectra for protonated thiamethoxam and its fragmentation 

products (m/z 292 → m/z 246 → m/z 211 → m/z 181) at their maximum ion dissociation. 

4.3.2 Computed Structures for Protonated Thiamethoxam 

Structural optimization and frequency calculations were performed to determine the 

lowest energy isomers of protonated thiamethoxam (pTMX) and to investigate which 

isomer best represents the IRMPD vibrational spectrum. The thiamethoxam numbering 

scheme used throughout this study is presented in Scheme 4.1.  
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Scheme 4.1. Numbering scheme for thiamethoxam. 

The structural isomers explored in the present study involve protonation at different 

basic sites. The schematics, geometries, and energetics of protonated thiamethoxam 

isomers using the B3LYP/6-31G+(d,p) level of theory are displayed in Figures 4.2 and 

4.3. Protonation at the nitrogen atom in the nitroguanidine moiety (the N2 position) is the 

thermodynamically favoured site of protonation, followed by protonation at one of the 

oxygen atoms in the nitro group (the O2 position), differing by only 6.1 kJ mol-1 in Gibbs 

energy. Structures calculated using the M06-2X/6-31G+(d,p) level of theory are shown in 

Figures 4.4 and 4.5. In this case, protonation at the O2 position, the lowest energy isomer 

calculated using this level of theory, is computed to be 4.1 kJ mol-1 lower in Gibbs energy 

than protonation at the N2 position. The optimized geometries where protonation occurs 

at the O3 position results in cleavage of the C3−O3 or O3−C4 bond. The calculated IR 

spectrum of the lowest energy conformer of pTMX_O3 is compared to the experimental 

spectrum regardless of the O3 bond cleavage. Input calculations protonated at the N4 

position resulted in optimized structures that converged to other protonation sites. 

In order to conduct a complete investigation of the conformers of protonated 

thiamethoxam we adapted a computational method presented in the literature for 

calculating conformers of imidacloprid.43 The conformational isomer with the lowest 
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Gibbs energy was selected for comparison with the vibrational spectrum. In the current 

work, the input structures were obtained by rotating the dihedral angle φ1-C2-N3-C5-C6 

90° in a series of 3 steps while also rotating the dihedral angle φ2-N3-C5-C6-S1 180° in 

each step. Moreover, the dihedral angle φ3-N3-C2-N1-C1 was rotated by 60° and -60° 

from the initial position of 180°, generating a total of 24 conformers for each isomer. The 

half-chair enantiomers of the oxadiazinane ring structures for all conformers were 

calculated to determine if the calculated IR bands better explain the spectral features 

observed in the IRMPD spectrum. The comparison between the experimental IRMPD 

spectrum and the computed IR spectra for the half-chair enantiomers are shown in 

Supplementary Figures S4.1 and S4.2. Upon inspection, it is clear that the computed IR 

spectra for the half-chair enantiomers are identical to the computed IR spectra of the 

isomers presented in Figures 4.2 and 4.3, and the relative enthalpies and Gibbs energies 

are unchanged.   
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Figure 4.2. The experimental IRMPD spectrum (black trace) compared with the B3LYP 

computed IR spectra (grey trace) for the lower energy isomers of protonated 

thiamethoxam (pTMX_B).  
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Figure 4.3. The experimental IRMPD spectrum (black trace) compared with the B3LYP 

computed IR spectra (grey trace) for the higher energy isomers of protonated 

thiamethoxam (pTMX_B).  
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Figure 4.4. The experimental IRMPD spectrum (black trace) compared with the M06-2X 

computed IR spectra (grey trace) for the lower energy isomers of protonated 

thiamethoxam (pTMX_M). 
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Figure 4.5. The experimental IRMPD spectrum (black trace) compared with the M06-2X 

computed IR spectra (grey trace) for the higher energy isomers of protonated 

thiamethoxam (pTMX_M). 

4.3.3 Vibrational Spectroscopy for Protonated Thiamethoxam  

The IRMPD spectra of protonated thiamethoxam and the computed IR spectra are 

compared in Figures 4.2-4.5 and Supplementary Figures S4.1-S4.2 in the 600-1800 cm-1 

region. Evidently, the IRMPD spectrum is best reproduced by the calculated spectra 

where the proton is found on the O2 atom in the nitro group, pTMX_O2a_B (B3LYP 

method) and pTMX_O2a_M (M06-2X method). The experimental spectrum displays an 
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intense absorption band centered at 1633 cm-1, with a slight shoulder to the blue side of 

the main absorption. From the calculated IR spectra of pTMX_O2a_B and 

pTMX_O2a_M, this absorption is predicted to occur at 1630 and 1629 cm-1, respectively, 

corresponding to N=C−N asymmetric stretching in the oxadiazinane ring. The 

experimental, blue-shifted shoulder is better predicted by pTMX_O2a_M and correlates 

to O−H wagging and N−N=O asymmetric stretching in the nitro group. There is a minor 

spectral feature observed at 1510 cm-1 in the IRMPD spectrum which corresponds to 

N=C−N symmetric stretching. The strong absorption centered at 1417 cm-1 with a 

shoulder to the red of this band is predicted at 1440 and 1447 cm-1 by pTMX_O2a_B and 

pTMX_O2a_M, respectively, and can be assigned to N=C stretching in the chlorothiazole 

ring. Broad spectral features are observed in the range of 1250-1360 cm-1, corresponding 

to CH2 bending vibrations. There is a distinct maximum observed at 1033 cm-1 in the 

IRMPD spectrum which is predicted by the B3LYP and M06-2X calculations to occur at 

1009 and 1023 cm-1, respectively, and can be assigned to C−Cl stretching. The position 

of this calculated IR band matches well with the experimental band, although, the 

intensity does not agree strongly. The experimental absorption bands are in excellent 

agreement with the positions of the calculated IR bands, therefore, pTMX_O2a (and the 

higher energy conformer, pTMX_O2b) can be confidently assigned as major contributors 

to the structure of protonated thiamethoxam based on spectroscopic results. The 

thermodynamic results of the M06-2X calculations show that pTMX_O2a_M is the 

lowest Gibbs energy isomer, further supporting that pTMX_O2a_M is a plausible 
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structure, however, the B3LYP calculations show that pTMX_O2a_B is calculated to be 

6.1 kJ mol-1 higher in Gibbs energy than the pTMX_N2_B isomer.  

The comparison between the experimental IRMPD spectrum and the computed IR 

spectra involving protonation at the imine nitrogen of the nitroguanidine group, 

pTMX_N2_B and pTMX_N2_M, reveals a decent match between the experimental 

absorption at 1633 cm-1 and the computed absorption at 1648 cm-1. An additional IR band 

is calculated at 1685 cm-1 for pTMX_N2_B and at 1717 cm-1 for pTMX_N2_M; 

nevertheless, this calculated IR band is absent in the experimental spectrum. The 

positions of the IR bands in the region of 1200-1600 cm-1 in the calculated spectra of 

pTMX_N2_B and pTMX_N2_M do not agree as well as the pTMX_O2a_B and 

pTMX_O2a_M calculations. The computed spectrum of the isomer protonated at the O2 

position is more consistent with the vibrational spectrum, as a result the isomer 

protonated at the N2 position can ruled out spectroscopically. Overall poor agreement 

between the experimental and computed spectra is achieved for the other basic sites, 

consequently, the higher energy isomers (N5, O1, N1, O3, N3, and S1) can be eliminated 

as major contributors.  

The computed 298 K relative enthalpies and Gibbs energies, in kJ mol-1, are shown 

in Table 4.1. The M06-2X calculations show that the O2 position is the preferential site of 

protonation and the B3LYP calculations show that the N2 position is the favoured site of 

protonation. The split-valance basis set, 6-31+G(d,p), and the triple zeta basis set, 6-

311+G(3df, 2pd), demonstrate the same general trend for the calculated 

thermochemistries when the B3LYP functional was employed. In the IRMPD mass 

spectrum displayed in the current study and in the CID spectrum of thiamethoxam shown 
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in the literature,26 it is unmistakeable that no •OH dissociation is observed. Chandran et 

al.26 rationalize that oxygen protonation in the nitro moiety is not likely to occur based on 

the observed fragmentation of protonated thiamethoxam. Notwithstanding, the IRMPD 

spectroscopy experiments and DFT calculations conducted in the present work reveal that 

oxygen protonation is in fact the most probable structure. 

Table 4.1. A comparison of the 298 K relative enthalpies and Gibbs energies, in kJ mol-1, 

of isomeric structures using three levels of theory. 

 
B3LYP/ 

6-31+G(d,p) 

B3LYP/ 

6-311+G(3df,2pd) 

M06-2X/ 

6-31+G(d,p) 

Isomer Δ
rel
H Δ

rel
G Δ

rel
H Δ

rel
G Δ

rel
H Δ

rel
G 

pTMX_N2 0.0 0.0 0.0 0.0 6.5 4.1 

pTMX_O2a 5.9 6.2 7.2 7.3 0.0 0.0 

pTMX_N5 5.5 11.5 7.1 13.1 4.0 9.6 

pTMX_O1a 13.7 13.3 15.4 15.0 11.1 11.2 

pTMX_O2b 16.5 16.3 16.3 16.0 11.6 9.2 

pTMX_O1b 60.7 54.9 60.1 54.3 63.4 56.9 

pTMX_N1 76.7 78.7 80.4 82.3 81.6 79.8 

pTMX_O3 101.9 93.6 101.7 93.4 115.6 107.0 

pTMX_N3 94.9 95.9 97.3 98.2 101.6 100.3 

pTMX_S1 180.4 185.1 175.8 180.5 191.1 192.3 
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4.3.4 Computed Structures for Protonated Desnitro-Thiamethoxam 

We first considered isomers of protonated desnitro-thiamethoxam (pDTMX) where the 

radical is localized on the N2 position of the guanidine group. All possible protonation 

sites were examined by placing the proton on various heteroatoms (N, O, and S). The 

energetics and geometries of the pDTMX isomers involving direct radical decomposition 

of NO2 are presented in Figure 4.6. Next, we considered isomers where the radical is 

localized on the C7 position of the chlorothiazole ring. This mechanism requires the 

formation of a bond between N2 and C6 generating a 5-membered heterocyclic ring. 

Supplementary Figure S4.3 depicts the energetics and geometries of the pDTMX_N2-C6-

S1 isomers where the radical is transferred to the C7 position, and the chlorothiazole ring 

is bonded directly to N2. The pDTMX_N2-C6-C7 isomers displayed in Supplementary 

Figure S4.4 differ from the aforementioned structures by a rotation of the chlorothiazole 

ring. Cleavage of the C6−S1 bond occurred in an effort to optimize structures where the 

proton was confined on the N5 and S1 basic sites. Consequently, we investigated isomers 

where the radical is transferred to the S1 position. The energies and optimized geometries 

of the pDTMX_S1d-C5 isomers entailing cleavage of the C6−S1 bond are presented in 

Supplementary Figure S4.5. The pDTMX_S1d-N2 isomers displayed in Supplementary 

Figure S4.6 differ from the pDTMX_S1d-C5 isomers in the orientation of the 

chlorothiazole chain, such that S1 is in proximity to N2. Supplementary Figure S4.7 

shows pDTMX_S1d-C5H isomers which resemble the C6−S1 bond breakage structures, 

however, the S1d-C5H structures consist of a hydrogen shift from the C5 position of the 

methylene bridge to the S1 position of the chlorothiazole ring, the radical residing on the 
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C5 position. Moreover, we investigated isomers where the radical is localized on the C6 

position. This is accomplished through bond formation between N2 and C7 producing a 

6-membered heterocyclic ring. The energetics and geometries of the pDTMX_N2-C7 

isomers are depicted in Figure 4.7. Lastly, an attempt was made to optimize geometries 

involving bond formation between N2 and S1, however, the structures reverted back to 

isomers where the radical is localized on the N2 position.  

 
Figure 4.6. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for the isomers of protonated desnitro-thiamethoxam where the 

radical is localized on N2 (pDTMX). 



109 

 

 
Figure 4.7. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for the isomers of protonated desnitro-thiamethoxam where the 

radical is localized on C6 (pDTMX_N2-C7). 

4.3.5 Vibrational Spectroscopy for Protonated Desnitro-Thiamethoxam 

The experimental IRMPD spectra compared to the computed IR spectra for protonated 

desnitro-thiamethoxam in the 600-1800 cm-1 region are presented in Figures 4.6-4.7 and 

Supplementary Figures S4.3-S4.7. The IRMPD spectrum displays an intense absorption 

with two distinct maxima – a band centered at 1635 cm-1 and another band at 1580 cm-1. 
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Weaker absorptions are exhibited in the 1250-1450 cm-1 region. The most predominant 

spectral feature is observed at 1032 cm-1 which encompasses a shoulder to the blue. 

The most prominent feature in the experimental spectrum at 1032 cm-1 is predicted 

by the pDTMX_N2a isomer, portrayed in Figure 4.6. The calculated IR band at 1049 cm-1 

presents a good match with the experimental band revealing that the N2a isomer cannot 

be excluded as a possible contributor to the structure of protonated desnitro-

thiamethoxam. The general disagreement obtained between the computed IR spectrum 

and the experimental spectrum in the 1540-1660 cm-1 and 1250-1450 cm-1 regions 

indicates that the N2a isomer is unlikely to be present in great abundance.  

The intense spectral features observed at 1635 and 1580 cm-1 in the experimental 

spectrum are predicted at 1632 and 1571 cm-1 in the computed IR spectrum of 

pDTMX_N2_N2-C7, shown in Figure 4.7. The pDTMX_N2_N2-C7 structure is the only 

isomer investigated which is responsible for the absorptions observed in the 1540-1660 

cm-1 region. The calculated IR band at 1632 cm-1 can be attributed to C=N2−H bending 

in the guanidine group and N1=C stretching (N1−C resonance form) in the oxadiazinane 

ring. The calculated IR band expected at 1613 cm-1 corresponds to N5=C stretching in the 

chlorothiazole ring and N3=C stretching (N3−C resonance form) in the oxadiazinane 

ring. The calculated IR band at 1571 cm-1 is assigned to N2=C stretching (N2−C 

resonance form) in the guanidine moiety. While the computed IR spectrum of 

pDTMX_N2_N2-C7 produces an excellent match with the IRMPD spectrum in the 1540-

1660 cm-1 region, the spectroscopic agreement is very poor in the 1250-1450 cm-1 and 

1000-1070 cm-1 regions.  Also, the calculated IR band at 950 cm-1 is not observed in the 
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experimental spectrum. The N2 protonated N2-C7 isomer is not sufficient to explain the 

entire fingerprint region of the IRMPD spectrum for protonated desnitro-thiamethoxam, 

nonetheless, the N2-C7 structure cannot be eliminated as a possible contributor. The 

computed IR spectra of the pDTMX_N5_S1d-N2 and pDTMX_N5_S1d-C5H isomers, 

presented in Supplementary Figures S4.6 and S4.7, exhibit a reasonably good match with 

the experimental spectrum in the 1250-1450 cm-1 region. The weakly intense absorptions 

observed in this region correspond to CH2 in-plane and out-of-plane bending, as well as 

C−H wagging.  

4.3.6 Computed Structures for Protonated Dechlorinated Desnitro-Thiamethoxam 

Isomers of protonated dechlorinated desnitro-thiamethoxam (pDTMX-Cl) were 

thoroughly explored in terms of bond connectivity and the location of the radical site. 

Triplet state pDTMX-Cl isomers resulting from the homolytic cleavage of NO2
• and Cl• 

without undergoing a skeletal rearrangement reaction are illustrated in Supplementary 

Figure S4.8. The radicals of the pDTMX-Cl isomers are situated on the N2 and C8 

positions. The pDTMX-Cl structures are significantly higher (more than 385 kJ mol-1) in 

enthalpy and Gibbs energy than the lowest energy structure, suggesting that contribution 

to any extent from the pDTMX-Cl isomers is improbable based on the computed 

energies. In Supplementary Figures S4.9 and S4.10, triplet state isomers of protonated 

dechlorinated desnitro-thiamethoxam involving radical migration are displayed. The 

mechanism to form the pDTMX-Cl_N2-C6-S1_T and pDTMX-Cl_N2-C6-C7_T isomers 

entails intramolecular radical cyclization. The N2 guanidinyl radical attacks the C6=C7 

double bond, generating a 5-membered ring incorporating the methylene bridge and the 
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N2−C6 bond. An electron-transfer reaction occurs where the alkyl radical is transferred 

from the C6 position to the C7 position, forming the exo cyclized structure. These triplet 

state isomers differ from each other by a rotation of the thiazole ring. The N2-C6-S1_T 

and N2-C6-C7_T structures are notably higher (more than 293 kJ mol-1) in enthalpy and 

Gibbs energy relative to the lowest energy structure calculated. In Supplementary Figures 

S4.11 and S4.12, singlet state isomers of protonated dechlorinated desnitro-thiamethoxam 

undergoing the same intramolecular radical cyclization reaction as the triplet state 

isomers are shown. The singlet state structures, pDTMX-Cl_N2-C6-S1_S and pDTMX-

Cl_N2-C6-C7_S, require that the C7 methine radical combines with the C8 dechlorinated 

radical, giving rise to an electron pair on the C8 position. The computed energies of the 

N2-C6-S1_S and N2-C6-C7_S structures are remarkably higher in energy (more than 296 

kJ mol-1) than the lowest energy structure calculated, indicating that the N2-C6-S1 and 

N2-C6-C7 triplet and singlet state structures are not abundantly present. 

In addition, isomers consisting of bond formation between N2 and C6 and cleavage 

of the C6-S1 bond are examined in Figure 4.8 and Supplementary Figure S4.13. 

Stabilization of the singlet state pDTMX-Cl_S1d-N2 and pDTMX-Cl_S1d-C5 isomers is 

obtained through a radical-radical combination reaction where the free radicals on 

adjacent atoms, C8 and S1, combine to form C8=S1. The acyclic thiazole is oriented 

toward the N2 position in the pDTMX-Cl_S1d-N2 isomers and is aligned with the C5 

position in the pDTMX-Cl_S1d-C5 isomers. The N2 isomers of the S1d-N2 and S1d-C5 

structures are calculated to be 16.3 kJ mol-1 and 21.9 kJ mol-1 in enthalpy, and 9.4 kJ mol-

1 and 13.8 kJ mol-1 in Gibbs energy, respectively, relative to the lowest energy structure 

found, therefore, these isomers cannot be entirely ignored as contributors. The structures 
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presented in Supplementary Figure S4.14 are derived from the above-mentioned 

structures comprising cleavage of the C6−S1 bond. We investigated isomers wherein a 

hydrogen shift takes place, occurring between a carbon atom and a more basic site. For 

the triplet state pDTMX-Cl_S1d-C5H isomers depicted, a hydrogen is transferred from 

the C5 position to the S1 position, causing the radicals to reside on the C5 and C8 

positions. The S1d-C5H structures are computed to be much higher (more than 258 kJ 

mol-1) in enthalpy and Gibbs energy than the lowest energy structure, thus, it is 

implausible that contribution of the S1d-C5H structures will occur.  

Furthermore, we considered structures undergoing intramolecular radical 

cyclization involving bond formation between the guanidinyl N2 and atoms besides the 

thiazole C6. The triplet state pDTMX-Cl_N2-C7 isomers encompass bond formation 

between the N2 and C7 positions, hence, the radicals are localized on the C6 and C8 

positions of the thiazole ring. The N2-C7 structures are portrayed in Supplementary 

Figure S4.15. The enthalpies and Gibbs energies of the N2-C7 structures are computed to 

be considerably high in energy (more than 314 kJ mol-1) in comparison to the lowest 

energy structure calculated. The singlet state pDTMX-Cl_N2-S1 isomers involve bond 

formation between the N2 and S1 positions leading to cleavage of the C8−S1 bond. The 

N2-S1 structures are depicted in Supplementary Figure S4.16. The enthalpies and Gibbs 

energies of the N2-S1 structures are quite high in energy (more than 201 kJ mol-1) relative 

to the lowest energy structure found. The electronic energies suggest that the N2-C7 and 

N2-S1 structures are not contributors to the structure of protonated dechlorinated 

desnitro-thiamethoxam. 
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Moreover, in an attempt to optimize structures subjected to radical-radical 

combination between the N2 guanidinyl radical and the C8 dechlorinated radical, 

structural optimizations resulted in cleavage of the N3−C5 bond. The singlet state 

pDTMX-Cl_N2-C8-N5 isomers illustrated in Figure 4.9 demonstrate that the thiazole 

ring is oriented in such a way that the thiazole nitrogen, N5, is in close proximity to the 

oxadiazinane nitrogen, N3, while the singlet state pDTMX-Cl_N2-C8-S1 isomers shown 

in Supplementary Figure S4.17 reveal that the thiazole sulfur, S1, is in close proximity to 

N3. The N3 protonated N2-C8-N5 isomer is calculated to be the lowest enthalpy and 

Gibbs energy structure of protonated dechlorinated desnitro-thiamethoxam and the N3 

protonated N2-C8-S1 isomer is calculated to be 24.7 kJ mol-1 in enthalpy and 21.1 kJ 

mol-1 in Gibbs energy relative to the N2-C8-N5 structure, therefore, these isomers cannot 

be ruled out energetically. 
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Figure 4.8. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-C6 bond is formed and the C6-S1 bond is cleaved (pDTMX-Cl_S1d-N2). 
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Figure 4.9. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

formation of the N2-C8 bond results in cleavage of the N3-C5 bond (pDTMX-Cl_N2-C8-

N5). 

4.3.7 Vibrational Spectroscopy for Protonated Dechlorinated Desnitro-

Thiamethoxam 

A comparison of the IRMPD spectra for protonated dechlorinated desnitro-thiamethoxam 

complexes in the 600-1800 cm-1 region are portrayed in Figures 4.8-4.9 and 

Supplementary Figures S4.8-S4.17. The experimental spectrum displays a broad 

absorption spanning the range of 1520-1720 cm-1, exhibiting an intense absorption 

centered at 1650 cm-1 and a shoulder is experimentally observed on the red side of this 

absorption. The pDTMX-Cl_N3_N2-C8-N5 (Figure 4.9) computed isomer predicts an 
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intense IR band at 1614 cm-1 which can be attributed to N2=C8 stretching and N1−C−N3 

asymmetric stretching. The pDTMX-Cl_N3_N2-C8-S1 (Figure S4.17) computed isomer 

predicts an intense absorption at 1642 cm-1 and a slight shoulder at 1616 cm-1 which can 

be ascribed to N2=C8 and N5=C7 stretching, and N1−C−N3 asymmetric stretching, 

respectively. The less intense maximum of this broad spectral feature corresponds to 

N5=C7 stretching and C−H wagging in the thiazole ring, as well as C−N3−H bending in 

the oxadiazinane ring which is calculated at around 1560 cm-1.  

The broad absorption observed in the IRMPD spectrum is projected by the 

pDTMX-Cl_N2_S1d-N2 (Figure 4.8) and pDTMX-Cl_N2_S1d-C5 (Figure S4.13) 

calculations. The absorption calculated at around 1680 cm-1 correlates to C−N2−H 

bending and N1−C−N3 asymmetric stretching, and the absorption calculated at around 

1560 cm-1 corresponds to C=N3 stretching (C−N3 resonance form). In the experimental 

spectra, much less intense absorptions are observed below 1500 cm-1 which can be 

assigned to CH2 bending vibrations and C−H wagging.  

The positions of the calculated IR bands for all investigated complexes are not in 

agreement with the positions of the CH2 and C−H vibrational frequencies observed in the 

experimental spectrum, therefore, no definitive structure can be assigned as a major 

contributor. The positions of the calculated IR bands are in reasonable agreement with the 

measured bands in the 1520-1720 cm-1 region for the lowest energy isomers described 

above, nonetheless, we are unable to distinguish which isomer is a better match 

spectroscopically. The calculated IR absorptions in this region do not reproduce the 

breadth of the IRMPD absorption, and as a result, further examination of structural 
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rearrangements and possible radical-radical combinations needs to be computed to find 

contributing structures which produce better agreement between the computed IR spectra 

and the experimental IRMPD spectrum. 

4.3.8 Future Considerations 

Additional computational work needs to be executed in order to gain a more accurate 

representation of the protonated desnitro-thiamethoxam system, necessarily, more skeletal 

rearrangements need to be explored. Intramolecular radical cyclization reactions 

involving guanidinyl radical bond formation have been investigated extensively, 

especially association with the C6, C7, and S1 positions. It is possible that bond 

formation between N2 and N5 may result in isomers with computed IR spectra that 

produce a more fitting match with the experimental IRMPD spectrum, also, these isomers 

may be more thermodynamically stable than the isomers analyzed in this current study. 

Furthermore, additional hydrogen shift reactions from carbon positions to various 

heteroatoms needs to be considered. It is probable that the Cl atom may migrate to other 

carbon positions or heteroatoms before it dissociates from the product ion in the 

subsequent MS stage. It is imperative that a more suitable contributing structure for 

protonated desnitro-thiamethoxam, the NO2
• loss fragment ion, needs to be determined to 

further our knowledge about the structure and thermochemistry of protonated 

dechlorinated desnitro-thiamethoxam, the Cl• loss fragment ion. 

IRMPD spectroscopy is used to elucidate the unimolecular chemistry of protonated 

dechlorinated desnitro-thiamethoxam. The experimental spectrum for the m/z 181 

fragment ion, originating from the m/z 211 fragment ion, is presented in Figure 4.10. 
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Contrasting fragmentation patterns are discussed in the literature; dissociation of CH2O 

from protonated dechlorinated desnitro-thiamethoxam producing the triplet state 

structure28 and the radical-radical combination reaction producing the singlet state 

structure31. Conversely, dissociation of CH3
• and NH2• from protonated dechlorinated 

desnitro-thiamethoxam is reported.30 Theoretical studies need to be conducted in order to 

discover which dissociative isomer is better reproduced by the IRMPD spectrum. 

 
Figure 4.10. The IRMPD spectrum for the m/z 181 fragment ion depicting the reaction 

mechanism for the loss of NH2• and CH3
• and the reaction mechanism for the loss of 

CH2O from protonated dechlorinated desnitro-thiamethoxam. 
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4.4 Conclusions 

We have probed the gas phase structures of protonated thiamethoxam, protonated 

desnitro-thiamethoxam, and protonated dechlorinated desnitro-thiamethoxam using 

IRMPD spectroscopy in the 600-1800 cm-1. Electronic structure calculations of 

protonated thiamethoxam were performed to compare the computed IR spectra to the 

experimental IRMPD spectra, and for energy comparison among isomers. Two different 

DFT methods were employed for protonated thiamethoxam; the B3LYP level of theory 

shows that the lowest energy isomer prefers protonation at the N2 position while the 

M06-2X level of theory reveals that the O2 position is the preferential protonation site. 

The calculated IR bands generated from the O2 protonated complexes reproduce the 

positions of the spectral features, thus, it can be concluded that the pTMX_O2a isomer 

(and the pTMX_O2b conformer) are major contributors to the structure of protonated 

thiamethoxam. For protonated desnitro-thiamethoxam, the computed IR spectrum 

generated from the DFT calculations of pDTMX_N2_N2-C7 exhibits reasonable 

agreement with the experimental spectrum in the 1540-1660 cm-1 region and the 

computed IR spectrum of pDTMX_N2a demonstrates a decent match with the 

experimental spectrum in the 1000-1070 cm-1 region. Despite the good agreement of 

these particular IRMPD absorptions, the pDTMX_N2_N2-C7 and pDTMX_N2a isomers 

cannot be concluded to be primary contributors to the structure of protonated desnitro-

thiamethoxam based on the overall poor agreement obtained between the calculated IR 

and experimental IRMPD spectra. The N2_N2-C7 and N2a structures are not the lowest 

energy isomers explored in this present work, thus, it is possible that lower energy 



121 

 

isomers exist and better explain the features observed in the IRMPD spectrum. For 

protonated dechlorinated desnitro-thiamethoxam, none of the investigated isomers 

produced computed IR spectra that were consistent with the broad absorption in the 1520-

1720 cm-1 region. Therefore, further computational work is required to rule out types of 

structures which do not match the breadth of this absorption. 
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Chapter 5 – Summary and Outlook 

Infrared multiphoton dissociation (IRMPD) spectroscopic analysis combined with 

theoretical calculations of infrared (IR) spectra proves to be a valuable tool for structural 

elucidation. The mechanism of IRMPD involves the resonant absorption of several 

infrared photons. The energy absorbed by the ions is distributed to and stored in a bath of 

vibrational modes. Sequential absorption of photons followed by the redistribution of 

energy raises the total internal energy of the ions until the dissociation threshold is 

exceeded, leading to fragmentation of the molecule.1 IRMPD spectra of molecular ions 

can be obtained by inducing dissociation using high-intensity, widely tunable IR radiation 

supplied by a free electron laser (FEL). Interpretation of the IRMPD spectra provides 

structural information about the location of charge and the presence of certain chemical 

moieties. In this thesis, the structures and energetics of protonated neonicotinoid 

insecticides have been explored using IRMPD spectroscopy and density functional theory 

(DFT) calculations. 

Chapter 3 examined the tautomerization of protonated imidacloprid and its 

fragmentation products in the gas phase through experimental and theoretical methods. 

Theoretical methods have been used to determine the molecular geometries, calculate the 

enthalpies and Gibbs energies, and compute vibrational IR spectra for comparison with 

the experimental IRMPD spectra for the purpose of characterizing imidacloprid and its 

fragmentation products. The lowest energy isomer of protonated imidacloprid, the N1-N5 

isomer, generated an IR spectrum that was the most consistent with the experimental 

spectrum, therefore, the N1-N5 isomer was concluded to be a primary contributor to the 
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structure. Likewise, the computed IR spectrum of the lowest energy isomer of protonated 

imidacloprid urea, the direct N2O dissociation product, was in excellent agreement with 

the experimental spectrum, thus, the N1-N5 isomer could be assigned as a major 

contributor to the structure.  

A potential energy diagram has been modelled formerly by Donald et al.2 to show 

the enthalpy barriers to proton transfer between the two most basic sites of imidacloprid, 

the pyridine nitrogen, N5, and the imine nitrogen, N2. The effect of entropy was not 

considered when calculating the proton affinities of the ground state minima or the 

transition state structures; accordingly, the relative enthalpies and Gibbs energies were 

included in the potential energy diagram in the current work. The transition state enthalpy 

barriers for the direct proton transfer from the N5 to the N2 position and the indirect 

proton transfer from the N5 to O2 and then O2 to N2 positions were computed to be 

lower in enthalpy than the simple loss of NO2
•, suggesting that the N1-N2 isomer was the 

structure of protonated desnitroimidacloprid. However, when entropy was taken into 

account, the straightforward loss of NO2
• from protonated imidacloprid was computed to 

be lower in Gibbs energy than the direct and indirect proton transfer mechanisms making 

proton transfer prior to NO2
• loss unlikely, suggesting that the N1-N5 isomer was the 

structure of protonated desnitroimidacloprid.  

The spectroscopic comparison between the experimental IRMPD spectrum and the 

computed IR spectra for protonated desnitroimidacloprid exhibited better agreement with 

the experimental spectrum for the N1-N5 isomer than the computed IR spectra for the 

N2-N2 and N1-N2 isomers, indicating that the N1-N5 isomer contributes to the structure 

to a greater extent than the lower energy isomers. Tautomerization of the imidazolidine 
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ring and a proton transfer from the pyridine nitrogen to the imine nitrogen resulted in the 

formation of the lowest energy isomer, the N2-N2 isomer. The N1-N2a and N1-N2b 

isomers were derived from a proton transfer from the N5 to the N2 position and the N2-

N5a and N2-N5b isomers stem from a hydrogen shift from the N1 to the N2 position. 

Nonetheless, the N2-N2, N1-N2, and N2-N5 isomers could only be assigned as minor 

contributors to the structure based on the vibrational spectroscopy of protonated 

desnitroimidacloprid. The enthalpy and Gibbs energy barriers for the mechanistic routes 

involving a hydrogen shift and proton transfer, following the loss of NO2
•, were 

calculated to explain the minor contribution from the N2-N2 isomer, as well as the slight 

presence of the N1-N2 and N2-N5 isomers.  

A comparison of the calculated IR bands and the IRMPD absorptions for protonated 

desnitrosoimidacloprid revealed that the N1-N5 isomer, formed by the simple loss of 

NO•, could be ruled out spectroscopically and energetically. The computed IR spectrum 

of the lowest energy isomer of protonated desnitrosoimidacloprid, the N1-N2 isomer, 

presented the best match with the experimental spectrum providing evidence that a proton 

transfer occurred between the pyridine nitrogen and the imine nitrogen following the loss 

of NO•. The N1-N2 isomer of protonated desnitrosoimidacloprid isomerizes such that the 

hydrogen is localized on the oxygen of the nitro group ensuring that •OH dissociation 

could occur. The calculated energy barrier to isomerization for the N2-O1 isomer of 

protonated desnitrosoimidacloprid was computed to be more than 80 kJ mol-1 lower in 

enthalpy and Gibbs energy in comparison to the energy barrier for the N1-O1 isomer, 

hence, it is probable that isomerization proceeded via the N2-O1 isomer mechanistic 

route. Tautomerization succeeding •OH dissociation gave rise to the formation of the N2-
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N2a, N2-N2b, and N2-N2c isomers. The calculated IR bands of the N2-N2b isomer were 

in good agreement with the measured IRMPD bands, therefore, it could be deduced that 

the N2-N2b isomer contributes to the IRMPD spectrum. The general disagreement 

obtained between the computed IR spectra of the N2-Na and N2-N2c isomers and the 

experimental spectrum indicated that these isomers could be excluded as possible 

contributors. 

Chapter 4 investigated the structures and thermochemistries of protonated 

thiamethoxam and its fragmentation products in the gas phase. The calculated relative 

enthalpies and Gibbs energies provided insight into the proton affinity and gas basicity of 

thiamethoxam. Geometry optimizations and theoretical infrared spectra were computed 

using the B3LYP and M06-2X methods. The B3LYP calculations showed that the N2 

position was the preferred site of protonation for thiamethoxam, while M06-2X predicted 

that the O2 position was the favoured site of protonation. The computed IR spectrum of 

the O2a isomer (and the O2b conformer) was more consistent with the experimental 

IRMPD spectrum than the N2 isomer, demonstrating that the M06-2X functional 

outperforms the B3LYP functional in interpreting the spectroscopic results.  

A comparison of the computed IR spectra and the experimental IRMPD spectrum 

for protonated desnitro-thiamethoxam, loss of NO2
•, was conducted to determine the 

preferred protonation site and identify functional groups. The IRMPD absorptions were 

not adequately reproduced by the calculated IR bands of the desnitro-thiamethoxam 

isomers protonated at any of the basic sites, therefore, the isomers that underwent radical 

ion rearrangements due to the decomposition of NO2
• were inspected. The pDTMX_N2a 

and pDTMX_N2_N2C7 isomers were not concluded to be the main contributors to the 
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structure even though the computed IR spectrum for the pDTMX_N2a isomer displayed a 

decent match with the experimental band at 1030 cm-1 and the computed IR spectrum for 

the pDTMX_N2_N2C7 isomer was in relatively good agreement with the experimental 

spectrum in the 1540-1660 cm-1 region. Aside from the 1030 cm-1 spectral feature and the 

broad absorption spanning the 1540-1660 cm-1 region, the calculated IR bands in the mid-

infrared were in poor agreement with the IRMPD absorptions, consequently, the 

pDTMX_N2a and pDTMX_N2_N2C7 isomers were not solely responsible for the 

observed IRMPD spectrum.  

Further theoretical studies of protonated dechlorinated desnitro-thiamethoxam, loss 

of NO2
• and Cl•, are crucial to obtain a more fitting match between the computed IR 

spectrum and the experimental IRMPD spectrum. The positions of the IRMPD 

absorptions in the 1520-1720 cm-1 region were predicted by the lower energy structures:  

pDTMX-C1_N3_N2-C8-N5, pDTMX-C1_N3_N2-C8-S1, pDTMX-C1_N2_S1d-N2, and 

pDTMX-C1_N2_S1d-C5, however, more rearrangements need to be explored to find 

isomers which better explain the breadth of the 1520-1720 cm-1 spectral feature. 

Neonicotinoid insecticides possess a negatively charged nitro or cyano substituent 

at the tip of the molecule which can form interactions with positively charged amino acid 

residues: lysine, arginine, and histidine, in the binding site of insect nicotinic 

acetylcholine receptors (nAChRs).3,4 The selective toxicity of neonicotinoid insecticides 

is attributed to the binding specificity of neonicotinoids at insect nAChRs. Therefore, it 

would be interesting to study the structures, thermochemistries, binding energies, and 

reactivities of amino acid – neonicotinoid complexes to gain an understanding of the 
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hydrogen bonding and electrostatic interactions involved in the binding of 

nitroguanidines, nitromethylenes, and cyanoamidines with cationic amino acid residues.  
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Appendix A – Supplemental Information for Chapter 3 

Figure S3.1. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the lowest energy isomer of protonated imidacloprid, 

the N1-N5 conformers. All relative thermochemistries are 298 K values and are in kJ mol-

1. 
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Figure S3.2. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for higher energy tautomers of protonated imidacloprid. 

All relative thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.3. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for higher energy tautomers of protonated imidacloprid. 

All relative thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.4. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for higher energy tautomers of protonated 

desnitrosoimidacloprid (loss of NO•). All relative thermochemistries are 298 K values and 

are in kJ mol-1. 
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Figure S3.5. Potential energy diagram for protonated desnitrosoimidacloprid to show the 

enthalpy and Gibbs energy barrier for proton transfer following the loss of NO•.  
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Figure S3.6. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the lowest energy isomer of protonated imidacloprid 

urea (loss of N2O), the N1-N5 conformers. All relative thermochemistries are 298 K 

values and are in kJ mol-1. 
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Figure S3.7. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for higher energy tautomers of protonated imidacloprid 

urea (loss of N2O). All relative thermochemistries are 298 K values and are in kJ mol-1.  
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Figure S3.8. Potential energy diagram for protonated desnitroimidacloprid to show the 

enthalpy and Gibbs energy barriers for proton transfer preceding the loss of NO2
•. 
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Figure S3.9. Potential energy diagram for protonated desnitroimidacloprid to show the 

enthalpy and Gibbs energy barriers for proton transfer following the loss of NO2
•. 
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Figure S3.10. Potential energy diagram for protonated desnitroimidacloprid to show the 

enthalpy and Gibbs energy barriers for tautomerization following the loss of NO2
•. 
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Figure S3.11. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for higher energy tautomers of protonated 

desnitroimidacloprid (loss of NO2
•). All relative thermochemistries are 298 K values and 

are in kJ mol-1.  
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Figure S3.12. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO• and •OH from protonated 

imidacloprid, singlet state isomers. All relative thermochemistries are 298 K values and 

are in kJ mol-1. 
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Figure S3.13. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO• and •OH from protonated 

imidacloprid, triplet state isomers. All relative thermochemistries are 298 K values and 

are in kJ mol-1. 
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Figure S3.14. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO2
• and H• from the C2 position of 

protonated imidacloprid, triplet state isomers. All relative thermochemistries are 298 K 

values and are in kJ mol-1.  
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Figure S3.15. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO2
• and H• from the C2 position of 

protonated imidacloprid, triplet state isomers. All relative thermochemistries are 298 K 

values and are in kJ mol-1. 
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Figure S3.16. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO2
• and H• from the C3 position of 

protonated imidacloprid, triplet state isomers. All relative thermochemistries are 298 K 

values and are in kJ mol-1. 
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Figure S3.17. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO2
• and H• from the C3 position of 

protonated imidacloprid, triplet state isomers. All relative thermochemistries are 298 K 

values and are in kJ mol-1. 
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Figure S3.18. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO2
• and H• from the C4 position of 

protonated imidacloprid, triplet state isomers. All relative thermochemistries are 298 K 

values and are in kJ mol-1. 
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Figure S3.19. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for the loss of NO2
• and H• from the C4 position of 

protonated imidacloprid, triplet state isomers. All relative thermochemistries are 298 K 

values and are in kJ mol-1. 
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Figure S3.20. Energetics for the formation of pIMI-NOOH_N2-N2a from pDIMI-H_N2. 
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Figure S3.21. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), triplet state isomers. All relative thermochemistries are 298 K values and are in kJ 

mol-1. 
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Figure S3.22. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C5 bond formation. All relative 

thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.23. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C5 bond formation. All relative 

thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.24. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C6 bond formation. All relative 

thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.25. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C9 bond formation. All relative 

thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.26. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C9 bond formation and a hydrogen shift from 

C9 to N2. All relative thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.27. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C8 bond formation. All relative 

thermochemistries are 298 K values and are in kJ mol-1. 
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Figure S3.28. Comparison of the experimental IRMPD spectra (black trace) and the 

computed IR spectra (grey trace) for protonated dechlorinated desnitroimidacloprid (loss 

of Cl•), singlet state isomers involving N2-C8 bond formation. All relative 

thermochemistries are 298 K values and are in kJ mol-1. 
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Appendix B – Supplemental Information for Chapter 4 

 

 
Figure S4.1. Half chair enantiomer of the oxadiazinane ring for the lower energy isomers 

of protonated thiamethoxam. 
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Figure S4.2. Half chair enantiomer of the oxadiazinane ring for the higher energy 

isomers of protonated thiamethoxam. 
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Figure S4.3. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for the isomers of protonated desnitro-thiamethoxam where the 

radical is localized on C7 (pDTMX_N2-C6-S1). 
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Figure S4.4. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for the isomers of protonated desnitro-thiamethoxam where the 

radical is localized on C7 (pDTMX_N2-C6-C7). 
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Figure S4.5. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for the isomers of protonated desnitro-thiamethoxam where the 

radical is localized on S1 (pDTMX_S1d-C5). 
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Figure S4.6. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for the isomers of protonated desnitro-thiamethoxam where the 

radical is localized on S1 (pDTMX_S1d-N2).   
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Figure S4.7. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for the isomers of protonated desnitro-thiamethoxam where the 

radical is localized on C5 (pDTMX_S1d-C5H). 
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Figure S4.8. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the radicals reside on N2 and C8 (pDTMX-Cl). 
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Figure S4.9. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-C6 bond is formed and the radicals reside on C7 and C8 (pDTMX-Cl_N2-C6-

S1_T). 
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Figure S4.10. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-C6 bond is formed and the radicals reside on C7 and C8 (pDTMX-Cl_N2-C6-

C7_T). 
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Figure S4.11. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-C6 bond is formed and the radicals reside on C8 (pDTMX-Cl_N2-C6-S1_S). 
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Figure S4.12. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-C6 bond is formed and the radicals reside on C8 (pDTMX-Cl_N2-C6-C7_S). 

 

 



174 

 

 
Figure S4.13. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-C6 bond is formed and the C6-S1 bond is cleaved (pDTMX-Cl_S1d-C5). 
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Figure S4.14. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

a hydrogen is transferred from C5 to S1 and the radicals reside on C5 and C8 (pDTMX-

Cl_S1d-C5H). 
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Figure S4.15. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-C7 bond is formed and the radicals reside on C6 and C8 (pDTMX-Cl_N2-C7). 
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Figure S4.16. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

the N2-S1 bond is formed and the C8-S1 bond is cleaved (pDTMX-Cl_N2-S1). 
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Figure S4.17. The experimental IRMPD spectrum (black trace) and the computed IR 

spectra (grey trace) for isomers of protonated dechlorinated desnitro-thiamethoxam where 

formation of the N2-C8 bond results in cleavage of the N3-C5 bond (pDTMX-Cl_N2-C8-

N5). 

 

 


