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ABSTRACT 

Ionized and neutral forms of small organic molecules conta ining nitrogen and/or 

oxygen have always intrigued experimenta l and theoretical chemists the world over. 

The reason is that such molecules cou ld playa vital role in interstellar chemistry, 

potentially giving rise to larger homologues of groups such as sugars and other organic 

classes such as amino acids. Therefore, the chemistries of the ionic and neutral 

counterparts of these spec ies are of considerable interest in the context of 

astrochemistry and prebiotic synthesis. 

The ions studied in this thesis were generated in the rarefied gas phase of the 

mass spectrometer by electron ionization of carefully se lected precursor molec ules. The 

reactivity and st ructural characterizati on of these spec ies were probed using a vari ety of 

tandem mass spectrometry based techniques. These include the acquisition of 

metastable ion (M!) mass spectra to study the dissociation chem istry of low energy ions 

and (mu ltiple) co lli sion experiments to establish the atom connect ivity of such spec ies. 

The structure and stability of the neutral counterparts of these ions was probed by using 

the technique of neutralization-reionization mass spectrometry (NRMS). Theoretica l 

findin gs derived from CBS-QB3 and CBS-A PNO model chemistries formed an essential 

component in the interpretation of experimental observations. 

The above approach was used to study proton transport catalys is by water in the 

isomerization of ioni zed glyco laldehyde, HOCH 2CHO
o
+, into its enol ion 

HOCH=CHOH
o
+. A mechanistic analys is using the CBS-QB3 model chemi stry reveals 

that an alternative pathway invo lves ionized glyco laldehyde rearranging into a 

hydrogen-bridged radical cati on consisting of a ketene ion CH 2= C=Oo+ interacting with 

two water molecules. The water component of this ion then cata lyzes the 

interconversion of HOCH2C HO
o
+ into C H2=C(O H)/+, the enol of acetic acid. Tandem 

mass spectrometry based studies reveal that a mixture of C2H40 2 0+ ions are generated out 

of which C H2= C(OH)/ + is the major component. 
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Next, the ioni c and neutral C2H2N2 potenti al energy surfaces we re studied using CBS

QB3/APNO model chemi stri es . In other wo rds, we probed the stability and reacti vity of 

various ionic and neutral C2H2N2 isomers, particul arly the HNC dimer HN=C=C=NH 

(ethenediimine) and H2N-C-C=N (aminocyanocarbene). They were generated from 

stab le precursor molecules i.e. HN=C=C=N H from xanthine and H2N-C-C=N from 

aminomalononitrile. NRMS experiments reveal that the neutral counterparts of these 

spec ies are stable in the rarefi ed gas phase. Another precursor molecule, 

di aminomaleonitril e, is shown to generate HN=C=C=N H
o
+ after HCN loss from the 

hydrogen-bridged radical cation [HNC oooH2N-C-C=Nr + via a remarkable quid-pro-quo 

catalys is. 

In a similar manner, the stabili ty of the ioni c and neutral fo rms of the HCN 

dimeI', HC=N-N=CH, was probed. The pertinent ion was generated from ionized s

tetrazine via eliminati on of N2. Us ing CBS-QB3/APNO model chemistries, the 

mechani sm fo r its generation was probed and confirmed. However, HC=N-N=C H
o
+ is 

fo und to be generated with sufficient internal energy to fac ilitate its rea rrangement into 

the more stable HC=N-C(=N)H
o
+ ion. Thi s nitrene ion was separate ly generated fro m s

triazine. Colli sion experiments were used to characteri ze the ionic spec ies . Desp ite the 

stability of the ionic spec ies, NRMS experiments showed their neutral counte rparts not 

to be stable in the gas phase. 

The fina l component of this work dea ls vvith the generat ion and characterization 

of various isomers of ionized N-methylethened ii mine CH]N=C=C=NH
o
+ and N, N

dimethylethened iimine CH3N=C=C=NCH3°+. Ionized theophylli ne and paraxanth ine 

we re proposed to generate m/z 68 CH3N=C=C=NH
o
+ ions. 

Theory and experimental obse rvations revea l that theophylline co-generates 

CH}N=C=C=N H
o
+ with its 1,4- H shift isomer, CH2N=C=C(H)=NH

o
+, where the neutral 

counterpart of the latte r is fo und to be kinetica ll y more stable than that of the fo rmer. 

Paraxanthine is fo und to generate isomerica lly pure CH3N=C=C=NH
o
+ ions. Ionized s

methy Itetraz ine was proposed to generate another I11/ Z 68 isomer presumed to be 
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CH3C=N-N=CH
O

+. Experimental and theoretical results reveal that these ions are 

generated with sufficient internal energy to transform into various other isomers 

generating a mi xture of mlz 68 ions, out of which, a majority do not have stable neutral 

counterparts in the gas phase. N,N-dimethylethenediimine CH3N=C=C=NCH3°+ ions were 

generated from ion ized caffe ine. Analogous to the mlz 68 ions from theophylline, these 

ions were found to be generated in admixture with its l ,4-H shift isomer, 

CH2N=C=C(H)=NCH3°+. Theory shows that these spec ies do not readily interconvert as 

ions. However, as neutral spec ies , they readily isomerize resulting in a mi xture of stable 

neutral isomers as seen fro m relevant NRMS experiments. 
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Chapter 1 

1.1 Introduction, scope of this thesis 

The gas phase ion chemistry described in thi s thes is focuses on the study of gaseous 

ions deri ved from small organic molecules. These ionic spec ies are generated within a 

mass spectrometer. The structure and reacti vity of these spec ies are probed using 

techniques invo lving tandem mass spectrometry and computational chemistry. A 

majority of the ions studied are radi ca l cations. In se lected cases, the ions of interest 

may be generated within the source of the mass spectrometer by direct electron 

ioni zati on (E I) of their gaseous neutral counterparts. [n other cases, di ssociati ve electron 

ionization of an appropriate precurso r molecule may be used to generate the pertinent 

ions. [t is crucial that the pressure in the ion source is maintained ve ry low during such 

experiments. The reason is that, thi s way, the ions do not interact with (sample) 

molec ul es via ion-molecul e reactions. This implies that the chemistry and reacti vity of 

the ion studied is observed in a "so lvent-free" environment. 

Most of the radi ca l cati ons studied have stable isomers of conve ntional or 

unconventional structure. The ions of unconventional structure include : (i) di stoni c 

ions, where the charge and radi ca l sites are located on separate (adj acent or non 

adjacent) atoms within the ion, (ii ) ion-dipole complexes, spec ies that are stabilized by 

the interaction between the charge of the ionic component and the dipole of the neutral 

component, and (iii ) hydrogen bridged radi ca l cati ons (HBRCs), spec ies consisting of 

ioni c and neutral components stabilized through a hydrogen bond . [n the case of the 

methanol radica l cati on, CH30 H' +, it has only one stable di stoni c isomer, CH20 H/ + [I]. 

On the other hand , the formic ac id radi ca l cat ion, H-C(=O)OH' +, has fo ur stable 

isomers: the ion-d ipole complex, [H20 ••• COr +, the hydrogen-bridged radi ca l cati ons 

[OC ... H ... OHr+ and [CO ... H ... OHr+, and the ionized cat'bene, HO-C-OH' + [2]. 

Radica l cations generated in the low pressure experiments desc ribed above do 

not necessarily retain their atom connecti vity. The internal energy content of these ions 

may be high enough to result in their isomerizati on into one or more stable isomers, 

often via H-shi ft. Converse ly, there are other systems \-vhere the barrier for such H-shi ft 
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assoc iated with the unimolec ular isomerization is signi fica ntly high prohi biting 

rearrangement. However, recent research by our group and other laboratories have 

revealed that, such high isomerization barriers can be lowered when the ion of interest 

is in an encounter complex with a carefull y selected neutral molecule. In our 

instrument, thi s phenomenon is observed by executing the reaction under chemica l 

ionization (Cl) conditions. Thi s experiment is carri ed out when the pressure in the 

source is much greater (by a factor of c. 10 000) compared to a standard EI experiment. 

This mechani sm invo lving a single (so lvent) molec ule catalyz ing the isomerization of a 

given radical cation into a more stable isomer has been coined "proton-transport 

catalys is" and is further discussed in Section 1.3. 

Chapter 2 deal s with the above scenario. It focuses on the isomerization of 

HOCH2CHOo+, the glycolaldehyde radical cation, into its 1,3-H shift isomer, 

HOCH=CHOH o+, the I,2-dihydroxyethene ion. Theoretical calculations predict that the 

1,2-dihydroxyethene ion is the more stable isomer. This elusive ion was generated and 

characterized by tandem mass spectrometry and, in agreement with the cal culations, it 

does not communicate with HOCH2CHOo+ prior to di ssociation by loss of H20 . 

However, under conditions of chemi cal ionization and using H20 as the catalyst, the 

glyco laldehyde radi cal cation can be promoted to isomerize into HOCH=CHOH
o
+, via a 

mechani sm characteristic of proton-transport catalys is. However, theoretical 

calculations show an alternati ve pathway in vo lving an inte rmedi ate hydrogen-bridged 

radi ca l cation consisting of a ketene ion CH2=C=O· + in complex with two H20 

molecules . It is one of these H20 molec ules that catalyzes the transformati on of the 

glyco laldehyde ion into another isomer, CH2C(OH)2e+, the enol of ace tic ac id. One 

incenti ve to study thi s system is that glyco laldehyde is one of the C, H and 0 containing 

molecules that has been identified as an important biomarker in interstellar chemistry as 

it is the simplest monosaccharide sugar. 

The theoreti ca l study of the C2H2N2 ionic and neutral potential energy surface, 

parti cularly the isomers, the HNC dimer; ethenediimine (HN=C=C=NH), and 

aminocyanocarbene (H2N-C-C=N), is di scussed in Chapter 3. Experiments invo lving 

co lli sion-induced di ssoc iation (CID) and neutra lization-re ionization (NR) mass 
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spectrometry are used to probe the structure, stability and reactivity of these ions in the 

gas phase. 

Chapter 4 describes the generation and characterizati on of a mlz 54 ion deri ved 

from ionized s-tetrazine presumably corresponding to the HCN dimer, HC=N-N=CHo+. 

Computati onal chemi stry and tandem mass spectrometry (including CID and NR 

techniques) indicate that thi s ion is generated but possesses enough internal energy to 

isomerize into another isomer, HC=N-C(=N)Ho+. This ion is separately characterized 

after di ssociation from ioni zed s-triazine. 

Finally, Chapter 5 dea ls with the generati on and characterization of vari ous 

isomers of N-methylethenediimine CH3N=C=C=N Ho+ and N,N-dimethylethenediimine 

CH3N=C=C=NCH3°+. A vari ety of precursor molec ul es including theophylline, 

paraxanthine, s-methyltetraz ine and caffe ine is used to generate the isomers studied. 

The reacti vity and the stability of the ionic and neutral spec ies were probed using MI, 

CID and NR mass spectrometry in conjunction with computational chemistry. 

The next two secti ons of thi s chapter offer the non-expert reader with 

background info rmati on on the various mass spectrometry based techniques and the 

computational chemistry methods used in the studies reported in th is thes is. 

Section 1.2 prov ides a brief introducti on to the instrumentation used in vari ous 

experiments ; a state-of- the-art tandem magnetic secto r mass spectrometer. This secti on 

also describes a vari ety of techniques used to generate and characterize the ions, in 

addition to the computati onal methods used to ass ist in the interpretati on of the 

experimenta l results. 

Section 1.3 presents a brief overvie'vv of the methods used to ca rry out ion

molec ul e reacti ons under chemica l ioniza ti on (C I) condi tions with an emphas is on the 

parameters that influence molec ul e-ass isted isomeriza ti on react ions of radi ca l cations. 

The results desc ribed in Chapters 3 and 4 of thi s thes is have been reported in the 

literature. Some of the computati onal chemi stry in Chapter 4 was perfo rmed in 

co llaborati on with Prof. P.J. A. Ruttink (U ni versity of Utrecht, The Netherlands) whose 

experti se is greatly apprec iated. The results of Chapter 2 are being interpreted in 

co llaborat ion with Dr P. Ge rbaux (U ni versity of Mons, Be lgium). The experiments 
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discussed in the chapter are currently being conducted by Dr P. Gerbaux on the Mons 

AutoSpec 6F mass spectrometer. His knowledge and efforts are greatly valued. 

1.2. The generation and characterization of ions by tandem mass spectrometry 

The VG Analytical ZAB-R Mass Spectrometer 

Mass spectrometry is used for structural elucidation of ions and neutrals generated in 

the mass spectrometer. The instrument used for our experiments is the VG ZAB-R mass 

spectrometer. A schematic diagram indicating the various components of the mass 

spectrometer is shown in Fig. 1.1. As it can be seen, it is a multiple sector instrument 

consisting of three mass analyzers separated by three field free regions (ffr). The first 

mass analyzer is a magnet (B) followed by two electrostatic analyzers (E) giving the 

instrument its BEE geometry . The field free regions separating these respective mass 

analyzers consist of collision cells within which intricate experiments such as collision 

induced dissociation (CIO) and neutralization-reionization (NR) mass spectrometry can 

be conducted. 

GI 

I 
Q 

Source 

2nd field-free region 
~ __ ~A ...... __ --.... 

( \ 

~----[1]-U1-~ 

DColiision 
cells 

T 

Detector 

Figure 1.1 Schematic diagram portray ing the diffe rent components of the VG ZA B-R Mass Spectrometer. 
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The sample of interest is introduced into the mass spectrometer via a leak va lve into the 

ion source. Within the source, fast mov ing electrons produced by a tungsten fil ament 

co llide with the neutral sample molec ules resulting in their ionization. These high 

energy electrons are acce lerated by establishing a potenti al between the fil ament and the 

ion source (approximately 70 eV) [3]. It is thi s bombardment of the electron with the 

neutral molecule that results in the remova l of another electron from the molecule 

leading to the generati on of a pos iti ve ly charged ion. An equation illustrat ing thi s 

ionization is shown below: 

M + e- ---t MO
+ + 2e-

In the above equati on, M denotes the neutral molecule, e- is the electron and MO

+ 

indicates that the pos iti ve ion generated is a radi ca l cation. Thi s is due to the fact that a 

majority of the organic molec ules contain an even number of electrons, which when 

ionized, generate odd electron ions. The eq uation shown above and its accompanying 

explanation idea lly describes electron impact ionization (EI). 

The time taken for thi s type of ioni zati on is approximately 10-16 seconds, which, 

when compared to the time span for the motion of the nuclei in any molecule (i.e. the 

fastes t poss ible molec ular vibrati on takes around 10-14 seconds), is at least a hundred 

times faste r [3]. Given thi s di ffe rence in time frames of the two processes, it would be 

fair to assume that the nuclei within a molec ule re main mot ionless during the ionizati on 

process meaning that thi s ionizat ion could be rega rded to be a ve rtica l ionization 

process gove rned by the Frank-Condon principle. Therefore, during the ionization, if 

the electron co lliding with the molecule imparts energy in excess of the ioni zation 

energy (IE) of the molecule, the surplus energy is conta ined within the molecule as 

internal energy. The presence of thi s addi tional internal energy causes the molec ule to 

undergo exc itati ons into hi gher energy vibrational, rotational and electronic states. 

Despite thi s fact, the amount of internal energy imparted by each ioni zing electron on a 

molec ul ar ion is di ffe rent in each case leading to the eventual di ssoc iation of certain 

ions while others remain intact. Given that an ion undergoes di ssoc iation, thi s could 

happen in two di ffe rent vvays; the ion co uld simply undergo direct bond cleavage or the 

ion could undergo a bond cleavage after a rearrangement. 
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Most of the di ssoc iations that occur within the mass spectrometer take place in the ion 

source yielding source-generated ions. Given that the amount of time it takes for such 

an ion to reach the detector is approx imate ly 10 microseconds, the period of time spent 

in the ion source before entering the 1 ffr is about 1 microsecond. Therefore, the 

minimum rate constant for the dissociation of the incipient molecular ions within the 

ion source works out to be 106 per second. As mentioned before, there are two types of 

di ssoc iations that can take place within the ion source. The determining factor fo r the 

type of di ssoc iat ion a molec ular ion will undergo is its internal energy content. The 

typical maximum rate for the direct bond cleavage reacti ons is 10 1 -1 per second whereas 

the maximum rate for rearrangement reacti ons is 10 10 per second. Hence, the rate 

constant for the dissoc iation of any incipient ions in the source should be greater than 

106 per second but less than 10 14 per second . Due to th is reason and the fact that these 

ions are generated within 1 microsecond of entering the source, these source generated 

ions are referred to as unstable ions. [n contrast, any molec ular ion that reac hes the 

detector wi thout undergo ing any dissociation is refe rred to as a sta ble ion. The reason 

why stable ions do not di ssoc iate is that they do not possess sufficient internal energy to 

facilitate the process. Hence, they are low internal energy ions. Typically , the rate 

constant for the di ssoc iati on of a stable ion should li e below 10-1 per second. Any ions 

with an intermediate amount of energy are referred to as metastable ions. [n other 

wo rds, these are ions that do not possess suffi cient energy to di ssoc iate within the 

source of the mass spectrometer but do possess enough internal energy to di ssoc iate 

before reaching the detector. Therefore, the rate constant for these low energy or 

metastable d issoc iations shou Id be greate r than 104 per second but less than 106 per 

second. Hence, the ions resulting from these metastab le dissociations are studied 

separate ly using any of the collision ce ll s in one of the field -free regions of the mass 

spectrometer. 

The rate constant ok' discussed above is related to the internal energy of an ion 

and thi s relat ionship has been best explained using two different statist ica l theories: the 

Quasi-Equilibrium Theory (QET) and the Rice, Rampsberger, Kasse l and Markus 

(RRKM) Theory. [n the simp lest adaptation of the QET, the di ssoc iat ion reaction of an 

6 



MSc Thesis - M. R. Hani fa I McMaster - Chem istry 

ion is described using the rate constant in the following equation : k = v [C:i -C:o!C:it' , 

where v is the frequency factor, C:i is the internal energy of a fragmenting ion , c:o is the 

activation energy for the process and s is the number of effective oscillators in the ion 

[3]. 

Metastable Ion spectra 

A metastable ion (M!) spectrum is genera lly acqu ired to comprehend the low energy 

dissociation behaviour of a given ion. 

Similar to all tandem mass spectrometric experiments, metastable ion spectra of 

spec ific ions are obtained by mass se lecting the ion of interest into the 2ffr of the 

instrument using the magnet. As the source generated ions are acce lerated towards the 

magnet, the ions enter a magnetic field which is in a direction normal to the ion beam. 

As a result, the ions follow a circul ar path wh ich is described by the equation: r = 

mv/Be, where r is the radius of the circu lar path, m is the mass of the ion , v is the 

ve loc ity of the ion, B is the strength of the magnetic field and e is the ion ic charge [3]. 

From the eq uation, it is apparent that the radius of the ion beam in the magnetic field is 

proportional to its momentum (mv). Hence, the magnet is capab le of separating the ions 

based on their momentum . The mathematical representation of the separat ion of ions by 

the magnet is as follows: mlz = B2r2/2v [3]. Once the precursor ions, m,o+, have been 

mass se lected into 2ffr , a minute fraction of these ions undergo spontaneous di ssoc iation 

into product ions, m2°+ and m3. In thi s process, the kinet ic energy of the precursor ion , 

m,o+, is red istributed among the fragmentation products, m2°+ and m3, based on their 

relative mass. The mass-weighted relat ionship illustrating this distribution is given by 

the equation (m2/m,)Vacc, where Vacc is the acce leration vo ltage . Therefore , using thi s 

relationshi p, the first electrostatic ana lyzer (ESA I) can be used to mass ana lyze the 

respective product ions based on their individual trans lationa l energies. Fig. 1.2 shows 

the metastable dissociation events in the 2ffr. Overall , the main beam of incipient ions 

consists of ions generated from both, stable and metastable di ssoc iat ions. However, 

on ly about 1% of the main beam contributes to the total intensity of the peaks seen in 

the M! spectrum. 
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Metastable ion experiments 

mass selection mass analysis detection 
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Figure 1.2. A schematic diagram depicting the events in a metastable ion experiment. 

In general, peaks in MI spectra result from ions with a narrow range of internal energies. 

However, in comparison to the width of the non-dissociating main beam ion peak, the 

width of the MI peaks is consistently larger [4]. The reason for this stems from the 

conversion of the internal energy of the precursor ion, m,o+, into the translational energy 

of the dissociating products, m2°+ and m3. One other important contributor to the kinetic 

energy of the products is the reverse activation energy of the associated fragmentation . 

Figure 1.3. A potential energy diagram illustrating an endothermic reaction in the gas phase. 

Fig. 1.3 displays an energy diagram that illustrates an endothermic dissociation reaction 

with a sizeable reverse activation barrier. The minimum amount of internal energy 

necessary to observe the dissociation, m,o+ ~ m2°+ + m3, in the metastable timeframe is 

c min [3] which simultaneously has to be greater than the forward activation energy, c o, to 
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meet the energy requirements. The diffe rence between Emin and Eo is denoted by Eexcess to 

represent the excess energy. The reverse activation energy is denoted by Erev which is 

obtained from the difference in the enthalpy of formation of the products and that of the 

transition state for the process. ft is the sum of this reverse act ivation energy and the 

excess energy that converts into the translational energy of the dissociation products. 

During the dissociation of a metastable ion, the above mentioned energy 

conversion may also result in a kinetic energy release (KER) T [3]. The KER may 

originate from the excess energy of the acti vated complex and the reverse activation 

energy of the dissociation. A rearrangement reaction, where the products include a 

stable ion and a neutral molecule, is a good example of a reaction with considerab le 

reverse ac tivation energy [3]. Direct bond cleavage reacti ons are genera lly assoc iated 

wi th I itt le or no reverse act i vat ion barriers. In M I spectra, the KER can be observed as a 

widen ing of the metastably generated ion peak relative to the peak corresponding to the 

main ion beam, m 10+. Therefore , dissociation reactions such as direct bond cleavage 

reactions that are assoc iated with small KER va lues generate MI peaks with a Gauss ian 

shape. However, react ions hav ing larger KER va lues are characterized by metastable 

peaks that are either fl at-topped or dish-shaped [3]. Hence, the shape of the peaks 

generated give insight into the physical kinetic aspects of the dissociating ions. In the 

same vein , the shapes of the MI peaks help comprehend the connectivity of the 

dissociating ions and understand the distribution of the internal energy of the precursor 

ion into the kinetic energy of the fragmentation products [4]. The KER (T) can be 

acquired from the width of a MI peak at a certain height ' h' and mathematically 

represented as fo ll ows : Th = (mI 2/ 16m2m3)(Vacc)[(L'l Ehi /E2], where Vacc is the 

acce lerat ing vo ltage, L'lEh is the metastable peak width at a height h and E is the electric 

sector voltage of the ions transmitted . Generally, KER va lues are reported as the 

metastable peak widths at half- he ight (Tos). 

Collision-Induced Dissociation spectra 

A collision-induced dissociation (C IO) spectrum provides in format ion with regards to 

the connec ti vity of a particular ion through the analys is of fragment ions generated. 

Such a spectrum is acq uired as follows ; the source gene rated ions are accelerated 
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towards the magnet, typically using an accelerating potential of 8 kY, and the ion of 

choice is mass selected into the 2ffr. Here, the beam of ions passes through multiple 

collision cells, one of which is pressurized with an appropriate collision/target gas, 

typically oxygen (02) or Helium (He). As a result, a fraction of these traversing ions is 

bombarded with a target gas molecule causing the consequent conversion of a pOltion 

of the ion ' s kinetic energy into internal energy. Hence, collisionally activated ions have 

a moderately broad distribution of internal energies facilitating a wide variety of 

possible dissociation reactions. Simple direct bond cleavage reactions take precedence 

over rearrangement processes as a rule. Therefore, cm spectra are characterized by a 

multitude of direct bond cleavage reactions and/or rearrangement reactions in 

comparison to the one or two peaks representing low energy rearrangement processes 

seen in MI spectra. It is these high energy direct bond cleavage reactions that assist in 

the evaluation and characterization of the ion structure. Fig. 1.4 illustrates the collision 

events that take place during a typical CID experiment. 

[n a given CID spectrum, the number of peaks detected and their relative 

intensities are dependent on several factors including the type of collision gas used, its 

pressure and the translational energy of the ion beam. Helium, oxygen, argon and 

nitrogen are typical collision gases used by various research groups. Out of these, 

helium is the most popular due to its high target efficiency. 

Collision-induced dissociation experiments 

mass selection mass analysis detection 

-~-n-II- BC+ A+_] I AtlC I I~ I ABC+ 
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Magnet 0 2 ESA 1 

Figure 1.4. A schematic diagram portraying the events in a collis ion-induced dissociation experiment. 

In this thesis, all reported CID experiments use oxygen as the collision gas and 

compared to the CID spectra obtained using helium, as the target gas, in select cases. 

Most of the time, CID spectra acquired using oxygen are very similar to those generated 

using helium as the collision gas. However, it has been noted in a number of 
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experiments that oxygen is capable of inducing distinct high energy fragmentat ions 

resulting in weak peaks in the spectra not observed in CID spectra obtained using other 

co lli sion gases [5]. 

The pressure of the target gas used in a co lli sion ce ll is another important factor 

affecting the appearance of a CID spectrum. The reason is that the pressure is 

proportional to the number of co lli sions the target ion undergoes in the ce ll (single or 

multiple co lli sion events) . For the purposes of our experiments, the pressure of the gas 

used is maintained suffi ciently low to a llow on ly single co lli sion events. To ensure the 

pressure is always kept low and cons istent, the pressure of the gas is observed through 

the use of a remote ionizat ion gauge placed outside the co lli sion ce ll. Co lli sion gas 

pressure is approximated using the observed effects on the mai n beam intensity as the 

pressure is altered. Idea lly, main beam reduct ion should be approx imately 30 - 40 %. 

Further lowering of the main beam intensity through increase in co lli sion ce ll pressure 

wi ll lead to multiple co lli sion events and high energy di ssoc iations resulting in a drasti c 

reduction in structure-specific information obtained [6]. 

The translational energy content of the collisiona lly activated ions is al so known 

to affect the CID experiment and therefore, the respective spectrum generated. As 

mentioned earl ier, a fraction of the translational energy of the incipient ions is converted 

into internal energy upon co lli sion with the target gas molecules. Therefore, as the 

translational energy is increased, the range of the interna l energy content of the 

co lli sionally deri ved ions is increased resulting in more co lli sion induced di ssoc iat ions 

[6]. During a co lli sion, the approx imate amount of energy transfe rred, Emax, is given by 

the following relationship: Emax = h/a(2eV/m) 112 , where h is Planck's constant (h = 

6.626 x 10-34 Js). a denotes the interaction distance eV is the translational energy of the 

ion and m is the mass of the ion [6]. The mass of the co lli sion gas molec ule or atom is a 

factor recognized to affect the amount of translational energy transferred to an ion. As a 

rul e, heav ier co lli sion gases are more effi cient at energy depos ition that li ghter gases 

due to a larger center-of-mass kinetic energy (Eem) [7]. The mathematical definition of 

Een" or the highest amount of translational energy access ible to be converted into 

interna l energy, is as fo llows : Eem = EJabmt I (mt + m;), where EJab denotes the 
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translational energy of the ion (in eV), m! is the mass of the target gas and mj is the mass 

of the ion [7]. 

Neutralization-Reionization spectra 

A neutralization-reionization (NR) mass spectrum of a certain ion is normally acquired 

to study the stability of elusive and/or highly reactive neutral counterparts in the gas 

phase. This method has developed into a highly important research technique. The 

reason for this stems from the fact that NR mass spectrometry facilitates the study of 

neutral species that are generally complicated to generate by other means due to their 

affinity toward unimolecular dissociation or bimolecular rearrangement [6aJ. Fig. 1.5 

demonstrates the main events that take place in a NR experiment after the ions of 

interest have been generated from a suitable precursor molecule in the source, and then 

mass selected into the 2ffr using the magnet. 

Neutralization-reionization experiments ABC+ 

+ , " "1 : ... , ,,,,1 : ... ABC+ 
A ~ ~ 

---------ABC+ ABC -------------------

_I BC;B+C+ 1 y -I ~_~B+~_ 
Magnet N,N-dimethyl- f O2 ESA 1 

aniline 

deflection 

Figure 1.5. A schematic diagram illustrating the events in a neutralizat ion-reionization experiment. 

Fig. 1.5 shows that these fast moving ions are then subjected to two successive 

collisions in collision cells that are pressurized with the appropriate target gases. The 

purpose of the first collision event is to neutralize a majority of the ions which is done 

by pressurizing the first collision cell along the flight path with N,N-dimethylaniline. 

The neutralization process takes place via a single charge transfer upon collision. The 

population of non-neutralized ions are then deflected away by a positively charged 

deflector electrode that is situated between the two collision cells. Hence, only the 

neutral species (and some uncharged dissociation products) continue along the flight 

path past the deflector into the second collision cell which is pressurized with oxygen 
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gas. Here, the fast moving neutrals undergo a second collision to be reionized. A 

fraction of these reionized species undergo dissociation prior to leaving the collision 

cell. Thereafter, the resulting ions are mass analyzed using the first electrostatic 

analyzer (ESA I) , detected by the first photomultiplier and the NR mass spectrum 

generated. In this NR spectrum, if a peak is seen at the mlz corresponding to that of the 

original ion of interest, this indicates that the neutral counterpart of the ion survived the 

neutralizat ion process. Therefore, the peak is referred to as a ' survivor' signal and is 

indicative of a stable neutral spec ies in the microsecond timesca le of the experiment. 

Xenon is another gas that could be used to efficientl y neutralize ions in NR 

experiments regardless of its high ionization energy (12.2 eV) which implies that the 

neutralization process, AB+ + N ~ AB + N+, is endothermic. However, this does not 

impede nor prohibit the charge transfer from occurring due to the fact that the 

discrepancy, in terms of energy, is counterbalanced by the large translational energy of 

the ion (8 ke V) [6b]. 

Normally, for the reionization process, AB + R\ ~ AB + R\+ + e-, a ' hard ' target 

gas such as helium may be used. However, the use of such a target gas induces 

extensive fragmentation upon reionization prohibiting the generation of a potential 

' survivor' ion despite the high yield of structurally rel evant fragment ions. Therefore, in 

our experiments, oxygen is used for reionizat ion as it is a softer target gas generating a 

high yield of 'survivor ' ions. The reaction for the reionization process using oxygen is 

as follows: AB + O2 ~ AB+ + O2-, 

In order to verify that the incipient neutral species reta ined its original 

connectivity and did not rearrange into a more stable isomer prior to reionization , a 

NR/CID spectrum is acquired. Fig. 1.6 shovvs the principal events in a NR/CID 

experiment. 
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NRICID experiments 
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Figure 1.6. A schematic diagram showing the events in a neutralization-reionizatio nlcollision-induced dissociation 
experiment. 

In order to carry out such an experiment, the reionized potential ' survivor' species has 

to be mass analyzed and transmitted into the 3ffr using ESA I. Next, the mass selected 

ion beam passes through yet another collision cell that is pressurized with oxygen gas. 

Therefore, the ions are subjected to collisions with neutral oxygen molecules inducing 

high energy dissociations. Finally, the fragmenting ions are mass analyzed using ESA2 

and then detected using the second photomultiplier detector to generate the NRiCID 

spectrum. 

To confirm whether the neutral species did retain its structural integrity, the 

acquired NRiCID spectrum is compared to the 3ffr CID spectrum of the source generated 

ions. The close resemblance of the two spectra in the number of peaks and their relative 

intensities is indicative of the neutrals having retained their structure prior to 

reionization. More impOt1antly, the similarity provides strong evidence for the stability 

of the neutral counterpart in the gas phase. Conversely, if it appears that the two spectra 

are dissimilar, it maybe an indication that the neutral species isomerized into a more 

stable structure. This can be verified by comparing the acquired spectrum to a reference 

CID spectrum of the more stable isomer. In the same vein, it should be duly noted that 

the NRlCID spectrum will vary from the CID spectrum if the mass-selected source 

generated ions comprises of a mixture of isomeric and/or isobaric impurities [9]. 
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Additionally, computational/theoretical chemistry also assists in the interpretation ofNR 

spectra. The size of the dissociation and/or isomerization barriers of the incipient ion 

and its neutral counterpart helps explain the probability of either the neutral or the ion 

undergo ing isomerization. 

Collision-Induced Dissociative Ionization spectra 

A collision-induced dissoc iative ionization (CIDI) spectrum is obtained to study the 

connectivity and relative stability of a neutral species that is spontaneously lost in a 

fragmentation. Fig. 1.7 illustrates the key features in CIDI experiment. As with all other 

experiments in thi s thesis, the precursor ion of interest is initially mass se lected into the 

2ffr usi ng the magnet. A minute fraction of these ions spontaneously undergo 

unimolecular dissociation prior to entering the co llision ce ll. The re sulting fragmenting 

ions, m2°+, and their respective parent ions, m1°+, are then deflected away using the 

positive deflector electrode allowing only the fast moving neutral species from the 

fragmentations to enter the collision chamber [10]. This chamber is pressurized with 

oxygen gas that reionizes the neutrals upon impact. Thereafter, the reionized spec ies 

and their respective dissoc iation products are mass analyzed using ESA 1 before 

reaching the photomultiplier to generate the CIDI spectrum. 

Similar to the NR/CID experiment, the structural integrity of the reionized 

neutral s can be probed by mass selecting the spec ies into the 3ffr using ESA 1 and 

inducing hi gh energy di ssociation via collision with oxygen gas . The di ssoc iating ions 

are then mass analyzed using ESA2 before detection and generat ion of the respective 

CID spectrum. 
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Collision-induced dissociative ionization experiments 
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Figure 1.7. A schematic diagram illustrating the events in a collision-induced dissociative ionization experiment. 

Computational Chemistry 

In our studies, computational chemistry has been considerably used as a complementary 

aid to theoretically derive information regarding the connectivity of the desired species 

and the mechanism of its subsequent formation [II]. Combining these theoretical 

findings with our experimental results, we have been able to comprehend and explain 

the behaviour and generation of various elusive species. 

For the purposes of this thesis, the preferred model chemistry for all our 

computations (yielding the reported enthalpies of formation of minima and transition 

states) is the CBS-QB3 model chemistry [1 2]. It is a Complete Basis Set Quadratic 

(CBS-Q) configuration interaction model chemistry which utilizes a hybrid empirical 

correction/pair correlation energy extrapolation scheme. The scheme encompasses the 

B3L YP (B3) density functional method in conjunction with the 6-311 G(2d,d,p) basis set 

for geometry optimization of minima and transition states and their respective absolute 

enthalpies of formation. The CBS-QB3 model chemistry calculation comprises of four 

computations at different levels of theory in combination with varying basis sets to 

generate the absolute enthalpy of formation for the species of interest. 

The primary step of this calculation entails the optimization of the input 

geometry (initial guess) of the ionic or neutral structure submitted. This is done using 
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the density functi onal method (B3L YP) to converge to an appropriate stationary point on 

the potential energy surface (PES). The structure submitted is deemed optimum once all 

the forces converge to zero [1 3]. However, the optimized structure may be consistent 

with either a loca l minimum or a transition state (also known as a first order saddle 

point). A frequency analys is is perfo rmed on the structure to ve rify if the stationary 

point is a minimum (no imaginary frequencies) or a transition state (one imag inary 

frequency) . Additionally, it is ve ry important to acknowledge the presence of mUltiple 

minima and transition states on the PES requiring the careful selection of the input 

geometry. These minima correspond to energy we ll s on the PES indicating stable 

isomers or conformers of the initial structure. The transition states correspond primarily 

to isomerizati on reactions. 

During the steps of the CBS-QB3 calculation, the energy computed at the B3L YP 

leve l of theory is not used. Instead, only the optimized structure is used in the following 

steps to eventually generate the respecti ve total absolute enthalpies of formation (in 

Hartrees) at 0 and 298 K. Simultaneously, the corresponding vibrati onal frequencies are 

also ca lcul ated in thi s step. For a given polyatomic ion or molecule, there are 3N-6 

vibrati onal frequencies, where N is the number of atoms. However, fo r transition states, 

one of these vibrational frequencies is a negati ve va lue corresponding to the single 

imag inary frequency identi fy ing the transition state. The zero-point vibrati onal energy 

(ZPYE or ZPE) fo r the neutral or ioni c minima or transition state is computed in the 

frequency ca lcul ati on [1 4]. 

In the steps that follow in the CBS-QB3 ca lcul ati on, the energy of the primary 

optimized structure is de term ined using electron correlat ion methods . The 

co rresponding Hartree-Fock (HF) energy of the structure is asce rtained via a M0 l1er

Plesset (M P) ca lcul ati on at the MP2 leve l of theory. Next, a coupled-c luster singles, 

doubles and triples (CCSO(T)) ca lcul ation and a MP4 ca lcul ation are performed at higher 

leve ls of theory. The coupled-c luster approach is the highest order electron co rrelati on 

utilized by the CBS-QB3 model chemi stry tak ing in to acco unt the single, double and 

triple exc itations. With regards to MP ca lculations, as li sted above, there are various 

types of ca lculati ons inco rporating di fferent orders of electron co rrelati on [1 5]. The 
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purpose of performing these computations at these two leve ls of theory is to assess the 

overall effect of the higher order electron correlation on the enthalpies calculated and 

improve the accuracy of the model [16]. 

Finally, using the energy determined at the MP2 level of theory and correcting it 

with the energ ies ca lcu lated using the CCSD(T) and MP4 theories, the total energy 

corresponding to the structure studied is presented in the computat ional output as 

E(CBS-QB3). This total energy reported corresponds to a temperature at 0 K. In order to 

derive the enthalpy of formation for the assoc iated structure at 298 K, L1 rHo298, the 

following mathematical equation is lIsed : 

where L1rH oo(exp) denotes the sum of the experimentally derived L1rHoo val ues 

corresponding to the atoms in the species studied, EAT is the slim of the atomization 

energ ies corresponding to each atom in the spec ies , E[hennal represents the thermal 

energy correction from the frequency calculations, ZPE is the zero point vibrationa l 

energy (scaled to a factor of 0.99) and L1rH o298(exp) denotes the sum of the experimental 

L1 rHo298(exp) va lues for each atom in the species. A li st of a ll the L1rH oo and L1rH o298 va lues 

corresponding to the first and second row elements in the periodic table is presented in 

the publication by Nico laides et al. [1 7]. 

In regards to the accuracy of the enthalpies of formation generated from our 

computations, it has been reported that there is an est imated error of 1-2 kcallmol for 

enthalpies of minima and 2-5 kcal/mol for those corresponding to connecting transition 

states [12,18] . Another factor known to affect the accuracy of the values generated is the 

spin contamination. This is the contamination that derives from a mixture of spin states 

in the spec ies yielding high spin polarization [14b]. In genera l, the influence of the spin 

contamination in the calculation of the total energy reasonably yie lds a much higher 

value due to the considerat ion of a higher energy state. In a more severe contamination, 

there wi ll be changes seen in the actua l geometry and the spin density [14b]. Norma lly, 

the total spin va lue is reported in the computational output as <S2>. If there is no spin 

contamination, the value correspond ing to <S2> must be equal to s(s+ l) where s 

represents the number of unpaired electrons multiplied by Y2. As we deal with radical 
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cations a majority of the time, the presence of a single unpaired electron implies a value 

of 0.75 corresponding to <S2>. However, it is deemed acceptable if the computed total 

spin value is within 10% of the va lue corresponding to s(s+ l) [1 4b] . 

All computations were performed using the Gaussian suite of programs installed 

on desktop personal computers and on the SHARCN ET cluster of computers at 

McMaster University . 

1.3. Ion-molecule reactions and proton-transport catalysis 

The bimolecular react ivity of gas phase ions and molecules has been of considerable 

interest to researchers, fuelling substantial research [19]. The interactions of such ions 

and molecules can be in vesti gated through experiments using chemical ionization (CI) 

conditions. CI is a softer ionization method relati ve to electron impact (EI) ionization. 

During a CI experiment, the pressure maintained in the source is relative ly high, I O-~- I 0-

5 Torr. This is to ensure multiple co lli sions of the originally introduced samp le molec ule 

before ex iting the source [20]. The pressure is increased in the source by pressurizing 

the source with a suitable reagent gas, R. Once the experiment is under way, it is the 

reagent gas that is primarily ionized by the fast mov ing electrons from the tungsten 

filament. Thereafter, the ionized reagent gas particle react with either other reagent gas 

molec ul es or the relat ive ly less numerous substrate molec ules OM' to generate severa l 

react ive ioni c spec ies [20]. All poss ible routes of reaction and generation of poss ible 

encounter complexes are shown below: 

R + e 

RO+ + M 

RO+ + R 

RO+ + R 

RH++ M 

RH+ + R 

RO+ + M 

~ RO+ + 2e-

~ [ReeeMr+ 

~ [R .. eRr+ 

~ RH+ + [R-Hr 

~ [R .. HeeMt 

~ [R .. H .. Rt 

~ [ReeH .. (M-H)r + 
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Based on the properties of the reagent gas used and the substrate molecule, many 

different ion-molecule reactions can take place to generate different types of encounter 

complexes. The type of complex produced depends on the kind of interact ion between 

the participati ng spec ies . The different kinds of interactions include electrostatic, 

hydrogen-bonding and van der Waals forces. An ion-dipole complex is an encounter 

complex formed as a result of the stabilizing electrostat ic interaction between an ion 

and the dipole of a neutral molecule. A hydrogen-bridged radical cation (HB RC) is a 

complex resulted from the stabili zi ng interaction between the reagent ion and the 

hydrogen atom of neutral molecule. Such complexes are represented as follows : 

[R .. H .. (M-H)r +, where the two interact ing spec ies are linked by a hydrogen bridge. If 

the interacti on generating a complex is between the protonated reagent RH+ ion and the 

neutral molec ul e, the complex is referred to as a proton-bound dimer (PB O). These 

complexes are illustrated as either [R .. H .. Mt or [R .. H .. Rt in the li st above. Finally, 

another possible complex is a dimer radical cation that is comprised of reagent radical 

cation interacting wi th a neutral counterpart. The type of interaction in such an ion is 

similar to e ither an ion-dipole complex or a HBRC. 

Stabilization Energy 

In the past, prior to embracing the mathematical problem-solving abilities of 

computational chemistry to determine enthalpies, the enthalpy of formation of a proton

bound dimer (PBO) was experimentally ascertai ned utilizing the empi rica l connection 

between the bond dissociation energies of the bonds within the PBO and the proton 

affinities CPA) of the indi vidual spec ies in the dimer. 

As mentioned before, a PBO is an even electron ion complex that is comprised 

of two uncharged spec ies bound together by a proton. I f the interacti ng spec ies are 

identica l to each other, the PBO generated is sym metrica l such as the water PBO, 

[H20 .. H .. OH2( [n contrast, if the two spec ies invo lved in the PBO are different, an 

asym metrica l PBO is generated. An example of such a mixed PBO is that in vo lvi ng 

water and methano l, [H20"H"O(H)CH3t. 

Larson and McMahon [21] , and Meot-Ner [22] developed an empirica l 

relationship to experimenta lly deri ve the enthalpy of formation of the PBO, O .. H .. O. 
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Multiple PBDs were generated at high pressures using complex CI type mass 

spectrometric methods and their exchange equilibria (with se lected bases) studied. 

Us ing these results, important information was obta ined such as the thermochemistry of 

the process (PBD so lve nt-exchange equilibria), Gibbs' free energy and the bond 

di ssoc iatio n energies within the respective PBD. The relationship between the difference 

in hydrogen bond energies of the two species within the PBD to the di ffe rence in their 

respective PA yields an empirica l connect ion that can be sim il arly used to study other 

O .. H .. O PBD dimer not considered before. 

However, comparing the relat ionships determined by the two research groups, 

they are not comp lete ly identica l. The reason is that the PBD spec ies studied by the two 

groups are different. The empirica l relationship determined by Meot-Ner [22] revea led 

the stabi lization energy (SE) for the O .. H .. O PBDs in kcallmo l to be; SE = 30.4 - 0.30 

[t.PA], while Larson and McMahon [2 1] reported; SE = 30.8 - 0.46 [t.PA]. These 

determined relat ionships we re based on a set of approximately 35-45 PBDs. In the 

equations shown, the first term denotes the average bond dissociation energy of the set 

of PBDs studied. The second term rep resents the slope of the corre lation plot; bond 

di ssoc iation energy vs. t.PA. 

The method for determ ining the SE of a PBD depends on whether the PBD 

studied is symmetric or not. For a symmetric PBD such as [H 20 .. H .. OH 2t , there is 

on ly one possible set of dissociation products; H30 + + H20. Therefore, as the enthalpy of 

formation for th is set of products is we ll estab li shed, the SE of the symmetric PBD is 

calcu lated using the following eq uation: SE = t. rH(productl) + t. rH(product2) -

t. rH(PBD+). Add itiona ll y, given the symmetry in the PBD, the t.PA is zero as the two 

participating spec ies are identi ca l hav ing the same PA. Thus, the SE for the PBD, 

[H 20 .. H .. OH 2t , works out to be 30.0 kcallmol. Using this va lue, the enthalpy of 

formation of the PBD [t. fH(PBD+)] can be ca lcu lated from the eq uation for SE. 

I f the PBD studied is asymmetric, for examp le [H 20"H .. O(H)CH3t , there are 

two possible sets of fragmentation products; H30 + + CH30H and/or H20 + CH30H/, In 

such a scenari o, the set of prod ucts corresponding to the lowest enthalpy of formation is 

used to determine the enthalpy of formation of the associated PBD. Scheme 1.8 below 
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illustrates this point. The difference in the well estab li shed PA of the two species 

involved, H20 and CH30H, yields f'.PA. 

It should also be noted that the studies of Meot-Ner [22] expanded to include the 

effects of the ionic hydrogen bond and ion sa lvation measurements within PBDs such as 

[N .. H"Ot and [N .. H .. Nt. The express ions corresponding to the SE (in kcallmo l) of 

these PBDs are 30.0 - 0.26 [f'.PA] and 23.2 - 0.25 [f'.PA] respectively. Dev iations from 

these relationships that result in errors in the determination of the SE, and the reasons 

for such deviations have also been reported [22]. 

Sc heme 1.8. An estimated energy diagram illustrating the relative enthalpies of the sets of di ssociation products in 
comparison to the proton-bound dimer (PBD). 

In our studies, we have taken these empirical relationships and app li ed them to odd

electron hydrogen-bridged radical cations (HBRCs). One such HBRC is 

[CH30"H"OH2t , where the hydrogen from methanol provides as the bridge within the 

cation. Using the same equation for the stab ilization energy, SE = 30.0 - 0.30 [f'.PA], an 

approximate va lue for the enthalpy of formation of the HBRC can be calculated. Simi lar 

to asy mmetric PBDs, HBRCs can potentially generate two di ffe rent combinat ions of 

dissociation products. Therefore, like before, the set of products corresponding to the 

lowest enthalpy of formation is chosen to derive the enthalpy of formation of the HBRC. 

In this case, the f'.PA term refers to the difference in the PA of the methoxy radical 

(CH300) and the water molecule (H 20) respectively. 
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Catalyzed Isomerization Reactions 

There have been several studies that have reported the catalyzed isomerization of 

various radica l cations by appropriate neutral molecules [19]. A majority of the time, 

such catalyzed interconversions are observed to invo lve di stonic radical ions. Accord ing 

to Radom et a l. [23], the gro up that co ined the term, a di stonic ion is a radical cation in 

which the radical and the charge are apart, thus, they are located on different atoms. 

Compared to their conventional counterparts, di stonic ions are much more stable and 

are separated from these isomers by a large energy barrier residing in deep potential 

we lls. Therefore, interconversion is unli ke ly allowing the two types of isomers to be 

observed separately. A good example of such a case is the isomerization of methanol , 

CH30 H·+, in to the more stable methylene oxonium ion, ·CH20H/, studied by Radom et 

al. [23] and Holmes et al. [24]. These ions do not interconvert due to a prohibitively 

high acti vation barrier associated with the particu lar 1,2-H shift. However, in the 

presence of a water molec ule, the isomerization readily takes place. Thi s is because 

water behaves as a catalyst lowering the activation barrier enabling the transformation. 

Such reactions are termed proton-transport catalyses. 

Proton-transport catalys is (PTC) [1 7d] is a reaction where a gaseous radical 

cation, [H-X-Y]"+, rearranges into a more stab le isomer, [X- Y -H]"+, through interaction 

with an appropriate so lvent molecule in a three step process. This so lvent molecule 

primari ly behaves as a base, B. The three step process is illustrated below: 

[H -X-Y]"+ + B ---+ B .. H+ .. [X-Y]" 

B .. H+ .. [X-Y]" ---+ B .. H+ .. [Y-Xf 

B .. H+ .. [y-xf ---+ B + [H -Y-Xr + 

As demonstrated , the neutral molec ule, B, functions as a 'base ' abstracting the proton 

from the high energy site on [H-X-Yr + and ' transporting' it to the low energy site on the 

spec ies thereby functioning as a cata lyst. For the above reaction to proceed as 

explained, the PA of the base must be idea ll y greater than the PA of the X site on the 

XV· radical but lower than the PA of the Y site. This way, the base can feas ibly abstract 

the proton from the X site and ' transport ' it to the Y site. The intermediate complex, 
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B .. H+ .. [X-yr, generated in between is weakly-bound allowing rotat ion of the Xy 

spec ies within the complex to fac ilitate the isomerizat ion. If the PA of B is considerably 

lower than the PA of the XV' radica l at the X site, the intermediate encounter compl ex, 

B .. H+ " [X- y r , will not be generated. Alternati ve ly, if the PA of B is much greater than 

the PA of the XV' radical at the Y site, the encounter complex, B"H+ .. [X-yr , will 

fragment undes irably into the XV' radi cal and BH+ ion. A thorough analys is of the 

conditions for effi cient proton-transport catalys is (PTC) by Ga uld and Radom [1 7b] has 

revea led that the PA of the base, B, should be intermed iate between the PA of the sites 

of proto n abstrac tion (X site) and donat ion (Y site) respect ive ly. Thi s req uired condition 

for PTC is termed the Radom criterion. 
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Chapter 2 

Does a water molecule catalyze the isomerization of ionized 

glycolaldehyde? Answers from model chemistry calculations. 
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Model chemistry calculations (CBS-QB3 and CBS-APNO) indicate that the reaction of 

ionized glycolaldehyde, HOCH2CHO°+, and water, an ion-molecule reaction of potential 

interest in astrochemistry, could lead to the formation of its enol ion HOCH=CHOHo+ by 

proton transport catalysis (PTC). An alternative pathway of lower energy involves 

formation of the above hydrogen-bridged radical cation (HBRC) comprised of the 

ketene ion CH2=C=Oo+ interacting with two H20 molecules. Theory predicts that the H20 

component of this HBRC catalyzes the otherwise prohibitive transformation of the 

glycolaldehyde ion into CH2=C(OH)2°+, the enol ion of acetic acid. Exploratory tandem 

mass spectrometry based experiments indicate that a mixture of C2H40 t+ ions is 

generated and that the predominant reaction product is CH2=C(OH)2°+. 
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1. Introduction 

The glyco laldehyde molecule, HOCH2CHO, is an important biomarker, as it is the 

simplest monosaccharide sugar and its hydroxya ldehyde gro up is a consti tuent of many 

important biochemica ls. Its generati on as a secondary atmospheric photo-oxidation 

product [I] and parti cul ar ly its recent detecti on in the interstellar medium [2] has 

sparked considerable interest in the gas-phase chemi stry of thi s small molecul e and its 

radica l cation [3]. [n the interstell ar medium, one important source of glyco laldehyde 

and its earlier identifi ed C2H40 2 isomers methyl formate [4,5 ,6] and acetic ac id [7] is the 

hot core known as the Large Mo lecul e Heimat located in Sagittarius B2(N) [Sgr B2(N)

LM H] [8]. 

The enol isomer of glyco laldehyde, 1,2-dihydroxyethene (HOCH=CHOH), is yet 

to be detected in the interstellar medium . [n thi s context, the intriguing question ari ses 

whether ionized glyco laldehyde (1) can isomeri ze into the more stable 1,2-

dihydroxyethene ion (2). Prev ious theoreti ca l wo rk shows that the barrier for the 

unimolec ul ar isomerizati on is too hi gh (- 32 kca llmol relati ve to 1). However, in a recent 

study of the chemi stry of 2-aminoxyethanol ions by our group [9], it was proposed that 

ionized glyco laldehyde generated in complex with NH3 isomerizes into the 1,2-

dihydroxyethene ion via proton-transport catalys is (PTe) [I OJ. 
Water is also a confirmed interstell ar spec ies [II] , which raises the question 

whether the same isomerization would take place in a complex with H20. The goa l of 

thi s study is therefore to use model chemi stry ca lculations and tandem mass 

spectrometry based experiments to investigate the ion-molecule reaction of the 

glyco laldehyde radi ca l cati on vv ith H20 . 

It will be shown that the aforementioned transformati on of 1 into 2 is 

energeti ca lly feas ible. However, it may not compete with the more favo urable water 

catalyzed transformation of 1 into the ketene-water ion H20 ICH2=C=O·+. [n line with the 

findings of an earlier study by Bohme and co-workers [1 2], the resulting complex is 

expected to rearrange into the ioni zed enol of acetic ac id , the I, I-dihydroxyethene ion 

CH2=C(OH)/+. 
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2. Experimental and Theoretical Methods 

The calculations were performed using the Gaussian 03 Revision C.02 (and 0.01) su ite 

of programs [1 3] on SHARCNET. The opt imized geometries (Appendix Figures 2.8 and 

2.9) and 298 K enthalpies (Tables 1-4) of the various ions and neutral s were derived 

from the CBS-QB3 and CBS-APNO model chemistries [1 4]. The identity of loca l minima 

and connecting transition states (TS) was confirmed by frequency analys is. 

The experiments performed at McMaster Uni vers ity invo lved the VG Ana lyt ica l 

ZAB-R mass spectrometer [1 5]. The instrument is of BEIE2 geometry (B = magnet, E = 

electric sector) and for the study of the ion-mo lecule reaction it was equipped with a 

standard chemical ionization (CI) source. The repeller vo ltage was held close to 0 Vand 

the primary electron ion ization (El) was accomplished Llsing 70 eV electrons. Gaseous 

glyco laldehyde, H20 and CO2 were introduced into the ion source via separate inlet 

systems. Hydrated copper (II) su lphate was used as a source to leak H20 vapour into the 

source. The total pressure within the source was monitored using a remote ionizat ion 

gauge and maintained at around 7-10 x 10-5 Torr. 

A sample of the commercially ava il ab le (A ldrich) glyco laldehyde dimer 2,5-

dihydroxy-I,4-dioxane [1 6a] was used to introduce the monomer into the instrument, by 

gent ly heating the so lid sample in a quartz probe with an oi l bath. We note in this 

context that in the molten state glyco laldehyde ex ists as a mixture of different 

monomeric and dimeric forms [16b]. In the vapo ur phase under equilibrium conditions 

on ly the monomer ex ists in cis orientation exhibi ting a single carbony l absorpt ion band 

at 1753 cm- I [16c]. However, when the dimer samp le is introduced into the mass 

spectrometer with the direct so lids insertion probe the degree of ded imerization may be 

neg li gible and an EI mass spectrum characterist ic of the dimer, which does not display a 

peak at mlz 60, is obtained [16d] . In so lution, the dimer undergoes rearrangement and 

dissociation into various monomeric forms [16e]. 

To obtain reference metastable ion (MI) and co lli sion induced dissociation (CIO) 

mass spectra [17] of the 1,2-d ihydroxyethene ion, so lid samples of OL-glyceraldehyde 

(S igma, research grade), 1 ,4-d ioxane-2,3-d iol and O-erythronic y- Iactone (A ldrich) we re 

introduced via the direct so lids insertion probe. Thi s set of experiments was carried out 

28 



MSc Thesis - M. R. Hani fa I McMaster - Chemistry 

unde r electron ionizati on (E I) condi tions (70 eV) at an acce lerat ing vo ltage of 8 kV in 

the second fi eld-free region (2ffr) of the instrument. The ClD mass spectra were 

acquired using O2 as the co lli sion gas. 

The ion-molecul e reacti on of mass selected glyco laldehyde ions with neutral 

water is currently being studied in the context of a j oint project with Dr P. Gerbaux On 

the Mo ns AutoSpec 6F mass spectrometer. Thi s is a six-sector magnetic defl ector 

instrument of EBEEBE geometry, equipped with three co lli sion ce ll s (C'-3) to study 

high-energy co lli sion-induced di ssoc iation reactions and an rf-only hexapole (HEX) 

reaction chamber to study the ion-molecule reacti on_ The current configurati on is as 

follows: C,E ,B, C2Er HEX-E3B2C3E4 [18]. 

To briefly explain the experiment, the first three sectors of the instrument are 

used to mass se lect the m/z 60 glyco laldehyde ions (8 keY) towards the hexapole. These 

ions are dece lerated to - 5 eV prior to entering the hexapole ce ll to optimize the yield of 

the ion-molecule reaction_ The water vapour introduced into the ce ll is at a pressure of 

- 5 x 10-4 mbar measured with a Pirani gauge located within the cell. Thereafter, the ions 

leaving the ce ll are reaccelerated to 8 keY before being mass analyzed by the fi eld of B2-

Finally, any resulting m/z 60 ions can be mass se lected and subjected to CID with O2 in 

chamber C3. The ClD spectra generated are obtained by scanning sector E4. 

3. Results and Discussion 

3.1. The dissociation chemistry of the glycolaldehyde cation (1) 

3. 1.1. The structure and stability of the neutral and ionic conjormers 

An ea rly theoretical study at the HFS DCII6-3 1 G**//RHF/4-3 1 G leve l of theory by 

Postma et al. [1 9] on the glyco laldehyde radi ca l cation (1) and its di ssoc iatio n 

chemi stry, proposes that ion 1 has two stable confo rmers, denoted as l (et) and 1 (Tt), 

which are close ly similar in energy and have a low interconve rsion barrier. The notation 

refers to the dihedral angles fo r rotat ion around the CC bond ~ 1 (C or T) and the COCH) 

bond ~ 2 (c or t) respectively_ For l(Ct) ~1 = 00 and ~ 2 = 180 0 and fo r l (Tt) ~1 = 180 0 and 

~2 = 1800
. 

Thi s result is consistent with the CBS-QB3 and CBS-APNO ca lcul ati ons of thi s 

study _ Fig_ 2. 1 (top part) shows the CBS-QB3 deri ved opt imized geometries and 298 K 
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entha lpies of the two stab le ionic conformers, 1a and lb. They are closely similar in 

energy and cou ld be classified as 1(C) and leT), but the notation cit loses its meaning 

because the optimized geometries of the mode l chemistries have ~2 = - 90°. However, 

this is not the case with the neutra l conformers IN. Here, see Fig. 2. 1 (bottom part) , four 

stab le conformers were identified, IN(Cc), IN(Ct), IN(Tc) and IN(Tt), of wh ich the 

IN(Cc) conformer is considerably more stable because of internal hydrogen bridging. It 

is this hydrogen bridged conformer that has been identified as the prevailing species in 

the IR and microwave studies of gaseous glyco laldehyde [16b,c]. 

The ca lcu lat ions of Ref. 19 cou ld not provide a va lue for the heat of formation of 

ion I and therefore a va lue was adopted from experimenta l obeservations that served as 

the anchor point in their mechani st ic study of the decarbonylation of the ion, which will 

be addressed be low. The va lue adopted was t.Hf I = 162.5 kcal/mol , from IE IN = 10.26 

± 0.03 eV [1 9b] and t.Hr I N = -74 kcal/mol. The latter va lue is an estimate based upon 

Benson ' s Group Add itivity approach [20], using C-(HMO)(CO) = -7.0 kcal/mol [20a]. 

In this context, we note that a recent (re)eva luat ion of the thermochemical properties of 

the ions [1 7] proposes a lower va lue, t.Hrl = 157.5 kcal/mol from IE IN = 10.20 ± 0.10 

eV [3a] and t.Hf IN = -77.5 kcal/mol, a number deri ved from a G2 calculation because 

the Benson approach does not acount for interna l hydrogen bridging. However, see 

Table I Append ix, this rev ised t.Hr I = 157.5 kcal/mol va lue is sti ll a little higher (- 3 

kcal/mol) than the CBS-QB3 and APNO values derived for the two conformers. For 

conformer IN(Cc) the CBS-QB3 method predicts an adiabatic ionizat ion energy (lEa) of 

10.06 eV, a little below the IE va lues of 10.26 and 10.20 eV. These IE va lues are deemed 

to be satisfactory lEa va lues, provided that the lEv - lEa difference is less than - 0.3 eV, 

because in genera l the cross section for electron ion ization falls quite rapidly away from 

the Franck-Condon (verti ca l) reg ion [1 7]. A computat iona l estimate (from the B3LYP 

energies) of lEv for IN(Cc) yields - 10.6 eV and this suggests that the experimenta l IE' s 

may not be true adiabatic va lues . 
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1b 

154.8 

1N(Tc) 

-71.5 
1N(Tt) 
-73.5 

Figure 2.1. Stable conformers of ionized and neutral glycolaldehyde and the ir 298 K enthalpies of formation derived 
from CBS-QB3 calculations. 

3.1.2. The dissociation chemistry of low energy glycolaldehyde ions. 

Decarbonylation is the only dissociation observed for low-energy (metastable) 

glycolaldehyde radical cations 1. The metastable peak for this reaction is associated 

with a very small kinetic energy release (Tos = 1.5 meV), indicating that the reaction 

takes place at the thermochemical threshold [17]. 

Experiment and theory [21] agree that the resulting mlz 32 product ion is the 

distonic ion CH20H2°+ rather than ionized methanol , CH30Ho+. Experiments show that 

isomerization of ion 1 into CH30CHO·+, the enol ions HOCH=CHOHo+ and 

CH2=C(OH)2°+,or the ketene-water ion-dipole complex H20 ICH2=C=O·+ clearly does not 

occur: the CID mass spectra of the respective species [19,22] are characteristically 

different. Moreover, CH30CHO·+ decarbonylates into CH30Ho+ [22c], which is easily 

differentiated from CH20H2°+ on the basis of their CID mass spectra [17,2Ia]. In the 

same vein, the metastable ions of both 1,1- and 1,2-dihydroxyethene and the ketene

water ion-dipole complex abundantly lose water (and not CO) [22]. 

The computational study of Postma et al. [\9] considered two mechanistic 

proposals for the loss of CO from ion 1. The proposed mechanism is shown below in 

Scheme 2.2, where all relative energies are presented in kcallmol. 
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0+ H-.O 
H 

H- O" IP H + , " / HI""C- C HIII"C- C /O~ CH 2OH2+ 
H~ 'H ~ ~ HII',.C H" ., +CO H 0 £ C~ 0+ £: 0 

H 
TS TS no reverse barrier 

1(Ct) 1 (Tt) HBRC 

Ref. 19 { [0.0) [44) [ 1.3) [14) [-15.2) (- 4) 

[0.0) [5 .3) [ 1.1) [13 .7) [-14.7) 
QB3 [0.0) [- 0) [-0.6) [13.6) [ 1.1) [14.9) 

APNO [0 .0) [-0) [-0 .8) [14 .1) [ 1.3) [14.9) 

Scheme 2.2. Proposed mechanism for the decarbony lation of ionized glycolaldehyde (I). The CBS-QB3 and APNO 
relat ive energies were taken from the ilrHo,,, va lues in Tables 1 and 4; I(Ct) = la ; I(Tt) = lb. 

The mechanism basically involves a 1,3-H shift in leT) which leads to an HBRC, a 

hydrogen bridged radical cation [23] with a C-H-O bridge from which CO may be lost in 

a continuously endothermic reaction. The overall energy requirement for this process 

proposed in Ref. 19 is based upon the Pople-corrected SDCI/6-3IG** numbers of the top 

row of Scheme 2.2 (the second row represents the RHF/6-31 G** energies for 

comparison) which would agree with the difference between the measured values of IE 

I and the AE [CH20H/+] derived therefrom [21 a] , 3.5 ± I kcallmol. However, this 

agreement may be entirely fOl1uitous , considering the discussion of the prev ious section 

and the CBS-QB31 APNO results of Scheme 2.2, which leave little doubt that the barrier 

to the 1,3-H shift is substantial and that I and its C-H-O bridged HBRC are comparable 

in energy. 

One point deserves further comment. The reported AE [CH20H/ +] from 

HOCH2CHO (IN) is 10.42 ± 0.05 eV [1 9,22a] and considering that: 

one obtains, using ~fHo va lues for CO and IN of -26.4 and -76.8 kcallmol respecti ve ly, 

~fHo [CH20H2°+] == 190 kca l/mol. A more recent measurement [3a] yields AE [CH20H2°+] 

== 10.51 ± 0.19 eV, which translates into ~rHo [CH20H2°+] == 192 kcallmol. These va lues 

are lower than the recommended (experimentally derived) va lue of Ref. 17, 195 
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kcallmol, and also our CBS-QB3 and APNO values of 196.9 and 195.6 kcallmol 

respectively. 

It is conceivable that the di screpancy between the derived LlrHo298 values arises 

from differences in the thermochemical treatment of the appearance energies [24, 17] : 

applying the Traeger-McLoughlin correction term, LlHcorr = LlH298 (CH20H/+ + H20) -

1.48 kcal/mol , raises the AE derived LlrH°298 values by 3.5 kcal/mol (using the LlH298 

values available from the CBS-QB3 calculations). This correction holds rigorously if all 

the available internal energy of the precursor ion is used for dissociation, which is, the 

products are formed at 0 K. The actual thermal content of the products is not known and 

hence, the correction term only provides an upper limit to the derived enthalpy. 

3.2 The dissociation chemistry of the 1,2-dihydroxyethene cation (2) 

The stable conformers of HOCH=CHOHH (2a-f) are shown in Fig. 2.3. 

2a 2b 

2c 2d 

2e 2f 

Figure 2.3. CBS-QB3 structures for conformers of HOCH=CHOHo+ 
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Of these, the two cis conformers 2a and 2d have the same low enthalpy of format ion as 

the trans conformer 2e, 124.5 kcal/mol (APNO Table 1). The enthalpy li es only - 2 

kcallmol above that of the CH2=C(OH)/+ isomer, wh ich represents the global minimum 

on the C2H40 2'+ potential energy surface . 

Not surprisingly, a substant ial barrier (- 35 kcallmol) is found for the cis-trans 

interconversion but exploratory calculations indicate that 1,2-, 1,3- or 1,4-H-shifts 

require much more energy (- 60 kcallmol) . This makes it unlikely that the MI or CID 

characterist ics of the cis- and trans-type ions 2 wi II be different. 

A pioneering study by Terlouw et al. [22] reports that metastable ions 2 lose 

H20 . The resulting broad mlz 42 peak in the MI mass spectrum is a composite consisting 

of a broad and a narrow component in a 5: 1 ratio with estimated T05 va lues for the two 

components of 20 and 390 meV respectively. A mechanistic proposal for the loss of H20 

from ion 2 has not been reported. Pathways for the loss of H20 from ion 2a were 

therefore exp lored using computat ional chemistry. Scheme 2.4 shows our proposed 

mechanism for the loss of water from ion 2a. 

204 - trans} HOCHCHO' + W 
198 _ ClS 

125 

2a 

,...H 
o O~H 

\ •• I c-c 
/ "-

H H 

2b 

H 
0"" H 

\ .' I c-c 
/ \ 

H 0 
..... H 

4 

H2~ . . 
H2C =C=0~ 

Sc heme 2A. CBS-QB3 deri ved energy level diagram describing the possible dissoc iation reactions of ionized \.2 -
dihydroxyethene (2). All va lues refer to ~,Ho'.8 values in kcailmol. 
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The reaction involves a 1,2-H shift to yield ion 3a, followed by the loss of water to 

generate ionized ketene, which represents by far the most stable isomer on the C2H20 2 

potential energy surface. As seen in Scheme 2.4, the ketene-water ion-dipole complex 4 

is generated via the carbene ion 3 as a stable intermediate in this pathway prior to water 

loss . However, the composite peak observed by Terlouw and co-workers [22] shows 

that there is more than one mechanism for the water loss from 2. The alternate reaction 

that would best explain the composite nature of this peak is, at this point, unclear. 

We therefore repeated the experiment reported in Ref. 22a : ion 2 was generated 

by dissociative ionization of glyceraldehyde. As reported, a composite peak is observed 

at mlz 42. One may envisage that the broad and narrow components of this peak 

correspond to the generation of different ionic C2H20 2 isomers. To probe this question, 

we selectively investigated the two components of the peak by acquiring their 

respective ClD mass spectra. The ClD spectra obtained from the center of the peak 

(narrow component) and the shou lders (broad component) of the composite peak are 

shown in Figs. 2.5a and 2.5b. 

a) 14 

13 

b) 14 

21 _____ .-Jl_ 

28 29 

Figure 2.S. 3ffr CID mass spectra of (a) the cente r (narrow component) and (b) the shoulders (broad component) of 
the lilt:: 42 cm peak generated from ion 2. The fi gure shows the structure diagnost ic 111/:: 12-29 reg io n o f 
the spectra. 

It is seen that the spectra are virtually identical and , not surprisingly, they are very close 

to a reference spectrum of the ketene ion rather than its hydroxyacetylene or oxirene 

isomers [1 7]. This observation leaves little doubt that the composite peak is indicative 
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of two reaction pathways generating the same product ion, ionized ketene (mlz 42). We 

have explored several pathways for water loss other than the one proposed in Scheme 

2.4, but have not (yet) been able to find a satisfactory alternative. 

In this context we note that all three precursor molecules used to generate ion 2 

(see Experimental) yield the same composite peak at mlz 42 in their mlz 60 MI spectra. 

Further, the CID mass spectra of the mlz 60 ions generated from glyceraldehyde and the 

y-Iactone are closely similar ; that derived from the 1,4-dioxane-2,3-diol precursor 

contains an additional peak at mlz 32 which points to the co-generation of the distonic 

isomer CH20-C(H)OHo
+. 

3.3. The reaction of the glycolaldehyde radical cation (1) with H20 

The energy diagram of Scheme 2.6 provides a summary of the CBS-QB3 calculations on 

the ion-molecule reaction of ionized glycolaldehyde (1) with H20 . 

112 _ CH,oH2~ + H, O + CO 

108 _ H"O' + HOCH,cO' 

98.5 - CH,oH," ICO + H,O 

94.5 _ CH,=C=Q" + 2H,O 

The 1005 can have up 10 15 
kC<t1frnol 01 {olemal en~ ! 

HOCH2CHO·· + H20 
START 

D 

[aJ TS HB l b ... 3 Spectator 1.3·H 

Scheme 2.6. CBS-QB3 derived energy level diagram describing the reaction of the glycolaldehyde radical cation I 
with H20 . All values refer to ~,Hol98 values in kcal/mol. 

The calculations indicate that 1 interacts with a single H20 molecule to generate the very 

stable hydrogen-bridged radical cation HB I. 
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The resulting species is stabilized by ~20 kcal /mol with respect to the combined 

enthalpies of 1 + H20 . 

The calculations of Section 3.1 indicate that the energy requirement for the 

decarbonylation of solitary ions 1 is lower than that for the back-dissociation reaction, 

HB I -> 1 + H20. Indeed, the calculations of Scheme 2.6 show that the 1,3 -H shift 

reaction, HB I -> 3, lies about 3 kcallmol below the combined enthalpies of 1 + H20. 

Thus, the decarbonylation of HB I is energetically feasible. A further question to 

consider is whether H20 plays a role in the decarbonylation reaction. The H20 molecule 

may act as a base (B) and accept the aldehyde proton of the HOCH 2CHO·+ substrate, and 

then donate it back to the hydroxyl oxygen as illustrated in Eq. I. 

HOCH2CHO·+ + H20 ---+ [HOCH1C(O) ••• H ... OH2f + ---+ H20CH2C=O·+ + H20 (Eq. I) 

This type of reaction has been coined proton-transport catalysis (PTC) [10]. 

Criteria for successful PTC have been developed by Radom and co-workers [24] , 

the most important of which states that a smooth isomerization for the reaction of Eq. 1 

occurs if the proton affinity CPA) of B lies between the PA of the carbonyl carbon 

(donor) and that of the hydroxyl oxygen (acceptor) of the HOCH 2C=O· radical. CBS

QB3 calculations show the PA of the respective donor and acceptor sites to be 175 and 

169 kcal /mol. 

While H20 appears not to be an ideal catalyst CPA = 164 kcal /mol) , our 

calculations, see Scheme 2.6, reveal that HB 1 ions can communicate with the more 

stable HB4 ions, via a TS at only 78 kcal /mol. This reaction invo lves the abstraction of a 

proton from the CHO moiety of the glycolaldehyde ion by the H20 molecule followed 

by a back-donation of another proton from the protonated base, a so called quid-pro-quo 

(QPQ) reaction. The resulting HB4 ions then undergo decarbonylation. The TS for this 

water assisted decarbonylation of ion 1 lies at 86 kcal /mol , c. 10 kcallmol below the 

combined enthalpies of 1 + H20. 

However, the theoretical findings of Scheme 2.6 indicate that the HB4 ions can 

also isomerize into HB5 ions, via an activated complex at 77 kcal/mol. Ion HB5 

represents a ketene-water complex ion stabilized by a second H20 molecule. A 

combined experimental and theoretical study by Sohme and co-workers [1 2] has shown 
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that the second H20 molecule in this complex serves as a catalyst for the transformation 

of ion ized ketene-water into CH2=C(OH)2·+' the ioni zed eno l of acetic ac id . In line with 

this, Scheme 2.6 shows that ions HB5 ions may indeed undergo an association reaction 

to generate HB6 ions without a signifi cant barrier. Thereafter, a rotation abo ut the C

OH2 bond via a small barrier of 1.5 kcallmol yie lds a favorable geometry for the H20 

molecule to cata lyze the tranformation of CH2C(=O)OH/+ into CH2=C(OH)/+. The 

overall rearrangement of the H20 stab ilized ketene-water complex ion (HB5) into the 

enol ion of aceti c acid (HB7) proceeds downhill energetica lly. Loss of H20 by a simple 

O-H-O bond elongation in HB7 yields the lowest energy threshold for the dissociation 

reaction , CH2=C(OH)2·+ + H20. 

Fina lly, the cata lyzed 1,3-H shift convert ing HB I into an HBRC invo lving 

ionized 1.2-dihydroxyethene (HB2) was found to be associated with a transition state 

that li es c. 6 kcallmol below the comb ined entha lpies of 1 + H20 . Despite lowering the 

unass isted barrier from c. 32 kcallmol to a mere 13 kcal/mol, the assoc iated transition 

state lies we ll above the barrier lead ing to HB7. Therefore, the generation of ion ized 1,2-

dihydroxyethene from ionized glyco laldehyde in the presence of water, wh ile 

energetica lly feasible , is not likely to compete with CH2=C(OH)/+ formation. 

The stud ies of Bohme and co-workers [1 2] also considered that HB7 may 

rearrange into a CH3COOH·+/H20 complex (HB8). Our theoretical findin gs on this 

reaction are shown in Scheme 2.7. The CBS-QB3 model chemistry shows two different 

PTC mechanisms correspond ing to the interconve rsion, HB7 ---> 8. The transition state at 

83 kcal/mol refers to a H20 cata lyzed 1,3-H shift, whereby the proton that is abstracted 

is the same that is donated back. [n contrast, the act ivated complex at 78 kcallmol refers 

to a mechanism involving the abstraction of a proton by H20 from the hydroxy l 0 

fo llowed by the back-donat ion of another proton by the protonated base to the 

methylene C. This type of mechani sm is also known as the quid-pro-quo (QPQ) 

mechanism. However, both ro utes are assoc iated with energy barriers signi ficantly 

higher than the dissoc iat ion threshold, HB7 ---> CH 2=C(OH)/+ + H20 . 
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Scheme 2.7. CBS-QB3 deri ved energy leve l diagram describing the generation of acetic acid in the presence ora water 

molecule. All values refer to 6 rHo298 va lues in kcal/mol. 

We have also explored the possibility that HB6 is tranformed into HB8, Computational 

results revealed this transformation to be yet another example of a QPQ mechanism. 

Scheme 2.7 shows the pertinent transition state to lie at 78 kcallmol. This is 

comparatively higher in energy than the barrier associated with the HB6 ---> 7 

rearrangement and its subsequent dissociation. Thus, theory predicts that we are likely to 

experimentally observe the ionized enol of acetic acid in complex with water CHB7) as a 

product of the ion-molecule reaction of the glycolaldehyde cation with water. 

Finally we note that Scheme 2.7 predicts that in the ion-molecule reaction of 

ionized acetic acid with water, the formation of the HBRC H20 -H ... O=C=O·+ Cmlz 63 

ions) is energetically quite attractive. 

3.4. Experimental approach to observe the ion-molecule reaction of ion 1. 

As described in the Experimental section, we have attempted to perform the ion

molecule reaction of ionized glycolaldehyde with water under chemical ionization (CI) 

conditions, using CO2 as the bath gas for collisional stabilization, Although this 

approach has been successful in many other PTC studies using a variety of catalysts 

[10] , the desired HBRC of glycolaldehyde and water could not be generated in a 
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sufficiently large yield to permit furth er experiments in the fi eld free regions of the 

instrument. Instead, we observed a very intense signal at mlz 61, corresponding to the 

protonated glycolaldehyde, in the conventional CI mass spectrum. The reason for thi s 

observation is best explained by considering the ionization energies (I E) of the H20 

catalyst and the CO2 bath gas. The IE of H20 is lower than that of CO2 (1 2.6 vs . 13.8 eV), 

so that upon electron ionization of CO2 in the source, H20
o+ ions are eas ily generated by 

charge-exchange. As the pressure of H20 is relati ve ly higher than that of gaseous 

glycolaldehyde, the reaction H20
o+ + H20 ~ H30 + + OHa (.0. H298 = - 23 kcallmol), readily 

takes place . The PA of H20 is much lower than that of glyco laldehyde (164 vs. 181 

kcallmol), so that, give n the supreme ac idic strength of H30 +, neutral glyco laldehyde is 

swiftly protonated yielding the peak at mlz 61. As the glyco laldehyde radical cation is 

hardly generated, the des ired ion-molecule react ion with H20 is not observed. To 

circum vent thi s problem, the ion-molec ule reaction of mass selected glyco laldehyde 

ions with neutral water is currentl y being studied using the Mons AutoSpec 6F mass 

spectrometer. This approach was quite successful in a recent study of the H20 catalyzed 

isomeriza tion of the cyanamide ion [25]. 

Conclusions 

Our CBS-QB3/ APNO based computational analys is of the ion-molecule reactions of 

HOCH2CHOo+ and CH3COOHo+ with H20 indicates that : 

(i) enolization of HOCH2CHOo+ into HOCH=CHOHo+ by PTC is energetica lly possible 

but less favo urable than (ii); (i i) a tandem PTC mechanism invo lving the ketene-water 

ion-dipole complex H20 /CH2=C=Oo+ as a key intermed iate, leads to a smooth 

transfo rmation of HOCH2CHOo+ into the CH2=C(OH)2°+ ion, which represents the global 

minimum on the C2H40 Z
o+ potential energy surface. The co-generation of CH3COOHo+ is 

very unlikely since all PTC transition states explored lie we ll above the di ssoc iation 

threshold of CH2=C(OH)/ + + H20 ; (iii) the ion-molecule reaction CH3COOHo+ + H20 

may lead to enoli zati on of the acet ic ac id ion, but the fo rmati on of the HBRC H20 -

H ... O=C=Oo+ (mlz 63 ions) is energeti ca lly more attractive. 
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Appendix to Chapter 2 

Table I. Energetic data [a] de ri ved from CBS-QB3 and APNO calcu lat ions for minima of stab le ionic isomers of 
g lycolaldehyde ( I) and 1,2-d ihydroxyethene (2), and their connecting transition states. 

CBS-QB3 QB3 QB3 QB3 APNO 

Ionic species E(total) [OK] ZPE LlrHoo LlrHo298 LlrHo298 

la -228.353 126 36.5 158.2 155.4 154.6 

Ib -228.353918 36.7 157.7 154.8 153.8 
2a -228.400275 39.1 128.6 125 .2 124.6 
2b -228.395607 38.9 131.5 128 .3 127.5 
2c -228.386508 38.7 137.2 134. 1 133 .3 
2d -228.400191 39. 1 128.6 125 .3 124.6 
2e -228.400609 38.9 128.4 125 .1 124 .5 
2f -228.391673 38 .9 134 .0 130.7 129.9 

3a -228.330960 37.0 172. 1 169.1 168.8 
3b -228.318833 36.3 179.7 176.9 176.7 
4 -228.380260 35.0 14 1.2 139. 1 136.7 

5 -228.31 2252 35.6 183 .8 18 1.6 [b] 

TS Ib ~ mlz 32 [c] -228.331675 33.5 17 1.6 169.0 168.7 

TS 2a ~ 2b -228.34491 7 37.2 163.3 160.0 159.8 

TS 2a ~ 3a -228.304658 35 . 1 188.6 185 .3 184.4 

TS 2b ~ 3b -228.29726 1 34.9 193.2 190.0 189.0 

TS 3a ~ 3b -228.3 17948 36.6 180.3 176.9 176.9 

TS 3a ~ 4 -228 .328253 35.5 173 .8 170.3 168.2 

TS 3a ~ 5 -228.246888 33.4 224 .8 22 1.9 220.7 

TS 3a ~ mlz 59 -228.277 184 3 1.3 205.8 203.3 202.8 

Neutra l species 

IN(Cc) -228.722436 37.8 -73.6 -76.8 
IN(Ct) -228 .7 169 15 37.6 -70 .1 -73. 1 
I N(Tc) -228.714345 37.5 -68. 5 -71.5 
I N(Tt) -228 .7 17689 37.3 -70.6 -73 .5 

[a] E(total) in Hartrees, all other components, including the Z PE scaled by 0.99, are in kcallmol. 
[b) The des ired geometry could not be found; [c) The TS leads to the HBRC [CH2O(H)- H--COr 
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Table 2. Energetic data for va rious dissociation products of ionized glyco laldehyde ( I) and 1,2-
dihydroxyethene (2) derived from CBS-QB3 and APNO calculations [a]. 

mlz CBS-QB3 QB3 QB3 APNO 
Species E(total) [0 K] ~fHoo ~fHo298 ~fHo298 

HOCHCHO+ (cis) +He 59 199.8 197.8 198.1 
HOCHCHO+ (trans) + He 205.9 204.2 204.5 
HOCH2CO+ +He 186.2 184.5 184.3 
HOCHCHO+ (cis) -227 .7870 15 148.2 145.7 146.0 
HOCHCHO+ (trans) -227.777293 154.3 152. 1 152.4 
HOCH 2CO+ -227.808662 134.6 132.4 132.2 
He -0.499818 5 1.6 52. 1 52. 1 

CH2COe+ +H2O 42 154.1 152.6 152.2 
HCCOHe+ + H20 198.4 197.1 196.2 
HCOCHe+ (1\) + H2O 208.3 206.7 206.0 
CH2COe+ -152.022176 211.4 2 10.6 209.7 
HCCOHe~ -151.951494 255.7 255 .1 253.7 
HCOCHe+ (l'i) -151.935819 265 .6 264.7 263.5 
H2O -76 .33749 1 -5 7.3 -58.0 -57.5 

CH20H2
e+ + CO 32 171.9 170.3 169.5 

CH2OH2' + -115.149226 199.3 196.9 195.6 
CO - I 13.182008 -27.4 -26.6 -26 . 1 

[a] E(lalOl) in Hartrees, all other co mponents, including the ZPE scaled by 0.99, are in kcallmo l. 
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Table 3. Energetic data [a] derived from CBS-QB3/APNO calcu lations for minima and connecting transition states of 
ion ic isomers of the complexes of glyco laldehyde with H20 (HB). 

CBS-QB3 QB3 QB3 QB3 APNO 
Ionic species E(total) [OK] ZPE ~fHoo ~fHo298 ~fHo298 

HBla -304.721663 51.6 81.4 77.3 76.5 
HBlb -304.722323 51.9 81.0 76 .9 76. 1 
HBle -304.716018 51.3 84.9 80.9 
HB2a -304.771773 54.1 50.0 45.4 44.9 
HB2b -304.762749 54.3 55.6 50.9 50.3 
HB3 -304.73 1257 49.4 75.4 72.2 72.0 
HB4a -304.726583 5 1.2 78.3 74. 1 74.1 
HB4b -304.729900 52.6 76.2 7 1.7 7 1.4 
HB5a -304.733652 51.2 73.9 70.3 
HB5b -304.731950 51.2 74.9 71.3 
HB5e -304.7337 16 49.3 73.8 70.6 69.3 
HB6a -304.748960 5 1.2 64.3 60.0 58.8 
HB7a -304 .776549 52.4 47.0 42.6 41.9 
HB7b -304.778105 53.2 46.0 41.3 40.5 
HB8a -304.728925 53.4 76.8 72.4 71.0 
HB8b -304.722348 51.7 81.0 76.8 
HB8e -304 .749000 51.5 64.2 59.9 59.4 
TS HBla ~ Ib -304.72 1495 5 1.6 81.5 77 .0 74.9 

TS HBla~ 2a -304.70 1494 49.7 94.1 89.4 [b] 

TS HBlb ~ 2b -304.698317 49.6 96.1 91.4 91.6 

TS HBlb ~ 3 -304.696512 48.0 97 .2 93.4 92.9 

TS HBle ~ 4a -304.718755 50.0 83.2 78.5 78.1 

TSHB3 ~4a -304.707745 49.6 90.1 86.2 85 .2 

TS HB3 ~4b -304.707640 49.8 90.2 86.0 

TS HB4a ~ 4b -304.720579 5 1.8 82.1 77.4 76.9 

TS HB4a ~ 5a -304.7 11268 51.3 87.9 83.6 82.4 

TS HB4b ~ 5a -304.72 1393 51.6 81.6 77.3 76.1 

TS HB5a ~ 5b -304.73 1628 5 1.1 75. 1 71.0 

TS HB5b ~ 5e -304.73 111 7 49 .7 75 .5 7 1.9 

TS HB5e ~ 6a -304.734535 49. 7 73.3 69.8 

TS HB6a ~ 7a -304.746122 5 1.0 66. 1 6 1.5 60.4 

TS HB6a ~ 8b -304.7 1826 1 50.0 83.5 78.7 

TS HB7b ~ 8a (PTC) -304.7 11 540 49.2 87.8 83 .1 

TS HB7b ~ 8b (QPQ) -304.7 18918 5 1.4 83.1 78.3 

TS HB8e ~ mlz 45 -304.729757 49.3 76.3 72.4 7 1.1 

[a] E(10131) in Hartrees, all other components, including the ZPE scaled by 0.99, are in kcal/mol. [b] The 
desired transition states could not be found. 
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Table 4a. Energetic data for various dissociation products of the complex of ionized glycolaldehyde with H,O 
(BB) deri ved from CBS-QB3 calculations [aJ. 

mlz CBS-QB3 QB3 QB3 APNO 
Species E(total) [0 K] LlrHoo LlrH o298 LlrHo 298 

COiHjO+ + CHj" 63 71.9 69.1 68.7 
C02/H3O+ -264.991894 35.6 33 .5 34.2 
CH3' -39.744795 36.3 35.6 34.5 

CHjC(OH)2 + + OH" 61 91.9 87.9 87.3 
CH3C(OH)2+ -229.055 166 82.9 78 .9 78.0 
OH' -75.649720 9.0 9.0 9.3 

HOCHCHOH"+ (cis) +H2O 60 71.3 67.2 67.1 
HOCHCHOH"+ (trans) + H2O 76.7 72.7 72.4 
HOCH2CHO"+ (cis) +H2O 100.9 97.4 97.1 
HOCH2CHO"+ (trans) +H2O 100.4 96.8 96.3 
CH20H21CO "+ + H2O 101.3 98.5 98.4 
CH2=C(OH)2"+ + H2O 68.4 64.4 63.9 
CHjCOOH"+ +H2O 88.9 85.1 84.8 
CH2COIH2O"+ +H2O 83.9 81.1 79.2 
HOCHCHOH"+ (cis) -228.400264 128.6 125.2 124.6 
HOCHCHOH'+ (trans) -228.39 1673 134.0 130.7 129.9 
HOCH2CHO"+ (cis) -228 .353 137 158.2 155.4 154.6 
HOCH2CHO"+ (trans) -228.353918 157.7 154.8 153.8 
CH2O(H)-H ... CO"+ -228 .352449 158.6 156.5 155.9 
CH2=C(OH)2°+ -228.404940 125.7 122.4 121.4 
CH3COOHo+ -228.372163 146.2 143 . 1 142.3 
CH2CO/H2O'+ -228.380260 141.2 139. 1 136.7 
H2O -76.337491 -57 .3 -58.0 -57.5 

CH20H2IH20"+ + CO 50 83.4 80.3 80.4 

CH2OHzlH2O
h -191.535599 110.8 106.9 106.5 

CO - I 13. 182008 -27.4 -26.6 -26.1 

HOCO+ + CHj" + H2O 122.0 119.9 119.6 
HOCO+ -188 .574627 143.0 142.3 142.6 

CHjCO+ + OH" + H2O 43 111.8 109.4 109.1 
CH3CO+ - 152.685915 160.1 158.4 157.3 

[a] E (total) in Hartrces, all other components, including the ZPE scaled by 0.99, are in kcal /mol. 
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Table 4b. Energetic data for various dissociation products of the complex of ionized glycolaldehyde with H2O 
(HB) derived from CBS-QB3 calculations continued [a]. 

mlz CBS-QB3 QB3 QB3 APNO 
Species E(total) [0 K] ~fHoo ~fHo298 ~fHo298 

CH2CO·+ + 2H2O 42 96.8 94.6 94.7 
CH2CO·+ -152.022176 2 11.4 210.6 209.7 

CH20H2·+ + CO + H2O 32 114.6 112.3 112.0 
CH30H·+ + CO + H2O 121.2 118.7 119.5 
CH2OH 2"+ -115.149226 199.3 196.9 195.6 
CH3OH"+ - 11 5. 138630 205 .9 203.3 203. 1 

HOCHCHO· (cis) + H30 + 19 98.8 94.7 94.1 

HOCHCHO· (trans) + H30+ 105.2 101.4 100.8 
HOCH2CO· + H30 + 111.5 107.9 107.2 
CH2COOH· +H30 + 91.0 87.1 86.4 
CH3COO· + H30 + 101.4 97.7 99.9 

HOCHCHO" (cis) -228.097402 -46.6 -49.1 -49.0 

HOCHCHO" (trans) -228.087164 -40.2 -42.4 -42.3 

HOCH2CO· -228.077152 -33.9 -35.9 -35.9 

CH2COOH" -228. 109735 -54.4 -56.7 -56.7 

CH3COO" -228.093169 -44.0 -46.1 -43.2 
H30 + -76.596520 145.4 143.8 143. 1 

[a] E(IOIal) in Ha11rees, all other components, including the ZPE scaled by 0.99, are in kcallmol. 
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F igure 2.8. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states involved in 
the isomerization and dissociation of ionic isomers of glycolaldehyde (1) and dihydroxyethene (2). 
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Figure 2.9. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states involved in 
the isomerization and dissociation of ionic isomers of the complexes of glycolaldehyde with H,O (HB). 
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Figure 2.9 ctd. 
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Chapter 3 

The C2H2N2 family of cations and their neutral counterparts: A 

combined theoretical and tandem mass spectrometry study 

HN=CcC"'NH <:=J HN=C=C=NH~ 

HNC + HNC 

In this study, both CBS-QB3 and CBS-APNO model chemistries have been used to study 

the ionic and neutral C2H2N2 potential energy surfaces. In other words, the relative 

stability and reactivity (isomerization and dissociation chemistry) of the isomers of 

C2H2N2 have been probed. 

Using the results from computational chemistry in conjunction with 

neutralization-reionization mass spectrometry (NRMS), we demonstrate the stability of 

the ionic and neutral counterparts of HN=C=C=NH (ethenediimine) and H2N-C-C=N 

(aminocyanocarbene) in the rarefied gas phase. 

These isomers were exclusively generated from stable precursor molecules such 

as HN=C=C=NH (ethenediimine) from xanthine and H2N-C-C=N (aminocyanocarbene) 

from aminomalononitrile. However, another precursor molecule studied, 

diaminomaleonitrile (DAMN), is shown to generate the stable ethenediimine ion after 

the loss of HCN from the hydrogen-bridged radical cation [HNC ... H2N-C-C=Nr+ via an 

extraordinary quid-pro-quo catalysis. In this catalysis, both the ion and the neutral 

undergo isomerization. 

The work described here has been published in an article under a different title: Karl J. Jobst, 
M. Ruzni Hanifa, and Johan K. Terlouw. Chern. Phys. Lett. 462 (2008) 152-157. 
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1. Introduction 

Among the several interstellar molecules that astronomers have discovered and 

spectroscopically characterized, HCN and HNC are of particular interest because (i) their 

ionic and neutral forms are known to be ubiquitous in molecular clouds and comets 

[1 ,2]' and (ii) the possibility of HCN playing a crucial role in prebiotic syntheses [3 ,4]' 

This is due to the fact that purines (such as the nitrogenous bases in DNA), amino acids 

and pyrimidines are essentially polymers of [H,C,N] [4] . Therefore, the covalently 

bound dimers (both, ionic and neutral forms) of [H,C,N] are of considerable 

astrochemical interest [5]. 

H 1,2·H ~ N' H,. , .... . ... / 1.2·H . // l ,2.H C=N, ... 
C-N-C=N • C=N • H- C=N-C, C~N H/ (3681 H/ 'H lal H 

(3461 
'H 

4 3a/b 1 2a/b 

(3041 (323J(322J(aIb) [3031 [297J(3011(aIb) 

H 
N / j[ N [I [[ 

1,2·CN via 13461 C C 1\. [3131 1 .... \ ~- &+ 
C=N C=N H- C=N-H"'N=C' / , J "',,,:, H H HBRC-1 

[3151 

N~ 
N 
~ 

C, H C N ... 
./ 1.2·H \ .+ 1.2·H ~ . 1.2·H H'N""C- C=N C=N C=N / C- C=N-H . , 

[3511 
/ , 

[3461 [3361 ' H 
8 

H H 5a1b H H 6 7a/b 

[2951 [309J(310I(aIb) [294J (289)[28SJ(alb) 

Scheme 3.1. CBS'QB3 results pertaining to key isomers and connecting transition states of the C2HzNz' + system. alb 
denote different stable conformers. [aj displays a transition state that could not be found. All values are 
in kcal/mol derived at 298 K. 

Scheme 3.1 shows a majority of the ionic isomers of C2H2N2 studied. All enthalpies of 

formation (L'lrHo) values are in kcal/mol and have been calculated at 298 K, see Table la. 

In a previous study, two isomers of C2H2N2 have been generated and comprehensively 

studied using different spectroscopic methods. These isomers are 4 CH2=N-C=N (N

cyanomethanimine) and 5 HN=C(H)-C=N (C-cyanomethanimine or iminoacetonitrile). 

The results of the study revealed that these isomers are stable molecules in the gas

phase [5-7]. Analysis of the scheme reveals that isomeric ion 7 HN=C=C=NHo
+ 

(ethenediimine) corresponds to the lowest enthalpy of formation (288 kcal/mol). In 

other words, the ethenediimine ion is the global minimum in the region of the potential 

energy surface studied. 
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In yet another prev ious study by Moser et al. [8] , it was suggested that the thermal or 

photo lyti c decompos ition of Group I metal sa lts of I-cyanoformam ide tosylhydrazone 

generated a third C2H2N2 isomer (8); NHrC-C=N (aminocyanocarbene). In spite of this, 

the work done in references [5-7] show that this very reaction generates the 

iminoacetonitrile (5) instead. In the same ve in , a separate, more recent theoretical study 

[9] reveals that the intramolecular isomerization of the am inocyanocarbene via a 1,2-

insert ion into the more stable iminoaceton itrile is associated with a significantly high 

energy barrier of 56 kcal /mol. 

Therefore, in this study, using neutralization-reionization mass spectrometry 

(NRMS) [1 0], .ve probed the stabi lity and reactivity of neutral am inocyanocarbene 

generated from its ionic counterpart. In a similar manner, the stability of the elusive 

neutral HN=C=C=NH (ethenediim ine) was exp lored as we ll. The viabi lity of the 

ethenedi imine ion has been well estab li shed as seen in the El mass spectra of references 

[11 -14]. All C2H2N2 isomers studied are generated by di ssoc iati ve ioni zat ion of 

previously studied precursor molecules. 

The neutral forms of both, the am inocyanocarbene and the ethenediimine 

spec ies, are shown to be (k inet ica lly) stable in the timeframe of the experiment. 

Finall y, as a side project of the computat ional study, all pertinent C2H2N2 species were 

studied using a different density functional theory exchange-corre lat ion functional 

denoted BMK (Boese-Martin for Kinetics) [15]. This was done for purposes of 

comparison and to better understand the reactivity of the isomers of C2H2N2. The we ll 

estab li shed acc uracy of BMK fo r transition state barriers within a range of 2 kcal/mol 

[15] was the main reason behind its choice. 

2. Experimenta l and Theoretical Methods 

All mass spectrometric experiments were performed on the VG Analytical ZAB-R mass 

spectrometer of BEl E2 geometry (B = magnetic sector, E = electr ic sector). Ions are 

generated under electron ionization cond itions (70 eV) and acce lerated at a potential of 8 

kV. The details of th is instrument and the acquis ition of the NR mass spectra have been 

previously exp lained [16]. Research grade xanthine, 8-azahypoxanthine, uric acid , 

aminoma lononitri le and diaminomaleonitrile (DAMN) were used as precursor molecules 
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for the mlz 54 C2H2N2 ions studied . They were introd uced into the instrument via a 

heated probe. The metastable ion (MJ) and neutralization-reionization (NR) mass spectra 

were recorded in the second field free region (2ffr) of the instrument. The co lli sion

induced di ssoc iation (CID) mass spectra were obtained in the 2ffr and 3ffr. All CID 

spectra were recorded using O2 or He as the collision gas. The NR spectra were recorded 

using N,N-dimethylaniline as the reducing agent and O2 for reionization. Kinetic energy 

release (KER) va lues reported were acquired using standard procedures [1 7]. 

The optimized geometri es and the enthalpies of formation of various ions and 

neutrals pertinent to thi s study were probed using CBS-QB3 and CBS-APNO model 

chemistries [18,19]' For purposes of comparison and accuracy, all enthalpies were 

recalculated using the BMK functional theory [15] in conjunction with the 6-311 G 

(2d,d ,p) basi s set. Thi s was done by performing single point energy calculations on the 

optimized geometri es using BMK and B3L YP functional theories and comparing the 

va lues generated to the reference CBS-QB3 minimum ion 1. Table I b li sts the enthalpies 

calculated using the CBS-QB3 model chemistry along with those deri ved from the 

B3LYP and BMK functional theories. The calculations we re performed using Gaussian 

03 Revision C.02 and 0.0 I suite of programs on the SHARCNET computer network [20]. 

The ca lcu lated energies are presented in Tables 1-4 (see Appendi x) and the energy 

diagrams of Schemes 3.1-3.1 7. Optimized geometri es of se lected spec ies are displayed 

in the Appendix (Figures 3. 18 and 3.19). The identity of loca l minima and connecting 

transition states (TS) were confirmed by frequency analys is. [n comparison, the 

enthalpies generated using BMK and B3LYP functional theories were within ~6 kcal/mol 

of the va lues obtained using CBS-QB31 APNO model chemist ri es. The agreement is 

much better in the case of the enthalpies of formation of the transition state geometri es. 

The mode l chemistries predict that both conformers of the ethenediimine 

(HN=C=C=N H·+) ion are genuine minima whereas the BMK leve l of theory predicts that 

confo rmer 7a from Schemes 3.1 and 3.3 is a first order sadd le point. The sadd le point is 

an 'artefact ' resulting in only one sta ble conformer. However, unlike B3LYP, the BMK 

fun ctional theory did prove useful in the determinat ion of a sadd le point for the H· loss 

from ion 7 to establish an energy barrier for the process. 
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3. Results and Discussion 

3.1. The generation of HN=C=C=NJr+ from xanthine, uric acid and 8-azahypoxanthine. 

The 70 eV EI mass spectra of xanthine, ur ic acid [12] and 8-azahypoxanthine [13] , all 

display a sizeable peak at mlz 54 corresponding to ions of elemental composition 

C2H2N2. Fig. 3.2 shows the normal mass spectra corresponding to the three listed 

precursor molecules. 

a) 

28 

b) 

28 

18 

c) 

28 

18 

54 
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il.J 55 .1 J 

54 

69 

.d~t 55 . J 
54 

.1...11 55 J~ r 
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168 

137 

109 

Figure 3.2. Normaimass spectra orCa) xanthine, (b) uric ac id and (c) 8-azahypoxanthine. 
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In the case of xanthine, Scheme 3.3 shows that ion 7: HN=C=C=NHo+ (ethenediimine) is 

generated following consecutive losses of HNCO, CO and HCN. It is acknowledged that 

we have depicted a pat1icular tautomer to generate the ion. The reason for this is that the 

ethenediimine structure is the global minimum on the C2H2N2 potential energy surface 

studied (Scheme I), and only the tautomer displayed in Scheme 3.3 can generate it. 

Further scrutiny of other potential dissociation pathways, see Scheme 3.3 , reveals that 

mlz 55 HN=C=C=Oo+ (iminoethenone) may be generated which can lose HO to yield the 

mlz 54 isobaric impurity N=C=C=O+ ion. The species corresponding to mlz 55 and mlz 

54 are confirmed stable gas-phase species in the time scale of mass spectrometry 

experiments [11 ,21]' 

Therefore, in this study, it is impol1ant to probe the isobaric (and isomeric) 

purity of the beam of mass se lected ions. The NRJCm spectra from the 3ffr 

advantageously account for such ambiguities as discussed in Section 3.6. 

- HNCO! 

Xanthine 
(tautomer.;) 

m/z 152 

O~ H :3VC 
c'" N ' c'- \ 

I .+ CH 

9
C
-- N

Q 
'--

HN _".~ -HCN 
m/z 109 

+ " 
O=C-C=NH mlz 55 

;-H" 

t 
+ 

o=c-c=m mlz 54 

isobaric impurity I? 

Scheme 3.3. Proposed fragmentation pathway for the generation of ion 7 from ionized xanthine. 

In order to verify the proposed generation of ethenediimine ions in Scheme 3.3, the cm 

spectra of every prominent fragment ion that could generate the ion of interest IS 

investigated. Fig. 3.4 displays the cm spectra of mlz 152, 109, 82, 81 and 55. 
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109* 

81 

c) 

55" 

53 

e) 
27 

28 

54 

29 
39 

53 

Figure 3..t. 2ffr elD mass spectra of (a) iii:: 152 (b) 111/:: 109 (c) 1iI/:: 82 (d) In/:: 81 (e) 111/:: 55 ions gene rated from 
xanthine. The asteri sk (*) denotes a me tastably generated peak . The 11/ :: 55 11 spectrum was not intense 
enough to be observed . 

The CID mass spectrum of mlz 152 (Fig. 3.4a) shows mlz 109 as the base peak. This is 

also the case for the MI spectrum (not shown). Thi s obse rvation is consistent with the 

rearrangement reaction resul ting in the neutral loss of HNCO (mass 43) depicted in 

Scheme 3.3. The mlz 109 CID spectrum (Fig. 3.4b) is dominated by prominent low 

energy and high energy fragmentation pathways. The MI peaks corresponding to mlz 82 

and 81 are the results of neutral losses of HCN (mass 27) and CO (mass 28) respective ly. 
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On the other hand, a major fraction of the high energy dissociation peak at mlz 54 is due 

to the subsequent consecutive loss of HCN from the resultant mlz 81 fragment. A small 

portion of this peak could be due to the isobaric impurity (N=C=C=O+) originating from 

the mlz 82 fragment as depicted in the scheme. 

Consistent with this proposal, the predominant reactions taking place in the mlz 

82 CID spectrum (Fig. 3Ac) correspond to the losses of CO and HNC. These processes 

give rise to the peaks at mlz 54 and 55 respectively. In contrast, unlike the mlz 82 

fragment, see Scheme 2, the mlz 81 fragment loses only HCN to generate the mlz 54 ion 

HN= C=C=NH
e
+. The mlz 81 CID spectrum (Fig. 3Ad) confirms this proposal showing a 

solitary metastable peak at mlz 54. Following the generation of a mlz 55 fragment by the 

mlz 82 ion, one may envisage the mlz 55 CID spectrum (Fig. 3 Ae) to consist of a mixture 

of peaks generated from HN=C=C=OH and the l3C or 15N isotopologues of 

HN=C= C=NH
e
+. This can be confirmed by comparing the mlz 55 CID spectrum to an 

established spectrum of the mlz 54 fragment and/or to the mlz 55 CID spectrum from a 

precursor ion that is not expected to generate HN=C=C=Oe+. 

o 
g H Uric Acid 

HN/ ...... c ..... N\ 
I •• II c = o (tautomers) 

-Pc ...... / c-. / m/z 168 
o ~ H 

- HNCO 

m/z 125 

+C-NH 

II I 
HN/

C
-

NH 

m/z69 mlz 70 

Scheme 3.5. Proposed fragmentation pathway for the generation of ion 7 from ionized uric acid. 

Uric acid is another precursor molecule that is proposed to generate ion 7, see Fig 3.2b. 

As shown in Scheme 3.5, the ethenediimine ion can be obtained from uric acid 
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following the consecutive losses of HNCO, CO and a second HNCO molecule. Unlike 

xanthine, unc ac id is not expected to generate the isobaric iminoethenone 

(HN=C=C=Oo+) ion. Its major di ssociati on pathways are discussed in conjunction with 

Fig. 3.6, which shows the CID spectra of the mlz 168, 125,97, 70,69 and 55 ions. As 

seen in the mlz 168 CID spectrum (F ig. 3.6a), the onl y significant reaction observed is 

the loss of HNCO. This process results in a peak at mlz 125 . 

a) b) 

54 

69 

c) d) 

70' 

28 42 

e) f ) 
27 

54 

53 28 

28* 34.5 

68 
29 39 

12 

Figu re 3.6. 2ffr CID mass spectra of (a) 111 1: 168 (b) 11/1: 125 (c) 1111: 97 (d) ml: 70 (e) 1111: 69 (f) ml: 55 ions generated 
from uric acid. The aste ri sk (*) denotes a metastably generated peak. Ilalici:ed 1111: values correspond to 
doubly-cha rged molecu lar ions. The 11/1: 55 M 1 spectrum was not in tense enough to be obse rved. 

[n a similar trend , the mlz 125 CID spectrum (F ig. 3.6b) di splays a prominent MI peak at 

mlz 97 . Thi s peak co rresponds to the loss of CO, see Scheme 3.5. However, in thi s 
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spectrum, smaller CID peaks corresponding to mlz 69 and 54 are generated which are 

due to the separate consecuti ve losses of CO and HNCO from the mlz 97 fragment ion. 

Consistent with this observation, the mlz 97 CID spectrum (F ig. 3.6c) disp lays relatively 

intense peaks at mlz 70, 69 and 54. The peak at mlz 70 corresponds to the loss of neutral 

HNC. The di ssoc iation pathways of Scheme 3.5 illustrate these observations. 

The most signifi cant peaks in the mlz 70 ClD spectrum (Fig. 3.6d) correspond to 

mlz 69 and 42. They are both metastably generated peaks where the former is the result 

of H
O 

loss and the latte r corresponds to CO loss. The latter reacti on generates the mlz 42 

HN=C=N H
o
+ ion. The mlz 69 ClD spectrum (Fig. 3.6e) is dominated by both low and 

high energy di ssoc iati on reactions. The MI peaks at mlz 42 and 41 correspond to the 

losses of HNC and HNC + H
O 

respecti ve ly. The remaining metastable peak at mlz 28 

corresponds to the HCNH+ ion. On the other hand, the ClD peaks in the spectrum at mlz 

68, 54 and 53 are due to the neutral losses of HO

, NH and NH + HO

, respecti ve ly. 

Finally, as uri c ac id is not expected to generate the mlz 55 HN=C=C=Oo+ ion, we 

propose that the mlz SS ClD spectrum (Fig. 3.6t) primarily shows the di ssoc iation 

behav iour of the I3C or 15N isotopologue of HN=C=C=NHo+. When this spectrum is 

compared to that from xanthine (F ig. 3.4e), it can be seen that all peaks/peak rat ios 

reasonab ly agree except for the peak at mlz 27. Thi s peak is relatively hi gher in intensity 

in the mlz 55 ClD spectrum from uri c acid. Thi s observation is indicative of the 

exc lusive generati on of the HN=C=C=N Ho+ ion from uri c acid which can symmetri ca lly 

di ssoc iate in to mlz 27 HNCo+ ions. As the discrepancy in the mlz 27 peak intensities from 

the two spec tra (Figs. 3.6f and 3.4e) compared is not large , it is reasonab le to ass ume 

that xanth ine predominantly generates HN=C=C=NHo+ ions. 

Ionized 8-azahypoxanthine is yet another precursor molecule that is expected to 

generate ion 7, see Fig 3.2c, following success ive losses ofN2, CO and HCN, see Scheme 

3.7. For the same reason as that for xanthine, a particular tautomer of 8-azahypoxanthine 

has been depicted . In line with thi s, it is chemically reasonable for this precursor 

molecule to also generate the iminoethenone ion (HN=C=C=Oo+), see Scheme 3.7. 
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Scheme 3.7. Proposed fragmentation pathway for the generation of ion 7 from ionized 8-azahypoxanthine. 

To verify this proposal and all other major dissociation pathways of 8-azahypoxanthine, 

the CID spectra of every prominent fragment ion is discussed. Fig. 3.8 displays the CID 

spectra of mlz 137, 109, 82,81 and 55. In comparison to all displayed spectra in Fig. 3.8, 

the mlz 137 CID spectrum (Fig. 3.8a) shows the greatest number of dissociation 

processes. The metastable fragmentations of the molecular ion yielding peaks at mlz 

136, 109 and 54 dominate the spectrum. The peaks at mlz 136 and 109 correspond to the 

losses of H" and N2 respectively. The peak generated at mlz 54 corresponds to two 

different fragmentation pathways via mlz 82 and 81 fragments ions as illustrated in 

Scheme 3.7. Another prominent peak in the mlz 137 CID spectrum corresponds to mlz 

108 resulting from the high energy dissociation reaction involving the loss of H" + N2• 

The significant peak at mlz 28 is indicative of the generation of the HCNH+ ion. 

The major peaks in the mlz 109 CID spectrum (Fig. 3.8b) of 8-azahypoxanthine are very 

similar to that from xanthine (Fig. 3.4b). In this case however, the peaks corresponding 

to mlz 82, 81 and 54 are the result of metastable fragmentations. The peaks at mlz 82 and 

81 correspond to ions generated due to the loss of HCN and CO respectively. Similar to 

the mlz 137 CID spectrum (Fig. 3.8a), the mlz 54 peak seen in this spectrum (Fig. 3.8b) is 

a result of the two dissociation pathways depicted in Scheme 3.7. 
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F ig ure 3.8. 2 m e lD mass spectra of (a) II/!'= 137 (b) 111/= 109 (c) 1/1/= 82 (d) 1/1/= 8 1 (e) 111/= 55 ions generated from 8-
azahypoxanthine. The asterisk (*) denotes a metastably generated peak. 

The mlz 82 CID spectrum (F ig. 3.8c) displayed is also dominated by metastable 

reactions yie lding peaks corresponding to mlz 81 , 55, 54, 53 and 28. The peaks at mlz 81 

and 55 are generated due to the loss of HO and HNC respectively. When the intens ity of 

the mlz 55 peak in this spectrum (F ig. 3.8c) is compared to that from the xanthine mlz 82 

CID spectrum (Fig. 3.4c), it can be seen that the peak from the former spectrum is 

sign ificantly more intense. This observation is evident of a relatively larger portion of 

the 8-azahypxanthine mlz 82 fragment ions los ing HNC to generate HN=C=C=Oo+. As 

shown in Scheme 4, the mlz 82 fragment can lose either CO or HNC + H
O 

to generate a 
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peak at mlz 54. In line with the last observati on, it is reasonable to infer that the mlz 54 

ions generated from 8-azahypoxanthine are isobarically impure. The intense peak at mlz 

53 corresponds to the H
O loss from HN=C=C=NHo+. The mlz 28 peak in the spectrum is 

due to the generation of HCNH+. 

Similar to the mlz 81 CID spectrum from xanthine (F ig. 3.4d), the corresponding 

spectrum from 8-azahypoxanthine (Fig. 3.8d) displays metastable dissociations. The 

base peak at mlz 54 corresponds to the neutral loss of HCN to yield HN=C=C=NH
o
+. The 

peaks at mlz 80 and 53 correspond to H
O 

losses from the mlz 81 and 54 fragment ions 

respective ly. Finally, as 8-azahypoxanthine is a precursor molecule proposed to 

generate a greate r fraction of HN=C=C=Oo+ ions, the mlz 55 CID spectrum (Fig. 3.8e) is 

expected to exhibit peaks ind icative of an isobaric mixture. In order to est imate the 

extent of isobaric contamination, this spectrum is compared to the isobarically pure 

counterpart spectrum from uric ac id (F ig. 3.6). When compared, it can be seen that all 

peaks/peak ratios reasonab ly agree except for the peak at mlz 28. This peak is relati ve ly 

much hi gher in intens ity in the mlz 55 CID spectrum from 8-azahypoxanthine. Thi s 

observation is indicative of the sign ificant generat ion of the HN=C=C=Oo+ ion which 

can readily dissociate to yie ld mlz 28 COo+ ions [21] . As the difference in the mlz 28 

peak intensities from the two precursor molecules is sizeab le, it can be reasonably 

concluded that 8-azahypoxanthine generates an isobari ca lly impure mixture of mlz 54 

Ions. 

To further understand the extent of the contribution of the N=C=C=O+ ion by 

xanthine and 8-azahypoxanthine, we compared the mlz 54 CID spectra from each 

precursor molecule . Fig. 3.9 shows the pertinent mass spectra. Prima facie , the three 

spectra are very close. However, a closer look at the relative peak ratios corresponding 

to mlz 26 (i. e. CO loss) in each spectrum revea ls that the peak generated from 8-

azahypoxanth ine (see Fig. 3.9c) is the most intense. Th is further supports the claim that 

8-azahypoxanthine generates a greater fract ion of =C=C=O+ ions in admixture with 

HN=C=C=NHo+ ions [21]. The similar ity of the mlz 54 C1D spectra generated from 

xanthine and uri c acid (F igs . 3.9a and 3.9b) suggests any isobari c impurity generated by 

the former to be neg li gible. 
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Figure 3.9. 2ffr CID mass spectra ofm,':: 54 ions gene rated tl'OI11 (a) xanthine (b) uric acid and (c) 8-azahypoxanthine . 

3.2. Analysis of the CID mass spectra of HN=C=C=NH~ and NHrC-C=j~-'- . 

As described in Section 3.1 , the 70 eV EI mass spectra of xanthine, uric acid [1 2] and 8-

azahypoxanthine [13] display, see Fig. 3. 1, a sizeable peak at mlz 54, corresponding with 

C2H2N2 ions. Am inomalononitri le and diaminomaleonitrile also show a sign ificant mlz 

54 peak in their respective mass spectra corresponding to C2H2N2°+. 

The CID spectrum of ion 7, obtained from xanthine, is shown In Fig. 3. IOa. 

Prominent peaks corresponding to losses of H' , CN' and HNC give rise to peaks at mlz 

53, 28 and 27 in the CID spectrum . As with the CID spectra of other C2H2N2 ions stud ied, 

these particular peaks are the dominating species despite differences in relative 
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intensities. There is also a set of peaks ranging from mlz 40 - 38 in Fig. 3. 10a 

corresponding to losses of N, NH and NH + H
O

• When the co lli sion gas was changed 

from O2 to He, the intens ity of the mlz 40 peak dramatically lowered, consistent with the 

studies of reference [1 4]. However, the structure diagnostic peak in the spectrum is the 

weak mlz 15 peak corresponding to the =NH fragme nt of the ethenediimine ion (7). 

12 
53 

27 

(b) 

Figure 3.10. (a) 2ffr CIO mass spectrum of 1111:: 54 ions generated from xanthine (b) NR-CIO spectrum of reioll ized 
ethened ii mine (7) ions. 

Am inomalononitrile (N=C-C(H)(NH2)-C=N) is also recognized to generate a sizeable 

peak at mlz 54. In this case however, the consequent ion generated is ion 8 : NHrC

C=N°+ (aminocyanocarbene). Scheme 3. 11 shows how aminomalononitrile yields ion 8 

through the loss of HCN fo llowing a 1,2-H sh ift. In line with this, the ca lcu lat ions revea l 

that the TS corresponding for the 1,2-H sh ift in N=C-C(H)(NH2)-C=N°+ (320 kcallmol) 

yielding N=C(H)-C(NH2)-C=N°+ (300 kcal/mol) lies at 342 kcal /mol. This 1,2-H shift 

isomer is generated with sufficient energy to overcome the barrier at 323 kcallmo l for 

HCN loss to yield ion 8 + HCN (327 kcallmol). Th is two-step reaction , in comparison to 

the barrier at 344 kca l/mol for H
O 

loss from the molecular ion, is energetica lly favoured . 
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Scheme 3.11. Proposed fragmentation pathway for the generation of ion 8 from ionized aminomalononitrile. 

A 1,3-H shift in the aminomalononitrile molecular ion prior to HCN loss is just as 

conceivable: it would yield the previously studied iminoacetonitrile ion 5. However, the 

considerable dissimilarity in the mlz 54 CID spectra from aminomalononitrile (Fig. 

3.12a) and that of 5 from the literature leaves little doubt that ion 8 is generated. 

Examination of the CID spectrum in Fig. 3.12a reveals a weak but structure-diagnostic 

signal at mlz 16 corresponding to the -NH2 fragment of the aminocyanocarbene ion (8). 

12 27 

28 

12 
16 27 

8 

52 

~Jl (a) 

Figure 3.12. (a) 2ffr CID mass spectrum of Inl ::: 54 ions generated from aminomalononitrile (b) NR·ClD spectrum of 
reionized aminocyanocarbene (8) ions. The mlz 53 peak in either spectrum is not shown as it is four 
times as intense as the peak at mlz 27. 

The mass spectrum of diaminomaleonitrile (DAMN) exhibits a significant mlz 54 peak 

in its mass spectrum. The connectivity of DAMN leads one to envisage that a direct 

bond cleavage of the C-C bond could generate ion 8 : 

( ) ( ) 
0+ 0+ 00 N=C NH2 C==C NH2 C=N ~ NHr C-C=N (8) + NHr C-C==N 
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Nevertheless, a thorough inspection of the mlz 54 CID spectrum obtained from DAMN, 

see Fig. 3.13, shows both structure-diagnosti cs peaks at mlz 15 and 16, implying that ion 

7 is generated in admixture with ion 8. Addi tional confirmation for thi s inference is seen 

in the acquired NR mass spectra di scussed in Section 3.4. A rat ionale for these 

observations is mechanistically provided in Section 3.5. 

12 53 

27 
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~ 16 Jf Vl ) l 38 
1',,40 52 
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fi gure 3.13. 2f!i' CID mass spectrum of 1/1/:: 54 ions generatecl li'oll1 c1iamillomaleollitrile. 

3.3. Isomerization reactions of ions 7, 8 and their neutral counterparts N7 and N 8. 

The reg ion of the ionic C2H2N2 potential energy surface (see Scheme 3.1 4) connecting 

ions 7 and 8 revea ls that the path invo lving consecuti ve 1,2-H shifts is assoc iated with 

prohibiti ve ly high energy barri ers. The intermediate spec ies in thi s path include the 

nitrene isomer HN=C-C(H)=N°+ (6), and the iminoacetonitrile ion HN=C(H)C=N°+ (5). A 

direct conve rsion of ion 7 into 8 via a 1,4-H shift is assoc iated with an even higher TS at 

365 kca l/mol. Thi s, in comparison to the barri er corresponding to H
O 

loss at 338 kca l/mol 

proves direct isomerization prior to co lli sion is im poss ible. In line with thi s, the mlz 54 

CID spectra obtained from xanthine/uric ac id and aminomalononi trile, see Figs. 3. IOa 

and 3. 12a, show no interconversion of ions 7 and 8. The structure-diagnosti c peak at mlz 

16 in Fig. 3.1 Oa is absent and the equally important peak at mlz 15 in Fig. 3. 12a is of 

neg ligible intensity. 

Moreover, the di ssoc iation threshold fo r H
O 

loss is within -3 kcallmol of the 

barri er assoc iated with the transformati on 7 -> 6 at 335 kca l/mol. Therefore, we can 

safely conclude that the ethenediimine structure (7) of a majority of the source 
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generated mlz 54 ions from xanthine/uric acid is preserved. The same conclusion is true 

for the aminocyanocarbene ions (8) from aminomalononitrile. 

+ H' 

1 .2.H\J1"2~H 
•• (350) 

1:~HV345) 
(335) (310) 

(295) 5alb 

6 ~ 

+ H' 

H 7alb , . 
N==C + 

'C=N , 
H 

REv= 7.3 eV 

H-N=C-C=N 
+ H' _ .. [153) 

f~81 

~ 
HNC + HNC H N7a 

" N=C"" 
""C=N , 
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~ + 
C-C=N-H 
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H H 
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H-N=C-C=N 
+ H' .-

N~ N8 

C, /H 
.F-N, 

H 
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(153) 

C-cyanomelhanimine E-isomer 

Scheme 3.1-'. CBS-APNO (val ues in square brackets) results showing the dissociation and isomerization chemistry of 

ions 5-8 and their neutral counterparts N5-N8. Vertical recombination energ ies (REv) shown are in eV. 

All values are in kcallmol deri ved at 298 K. 

A computational analysis of the neutral potential energy surface for the singlet-state 

neutral counterparts, N7 and N8, yields a scenario that is analogous to that of the ions 

(Scheme 3.14). Triplet states were not considered [22] because the triplet-state carbene 

was found to be 29 kcal/mol higher than the singlet [9]. Table 2 lists the enthalpies of 

the neutral C2H2N2 species discussed and their connecting transition states. 

The calculations of Scheme 3.14 reveals that the energy corresponding to the 

ethenediimine neutral (N7a/b) is approximately 5 kcallmol higher than the combined 

enthalpy of formation of the two HNC monomers. Given that the dedimerization of 
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N7a/b is assoc iated with a sizeable barrier at 118 kcal/mol, and that any other 

di ssoc iati ve or isomeri zation pathway is energeti cally more demanding, the dimeric 

confo rmers are therefore kineti ca lly stable. The aminocyanocarbene neutral (N8) is 

kineti cally stable as we ll , lying in a potenti al energy we ll at 86 kca l/mol. At elevated 

internal energies, the computational model predicts that N8 would readily isomeri ze via 

a 1,2-H shift at 136 kcallmol into the iminoacetonitri Ie neutral (NS) instead of 

di ssoc iating via 1--{" loss at a threshold at 153 kcallmol. NS could further isomerize via a 

1,2-H shift at 144 kca l/mol into the neutral counterpart of the nitrene ion (6); which , we 

find , is not a stable species but rather di ssoc iates into HCN + HNC. However, it is 

unlikely that most of the carbene neutrals generated in the NRMS experiments would 

isomerize or di ssoc iate as their internal energy content would not be high enough to 

fac ili tate either process. 

In NR mass spectrometry, the charge transfer taking place du ri ng neutrali zation 

is a ve rti ca l Frank-Condon process. Assuming resonant charge exchange takes place, an 

approx imate internal energy content of the neutra ls can be obtained from the difference 

between the ve rtical recombination energy (REv) and the adi abatic ionization energy 

(l Ea). For a majority of the carbene neutrals (N8) generated, the excess internal energy 

(lEa-REv) computes to be - 15 kca l/mol. Therefore, they do not readily undergo 

isomeri za tion. Analogously, the ethenediimine neutrals (N7a/b) generated possess an 

excess internal energy of - 20 kcallmol which is cons istent with the barrier assoc iated 

with its dedimerizati on into the HNC monomers. 

3.-1. The NR mass spech-a of HN=C=C=NH
O

- and NHrC-C=N· ~ . 

Figs . 3. 15a and 3.1 5b show the NR spectra of the neutral counte rparts of 7 and 8. Before 

scru tinizing these spectra, it is essential to be aware of the vari ous sources for the peaks 

in the spectra. Peaks could result from (i) dissoc iati on products of reionized mlz 54 

spec ies; (ii ) colli sionally-activated di ssoc iation products of reionized mlz 54 neutrals; 

and (iii ) reionizati on of neutral products from metastable and co lli sion induced 

di ssoc iations taking place in the 2ffr after the neutraliza ti on process but prior to 

defl ection by the positi ve electrodes. Therefore, the similarity seen in the ClD and the 

NR spectra of both 7 and 8 is reasonable and not unexpected. 
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Figure 3.15. NR mass spectra of mlz 54 ions generated from ionized (a) xanthine and (b) aminomalononitrile. Insets 
di splay an enlarged picture of the mlz 23-29 reg ion. 

The NR spectra corresponding to both 7 and 8 display very prominent peaks at mlz 54 

strongly suggesting that the ion ic counterparts successfully underwent neutralization 

and survived the process. This observation only suggests and does not confirm the 

stabi lity of the neutral species due to the reasonable possibility of the neutrals 

isomerizing prior to reionization. Hence, the isomeric purity of the reionized neutral is 

probed and will be discussed in Section 3.6. 

Among the peaks seen in the NR spectrum of 7, there are two peaks that 

correspond to non-integral values of 26.6 and 27.4. These extraordinary peaks are 

proposed to be ' horns ' of a dish-shaped peak [17] centered at mlz 27. The reason for 

such a wide peak stems from a significant measured kinetic energy release (Th ~ 15 

kcallmol). This value corresponds to the dissociation reaction, N7 ~ 2HNC, associated 

with a considerable reverse barrier. To confirm the relationship of the dish-shaped peak 

to the above dissociation, the CID and the MI spectra were compared. The absence of 
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such a peak in these spectra further confirmed that the dish-shaped peak described the 

di ssoc iation products from neutral ethenediimine. 

The model chem istry results from Scheme 3. 14 predict that the two conformers 

of the neutral ethened iimine, N7a and N7b, lie at 98 and 99 kcal/mol respectively. These 

spec ies are re lated by a rotational barrier of 15 kcal/mol. Computational models of the 

di ssociation of either of the conformers into two HNC molecules predict that the 

reaction is assoc iated with a barrier of approximately 20 kcallmol. Furthermore, theory 

pred icts that the incipient neutral species generated by vertical neutralization consist of 

- 20 kcallmol of interna l energy. Thus, all the li sted theoretical results above are found 

to be remarkably consistent with the interpretat ion of the NR spectra. 

There is sufficient kinetic stability in the neutral mlz 54 species generated to 

inhibit the dissoc iat ion of the low-energy species. However, at elevated internal 

energ ies, the incipient neutrals di ssoc iate into two HNC molecules liberating a 

substanti al quantity of kinetic energy. 

The dish-shaped peak centered at mlz 27 is not seen in the NR spectrum of 8. 

This observation is perfectly consistent with our mode l chemistry calculations that 

predict the dissociation reaction N8 ~ 2HNC molecules (v ia NS and N6, respectively) to 

be assoc iated with an unattainab le barrier of 58 kcal/mol. This is due to the fact that the 

interna l energy content of the neutral s generated is approximately 15 kcal/mol. 

Fig. 3. 16 shows the NR spectrum of mlz 54 ions obta ined from the dissociation of 

DAMN. This spectrum also shovvs peaks at non-integral mlz va lues of26.6 and 27.4. The 

presence of these peaks characte rizes the dedimerization of N7. However, in 

compari son to the same peaks in the NR spectrum of N7 , see Fig. 3.15a, the relative 

intensities of the peaks in the spectrum from DAMN are lower. Thi s observation 

suggests that a mi xture of ions 7 and 8 is generated. 
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Figure 3.16. NR mass spectrum of 1II/~ 54 ions generated from ionized diaminomaleonitrile. Inset di splays an enlarged 
picture of the 1II/~ 23- 29 region. 

3.5. A mechanistic proposal for the formation of ethenediimine ions (7) and 

aminocyanocarbene ions (8) ii-om DAJ1;fN in different energy regimes. 

The peaks in the MI and the CID spectra (not shown) of the DAMN molecular ion (M o+) 

and the prominent /11lz 8 I dissociation ion show that the mlz 54 ions are presumably 

generated according to Scheme 3.17. 

As shown, the DAMN molecular ion undergoes a 1,3 -H shift before losing HCN 

to yield mlz 81 DAMN-l ions. Thereafter, the DAMN-l ions could simply lose HNC to 

generate mlz 54 ions of connectivity matching ion 8. However, a closer look at thi s loss 

shows that an intermediate is generated which is a hydrogen-bridged radical cation 

(DAMN-2a) [23]. Given that DAMN-2a could flip between rotamers via a low energy 

barrier at 318 kcal /mol , the generation of DAMN-2b makes two interesting reaction 

pathways accessible; proton transport catalysis (PTC) [24,25] and quid-pro-quo catalys is 

(QPQ) [26]. 

In the PTC pathway, the HNC molecule in the DAMN-2b geometry abstracts a 

proton from the amino nitrogen and donates it to the cyano nitrogen to produce DAMN-

4 which consists of ion 7 in complex with HNC. In the same manner, the QPQ pathway 

involves the same initial abstraction to yield a HC=NH+ but instead of donating the 

proton from the CH moiety as in the PTC pathway, this pathway entails the back

donation of a proton from the NH moiety. This process yields DAMN-3 which consists 

of ion 7 in complex with HCN. Both these reaction pathways are competitive processes 

with negligible barriers. However, comparing the dissociation of DAMN-3 into ion 7 + 
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HCN to that of DAMN-4 into ion 7 + HNC, the former dissociation reaction IS 

energetically preferred. This is due to the fact that HCN is the lower energy neutral 

Isomer. 

B Hr (products) = 341 

NH2-C-CN + HNC 

8 

. . 
HN=C=C=N + HC=NH 
B Hr (products) = 327 

H l_C'Don'Y_~-N 'N ~. 
'\: OPO \ . ~ 

'. H [317) ~ 
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~ , N-H"'C=N-H H· . • 
- N-H - / N""C / .C -H 
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III N 
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Scheme 3.1 7. CBS-QB3 (values in square brackets) results showing the generation of ions 7 and 8 from ionized DAMN 

in difTerent energy regimes. All values are in kcal/mol derived at 298 K. 

The computational results of Scheme 3.17 predict that the mlz 81 Ions from DAMN 

would rather undergo a remarkable QPQ reaction pathway to generate ion 7 in an energy 

deficient regime. Both, the ion and the neutral undergo isomerization in this process. At 

elevated energy levels however, both ion 8 (mlz 54) and the HC=NH+ (mlz 28) ion may 

possibly be co-generated. 

The above proposal also holds true for mlz 54 ions generated from mlz 81 Ions In 

the source as observed in the mlz 54 C[D and NR spectra from DAMN. Table 4 lists the 

enthalpies of formation of the species shown in Scheme 3.17 along with their respective 

transition states and dissociation products. 
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3.6. The NR-ClD mass spectra of HN=C=C=NHH and NHr C-C=N·+. 

As discussed in Sections 3.2 and 3.3, analys is of the mlz 54 CID spectra corresponding to 

ions 7 and 8 revea l that these ioni c spec ies are di st ingui shable and do not readily 

in terconvert. The respecti ve NR mass spectra of ions 7 and 8 display prominent survivor 

peaks at mlz 54 suggesting the stability of their neutral counterparts in the gas phase . 

However, it is not inconce ivable that reionized species giving rise to the survivor peak 

seen in the NR spectra is due to isomeri c or isobari c impurities. Therefore, to elimi nate 

the likelihood of the generati on of such impurities, the reionized mlz 54 spec ies were 

subjected to co lli sion induced di ssoc iations with O2 in the 3ffr of the instrument to 

generate NR-CID spectra. Prov ided the reionized spec ies maintained their atom 

connecti vity, the NR-C ID spectrum should close ly resemble the CID spectrum [22] 

di scussed in Section 3.2. 

Figs . 3.1 Ob and 3. 12b di splay the acquired NR-C ID spectra of reionized ions 7 

and 8. In comparison to the respecti ve CID spectra of Figs . 3. 1 Oa and 3. l2a, the NR-CID 

spectra match very close ly with regards to peaks and relati ve intensiti es confi rming 

isomeric and isobari c puri ty . In line with thi s, prev iously di scussed structurally 

characteri sti c peaks at mlz 15 for ion 7 and mlz 16 for ion 8 are clearly seen in the 

respecti ve NR-CID spectra. Therefore, the neutral counterpa rts of the ethened iim ine ion 

(7) and the aminocyanoca rbene ion (8) are stable spec ies in the rarefi ed gas phase. 

Conclusions 

From the combined results of tandem mass spectrometri c experiments and CBS

QB3/APNO theoretica l ca lcul ations, it is concluded that the ioni c and neutral forms of 

ethenedii mine (7) and aminocyanocarbene (8) are stable gas phase spec ies in the 

microsecond timeframe of the NRMS experiment. One di ssoc iation pathway of the 

metas table mlz 81 diami nomaleoni tril e ions invo lves a remarka ble quid-pro-quo (QPQ) 

catalysis that results in the loss of HeN from the hydrogen-bridged radi ca l cat ion 

[HNC ... H2N-C-C=Nr +. 
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Appendix to Chapter 3 

Table la. Energetic data laJ derived fi'om CBS-QB3 and CBS-APNO calculations for minima ur stable ionic isomers of 
CzI-I!N! and their connecting transition states_ 

CBS-QB3 QB3 QB3 QB3 APNO 
Ionic species E(total) [OK] ZPE ArHoo ArHo298 ArHo298 

1 -I 86.19 1984 22.6 304.1 302.8 302.7 
2a -186.202316 22.0 297.6 296.7 296.3 
2b - 186.195574 2 1.8 301.8 300.9 299. 1 
3a -186.159687 23.4 324.3 323.0 323.8 

3b -186. 160496 23.6 323.8 322.4 323.3 
4 - 186.189889 22.3 305.4 304.3 305.3 
5a -186.181675 22 .1 310.5 309.4 309.8 

5b -186.181 132 22.3 310.9 309.7 310.1 

6 - 186.205889 22.6 295.3 294.1 294.5 
7a - I 86.21481 I 22 .2 289.7 288.8 288.6 
7b -186.216134 22.4 288.9 287.9 285.7 
8 - 186.204802 23.8 296 .0 294.8 294.9 

9 -186.173970 2 1.8 3 15.4 314.1 314.4 
HBRC-l -186.172894 20 .7 316.0 315.4 3 15.2 

TS 1 ~2 -186.1 23 165 18.6 347.2 346.3 345.3 

TS 2a ~ 9 -186.165356 21.4 320.8 319.3 317.9 

TS 2 ~ HBRC-l - 186. 133423 20.4 340.8 340.3 341.4 

TS 3a ~ 5a -186.123460 2 1.8 347.1 345.5 346.1 

TS 3b ~ 4 -186.089026 18.9 368.7 367.6 367.0 

TS 5a ~ mlz 53 -186.131936 17.4 34 1.7 340.8 340.4 

TS 5a ~ 6 -186.124516 18.4 346.4 345.2 [b] 

TS 5a ~ mlz 28 -186.125661 20.4 345.7 345.0 344.1 

TS 5a ~ 8 - 186.11 5557 19.0 352.0 351.0 350.2 

TS 5b ~ 8 [c] 

TS 6 ~ mlz53 -186. 13 5252 17.4 339.7 338.7 339.1 

TS 6 ~7b - 186. 13 9189 18.8 337.2 336.4 335.4 

TS 7a ~ 6 [d] 

TS 9 ~6 -186.176238 21.3 3 13 .9 312.5 [e] 

TS 8 ~ mlz 53 -186.128390 17.5 344.0 343.0 344.0 

TS 7 ~ mlz 53 [b] 338.3 

[a] E(total) in Hartrees , all other components, including the ZPE sca led by 0_99, are in kcal/mol. [b] The 
desired transition state cou ld not be found. [c] The desired transition state optimizes to TS Sa ~ 8. [d] 
The desired transition state opti mizes to TS 6 ~ 7b. [e] The desired transition state opt imizes to 2a. 
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Table I b. Energe tic data [a] derived fro m BMKlCBSB7 and B3LYP/C BCB7 calcu lations (with their respective 
di screpancies relative to corresponding CBS-QB3 va lues) for minima of stable ionic isomers of C,H, N, and their 
connecting transition states. 1 ote that all di screpancies have been calculated tak ing the zero-point energies into 
consideration. 

L\rHO 298 L\rHO 298 Discrepancy L\rHo298 Discrepancy 
Ionic species (QB3) (BMK) L\rHO 298 (B3LYP) 6rH0298 

[b] (BMK-QB3) [b] (B3L YP-QB3) 

1 302.8 
2a 296 .7 292.4 -4.3 29 1.1 -6.2 
2b 300.9 298.4 -2.5 296.5 -5.2 
3a 323.0 323.5 0.5 321.4 -0.8 
3b 322.4 327.0 4.6 320.8 -0.6 
4 304.3 301.3 -3.0 298.6 -6.0 
Sa 309.4 309.4 0.0 307.6 -2.3 
5b 309.7 309.7 0.0 307.8 -2.3 
6 294. 1 294. 8 0.7 293.8 -0.3 
7a 288.8 [c] 282.7 -6.5 
7b 287.9 286.3 -1.6 281.8 -6.4 
8 294.8 295.2 0.4 289.5 -4.1 
9 3 14. 1 [d] 313 .2 -1.8 
HBRC-l 315.4 32 1.7 6.3 321.2 3.9 

TS 1 ~ 2 346.3 345.6 -0.7 343.2 -3.1 

TS 2a ~ 9 319.3 3 16.2 -3.1 317.4 -1.9 

TS 2 ~ HBRC-2 340.3 346.0 5.7 34 1.8 1.5 

TS 3a ~ Sa 345.5 343.4 -2.1 344.4 -1.1 

TS 3b ~ 4 367.6 366.7 -0.9 364.4 -3.2 

TS Sa ~ mlz 53 340.8 343.8 3.0 338.7 -2.1 

TS Sa ~ 6 345.2 346.4 1.2 339.9 -5.3 

TS Sa ~ mlz 28 345.0 351.6 6.6 347.0 2.0 

TS Sa ~ 8 35 1.0 351.5 0.5 347.4 -3.6 

TS 6 ~ mlz 53 338.7 343.7 5.0 338.8 0.1 

TS 6 ~7b 336.4 335.4 -1.0 331.7 -4.7 

TS 9 ~ 6 3 12.5 313 .3 0.8 312.2 -0.3 

TS 7 ~ mlz 53 [e] 340.9 

TS 8 ~ mlz 53 343.0 346.5 3.5 339.8 -3.2 

[a] E(lolal) in Hartrees, all other components, including the ZPE sca led by 0.99, are in kcal/mol. [b] The 
CBS-QB3 L'lrHoz98 of I is used as the va lue of reference. [c] The des ired minimum optimizes to a lSI ord er 
saddle point. [d] The des ired minimum optimizes to 6. [e] The desired transition state could not be 
found . 
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Table 2. Energetic data [aJ deri ved from CBS-QB3 and CBS-APNO calculations for se lected minima of stable neutral 
isomers of C,H, N, and their connecting transition states. 

CBS-QB3 QB3 QB3 QB3 APNO 
Ionic species E(total) [OK] ZPE ~fHoo ~fHo298 ~fHo298 

N5a -186.581318 24.5 59.7 58.2 58.3 
N5b -186.582492 24.6 59.0 57.5 57.7 
N6 No minimum 

N7a -186.518834 23.2 98.9 97.7 97.5 
N7b -186.517408 23.1 99.8 98 .7 99.2 
N8 -186.537042 24.6 87.5 86.1 86.1 

TS N5a ~N5b -186.540876 22.7 85 .1 83.7 84.3 

TS N5b ~N8 -186.458389 20.0 136.8 135.6 135.8 

TS N7a ~N7b -186.491778 22 .0 115.9 114.7 114.1 

TS N7a ~N8 -186.419764 20.0 161.1 159.4 155.8 

TS N5a ~ HCN+HNC -186.443606 19.6 146.1 144.8 143.9 

TS N7a ~2HNC -186.483945 20.3 120.8 120.0 119.4 

TS N7a ~HCN+HNC -186.439735 19.5 148.5 147.4 [b] 

TS N7b ~2HNC -186.486378 20.5 119.3 118.3 117.9 

[a] E(total) in Hartrees, all other components, including the ZPE sca led by 0.99, are in kcal/mol. [b] The 
desired transition state cou ld not be found. 

77 



MSc Thesis - M. R. Hanifa I McMaster - Chemistry 

Table 3. Energetic data for various di ssociation products of ionized and neutral C,H,N, derived from CBS-
QB3/C BS-APNO calculations [aj. 

Species CBS-QB3 QB3 QB3 APNO 
E(total) [0 K] ~fHoo ~fHo298 ~fHo298 

HCNCN+ + H" 351.2 351.2 350.9 
CNCNH+ + H" 351.3 351.6 352.0 
HNCCN+ + H" 335.9 336.0 336.2 
HNCCN" + H" 152.9 153.1 152.9 
HCNCN+ -185.617054 299.6 299. 1 298.8 
CNCNH+ -185.616887 299.7 299 .5 299.9 
HNCCN+ - 185.641405 284.3 283 .9 284. 1 
HNCCN" -185.932872 10l.3 101.0 100.8 
H" -0.4998 18 51.6 52.1 52. 1 

HCNH+ + CN" 332.8 332.8 333.1 
HCNH+ -93.558686 227.0 226.2 226.8 
CN· -92.587607 105.8 106.6 106.3 

HCN"+ + HCN 377.7 377.6 378.6 
HNC"+ + HCN 355.6 355.5 356.0 
HCN +HCN 63.6 63.4 64.0 
HCN +HNC 77.7 77.7 78.5 
HNC +HNC 91.8 92.0 93.0 
HCN·+ -92.787025 345 .9 345 .9 346.6 
HNC+ -92 .82224 1 323.8 323 .8 324.0 
HCN -93.287537 31.8 31.7 32.0 
HNC -93.265 11 4 45.9 46.0 46.5 

[a] E(total) in Hartrees, all other components, including the ZPE sca led by 0.99, are in kcallmol. 
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Table 4. Energetic data [a] derived from CBS-QB3 calculations for mmllna of stable ionic isomers of 
diaminomaleonitrile (DAMN), their connecting transition states and dissociation products. 

CBS-QB3 QB3 QB3 QB3 
Ionic species E(total) [OK] ZPE ArHoo ArHo298 

DAMN-l -279.5686 16 36.7 279 .9 277.5 
DAMN-2a -279.508171 34.0 3 17.8 316.3 
DAMN-2b -279.509855 34 .1 3 16.8 3 15. 1 
DAMN-3 -279.542324 32.9 296.4 295. 1 
DAMN-4 -279.526485 33. 1 306.3 305.0 

TS DAMN-l ~2a -279.498528 34.7 323.9 322.1 

TS DAMN-2a ~ 2b -279 .5047 10 33.4 320.0 3 18. 1 

TS DAMN-2b ~ 3 -279.506009 34.0 319.2 3 17.3 

TS DAMN-2b ~ 4 -279.504469 34.1 320.2 318.4 

HNCCNHo+ + HCN 320.7 319.6 
HNCCNHo+ + HNC 334.8 333.9 
NH2CCN°+ +HNC 341.9 340.8 
HNCCNHo+ - 186.2 16 134 288.9 287.9 

NH 2CCN°+ - 186.204802 296.0 294.8 

HCN -93 .287537 3 1. 8 31.7 
HNC -93.265 11 4 45.9 46.0 

HNCCN° + HCNH+ 328.3 327.2 

HNCCN° - 185.932872 101.3 101.0 
HCNH+ -93.558686 227.0 226.2 

[a] E(IOfal) in Har1rees , all other components , including the ZPE scaled by 0.99, are in kca l/mo l. 
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Figure 3.18. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states involved in 
the isomerization and dissociation of ionized and neutral C,H,N,. 
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Figure 3.19. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states involved in 
the isomerization and dissociation of ionized diaminomaleonitrile (DAMN). 
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Chapter 4 

The generation and characterization of the HC=N dimer ion HC=N
N=CHe+ and its nitrene isomer HC=N-C(=N)He+ by tandem mass 

spectrometry and computational chemistry 

t o 
H-C= N-N= C-H 

1 • 

N" 
+ 1/ 

H-C ;:;:N-C, 
H 

In a prevIous study [K.J.Jobst, M.R.Hanifa, J.K.Terlouw, Chem. Phys. Lett. 

462(2008) 152], we have shown that the HNC dimer ion, HN=C=C=NHo
+, has a neutral 

counterpart in the rarefied gas phase. A similar study was performed to examine the 

stability of the ionic and neutral forms of the HCN dimeI', HC=N-N=CH. 

Ionized s-tetrazine was proposed to generate HC=N-N=CHo
+ following N2 loss. A 

mechanistic analysis using the CBS-QB3/APNO model chemistries confirmed that this 

ion was generated. However, this ion possessed sufficient internal energy to undergo 

rearrangement into a more stable nitrene ion, HC=N-C(=N)Ho
+. The nitrene isomer was 

separately generated from s-triazine following HCN loss. Collision-induced dissociation 

(ClD) characteristics were used to identify these ionic species. 

Neutralization-reionization experiments interestingly reveal that the neutral 

forms of either of the HCN dimer ions are not viable species in the gas phase despite the 

stability of their ionic counterparts . All experimental results are in agreement with our 

computational results. 

The work described here has been published previously in an article under a different title: 
Karl J. Jobst, M. Ruzni Hanifa, Paul lA. Ruttink and Johan K. Terlouw. Chern. Phys. Lett. 473 
(2009) 257-262. 
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1. In troduction 

Both , HCN and HNC are widely di stributed in the uni verse [I] . HCN, (CN)2 and H-C=C

C=N have been identified in the atmosphere of Ti tan [2,3]. HCN and/or CN' have been 

detected in comets such as Hall ey and the asteroid Chiron [4]. Therefore, the 

characterization of covalent dimers of [H,C,N] including the ionic and neutral forms of 

C2H2N2 is of profound prebioti c and astrochemica l interest [5,6]. 

To date, two C2H2N2 isomers; CH2=N-C=N (N-cyanomethanimine) and 

HN=C(H)-C=N (C-cyanomethanimine or iminoacetonitrile), have been generated and 

probed using vari ous spectroscopic methods in an earli er study. The results revealed 

that the ions and the neutral counterpat1s of the respective C2H2N2 spec ies were stable 

spec ies in the rarefied gas phase [4,5,7]. Additionally, we have shown in a prev ious 

study (see Chapter 3) that two other C2H2N2 isomers, HN=C=C=NH (ethenediimine) and 

H2N-C-C=N (aminocyanocarbene), can be generated as stable ions and neutrals in the 

gas phase [8]. 

An earli er study by Nenner and co-workers [9] used threshold photoe lectron

photoion co incidence techniques (TPEPICO) in conjunction with synchrotron radi ati on 

in the vacuum UV (9-22 eV) to study the di ssoc iati on chemistry of the s- tetraz ine ion. 

The results of the study [9] reported the generat ion of a C2H2N2' + fragment foll owing the 

loss of N2. The connecti vity of the ion generated was not ve rifi ed. However, a close r 

look at the structure of s-tetrazine revea ls that the loss of N2 could interestingly generate 

the elusive linear HCN dimer ion, HC=N-N=CH'+ (1). In line with thi s, the results of our 

combined computational and tandem mass spectrometry study revea l that the s-tetrazine 

ion does in fact yield the dimer ion 1. However, model chemi stry calcul ati ons show that 

thi s ion, desp ite being a loca l minimum on the C2H2N2 potential energy surface , is 

generated in the di ssoc iation of s-tetrazine with suffi cient internal energy to readily 

interconve rt into the more stable nitrene isomer, HC=N-C(=N)H'+ (2). Another precursor 

studied, s-tri az ine, is also found to yield a pro minent signal at l11/z 54 co rresponding to 

the connecti vity of the nitrene isomer. The characteri zation of th is C2H2N/ + fragment 

from s-triaz ine supports the proposed di ssoc iation chemistry of s-tetrazine. Finally, the 

neutralization-reionization (NR) mass spectra [1 0] acquired in thi s study demonstrate 
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that both the C2H2N2· + species (1 and 2) do not have stable neutral counterparts in the 

rarefi ed gas phase. A separate theoretica l study on the neutral C2H2N2 potenti al energy 

surface did not show loca l minima for the neutral counterparts of ions 1 and 2 in 

agreement with our experimental observati ons. 

2. Experimental and Theoretical Methods 

The mass spectrometric experiments were perfo rmed on the VG Analytical ZAB-R mass 

spectrometer of BEJE2 geometry (E = electri c sector, B = magnet). Typically, electron 

ioniza ti on conditions (70 eV) and an acce lerating potential of 8 kv are used [11]. 

Metastab le ion (M f) mass spectra were recorded in the second fi eld free region (2ffr); 

co lli sion induced di ssoc iation (C ID) mass spectra we re recorded in the 2ffr and 3ffr 

using oxygen or helium as the co lli sion gas. Neutralizati on-reionization (NR) mass 

spectra were recorded using N,N-dimethylaniline as the reducing agent and oxygen gas 

for reionization in the 2ffr. All kinetic energy releases (KER) (corrected To.) va lues) 

reported were acquired using standard procedures [1 2]. The detail s of thi s instrument 

and the acquisition of the NR mass spectra have been prev iously explained [11] . 

All so lid samples were introduced into the instrument via a heated direct 

inserti on probe. The HCN trimer s-triaz ine (research grade) was obta ined from Sigma

Aldrich and used 'vvithout further purificati on. Samples of s-tetrazine were prepared as 

outl ined by J. Sauer and co-workers [1 3]. The reagents used for the synthes is were 

commercia lly ava il able (S igma-A ldrich) and of research grade. 

All computat ional va lues were obtained using CBS-QB3 and the computationall y 

more demanding CBS-A PNO mode l chemistries [1 4,15]. These calculat ions were 

perfo rmed using the Gauss ian 03 Rev ision C.02 and D.O 1 suite of programs on 

SHARCNET [1 6]. The resul ting total energies and enthalpies of fo rmati on (L'l rHo298 in 

kcallmol) fo r the minima and connecting transition states (TS) of various ions and 

neutrals are presented in Tables 1 and 2. Theoretica l enthalpies fo r all relevant 

di ssoc iation products are presented in Table 3. Schemes 4.2-4.6 show mechani stic 

proposa ls for the generati on of va ri ous pertinent ions including those corresponding to 

mlz 54. Detailed geometri es of se lected spec ies are di splayed in the Appendix, Figures 
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4.9, 4.10, and 4.11 . The identity of loca l minima and connecting transition states (TS) 

were confirmed by frequency ana lysis. 

3. Results and Discussion 

3.1. The structure of the mlz 54 ions generatedfrom s-tetrazine. 

The mass spectrum of s-tetrazine, see Fig. 4. 1, displays a significant peak at mlz 54 

presumably corresponding to the ionic HCN dimer, HC=N-N=CHo+ (1). 

82 

28 

53 

Figure 4.1. 70 eV E(mass spectrum o f s -tetraz ille. 

The proposed fragmentation pathway stud ied in Scheme 4.2 shows that this ion can be 

generated from the parent ion following a ring-opening and subsequent N2 loss. 

The observed dissimilarity in the collision-induced dissociation (ClD) spectrum 

of the mlz 54 ions from s-tetrazine (see Fig. 4.3a) in comparison to those from other 

C2H2N/+ ions that have been previously characterized is indicative of a formerly unseen 

connectiv ity. [n the same vein, the low mass region of the spectrum seen in Fig. 4.3a 

shows a weak but structure diagnostic peak at mlz 13 corresponding to the -CH fragment 

of the HCN dimer ion (1). Previously studied C2H2N2 isomers such as CH2=N-C=N (N

cyanomethanim ine), HN=C=C=NH (ethenediimine) and NHr C-C=N 

(ami nocyanocarbene) exhibit structure-diagnostic signals at mlz 14, 15 and 16 

respectively. In addition, comparison of the ClD spectrum corresponding to HN=C(H)

C=N (C-cyanomethanimine or iminoacetonitrile) to the spectrum in Fig. 4.3a reveals 
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that the mlz 53 :28 ratio In the former is relatively higher than that seen in the latter 

(-20: I vs. - I :2). 

TET·1 

H 
I 

N/C""'N 
II .. I 
N'C"",N 

I 
H 

raJ Appearance energy (AE) lhfeshOlds derived from the measurements of ref. 8. see text m/z 54 

HCN" + HCN + Nz -[378J 

Scheme 4.2. Theoret ical prediction of the formation of the ml:: 54 and mlz 28 ions from metastable s-tetrazine ions 

(TET -I). All values are in kcal/mol derived at 298 K. The va lues in sq uare brackets and round brackets 

refer to enthalpies of formation obtained using the CBS-APNO and CBS-QB3 mode l chemistries. 

As previously stated, the generation of ion 1 from ionized s-tetrazine is adequately 

substantiated by the theoretical calculations of Scheme 4.2. The scheme shows that the 

s-tetrazine ion (TET-l) initially undergoes a ring-opening step via cleavage of a C-N 

bond. This step is associated with a transition state (TS) at 358 kcallmol. Next, the C-N2 

bond in the ring-opened structure, TET -2, is elongated to rearrange into TET -3. This 

resulting structure is a hydrogen-bridged radical cation (HBRC) [17]. When the enthalpy 

of formation of this HBRC is compared to that of its dissociation products, HC=N

N=CHo
+ (1) + N2, the hydrogen bridge is noted to provide a minor stabilization energy of 

- I kcal/mol. 

With respect to the isomerization threshold TET-l - 2, the TET-3 ions are 

generated with - 30 kcal/mol of internal energy. A significant portion of this internal 

energy (- 15 kcallmol) is redistributed as translational energy in the dissociation reaction 

86 



MSc Thesis - M. R. Hanifa I McMaster - Chemistry 

of the HBRC involving the loss of N2• This is observed in the measurement of a sizeable 

kinetic energy release (Tos = 600 meV) from the wide di sh-shaped mlz 54 peak in the MI 

spectrum ofTET-l (not shown). 

(a) 13 28 

12 

14 
27 53 

40 

x 50 

(b) 
13 27 28 

53 

12 

14 

40 

Figure ·U . (a,b) CID (02) mass spec tra of 111/:: 54 ions generated from s-tetraz ine in the source and li'om metastab le 
mo lecular ions. Insets show partial CID (He) spectra o f 111/:: 38-40 region . 

In regards to the appearance energy (AE) of the C2H2N/+ ion from s-tetrazine, Nenner 

and co-workers [9] published a value of 10.2 eV. Using this value, the dissociation 

threshold level is found to be at 349 kcal /mol. Note that this threshold is obtained using 

the reported AE and the enthalpy of formation for neutral s-tetrazine (I 15 kcal/mol) 

obtained from the CBS-APNO model chemistry at 298 K. The CBS-APNO value was 

used instead of the approximate va lue reported by Lias et al. [18] (III kcal/mol) or the 

va lue used by Nenner et al. [9] (102 kcallmol). Nevertheless, when compared to the 

theoretical threshold of 358 kcallmol, there exists a discrepancy of about 9 kcallmol. 
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[n sp ite of this, there is little likelihood that there exists an alternative fragmentation of 

the s-tetrazi ne ion (TET-l) involv ing the loss of N2. Given the planes of symmetry in 

TET-l , the on ly other ring-opening mechanism enta il s the cleavage of the N-N bond. 

Mode[ chemistry ca[cul ations reveal that this process is assoc iated with a hi gh energy 

barrier leading to a three-body dissociation into HCN·+ + HCN + N2. A reaction scan at 

the B3L YP/CBSB7 leve[ of theory shows that the associated TS lies at 384 kcal/mol. 

Similarly, the generat ion of the ylide- ion (TET-5) from TET-l , see Table I, is 

associated with an even higher energy barrier. The TS corresponding to the I ,2-H shift is 

found to li e at 415 kcal/mol. Therefore, the path in vo lving TET-2 is, energetica lly, the 

most feasible way to generate C2H2N2·+ ions. 

Ions TET-2 can also be used to rationalize the generation of the I11/ Z 28 fragment 

ions (HC=NH+) reported by Nenner et a!. [9]. Theory predicts that this pathway invo lves 

an intermed iate (TET-4) which is another HBRC formed from the elongation of the N

NCH bond in TET-2 followed by the migrat ion of the HCN moiety. One may envisage 

TET -4 to readily dissociate yielding HCN and the corresponding m/z 55 fragment ion. 

However, computations reveal that this dissociation (353 kcal/mol) does not occur, see 

Scheme 4.2. Instead, the HCN moiety abstracts a proton via a low energy barri er at 338 

kcal /mol to undergo a three-body di ssoc iat ion to form HC=NH+ + CN· + N2• The 

experi mental study by Nenner et a!. [9] concluded that the I11/ Z 28 ions are primarily 

generated from the C2H2N/+ species by the consecuti ve process: TET-l (I11/ Z 82) ~ I11/ Z 

54 ~ m/z 28. [n line with these observations, the base peak in the I11/ Z 54 CID spectrum 

(see Fig. 4.3a) corresponds to m/z 28. By the same token, Scheme 4.2 shows that both, 

the consecuti ve and three-body dissociation mechani sms, share the transition state, TS 

TET-1I2, at 358 kcallmo l. Thi s raises the possibility of the two mechanisms becoming 

competit ive in a narrow band of energ ies close to the onset for I11/ Z 28 generation. [n this 

context, accord ing to the studies of Nahon et a!. [1 9], we note that a pure three-body 

dissoc iation mechanism illustrates the dissociation of neutral s-tetrazine. 

Fo llowing the loss ofN2, Scheme 4.2 shows that the entha lpy of formation of ion 

la is 328 kcallmol. Although this ion is a loca l minimum on the ionic C2H2N/+ potential 

energy surface, it is seen that an excess ene rgy of on ly 3 kcal /mol results in the 
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elongati on of the central N-N bond to yield a more stable (325 kcallmol) long- bonded 

spec ies (lb) . In an energy-rich reg ime, ion Ib serves as an intermediate in its 

isomerization into a much more stable nitrene isomer, HC=N-C(=N)H
o
+ (2) . Thi s process 

proceeds via a I ,2-HCN shift at 333 kcallmol. Therefore, to predict that a majority of the 

ions l a/b generated readily converts into ion 2 is reasonable. To support thi s, the 

presence of a protruding N atom in the structure of ion 2 rat ionalizes the exaggerated N 

atom loss generating a peak at /11/z 40 in the /11/z 54 helium CID spectrum (Fig. 4.3a 

inset). 

In the same ve in , when oxygen is used as the co lli sion gas, the /11/z 54 CID 

spectrum di splays a peak at /11/z 40 which is comparati ve ly much higher in intensity. 

This is referred to as the ' Oxygen effect ' and has been tentati ve ly explained by Aubry et 

al. [20]. We reported the same effect in a prev ious study on the viability of the HNC 

dimer, HN=C=C=N W+ [8,21] . In the case of the HNC dimer however, there is no 

exposed N atom. Therefore, the prominent peak at /11/z 40 in the /11/z 54 oxygen CID 

spectrum substanti ally decreased in intensity when the collision gas was replaced with 

helium. 

In conclusion, the experimental obse rvations agree with the theoreti ca l 

predi ctions that a majority of the I11/ Z 54 ions generated in the source of the instrument 

isomerizes into the more stable nitrene ion 2 before co lli sions. However, the 

di ssoc iation behav ior of ion 2 was studied to explore the poss ibili ty of a minority of 

source-generated ions retaining their initial connecti vity. Section 3.2 explains the 

generation of such low energy ions by the dissoc iati ve ionization of s-triaz ine. 

3.2. The structure of the l11/z 5-1 ions generatedfrol11 s-triazine. 

s-Triaz ine is another precursor molec ule that displays a sizeable peak at /11/z 54 in its 

mass spectrum correspondi ng to ions of elemental compos ition C2H2N/+ (see Fig. 4.4). 
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81 

54 

18 40 . , 

Figure ·tA. 70 eV El Illass spectruill of s-triazine. 

Theoretica l ca lcu lat ions, see Scheme 4.5, show that the m/z 54 ions derived from the 

parent s-triazine ion (TRI-l) correspond to the nitrene ion, HC=N-C(=N)Ho+ (2) . Unlike 

in the case of s-tetraz ine, the 111/ Z 54 ion 2 obtained from s-triazine is generated at the 

di ssoc iat ion threshold. The lowest energy fragmentation pathway for the generation of 

ion 2 is as follows; TRI-l ~ TRI-3 ~ 2 + HCN. It is likely that the elongation of the C

NCH bond in TRI-3 cou ld lead to various HBRCs (TRI-4/5) and ion-dipole complexes. 

However, as shown in the scheme, there are no interfering high energy barriers and 2 + 

HCN is generated at threshold. This is further supported by the small kinetic energy 

release measured for the reaction involving HCN loss (Tos:S 1 meY). 

One may envis ion the dissociating HCN mo lecule from TRI-5 to engage in a 

process co ined proton-transport catalysis (PTe) [22,23] to generate an isomeric ion 3, 

HC=N-C=NH
o
+. However, when computat ionally probed, we find that the barrier for thi s 

ass isted 1,2-H shift is we ll above the dissociation threshold at 345 kcallmol. An 

unass isted 1,2-H shift on the HBRC, TRI-4, to yield the connectivity corresponding to 

ion 3 is also unlikely due to an assoc iated high energy barrier: the 1,2-H shift in ion 2 to 

yield ion 3 is associated with a TS that is at 345 kca llmol (see Scheme 4.6). In addition, 

another 1,2-H shift in ion 2 yielding a different isomer, H-C-N(H)-C=N°+, was also 

probed and found to be associated with a high energy barrier. In comparison, the 

resulting (as yet uncharacterized) carbene ion is approximate ly 20 kcal/mol higher in 

energy . 
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Scheme 4.5. Proposed mechanism for the generation of 1111:: 54 ions from metastab le s-triazine ions (TRI-I). All 

values are in kcal/mol derived at 298 K using the CBS-APNO model chemistry. 

Thus, all studies performed on the C2H2N/+ fragment generated from parent metastable 

(low-energy) s-triazine ions reveal that its connectivity corresponds to ion 2 and should 

be isomerically pure. 

.·tetrOllne mJz 54 
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Scheme 4.6, Proposed mechanism for the generation of mlz 53 ions and mlz 28 ions from the metastable C2H2N,"+ ions 

I and 2. All values are in kcal/mol derived at 298 K using the CBS-APNO model chemistry, 
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3.3. The dissociation characteristics of the mlz 54 ions generated fro 111 s-triazine vs. s

tetrazine. 

Analysis of the MI spectra corresponding to mlz 54 from both s-triazine (ion 2) and s

tetrazine (ions 112) shows that the spectra from both precursors contain peaks that are 

consistent with losses of H· and CN·. In addition, the relative intensities corresponding 

to these losses from both precursors have a similar rati o ( 1.7) . The main difference 

between the precursors is that the dissoc iat ions from s-triazine are associated with 

smaller KER va lues relative to those from s-tetrazine (Tos = 25 vs . 40 meV for loss of 

CN· , 120vs. 160meV forlossof H·). 

Examining these respective dissociations individually, Scheme 4.6 shows that 

Ion 2 must initially isomerize into ion 3 (HC=N-C=NH·+) via a 1,2-H shift at 345 

kcallmol befo re transforming into the HBRC, HC=N .. H .. N=C·+ (4), and losing CN·. 

Similarly, for H· loss, ion 2 isomerizes into ion 3 as before, but it then undergoes a 1,2-

HNC shift to generate ion 5, HN=C-C(=N)H·+, prior to H· loss. The associated reverse 

activation barrier for thi s process is small. 

The mlz 53 ion generated has the structure, HN=C=C=N+, corresponding to the 

global minimum on the C2HN/ potential energy surface [24]. 

In the case of the HCN dimer ion 1, it is reasonably expected to isomerize into 

ion 2 and di ssoc iate in the same fa shion as discussed above. This is important because 

the 1,2-H shift TS connecting the minima, 1 and 4, li es much too high in energy at 374 

kcallmol , see Scheme 4.6 . Thus, as all the barriers for interconve rsion are we ll below 

the di ssoc iat ion thresholds (including that for H· loss from any of the intermedi ates, see 

Table 2) for the metastable ions 2 and 1, the fragmentation scheme discussed above is 

energet ica lly reasonable. These results also lead us to infer that the di ffe rences between 

the MI and oxygen CID I11lz 54 spectra from s-triaz ine and s-tetrazine (see Figs. 4.3 and 

4.7) are not indicative of the co-generati on of ions 1 from TET-l. Instead, the reason for 

differences such as higher KER va lues and more intense mlz 28 peaks (for the C2H2N/+ 

fragment) from s-tetrazine, is that the corresponding ions 2 are generated at a greater 

energy threshold translating to higher internal energy content. This observation is in 
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comparison to the mlz 54 Ions from s-triazine that are generated at the dissociation 

threshold . 

In spite of this, a comparison of the mlz 54 helium ClD spectra in the region mlz 

38 - 40 (see Fig. 4.3a and 4.7a insets) from both precursor molecules shows that the peak 

at mlz 40 in the spectrum from s-triazine is noticeably more intense. This difference is 

characteristic of the connectivity of the species and is consistent with the theoretical 

prediction of the isomeric purity of ions 2 generated from s-triazine. In other words, this 

is indicative of a minor fraction of mlz 54 ions generated from s-tetrazine retaining their 

initial connectivity (1). 

(a) 13 
27 

12 
28 

53 

14 

40 

(b) 13 27 

40 
53 

12 

14 28 

40 

Figure 4.7. (a. b) ClO (0,) mass spectra of 111/= 54 ions generated ti'om s-triazine in the so urce and from metastable 
molecular ions. Inse ts show partial ClO (He) spectra ofm/= 38-40 region. 

The spectra of the mlz 54 ions generated from both metastable molecular ions, Figs. 4.3b 

and 4.7b, show the same pattern. However, a more prominent peak at mlz 40 in the mlz 

54 oxygen ClD spectrum from metastable s-triazine ions (Fig. 4.7b) relative to that from 
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the low energy mlz 54 ions generated in the source (Fig. 4.7a) illustrates the lower 

tendency of the latter ions 2 to isomerize into 1. Therefore, the mlz 40 peak in the mlz 54 

CID spectra is a structure diagnostic peak and its relative intensi ty is linked to the extent 

of co-generation of ions 1 from ionized s-tetrazine. 

3.4. The NR mass spectra ofmlz 54 ions generatedfrom s-triazine vs. s-tetrazine. 

Figs . 4.8a and 4.8b show the NR spectra of mlz 54 ions 1/2 generated from s-tetrazine 

and s-triazine respectively. 

(a) 26 

27 53 

38 54 

(b) 27 

26 

53 

38 

54 

Figure .t.8. NR mass spec tra of the 111 ::- 54 ions generated fro m (a) s-tetraz ine and (b) s-tri az ine. 

The NR spectrum from s-tri az ine (Fig. 4.8b) does not di sp lay a survivor peak at mlz 54 

implying that the neutra l counterpart of ion 2 is not stable in the gas phase. This 

observation is in agreement with model chemistry calculations on the neutral potential 

energy surface that failed to locate a local minimum for the neutral 2N . Instead, 
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computations revea led that the spec ies di ssoc iates into two HCN molecul es. Thi s 

dissoc iation rationalizes the intense mlz 27 and 26 peaks seen in Fig. 4.8b. 

[n contrast to the NR mass spectrum acquired from s-tetrazine (Fig. 4.8a), one 

may propose that the presence of a relati ve ly low intense survivor peak at mlz 54 is 

indicative of the stable neutral counterpart (IN) of a minority of ions 1 co-generated 

with ions 2. When thi s poss ibili ty was theoretica lly probed, IN was not a minimum 

either. A more in-depth look [25] revea ls that - 60% of the di splayed survivor peak (Fig. 

4.8a) derives from 13C and I5N neutral isotopologues of the mlz 53 ion, H-C=N-C=N+. 

The remaining fracti on of the survivor peak poss ibly originates from an isobari c 

impurity linked to the weak signals at mlz 51 and 52. 

[n conclusion, the absence of a survivor mlz 54 peak in the NR spectra confi rms 

that the neutral counterparts of either of the ions 1, HC=N-N=C Ho+, or 2, HC=N

C(=N) H
o
+, are not stable spec ies in the rarefi ed gas phase . These results are in perfect 

agreement with the model chemi stry ca lculations. 

Conclusion 
Ionized s-tetraz ine is shown to eliminate Nl and yield the HCN dimer, HC=N-N=CH

o
+ 

(1). The ion is a stable spec ies in the gas phase but it is generated with an elevated 

internal energy content that enables it to readily isomeri ze into the more stable ni trene 

isomer, HC=N-C(=N)Ho+ (2) . Ionized s-triaz ine is shown to independently generate 

isomerica lly pure ion 2. Analys is of the results of neutralizati on-reioni zati on 

experiments leads to the conclusion that the neutral counterparts of ions 1 and 2 are not 

stable spec ies in the rarefi ed gas phase . Simultaneous theoreti ca l findings (CBS

QB3/APNO) convincingly agree with our experimental observati ons. 
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Appendix to Chapter 4 

Table I. Energetic data [a] derived from CBS-QB3 and CBS-APNO calculations for minima of stable ionic isomers of s-
Tetrazine (TET-l) and s-Triazine (TR I-I ), and their connecting transition states. 

CBS-QB3 QB3 QB3 QB3 APNO 
Ionic species E(total) [OK] ZPE ~fHoo ~fHO 298 ~fHO 298 

TET-IN -295.889970 31.8 116.8 113 .4 11 5.4 
TET-l -295.561583 31.5 323.0 3 19.5 322.7 
TET-2a -295.533987 28.9 340.3 338.0 337.2 
TET-2b -295.53765 1 28.8 338.0 335.8 334.6 
TET-3 -295.55 1859 26.2 329. 1 328.2 327.1 
TET-4 [b] -295.53628 1 26.6 338.9 337.7 334.6 
TET-5 -295.499268 31.8 362.1 358.7 363.0 

TS TET-l ~2a -295 .504592 28.4 358.7 355.7 357.6 

TS TET-l ~ 5 [c] -295.4 10190 25.9 4 18.0 415.1 403.3 

TS TET-2a ~2b -295 .506236 28.0 357.7 355.3 352.8 

TS TET-2a ~ TET-3 -295.516775 27.2 351.1 349.0 350.0 

TS TET-2b ~ TET-4 -295.505434 26.6 358.2 356.3 356.6 

TS TET-4 ~ mlz2S -295.535989 23.0 339.0 338.2 [d] 

TRI-IN -279.923786 40.4 57.0 53.3 54.4 
TRI-l -279.555934 39.0 287.9 284.4 286 .5 
TRI-2 -279.559382 40.4 285.8 282.2 282.1 
TRI-3a -279.4983 16 35.7 324.1 321.8 322.0 
TRI-3b -279.487429 35.4 330.9 328.7 329.4 
TRI-4 -279.512221 33.5 3 15.4 3 13.9 312.9 
TRI-5 [b] -279.50 1468 33.6 322.1 320.8 320.5 
TRI-6 -279.528590 33 .2 305.1 303.6 303.4 

TS TRI-l ~2 -279.460773 34.7 347.7 344.5 344.2 

TS TRI-l ~3a -279.494357 35 .6 326.6 323.8 324 .1 

TS TRI-3a ~3b -279.488455 35.2 330.3 327.6 329.2 

TS TRI-3b ~4 -279.4865 18 34.3 331.5 329.5 329.7 

TS TRI-4 ~5 -279.501593 33 .5 322.0 320.4 320.4 

TS TRI-5 ~6 -279.46 1997 30.8 346.9 345.4 344.8 

[a] E(IOlal) in Hartrees , all other components , including the ZPE scaled by 0.99, are in kcallmol. [b] The 
CBS-QB3 hydrogen-bridged geometry was converted to an ion-dipole geometry by the CBS-APNO 
model chemistry. [c] The CBS-QB3 closed-ring transition state geometry generated was converted to an 
open-ring structure by the CBS-APNO model chemistry. [d] The desired transition state was not found. 
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Tab le 2. Energetic data [a] derived from C BS-QB3 and CBS-APNO calcu lations for peltinent minima of stab le ionic 
isomers of C, H,N, and their connecting transition states. 

CBS-QB3 QB3 QB3 QB3 APNO 
Ionic species E(total) [OK] ZPE L1rHoo L1rHo 298 L1rHo298 

1a -186.149466 22.2 330.7 329.5 328.0 
Ib - 186. 158698 2 1.1 324.9 324.4 324.8 
2 -186.191984 22.6 304. 1 302.8 302.7 
3a -186 .2023 16 22.0 297.6 296.7 296.3 
3b -186.195574 2 1.8 30 1.8 300.9 299. 1 
4 -186.172894 20 .7 3 16.0 3 15.4 315.2 
5 - 186.205889 22 .6 295 .3 294. 1 294.5 

TS la ~ Ib - 186 .1 43924 20.2 334.2 333.2 33 1.4 

TS Ib ~ 2 - 186.143005 20 .6 334.8 333.9 333.4 

TS 1 ~4 - 186.079898 17.5 374.3 374. 1 373.9 

TS 2 ~3 - 186.123165 18.6 347.2 346.3 345 .3 

TS 3 ~4 -1 86.133423 20.4 340.8 340.3 34 1.4 

TS 3a ~ 5 - 186. 165356 2 1.4 320.8 319.3 317.9 

TS 2 ~ mlz 53 -186. 1101 45 17.4 355.4 354.4 354. 1 

TS 5 ~ mlz 53 - 186.135252 17.4 339.7 338.7 339.1 

[a] E(total) in Hartrees , all other components, includ ing the ZPE scaled by 0.99, are in kcallmol. 
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Table 3. Energetic data for various dissociation products of ionized s-Tetrazine derived from CBS-QB3/CBS-
A PNO calculat ions [a). 

mlz CBS-QB3 QB3 QB3 APNO 
Species E(total) [0 K] ~fHOo ~fH0298 ~fHo298 

HC(=N)NN-+ + HCN 55 352.7 351.4 352.7 
HC(N)NN-+ -202 .226685 320.9 319.7 320.7 
HCN -93 .287537 31.8 31.7 32.0 

1a +N2 54 331.5 330.3 329.2 
1b + N2 325.7 325.2 325.6 
HCNC(=N)H-+ + N2 304.9 303.6 303.9 
la - 186.149466 330.7 329.5 328.0 
Ib - 186.158698 324.9 324.4 324.8 
HCNC(=N) H·+ -186.191984 304.1 302.8 302.7 
N2 -109.398466 0.8 0.8 1.2 

HCNNc+ + H- + Nl 53 392.3 392.6 393.6 
HCNCN+ + H- + N2 352.0 352.0 352.1 
CNCNH+ + H- + N2 352.1 352.4 353.2 
HNCCN+ + H- + N z 336.7 336.8 337.4 
HCNNC+ - 185.552726 339.9 339.7 340.3 
HCNCN+ -185.6 17054 299.6 299. 1 298.8 
CNCN H+ -185.616887 299.7 299.5 299.9 
HNCCN+ -185.641405 284.3 283.9 284 .1 
H· -0.499818 5 1.6 52. 1 52.1 

HCNH+ + NNCN- 28 350.7 349.9 344.0 
HCNH+ + HCNCN- 341.7 340.5 341.5 
HCNH+ + CN- + N2 333.6 333.6 334.3 
HCNH+ -93.558686 227.0 226 .2 226.8 
NNCN- [b] -20 1.958782 123.7 123.7 11 7.2 
HCNCN· - 185.9 11 7 12 114.7 114.3 11 4.7 
CN· -92.587607 105.8 106.6 106.3 

HCN-+ + HCN 27 377.7 377.6 378.6 
HNC+ + HCN 355.6 355.5 356.0 
HCN·+ -92 .787025 345 .9 345.9 346.6 
HNC·+ -92.822241 323.8 323.8 324.0 

[a] E(to tal) in Hal1rees, all other components, includi ng the ZPE sca led by 0.99, are in kcallmol. [b] The 
CBS-APNO optimized geometry is bent to a greater degree in comparison to that from the CBS-QB3 model 
chem istry. The remarkable divergence of the calcu lated enthalpies is refl ected in the optimized 
geometries. Note that thi s radica l is thermodynamically unstable with respect to its dissociation products; 
N2 + CI •. 
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Figure 4.9. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states involved in 
the isomerization and dissociation of ionized C2H2N2• 
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Figure 4.10. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states involved in 
the isomerization and dissociation of ionized s-tetrazine (TET -I). 
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Figure 4.11. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states invo lved in 
the isomerization and dissociation of ionized s-triaz ine (TRI-I). 
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Chapter 5 

Methylated analogues of the dimers ofHCN and HNC : Combined 

model chemistry and tandem mass spectrometry studies. 

paraxanthine 

CH3 
I 
C 

N/ ~N 
II 0+ I 
N, 9N 

C 
I 
H 

s-methyltctrazinc 

This chapter primarily describes the characterization of ionized isomers of N

methylethenediimine CH3N=C=C=NHo
+ (1) and N,N-dimethylethenediimine 

CH3N=C=C=NCH/+ (AI) respectively. Ionized theophylline and paraxanthine are shown 

to generate the former ion (1) corresponding to mlz 68. Using experimental 

observations, we will show that theophylline generates ions 1 in admixture with its 1,4-

H shift isomeric ions 2. In contrast, ions 1 generated from paraxanthine are shown to be 

isomerically pure. Neutralization-reionization experiments, together with theoretical 

calculations, will be used to reveal that the neutral counterpali N2 is relatively more 

kinetically stable than Nt. The connectivity of the mlz 68 ions generated from s

methyltetrazine, initially presumed to correspond to the CHrC=N-N=CHo+ ion (6a), will 

be theoretically shown to generate a complex mixture of isomers including 6a. Both, 

experiment and theory show that nearly all of the isomers generated have no stable 

neutral counterpali in the rarefied gas phase. 

Ionized caffeine is proposed to generate the mlz 82 N,N-dimethylethenediimine 

ion CH3N=C=C=NCH3°+ (AI) . A mechanistic analysis using model chemistry 

calculations revealed that ion Al is co-generated with its 1,4-H shift isomer (A2) at the 

same threshold. In the form of ions, interconversion is shown to be energetically too 

demanding relative to the predominant CH/ loss pathway. However, as stable neutrals, 

interconversion takes place more readily generating a mixture of stable isomeric species 

giving rise to a strong ' survivor' peak in the NR spectra. 
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1. Introduction 

In the past few decades, there have been several reports ac knowledging the im portance 

of gas phase ion-molecule reacti ons in the generation of relati ve ly more complex 

molecules in the interste llar medium (I SM) [1-4]. CH3C=N is one such molecule. It has 

been proposed that CH3C=N is generated under interstellar conditions by the rapid 

radiati ve assoc iation of CH/ with HC=N foll owed by electron di ssoc iati ve 

recombinati on [I]. [n addition, it is also considered to be important [5,6] in the 

formation of larger molec ules and perhaps even primitive biological systems. 

As pointed out in Chapters 3 and 4, both HC=N and HN=C are ubiquitous 111 

molec ular clouds and comets [7]. Similarly, CH3C=N (acetonitril e) is a we ll establi shed 

interstellar spec ies [8-11] predominantly detected in interstellar space using radio 

frequencies . Despite the first detection of CH3C=N in the interstellar medium in 1971 

[8], its was only more recently in 2005 that the iso-nitrile CH3N=C was confirmed by 

Remij an et al. [1 2] to ex ist in the hot core known as the Large Molec ule Heimat located 

in Sagittarius B2(N) [Sgr B2(N)-LMH] [1 3]. 

Therefore, in line with the studies of Chapters 3 and 4, the characterization of 

covalently bound [H,C,N] and [CH3,C,N] spec ies is of considerable astrochemica l and 

prebiotic interest. Further, it would also be interesting to study the family of cova lently 

bound [CH},C,N] dimers to understand the effects of additional methyl groups on 

reacti vity. As these species are studied in the context of interstell ar chemi stry, both 

neutral and ionic species are probed. 

Prev ious studies reporting the isomeriza ti on and di ssoc iation chemistri es of any 

pertinent or relevant species di scussed could not be found. Therefore, in thi s study, 

using tandem mass spectrometry based experiments and model chemistry ca lcul ations 

(CBS-QB3/APNO), we report the stability and reacti vity of the : 

(i ) N-methylethenediimine ion CH3N=C=C=NHo
+ (1) generated from 

theophylline and paraxanthine respecti ve ly. The res ul ts revea l that 

source generated ions from ionized theophylline yield both, ion 1 and its 

1,4-H shift isomeric ion (2). However, metastably generated parent mlz 

95 fragment ions are found to yield only ion 2. Neutralizati on-
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reionization (NR) mass spectrometry [14] reveal s that the neutral 

counterpart of ion 1 is on ly marginally stable whereas N2 is assoc iated 

with a greater kinetic stabil ity. This is in agreement with theoretical 

results. Paraxanthine is found to generate on ly CH3N=C=C=NHo+ (1) 

ions. 

(ii) CHrC=N-N=CHo+ ion (6a) generated from s-methyltetrazine. The results 

show that the m/z 68 ions generated are part of a relati ve ly more complex 

mixture. Theory revea ls that none of the ions generated have a neutral 

counterpart except ion 11. Th is is probably the minor ' survivor ' peak 

observed in the NR experiments. 

(iii) N,N-dimethy lethenediimine ion CH3N=C=C=NCH}o+ (A1) generated from 

caffeine. Similar to theophylline , theoretica l calcu lation show that ion A1 

is generated in adm ixture with its 1,4-H shift isomeric ion (A2). Both, 

theory and NR experiments suggest that the respective ionic species have 

stable neutral counterparts in the gas phase. However, at elevated 

energies, they can eas ily interconvert providing no information in 

regards to the di ssoc iation chemistry of any individual neutral spec ies 

generated. 

2. Experimental and Theoretical Methods 

The mass spectrometric experiments were performed on the VG Ana lytical ZAB-R mass 

spectrometer of BEl E2 geometry (E = electri c sector, B = magnet) using an electron 

ionization source (70 e V) at an acce lerating vo ltage of 8 kv [1 5). 

The metastable ion (M I) spectra were reco rded in the second fi eld free reg ion 

(2ffr) and the co lli sion-induced di ssoc iat ion (CID) spectra were reco rded in the 2ffr and 

3ffr. For all co lli sion experiments, oxygen was used as the co lli sion gas. Neutralizat ion

reionizati on (NR) mass spectra were acq uired using N,N-dimethylaniline as the reducing 

agent and oxygen gas for reioni zation. Kinetic energy release or KER va lues (corrected 
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T05 va lues) were measured following standard procedures [1 4). Features of the 

instrument and the measurement of NR mass spectra have been prev iously outl ined [I S]. 

So lid samples of theophylline, paraxanthine and caffeine were introduced into 

the mass spectrometer via a direct insel1ion so lid probe. All three precursor molecules 

li sted were obtained from Sigma-Aldrich and used without further purification. Samples 

of N- O labeled theophylline for MI experiments we re achieved by repeated exchange 

with commercially available 0 20. The sample of s-methyltetrazine used was prepared 

by modifying a procedure outlined by 1. Sauer and co-workers [1 6] intended to generate 

s-tetrazine. In the procedure followed, both, acetamidine hydrochloride [CH3-

C(NH2)=NH.HCI] and formamidine acetate [NHr CH=N H.C1--bC(=O)OH] were added to 

the reaction mi xture in a I: I rati o instead of only the latter. Thi s was done to introduce 

the methyl moiety and hence, generate s-methylteterazine. However, the product 

consisted of a mi xture of s-methyltetrazine and the dimethyl analogue as di scussed in 

Section 3.S. The reagents used for the synthes is were purchased from Sigma-Aldrich 

and of research grade. 

The optimized geometries of pertinent ions and neutrals and their respecti ve 

enthalpies of formation were probed using the standard CBS-QB3 and the 

computati onally more challenging CBS-APNO model chemistri es [1 7, I 8). All re levant 

calculati ons were executed using the Gauss ian 03 Rev ision C.02 and 0.0 I suite of 

programs on SHARCNET [1 9]. The ca lculated abso lute energies and enthalpies of 

formation (L'1rHo298 in kcal/mol) fo r the minima and connecting transition states (TS) of 

ions and neutrals are presented in Tables I a, 2a-b and 3a-b (see Appendix). Schemes 

S.2-S .20 illustrate mechani st ic proposa ls fo r the generation of various ions of interest 

and their respective dissoc iati on and isomerization behav iour. Theoretica l enthalpies of 

formation of important dissoc iati on products are presented in Tables I b-c, 2c and 3c. 

Detail ed geometries of se lected species are given in the Appendix, Figures S.2 I -S.23. 

The identity of all loca l minima and connecting TS were confi rmed by frequency 

ana lys is. 
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3. Results and Discussion 

3.1. The generat;on of mlz 68 ions from theophylline and paraxanthine. 

3.1.1 . Proposed atom connectivity of the mlz 68 ions generated from both precursor 

molecules 

The 70 eV EI mass spectra of both, theophy lline [20] and paraxanthine [21], exh ibit a 

signi ficant peak at mlz 68 corresponding to ions of elemental composition C3H.N2' see 

Fig. 5. 1. 

a) 
180 

95 

68 

41 53 123 151 

15 

180 
b) 

68 

123 

53 

15 

Figure 5.1. 70 eV EI mass spectra of (a) theophylline and (b) paraxanthine. 

[n the case of theophylline, Scheme 5.2 reveals a proposed fragmentation scheme for the 

generation of the mlz 68 ion. As shown, the mlz 180 molecular ion is expected to 

undergo consecutive losses of CH3N=C=O and CO respectively to generate the ion 

corresponding to the prominent mlz 95 peak in the mass spectrum, see Fig. 5. 1 a. 
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Thereafter, the mlz 95 fragment can undergo HC=N loss to generate the mlz 68 N

methylethenediimine ion, CH3N=C=C=NHo+ (1). However, given the depicted 

conformer of the mlz 95 ion, a 1,4-H shift prior to HC=N loss is just as conceivable 

yielding the an isomer of ion 1, CH2=N-C=C(H)-NHo+ (2). Hence, the isomeric purity of 

the mlz 68 ions generated from theophylline needs to be probed. 

o 
m/z 95 m/z 95 

1/ H 
H3C, / C, _~ 

N C \ 
I 11·+ C-H 

""C, /c_1l o N N 
I 
CH3 

Theophylline 

H H 
- CH,.N'C,O ~.+ _~ H, _~ 

H C \ 1,4-H ICI \ 
---- I I C-H --_ .+ C-H 

-c·o CH2 C Il CH 2 C Il 
"NO;::::::- - N "N/ - N 

! -HCN ! -HCN 

(3,7 -dimethylxanthine) 

m/z 180 

m/z 68 

Scheme 5.2. Proposed fragmentation pathway for the generation of ions I and 2 from ionized theophy lline. 

Paraxanthine is another precursor molecule known to generate a sizeable peak at mlz 68 

[21] , see Fig. 5.1 b. As illustrated in Scheme 5.3 , the first step in the relevant 

fragmentation pathway involves the loss of CH3N=C=O from the mlz 180 molecular ion 

to generate the intense peak at mlz 123, see Fig. 5.1 b. The neighbouring intense peak at a 

lower mlz value in the mass spectrum of paraxanthine corresponds to mlz 95, Scheme 

5.3 shows that the corresponding fragment ion is resulted from the loss of CO from mlz 

123, This ion can then undergo subsequent HC=N loss to generate ion 1 (N

methylethenediimine), CH3N=C=C=NH o+, 

However, Scheme 5.3 also reveals that the mlz 123 ion can alternatively lose 

HC=N to generate a fragment corresponding to mlz 96. The resulting ion can then 

undergo CH2N loss following a 1,4-H shift to generate the isobaric HN=C(H)-C=C=O+ 

ion. This mlz 68 ionic species is a confirmed stable gas-phase species [22]. In spite of 

this, a comparison of the peak intensities corresponding to mlz 95 and 96 in the mass 

spectrum suggests that a vast majority of the mlz 68 ions derive from the mlz 95 
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fragment. Nonetheless, the isobaric purity of the mlz 68 species giving rise to the 

corresponding intense peak in the mass spectrum, see Fig. 5.1 b, will be investigated. 

o 
II CHl 
C I 

H3C, ./ " _N 
N C \ 
I 11·+ C-H 

~c" ./c_ /; o N N 
I 
H 

Paraxanthine 
(1 .7 -dimethylxanthine) 

m/z 180 

- C:O 

~ -HeN 

m/z68 

m/z 68 HN=C(H)-C=C=o' 

Scheme 5.3. Proposed fragmentation pathway for the generation of ion I from ionized paraxanthine. 

3.1.2. Characterization of the C3HN/+ ions generated using MI and CID mass 

spectrometry. 

The MI spectrum of the mlz 68 ion presumably corresponding to CH3N=C=C=NH"+ (1) 

generated from theophylline is shown in Fig. 5.4. Prominent peaks corresponding to 

losses of CH3" and HN==C give rise to peaks at mlz 53 and 41 respectively. Note that the 

spectrum also displays a peak at mlz 48.5 for which the corresponding species is at this 

point uncertain . 

To help understand the connectivity and the dissociation chemistry of the mlz 68 

ions studied, we will use the CBS-QB3 potential energy diagram of Scheme 5.5, which 

summarizes our theoretical calculations on the deuterated counterparts of ions 1 and 2. 

The reason for the theoretical study on the deuterated potential energy surface (PES) is 

to further understand the chemistry of the pertinent species by comparison to 

experiments performed on deuterated theophylline. 

Scheme 5.5 reveals that the deuterated ion 1 (10) lies in a deep potential well on 

the PES corresponding to OC3H3N2"+' The closest dissociation thresholds for the 

exceptionally stable ion correspond to H" loss at 316 kcal/mol and CH3" loss at 320 
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kcallmol respective ly. The latter di ssoc iati on rationalizes the peak at mlz 53 in Fig. 5.4. 

However, the former react ion that is expected to generate a prominent peak at mlz 67 is 

observed to yield a peak of lower intensity. The corresponding H" loss reaction scan has 

not been theoreti cally probed. The computed di ssoc iation threshold together with the 

minor peak in the MI spectrum suggests the loss of H" to be assoc iated with a barrier 

larger than 320 kca l/mol. 

54 

53 

41 
41 

j
42 

~'--.- . 
48.5 67 

__ L __ ....... _____ . __ } ._ .. ___ .. _____ ... ___ JJ 

Figure SA. 2ffr NIl mass spectrum of 111/:: 68 ions generated from theop hylline. Inset sholVs corresponding NI l mass 

spectrum of /1'1/:: 69 ions generated t,'om deuterated theophylline. 

Theoretical findin gs reveal that the threshold corresponding to CH3N=C"+ + ON=C 

(potenti ally giving ri se to the peak at I11lz 41) li es substantially higher at 350 kca l/mol ! 

In line with thi s, the isomerization threshold corresponding to the generati on of the 1,4-

H shi ft isomer (2 0 ) from 10 is also relati ve ly higher at 330 kcallmol. Therefore, within 

a narrow band of energies, theory predicts that ion 1 could dissoc iate only via CH3" loss 

generating a so litary peak at mlz 53 in the MI spectrum. Therefore, the appearance of a 

sizeable peak at mlz 41 in the mlz 68 MI spectrum, see Fig. 5.4, is indicative of the co

generation of another isomer presumably ion 2. The generat ion of other 1,2-H and 1,3-H 

shift isomers from ion 1 are found to be associated with much higher energy barriers 

(~ I O kcallmol higher than the 1,4-H shift) lead ing to ions 50 and 3D respectively, see 

Table la. 
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• + 
HC" NO + CH~"C @ 303 + 65 = 369 !! 

- CHrN=C=C=NO + H' 
(338) 

20a -> 3D via 1.2-H 
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; HC .. NO + CH2NiiC (227 + - 86) 
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Scheme 5.5. Theoretical prediction of the dissociation behaviour of the mlz 68 ions 1 and 2 generated from both, 

theophylline and paraxanthine. All values are in kcal/mol derived at 298 K using the CBS-QB3 model 

chemistry. 

The calculations of Scheme 5.5 reveal that ion 20a is a local minimum on the PES _ In 

addition, the scheme also shows that the elongation of the C-C bond in ion 20a is 

associated with an accessible transition state at 296 kcallmol generating a hydrogen

bridged radical cation, HBRC-l. Thereafter, the ON=C moiety in HBRC-l migrates and 

forms a bond with the carbene of the CH2N=C-Ho
+ moiety to generate ion 30. This 

isomerization takes place at the same threshold as that for the formation of HBRC-l. In 

this context, direct isomerization 20a - 30 is associated with a high energy barrier, see 

Scheme 5.5. Finally, ion 30 readily undergoes ON=C loss to generate mlz 41 CH2N=C

HO

+ ions at a dissociation threshold of 303 kcallmol. In contrast, as HC=N is the lower 

energy neutral isomer, Scheme 5.5 displays the attractive dissociation threshold 

corresponding to CH2N=C-Oo
+ + HC=N to be relatively lower at 289 kcallmol. The 
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un investigated pathway, see Scheme 5.5 , is proposed to invo lve a mechanism analogous 

to the generation of the above mentioned mlz 41 ions. Elongation of the C-C bond in the 

isomer ion 20b is expected to generate a deuterium-bridged species. The resulting ion 

(DBRC-2) consists of a HC=N moiety instead of the ON=C moiety in HBRe-1. Next, the 

migration of the HC=N moiety to the CH2N=C-0·+ carbene generates ion 40 which can 

then undergo direct bond cleavage to result in HC=N loss. We note that ion 40 could not 

be optimized. 

However, the only way by which ion 20a can lose CH/ to generate a peak at mlz 

53 is to overcome the J,4-H shift barrier at 330 kcal /mol. This is unlikely as the 

dissociation threshold corresponding to HC=NO+ + CH2N=C· lies at ~3 13 kcallmol. In 

conclusion, the peaks at mlz 53 and 41 in the mlz 68 MI spectrum, see Fig. 5.4, should 

therefore correspond to CH3• loss from ion 1 and HN=C loss from ion 2 respectively. 

Clarifying this proposal , the MI spectrum of mlz 69 OC3H3N/+ ions generated from 

deuterated theophylline, see Fig. 5.4 inset, displays peaks at mlz 54 and mlz 41 

corresponding to the generation of ON=C-C=N+ (CH/ loss) and CH2N=C-H·+ (DN=C 

loss) respectively. The peak at mlz 42 corresponding to HC=N loss is much lower in 

intensity indicative of a reaction associated with a larger barrier relative to ON=C loss . 

53 

41 48.5 67 
__ . ___ . ___ .. ~..A _ ",,-_._J 

Figure 5.6. 2ffr Mlmass spectrum 01'11'1/': 68 ions generated from paraxanthine. 

Consistent with the illustrations of Scheme 5.3 and the discussion above, the MI 

spectrum of mlz 68 ions generated from paraxanthine, see Fig. 5.6, displays only one 

significant dissoc iation peak corresponding to CH3• loss from ion 1. This observation 
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suggests that the mlz 68 ions generated from paraxanthine are isomerically pure ions 1. 

Similar to the MI spectrum in Fig. 5.4, the unconfirmed peak at mlz 48.5 is observed in 

this MI spectrum as well. 

The mlz 68 CID spectra generated from theophylline and paraxanthine are shown 

in Figs. 5.7a and 5.7b respectively. 

a) 41 

53 

40 

67 

53 
b) 

40 

Figure 5.7. CID (02) mass spectra of 111/:: 68 ions generated li'om (a) theophylline and (b) paraxanthine. T he peak at 
1111:: 34 in (a) corresponds to the doubly-charged species. 

A comparison of the mlz 68 MI and CID spectra generated from paraxanthine (Figs. 5.6 

and 5.7b) shows that the prominent peaks at mlz 53 and 40 in the CIO spectrum (Fig. 

5.7b) correspond to a metastable reaction and a collision induced dissociation of ion 1. 

The peak at mlz 40 does not correspond to the generation of CH2N=C+ (HC=NO° loss) as 

the dissociation threshold lies significantly high at 369 kcallmol , see Scheme 5.5. 

Therefore, it is likely that the mlz 40 fragment ion is generated from a step-wise 

consecutive process from ion 1. To support thi s, the mlz 67 MI spectrum (not shown) 

di sp lays a sign ificant peak at mlz 40. According to ref. [1 4] , CH2N=c+ is more stable 
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than CH2C=N+ and less stable than cyclic-NC(H)C(H)- by about 3.5 kcallmol each. As 

the intensity of the peak at mlz 40 indicates much greater stability, the connectivity of 

the corresponding ion has to be that of a different C2H2N+ isomer, most probably 

HCCNH+. The remaining peaks at mlz 67 and 27 in the mlz 68 CID spectrum (Fig. 5.7b) 

are generated due to losses of HO and CH3N=C respectively. 

The prominent peaks in the mlz 68 CID spectrum generated from theophylline, 

see Fig. 5.7a, correspond to mlz 67, 53, 41 , 40 and 28. The less intense narrow peak at 

mlz 34 corresponds to the doubly charged species and the peak at /11lz 15 is indicative of 

the -NH connectivity in ions 1 and 2. Comparing the MI and CID spectra from both 

precursor molecules (Figs. 5.4, 5.6, 5.7a and 5.7b), it is apparent that the peaks at mlz 67 , 

53 and 41 are metastably generated corresponding to losses of H· , CH 3 ° and HN=C 

respectively. 

The reversed ratio of peak intensities corresponding to /11lz 53 and 41 in the CID 

spectrum is expected. The observation is rationalized by the difference in the 

dissociation thresholds corresponding to /11lz 53 (320 kcal/mol) and mlz 41 (303 

kcal/mol), see Scheme 5.5. The peak at mlz 40 in the spectrum represents the collision 

induced dissoc iation of ion 1 seen in the CID spectrum of Fig. 5.7b. Finally, the mlz 28 

peak in the spectrum of Fig. 5.7a corresponds to the generation of HC=NH+. 

The mlz 68 ClD spectrum displayed in Fig. 5.7a di splays the dissoc iation 

chemistry of the source generated mlz 68 ions from theophylline. In contrast to the co

generation of source generated ions 1 and 2, we propose the mlz 68 ion that is 

metastably generated from the mlz 95 fragment to correspond only to ion 2. The reason 

for thi s is that the source generated /11lz 95 ions possess sufficient internal energy to 

overcome the barrier associated with the generally less energy demanding I ,4-H shift. In 

order to verify this proposal , we acquired the CID spectrum of I11lz 68 ions that are 

metastab ly generated from the mlz 95 fragment ions of theophylline, see Fig. 5.8a. 

When compared to the CID spectrum of Fig. 5.7a, the experimental observations 

are found to be consistent with our proposal. These confirmative observations include 

the presence of di ssociation reaction peaks describing the behaviour of ion 2 and the 

abse nce of the intense peak at /11lz 53 in Fig. 5.8a corresponding to CH3 ° loss from ion 1. 
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a) 
41 

40 

b) 
53 

40 

67 

Figure 5.8. CID (02) mass spectra of 1111'= 68 ions generated from metastab le 111/::: 95 ti'agment ions of (a) theophy lline 
and (b) paraxanthine. 

The analogous cm spectrum of mlz 68 ions metastably generated from mlz 95 ions of 

paraxanthine was also acquired, see Fig. 5.8b. When thi s spectrum was compared to that 

of source generated mlz 68 ions from paraxanthine (F ig. 5.7b), the peaks and their 

relat ive intensit ies matched close ly prov ing both sources generated the same ion (1). 

3. i .3. isomerization reactions a/the neutral counterparts a/ ions 1 (Nl) and 2 (N2). 

Model chemistry ca lculations of the neutra l PES connecting the singlet-state neutral 

counterparts of ions 1 and 2 revea l a behav iour that is similar to that of the ions, see 

Scheme 5.9. Triplet states were not considered. The scheme shows that the neutra l 

counterpart of ion 1 referred to as Nl li es at an energy leve l that is c. 8 kcallmol higher 

in energy re lat ive to the combined enthalpies of CH3N=C and HN=C. The transition state 

(TS) fo r the direct bond cleavage of Nl to generate CH3N=C + HN=C li es relati ve ly 

higher at 11 4 kcallmol. The TS assoc iated with the 1 ,4- H shift in Nl to yie ld N2 did not 

opti mize. However, the energy corresponding to the acti vated complex is probably qui te 
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high inhibiting the interconversion of Nt into N2. Provided the high energy barriers of 

the reactions discussed and that any other react ion pathway has a greater activation 

energy, Nt is kinetically stab le. 

CH, N=C-C=N. H' 1316 t barrierl . , 
HN=C- C"'N • CH, 

(320) 

'5 

1.4·H .. 

RE, = 6.5 eV 

[1631 -
N=C-C" N .. CHi + H' 

(1 511-, 
CH,N=C-C- N • H' 

[1361_ 

HN=C-CsN • CHi 

[1141 

(124) 

j:"" 
.. t ..... [971 

Nl 
(89) 

&N-H 
c"" 

I; 
CH,_ .,7C 

N 

1.2·H 

H 
N2 N/ 

\\ 
C-H 

I 
CH,=N-C .. 

CH2-N=C=C=NH t H' -

H .... 
N 
II 
C 

IIi51 

CH II 
N3 '" ,./C ..... 'ON H 

Scheme 5.9 . CBS-QB3 results showing the di ssociation and isomerization chemistry of ions 1-3 and their neutral 

counterparts NI-N3. Ve rtical recombination energies (REv) shown are in eV. All values are in kcal/mol 

deri ved at 298 K. 

N2 is also shown to res ide in a potential energy we ll at 98 kcal /mol providing sizeable 

kinetic stability, see Scheme 5.9. At elevated energies, these neutral s can interconvert 

via a 1,2-H sh ift at 132 kcallmol into the relatively more stab le N3 species (8 1 kcallmol). 

N3 can then undergo direct bond cleavage to yie ld CH2N=C-H + HN=C. 
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The NR process invo lves a charge transfer that is a vertical Frank-Condon process. 

Provided resonant charge exchange occurs, an estimate of the internal energy content of 

the neutral generated can be obtained by subtracting the assoc iated vet1ical recombinant 

energy (REv) from its adiabatic ionization energy (l Ea). As N2 spec ies are generated 

with c. 5 kcallmol of excess internal energy (lEa-REv), it is highly improbable that these 

species would either isomerize or di ssociate. [n contrast, Nt spec ies are generated with 

- 30 kca l/mol of internal energy facilitating its di ssoc iati on into CH3N=C + HN=C. The 

experimental results of the next section (Section 3. 1) support thi s point. 

3. 1.4. The NR mass spectra of ions 1 and 2. 

[n general, NR spectra could di splay peaks from several sources. These sources include 

di ssoc iation products of reioni zed spec ies and reionized neutral di ssoc iation products of 

neutra li zed spec ies. This explains the general similarity between CID and NR spectra. 

The mlz 68 NR spectra generated from theophylline and paraxanthine are shown 

tt1 Figs. 5. IOa and 5. 1 Ob respecti ve ly. The peaks at mlz 68 in the two spectra strongly 

suggest that ions t and 2 'survi vcd' the neutralization process. 

The mlz 68 'survivor' peak seen in the NR spectrum from paraxanthine (Fig. 

5.IOb) is relative ly much lower in intensity. Of the remaining peaks in the spectrum, 

there are fi ve peaks that correspond to non-integral va lues. By compari son to the mlz 68 

MI and CID (Figs. 5.6 and 5.7b), the presence of these peaks onl y in the NR spectrum 

indicates the generation of di ssoc iation products from Nl. One set of two peaks 

corresponds to mlz 27.4 and 26.6, see Fig. 5. 1 Ob inset (i ). The second set of three peaks 

corresponds to 41.4, 40.5 and 39.6, see Fig. 5. IOb inset (ii ). The first set of peaks is 

pro posed to be ' horns' of a wide d ish-shaped peak [1 4] centered at mlz 27. The width of 

a peak is generall y a measure of the kinetic energy release (Th) assoc iated with the 

di ssoc iation products generated. [n the same ve in , the measured kinetic energy release 

(Th) is proportional to the reve rse energy barrier of the corresponding dissoc iati on 

reaction. Therefore, the wide peak centered at mlz 27 describes the generati on of HN=C 

in the reacti on, Nt ~ HN=C + CH3N=C, assoc iated with a sizeable reverse barrier of 25 

kca l/mol. Therefore, experimental observations are consistent with the theoret ica l 

predictions discussed in Secti on 3.1.3. 
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a) 
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Figure 5.10. NR mass spectra of 1111:: 68 ions generated from (a) theophylline and (b) paraxanthine. Inse ts sho \V 
expanded v ie\Vs of the ( i) 1111:: 24- 28 and ( ii) 1111:: 38-41 regions. 

The presence of a minor ' survivor' peak in the NR spectrum (Fig. 5.1 Ob) is indicative of 

the kinetic stability of the Nl species generated. However, as a fraction of the species 

generated possesses elevated internal energies, the reaction, Nt ~ HN=C + CH3N=C, 

takes place liberating a significant amount of kinetic energy. 

The second set of peaks in the NR spectrum from paraxanthine is proposed to be 

' horns' of two adjacent dish-shaped peaks centered at m/z 41 and 40 respectively. The 

peak at m/z 41 corresponds to the generation of CH3N=C in the above mentioned 

reaction. As for the m/z 40 peak, the calculations of Scheme 5.9 on the neutral PES do 

not reveal a dissoc iation reaction that would rationalize the peak. Therefore, the m/z 40 

peak is most likely describing the reaction, CH3N=C ~ CH2N::::::C· + H·, which is 

possibly associated with a significant reverse barrier. 
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The mlz 68 'survivor ' peak in the NR spectrum from theophy lline (Fig. 5.IOa) is much 

higher in intensity describing the kinetic stab ility of the co-generated neutrals, Nt and 

N2. We note that the mlz 38 - 41 region contains signals at mlz 41.4, 40.5 and 39.6 

describing the dissociation of Nt. In comparison to the identical peaks seen in the mlz 

68 NR spectrum from paraxanthine (F ig. 5. 1 Ob), the intensity of these peaks is lower. 

This is further ev idence for our proposal that ions t are generated in admixture with 

ions 2 from theophylline. 

3. 2. The structure 01mlz 68 ions generatedji-om s-methyltetrazine. 

As noted in the Experimental section, s-methyltetrazine was synthesized according to an 

analogous procedure used to synthes ize s-tetraz ine reported in Chapter 4. Hence, s

methyltetraz ine is a mono-methyl analogue of s-tetrazine and is presumed to have very 

similar dissoc iation chemistry. As acetam idine hydrochloride [CHr C(NH2)=NH.HCI] 

and formamidine acetate [NHr CH=NH.CH3C(=O)OH] were introduced in I: I ratio 

during the synthes is, the final product is expected to be a mixture of s-methyltetrazine 

and I ,4-d imethyltetrazine. The El mass spectrum of the product is shown in Fig. 5.11 . 

96 

41 

28 110 

Figure 5.11. 70 eV Elmass spectrum of the product obtained from the sy nthesis ofs-methyltetraz ine. 

The presence of intense peaks at I11lz 96 and 11 0 is cons istent with the mixture . These 

peaks correspond to s-methyltetrazine and 1,4-d imethyltetrazine ions respectively. 

Among the other peaks, a fa irly intense peak at mlz 68 in the spectrum presumably 

corresponds to the ion , CHrC=N-N=CH o
+ (6a). We note that this ion has been 
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chronologically labeled due to the fact that thi s spec ies and any of its isomers belong to 

the same PES as N-methylethenediimine (1) . 

The proposed di ssociation mechanism for the generation of ion 6a from s

methyltetrazine is shown in Scheme 5. 13a. CBS-QB3 ca lculations predict that ion 6a can 

be generated from the parent ion via N2 loss following ring-opening. Confirming this 

proposal , the mlz 96 MI spectrum (F ig. 5.12) di splays a so li tary, intense di sh-shaped 

peak [1 4] at mlz 68. 

68 

81 

Figure 5. 12 . 2ffr Mlmass spectrum of 111/:: 96 ions generated fro m s-methyltetraz ine . 

The width of the peak corresponds to a measured kinetic energy release (Th) of c. 7 

kcailmol. From the ca lculations of Scheme 5. 13a, the intermediate spec ies, HBMT -1, are 

generated with - 30 kcal/mol of internal energy from which - 7 kcailmol is redistributed 

as kineti c energy in the di ssoc iati on products, 6a + N2• 

Scheme 5. 13a reveals that the parent s-methyltetraz ine ion (MTET-l) can either 

cleave the CH3C-N or the HC-N bond to generate two spec ies consisting of a terminal -

N2 group. Both intermediates are found to be local minima on the C)-14N4°+ PES. The 

first cleavage li sted yields MTET -3a and is the lower energy reaction with a TS at 332 

kca l/mol. The HC-N bond cleavage in the parent ion with an energy barrier at 338 

kcailmol, generates MTET-4a. Thereafter, by elongating the C-N2 bond, both spec ies 

are capable of generating the HBRC spec ies (HBMT-l ) consisting of ion 6a in complex 

with N2. The hydrogen bridge between ion 6a and N2 in HBMT -1 is noted to prov ide - 1 

kcal/mol of stabilization energy. In compari son, see Scheme 5. 13a, the reaction, MTET-

4a - HBMT-l , is assoc iated with a lower energy barrier re lat ive to the reaction, 
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MTET-3a ~ HBMT-l. Therefore, despite a relatively higher energy ring-opening step, 

MTET-4a is proposed to be the intermediate involved in the generation ofHBMT-l and 

therefore ion 6a. In addition, a B3L YP/CBSB7 reaction scan reveals that the 

interconversion, MTET -3a ~ 4a, is unlikely as the TS lies at 352 kcal/mol. 
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rolamor 3b = (314) "'- N - \\ 

C-H"-N"'N 
.N, ----_, I SEE SCHEME 5b 1m, 68)1 

• 2.30 

Scheme 5.13a. Mechanistic proposa l for the formation of 1111:: 68 ions li'om low-energy s-methy ltetrazine ions (i\ITET

I). I umbers in square brackets re fer to 298 K enthalpies ( in kca l/mol) de rived from CBS-QB3 

calculations. 

An alternative ring-opening react ion invo lving the cleavage of the N-N bond in MTET-l 

is found to lead to a three-body di ssoc iation associated with a high energy barrier to 

generate CH3C=N"+ + HC=N + N2 . A reaction scan at the B3L YP/CBSB7 leve l of theory 

places the TS at 353 kcallmo l. A considerably higher energy reaction is the 1,2-H shift 

on MTET-l to generate the ylide- ion (MTET-2). The associated TS lies at 395 kcal/mol. 

Further, Scheme 5. 13a shows that MTET -3a could undergo CH3CN-N bond 

cleavage followed by the migration of the CH3C=N moiety to generate a different 
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HBRC, HBMT-2. A B3LYP/CBSB7 reaction scan reveals that the TS lies at 347 kcallmol. 

It is conceivable that HBMT-2 could readily dissociate via CH3C=N loss before or after 

undergoing proton transport catalysis (PTC) [23 ,24] to generate an ion at mlz 55 , see 

Scheme 5.13a. Although the TS for the PTC reaction leading to HBMT -3 (see Table 2a) 

did not optimize, this fragment ion is not observed in the mlz 96 MI spectrum (Fig. 5.12). 

CH 3-C=N---H-C=N+ 

~ 
HBRC-3 

(275) 
11 

IT 

(275J 

9 

CH2NCH" + HeN 

n HCNH" + CH, CN' 

i2s9i iia9i 

Scheme 5.l3b. Theoretical prediction of the di ssociation behaviour o f the Int:: 68 ions 6a generated ti'om s 

methy ltetrazine. Numbers in square brackets re fer to enthalpies in kcal/mo l deri ved at 298 K us ing 

the CBS-QB3 model chemistry . 

Following the loss of N2, ion 6a is theoretically predicted to reside in a shallow 

minimum on the PES, see Scheme 5.13b. A mere 4 kcallmol of excess energy leads to 

the elongation of the N-N bond to yield a marginally more stable long-bonded ion (6b). 

At this isomerization threshold, ion 6b serves only as an intermediate in the generation 

of significantly more stable ions 7 and 8. Ion 7 is the result of a 1,2-CH3C=N shift at 307 

kcallmol and 8 is the product of a 1,2-HC=N shift at 304 kcal /mol. Therefore, within a 

narrow band energies, theory predicts that s-methyltetrazine generates a mixture of ions 

6a, 6b, 7 and 8. As ion 7 is ~ I 0 kcallmol more stable than ion 8, we predict a majority of 

the source-generated mlz 68 ions to rearrange into ion 7. Both ions contain an exposed N 

atom. The direct isomerization, 6a ~ 7, is unlikely as it is associated with a relatively 

higher energy TS at 344 kcal/mol, see Table 2b. In this context, it is conceivable that an 
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elongation of CH3CN-C bond in Ion 7 could generate HBRC-3, see Scheme 5.13b. 

Howeve r, computations revealed that it is a higher energy species not favouring its 

generation. 

The mlz 68 MI and CID spectra from s-methyltetrazine are di splayed in Figs. 

5. 14a and 5. 14b. The M 1 spectrum shows two prominent peaks at mlz 41 and 28 which 

are intensified in the CID spectrum. The mechani sm for the generation of these peaks is 

di scussed below. The peak at mlz 67 corresponding to HO loss is also metastably 

generated. The mlz 68 CID spectrum shows a structure-di agnostic peak at mlz 14, see 

Fig. 5. 14b inset, indicati ve of the protruding N atom characteri stic of co-generated ions 

7 and 8. 

The theoreti ca l ca lcul ati ons of Scheme 5.13b show that ion 8 can undergo a 1,3-

H shift to generate ion 9. Thi s ion can thereafte r elongate the C-NCH bond to fo rm the 

hydrogen-bridged spec ies, HBRC-4, and then di ssoc iate . However, as the resulting ions 

are generated at a threshold of327 kcal/mol, the ions possess sufficient energy to readily 

di ssoc iate into CH2C=NHo+ + HC=N; and HC=NH+ + CH2C=N° respective ly. These two 

di ssociations give ri se to the peaks at mlz 41 and 28 in Figs. 5.14a and 5.14b. Other 1,3-H 

and 1,5-H shifts from ion 6a go ing to ions 10 and 12 respecti ve ly were assoc iated with 

much hi gher energy barri ers, see Table 2b. The 1,4-H shift isomer (13) of ion 6a is 

fo und to be a loca l minimum on the PES at 325 kca l/mol. However, the TS for the 

pertinent reaction was not opt imized. In thi s context, a 1,2-H shi ft at 318 kca l/mol in ion 

7 is fo und to yield a stable isomer, ion 11 , that is likely to be generated. Other stable 

ions di scovered but most probably not generated include the product (14) of the 1,3-H 

shift in ion 8 at 374 kca l/mol which co ul d further unde rgo CH2C-NH bond cleavage to 

generate HBRC-5, see Table 2b. Further, we note that a PTC reaction in ion 6b may lead 

to an interesting mechani sm. Unfortunately, the attempted reaction scan was not 

successful . 

The R spectrum of I11l z 68 ions generated fro m s-methyltetrazine is shown in 

Fig. 5. 14c. A weak ' survivo r' peak is indicati ve of the stability of a minor component of 

the mi xture of I11/Z 68 ions generated. Model chemi stry ca lculations predict that none of 

the ions 6a, 6b, 7 or 8 have stable neutral counterparts on the neutral PES . Instead, these 
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geometries optimized to a CH3C=N ••• HC=N dipole-dipole comp lex at 45 kcal /moJ. Only 

low energy ion that is found to have a stable neutral counterpart is ion 11 at 107 

kcallmol (i.e. probable minor contributor to ' survivor' peak) albeit a shallow minimum 

on the PES . A mere 2 kcallmol of energy leads to its dissociation into CH3C=N + HN=C 

at 65 kcallmol , see Table 2b. Given that CH3C=N dissociates via H· loss, these findings 

justify the intense peaks seen in the NR spectrum at mlz 40 and 27 respectively. 

a) 41 

28 
67 

b) 41 

14 

15 

1~ 28 

67 

c) 40 

27 

38 

41 

28 68 

,-----""J 
Figure 5. 14. (a) MI (b) elD and (c) NR mass spectra of ll1l= 68 ions generated from s-methy ltetraz ine. 
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3.3. The structure ofmlz 82 ions generatedfrom caffeine. 

The mass spectrum of caffeine, see Fig. 5.15, shows a prominent peak at mlz 82 most 

likely corresponding to the N,N-dimethylethenediimine ion, CH3N=C=C=NCH3°+ (AI). 

The connectivity corresponds to a dimer of aceto-iso-nitrile, CH3N=C. 

194 

109 

Figure 5. 15.70 eV EI mass spectrum of caffe ine. 

Scheme 5.1 6 displays a proposed fragmentation scheme for the generat ion of the mlz 82 

ion from caffeine. 

o 
II CH3 
C I 

H3C, /' " .--N 
N C \ 
I 11·+ C-H 

"",C, /c_ # o N N 
I 
CH3 

Caffeine 
(1.3.7-trimethylxanthine) 

m/z 194 

Scheme 5.16. Proposed fragmentation pathway for the generation of ions Ala and A2a from ionized caffeine. 

The scheme is virtually identical to that showing the fragmentation scheme of 

theophylline (Scheme 5.2) to generate the corresponding mlz 68 ion. Here, the mlz 194 

molecular ion is expected to undergo consecutive losses of CH3N=C=O and CO to yield 

an ion corresponding to the considerably intense mlz 109 peak in the mass spectrum, see 

Fig. 5.15 . Similar to theophylline, the mlz 109 fragment ion can lose HC=N to generate 
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the mlz 82 ion, CH3N=C=C=NCH3°+ (At). However, given the depicted conformer of the 

mlz 109 ion, one may envisage a 1,4-H shift prior to HC=N loss to generate an isomer of 

ion At , CH2=N-C=C(H)-CH3°+ (Al). Hence, the mlz 82 ions generated from caffeine may 

not be isomerically pure. 

The CBS-QB3 theoretical investigation of the depicted proposed fragmentation 

pathway is displayed in Scheme 5.17a. The structure presumed to correspond to the 

parent mlz 109 ion generated is used as the reference, Pta. The first step in the 

generation of ion At involves the ring-opening step via cleavage of the CH3NC-NCH 

bond in Pta to generate P2. The associated TS lies at 318 kcallmol. As P2 is only 

marginally stable, it only serves as an intermediate in the interconversion to generate the 

more stable ion-dipole complex, P3. This ion can then readily dissociate into ion At + 

HC=N. Another lower energy pathway found to yield the same dissociation products is a 

one-step process involving the cleavage of the CH3N-CH bond in Pta to generate P3 that 

can consequently dissociate and generate ion At. This step is associated with an energy 

barrier of only 16 kcallmol placing the TS lower at 311 kcallmol. 

P4a 
P4b = (3011 

(Rotamer) 

1 SEE SCHEME 7b (mz 8211 

Scheme S.1 7a . Mechanistic proposal for the fonnation of mlz 82 ions from low-energy mlz 109 ions (Pia). Numbers 

in square brackets refer to 298 K enthalpies (in kcallmol) derived from CBS-QB3 calculations. 
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In contrast, fUtther investigation reveals that the mlz 109 ion can also generate the 1,4-H 

sh ift isomer, CH2=N-C=C(H)-CH3"+ (A2). In this scenario, the first step invo lves a 1800 

rotation about the CC-NCH3 bond at 310 kcal /mol in PIa to generate the correspond ing 

rotamer, Pib. The resulting geometry is then favourable for a I ,4-H shift at 308 kcallmol 

to yie ld yet another ring-structure, P4a. Thereafter, the lowest energy pathway involves 

the cleavage of the CH3N-C(N)H bond at 287 kcal/mol in P4a to generate a ring-opened 

structure, P7. Finally, P7 can readily dissociate via HC=N loss to generate ion A2. 

Therefore, the separate generation of ions Al and A2 respectively, are competiti ve 

processes presumably yie lding a mixture of the two mlz 82 ions. Other reactions such 

as, P2 ~ P4b and P3 ~ P5b, are found to be assoc iated with much higher energy 

barriers, see Table 3a. 

Consistent with theory, the mlz 109 MI spectrum, see Fig. 5.18, displays an 

intense peak at mlz 82 corresponding to the ions At and A2. Other peaks in the spectrum 

include those at mlz 108, 94 and 55. The mlz 108 and 94 peaks correspond to H" loss and 

CH; loss respectively. The peak at mlz 55 most probably corresponds to a second 

consecutive HC=N loss from the mlz 109 fragment ion. In other words, the peak at mlz 

55 most likely is a result of HC=N loss from the mlz 82 fragment ion. 

82 

55 108 

94 

-----~--''-----' ~ 
Figu re 5.1 8. 2 ffr MI mass spectrum o f ml= 109 ions gene rated from ca ffe ine . 

According to the CBS-QB3 calculat ions of Scheme 5.17b, both ions, Al and A2 , reside 

in deep potential energy we lls at 264 and 267 kcallmol respective ly. The lowest reaction 

threshold re lative to the remarkab ly stable ion Al corresponds to its dissociation via 

CH; loss. Th is dissociation threshold lies at 300 kcallmol. Isomerization thresholds 
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corresponding to 1,2-H, [,3-H, 1,4-H and 1,5-H shifts in Ala leading to A3a, A4a, A2a 

and AS respectively are sign ificantly higher C2:: 15 kcallmol) relative to CH3N=C=C=N+ + 

CH/, see Table 3b. In the same context, the energy barrier for 1,2-CH3 sh ift in Ala to 

yie ld A6 is also higher at 315 kcal/mol, see Tab le 3b. Hence, the on ly reaction observed 

from ion Al should be the generation of mlz 67 ions invo lving CH3• loss. 

.21. 
CH ~NCC(H>r-t + CHj 

(3001 -CH3NCCN+ + cHi 

A1a ~A2a 
H3C_N""C-'C9N-CH, 

A1b = (265J 
(Rotamer) 

H,C=N ..."N'--CH3 
"c""c""" 

I 
H 

A4b= [253J 

[325J -CH1NCCNCHJ+ + H· 

H2C- N=C'--H-CEN-CH, 

=J 
HBA1 

(2631 -
A4a 

A2b = [271J (Rolamer) 

Sc hcmc S.1 7b. Theoretical investigation of' the dissociation behaviour of the 111/:: 82 ions A I a generated from caffe ine. 

Numbers in square brackets refer to enthalpies in kca iJmol deri ved at 298 K using the CBS-QB3 model 

chemi stlY· 

However, as previously mentioned, ions A2 are generated in admixture with ions AI. Of 

the three reaction mechanisms studied on ion A2 , the lowest energy pathway involves 

the elongation of the C-C bond at 286 kca l/mol in ion A2 to generate the hydrogen

bridged species, HBAL Anothe r pathway studied for the reaction, A2 ~ HBAI , 

included a relatively more stable 1,2-H sh ift intermediate ion A4. However, this pathway 

is unlikely due to a high energy TS between A2 and A4, see Tab le 3b. Upon formation 

of HBAI , its dissociation leads to the mlz 42 CH3N=CH+ ion via CH2N=C· loss at a 

dissociation threshold that lies at 295 kcal/mol. It is unlikely that a large fraction of ions 

A2 wou ld isomerize into ions Al due to the signifi cantly large energy barrier for the 1,4-
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H shift at 320 kcallmol. However, this reaction would be favoured over CH3' loss as the 

corresponding dissociation threshold lies at 326 kcallmol , see Scheme 5. 17b. 

a) 67 

55 81 

67 
b) 

55 

40 
\ 42 81 

15 28 
~ 

42 82 
42 

40 

c) 40 

81 

Figure 5.1 9. (a) MI (b) CID and (c) NR mass spectra o f ml= 82 io ns gene rated from ca ffe ine . 

The mlz 82 MI and CID spectra generated from caffeine are displayed in Figs. 5. 19a and 

5.19b. Prominent peaks in the MI spectrum correspond to mlz 81 , 67 , 55 and 42. 
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Dissociation via H· loss explains the mlz 81 peak. The intense mlz 67 peak is consistent 

with the dissociation of ion Al involving CH3• loss. In line with the interpretation of the 

mlz 109 MI spectrum (Fig. 5.18), the mlz 55 peak seen in thi s spectrum is due to HC=N 

loss from ion A2 most likely generating the ion, CH3N=C=CH2·+. The generation of this 

ion could not be theoretically probed . However, thi s di ssoc iation threshold is computed 

to be at 263 kcal/mol which is relatively lower than the threshold corresponding to 

CH3N=CH+ (mlz 42) + CH 2N=C·. The difference in the threshold levels is consistent with 

the difference in intensities of the mlz 55 and 42 peaks respecti ve ly. The presence of 

peaks corresponding to the dissociation of both ions confirms our proposal of the co

generation of ions Al and A2. The mlz 82 CID, see Fig. 5.19b, di splays relatively less 

intense peaks at mlz 40, 28 and 15 in addition to the already discussed MI peaks. The ion 

giving rise to the peak at mlz 40 is at this point uncettain. However, the peak at mlz 28 

possibly corresponds to HC=NH+ and the mlz 15 peak is indicative of the -CH3 

connectivity of ions At and A2. 

The miz 82 NR spectrum generated from caffeine is displayed in Fig. 5.19c. An 

intense signal at mlz 82 is strongly indicati ve of the co-generated ions Al and A2 having 

survived the NR process. Consistent with this observation, CBS-QB3 calculations 

indicate that the neutral counterparts of both ions, AIN and A2N, are local minima on 

the neutral C4 H6N2 PES. Scheme 5.20 displays the dissoc iation chemistry of the neutral s, 

AIN and A2N. Unlike on the ionic PES, the scheme revea ls that, at elevated energies, 

AINa can interconve rt via 1,4-H shift into A2Na instead of los ing CH3•. In line with thi s, 

at the same threshold , A2Na can also interconve rt into the relati ve ly more stable A4Na. 

The difference between the respecti ve isomerizat ion and di ssoc iat ion threshold leve ls is 

- 3 kcal/mol. This prediction is observed in the NR spectrum (Fig. 5.1 9c) from the low 

intensity peak at mlz 67. Other 1,2-H, 1,3-H or 1,5-H shifts in AINa to generate A3Na, 

A4Na and A5Na respective ly are unlikely as the corresponding transition states li e at 

least 10 kcal/mol above the 1,4-H shift threshold , see Table 3b. The scheme also shows 

that A2Na can undergo a 1,2-CH2N=C shift to generate A7N. The associated TS lies at 

120 kcal/mol. It is at thi s point uncertain how thi s species may play a role in the 

generation of any of the other NR peaks. However, as there are no tell-tale dish-shaped 
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peaks in the NR spectrum, see Fig. 5.19c inset, and that the ions can freely communicate 

with each other, it is really difficult to deduce any characteri stic behaviour of anyone 

neutral isomer. 

~ 
CH:tNCC(H)N° .. CHi 

~ 
CHl NCCN° + CHj 

A1Na 

~ 
CH,NCCNCH,' • H' ~ 

CH, NCHo ... CHl NC ' 

A2Na 

A4Na 

CH, 

H2C=N ""J 
"C-:::::::-C~ 

I 
H 

(1171 -

Scheme 5.20. CBS-QB3 results showing the dissociation and isomerizat ion chemistry of the neutral spec ies AINa. All 

enthalpy va lues are in kcal/mol derived at 298 K. 

Conclusion 

Both, theophylline and paraxanthine are shown to generate the mlz 68 N

methylethenediimine ion CH3N=C=C=NH o
+ (1) by dissociative ionization. Theory shows 

that the latter precursor molecule yields isomerically pure ions 1. In contrast, 

theophylline is shown to co-generate the I ,4-H shift isomeri c ion (2) from the parent mlz 

95 fragment ion. The neutral counterpart of ion land 2 are found to be kinetically stable 

from the NR experiments. Nl is relatively less stable than N2. Ion ized s-methyltetrazine 

is also shown to yield an isomeric mlz 68 ion , CHrC=N-N=CHo
+ (6a). However, as the 

ion is generated at elevated interna l energies, theory shows that ion 6a would readily 

isomerize into multiple other ions resulting in a mixture, A majority of this mixture do 

not have stable neutral counterparts in the gas phase. Finally, ionized caffe ine is 
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revealed to generate the N,N-dimethylethenediimine ion CH3N=C=C=NCH3°+ (AI) 

corresponding to mlz 82. Similar to theophylline, caffe ine is shown to co-generate the 

1,4-H shift isomer A2 at the same threshold . The resulting ion does not readily 

interconvert with AI. In contrast, the neutral counterparts of these ions are found to be 

intercon vertible stab le spec ies in the rarefied gas phase 
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Appendix to Chapter 5 

Table la. Energetic data [a] derived from CBS-QB3 calculations for minima of stable ionic and neutral isomers of N-

methylethenediimine (\) and their connecting transit ion states. 

CBS-QB3 QB3 QB3 QB3 
Ionic species E(total) [OK] ZPE ~fHoo ~fHo298 

I -225.458030 40.0 275.7 273.6 
2a -225.4555 16 40.2 277.3 274.6 
2b -225.449478 40.1 28 1.1 278.5 
3 -225.468159 40.3 269.3 266.7 
5 -225.425528 40.7 29 1.9 289.2 
HBRC-l -225.441356 36.5 286.2 284.5 
HBRC-2 -225.463758 37.0 272. 1 270.4 

TS 1~2 -225.366151 37.5 
.,.,.., ., 

330.1 .).).) . .) 

TS2~3 -225.379860 36.6 324.7 322. 1 

TS 2 ~ HBRC-I -225.422976 36.8 297 .7 295.9 

TS3~5 -225.358232 36.2 338.3 336.1 

TS 3 ~ HBRC-I -225.423487 37.4 297.4 295 .2 

Neutral Species 

Nla -225.739378 40.8 99.1 96 .5 
NIb -225.738127 40.9 99.9 97.3 
N2a -225.736608 40.7 100.9 98.1 
N2b -225 .737498 40.8 100.3 97.6 
N3 -225 .763380 40.9 84.1 81.2 

TS Nla ~ HNC loss -225.712382 38.6 116.1 113.7 

TS N2 ~N3 -225.682802 37.7 134.6 131.6 

[a] E (total) in Hm1rees , all other components, including the Z PE scaled by 0.99, are in kcallmol. 
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Table lb. Energetic data for various dissociation products of ionized N-methylethenedi imine ( I) deri ved from 
CBS-QB3 calculations [a]. 

mlz CBS-QB3 QB3 QB3 
Species E(total) [0 K] LlrHOo LlrHo 298 

CH3NCCN+ +Ho 67 317.4 316.1 
CH2NCCNH+ + H· 339.6 338.3 
CH3NCCN+ -224.891330 265 .8 264.0 
CH2NCCNH+ -224.856383 288.0 286.2 
H· -0.499818 51.6 52. 1 

HNCCN+ + CH3• 53 320.6 319.5 
HNCCN+ -185.641344 284.3 283 .9 

CH3• -39.744795 36.3 35.6 

CH2NCH·+ + HNC 41 304.7 303.3 
CH2NCH·+ + HCN 290.6 289.0 
CH3NC"+ +HNC 351.0 349.5 
CH2NCH·+ - 132. 14 1540 258.7 257.2 
CH3NC+ -132.072590 305.0 303.4 
HNC -93.265114 46.0 46.1 
HCN -93.287537 31.9 31.8 

CH2NC+ + HCNH· 40 370.6 369.2 
HNCCH+ + CH2N· 382.5 381.2 
CH3CCH·+ + N2 287.8 286.4 
CH2NC+ - 13 1.492274 304. 1 303.6 
HNCCH+ - 131 .459958 324.4 324.0 
CH3CCH OT - I 16.040279 287 .0 285 .6 
HCNH· -93.8 14547 66.5 65 .6 
CH2N· -93.827908 58. 1 57.2 

N2 -109.398466 0.8 0.8 

HCNH+ + CH2NC" 28 314.0 312.6 
HCNH+ -93.558626 227.0 226.2 
CH2NC· - 131.837990 87 .0 86.4 

[a] E(lOtal) in Hartrees, all other components, including the ZPE sca led by 0.99, are in kca l/mol. 
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Table Ie. Energetic data for various dissociation products of neutral N-methylethenediimine (N I) derived 
from CBS-QB3 calculations [a). 

CBS-QB3 QB3 QB3 
Species E(total) [0 K] .1.rHo ° .1.rH0298 

CH3NCCN° +Ho 152.7 150.5 
CH2NCCNHo + HO 175.6 174.5 
CH3NCCN° -225.155374 101.1 98.4 
CH2NCCNHo -225. 11 76 15 124.0 122.4 
HO -0.499818 51.6 52.1 

HNCCN° + CH3° 137.3 136.3 
HNCCN° -185 .933354 101.0 100.7 

CH3• -39.744795 36.3 35.6 

NCCN + CH3° + HO 162.4 162.5 
NCCN -185.393902 74.5 74.8 

CH2NCH + HNC 122.0 120.4 
CH3NC +HNC 89.9 88.5 
CH2NCH -132.437680 76.0 74.3 
CH3NC -132.488986 43.9 42.4 
HNC -93.2651 14 46 .0 46. 1 

[a] E(total) in Hartrees , all other components, including the ZPE sca led by 0.99, are in kcallmol. 
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Table 2a. Energetic data [aJ deri ved from CBS-QB3 and CBS-APNO calculations for minima of stable ionic isomers of 
ionized methyltetrazine (MTET-I) and their connecting transition states. 

CBS-QB3 QB3 QB3 QB3 APNO 
Ionic species E(total) [OK] ZPE .1.rHoo .1.rHO 298 .1.rHo298 

MTET-l -334.808935 48.3 306.1 301.5 [b] 
MTET-2 -334.746542 48 .6 345.3 340.8 343.6 
MTET-3a -334.789394 46.5 318.4 315.0 3 14.2 
MTET-3b -334.791908 46.4 316.8 313.5 3 12.4 
MTET-4a -334.777837 45.9 325.6 322.2 320.4 
MTET-4b -334.779843 46.1 324.4 320.9 3 18.7 
HBMT-l -334.812839 43.7 303.7 301.7 30 1.0 
HBMT-2 -334.791 120 43.5 317.3 314.9 315 .6 
HBMT-3 -334.824522 43 .7 296 .3 293.9 294 .0 

TS MTET-l ~2 -334.66 1274 42 .7 398.8 394.7 [c] 

TS MTET-l ~3a -334.76 1569 45.7 335.8 331.7 329.8 

TS MTET-l ~4a -334.75 1866 45.0 341.9 337.8 335.8 

TS MTET-3a ~ HBMT-l [c] 

TS MTET-4a ~ HBMT-l -334 .764266 44.0 334.2 330.9 327.5 

[a] E(IOIal) in HaJ1rees , all other components, including the ZPE scaled by 0.99, are in kcallmol. 
[b] The desired geometry cou ld not be optimized . [c] The desired transition state could not be found . 
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Table 2b. Energetic data [a) derived from CBS-QB3 and CBS-APNO calculations for minima of stable isomers of 6a and 
their connect ing transition states. 

CBS-QB3 QB3 QB3 QB3 APNO 
Ionic species E(total) [OK] ZPE ~fHoo ~fHo298 ~fHo298 

6a -225.4 10967 39.7 305.0 302.6 301.5 
6b -225.416660 38.4 301.4 299.7 [b] 
7 -225.456674 40.0 276 .3 273.9 273 .8 
8 -225.438637 40.1 287.6 285.0 283.7 
9 -225.454528 39.9 277.7 274 .7 273.6 
10 -225.373255 39.7 328.7 326.2 325.2 
11 -225.455642 39.5 277.0 274.8 272 .3 
Nll -225.723 11 7 39.7 109.3 106.9 
12 [c] -225.428298 39.7 294.1 29 1.5 291.2 
13 -225.374386 39.1 328.0 325.3 325.9 
14 -225.365552 40.7 333.5 330.6 330.8 
HBRC-3 -225.354899 35.8 340.2 339.0 [b] 
HBRC-4 -225.491016 36.7 254.8 252 .9 252. 1 
HBRC-5 -225.463758 37.0 27 1.9 270.2 268 .1 

TS 6a ~ 6b -225.404671 37.8 309.0 306.7 305.3 

TS 6a ~7 -225.344318 38.0 346.8 344.2 344.2 

TS 6b ~7 -225.403861 37.8 309.5 307.3 305.8 

TS 6b ~8 -225.408530 38.0 306.5 304.3 [d] 

TS 6a ~ 10 -225.285624 34.9 383.7 380.9 378.4 

TS 6b ~ 12 -225.345794 36.9 345.9 342.6 340.2 

TS 7 ~ 11 -225 .387 111 36.2 320.0 317.8 316.1 

TS 8 ~9 -225.371352 36.8 329.9 326.8 324.8 

TS 8 ~ 14 -225.296578 35.2 376.8 374.0 377.1 

TS 9 ~ HBRC-4 -225.443900 37.7 284.3 28 1.8 280.0 

TS 10 ~ HBRC-4 [d] 

TS 14 ~ HBRC-5 -225.338740 37.0 350.3 348.2 346.2 

TS NIl ~ HNC loss -225.719113 39.2 111.9 109.3 

[a] E(IOIa1) in Hartrees, all other components, including the ZPE sca led by 0.99, are in kcallmol. [b] The 
CBS-APNO model chem istry optimized the CBS-QB3 geometry 6b into that of 8. [c] The staggered 
geometry generated by CBS-QB3 was converted to an eclipsed geometry by the CBS-APNO model 
chemistry. [d] The desired transition state cou ld not be found. 
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Table 2e. Energetic data for various dissociation products of ionized 6a derived from CBS-QB3/CBS-APNO 
calculations [a]. 

Species CBS-QB3 QB3 QB3 APNO 
E(total) [0 K] LlrHoo LlrH o298 LlrH o2 98 

CH3CNNc+ + HO + N2 363.4 362.4 362.7 
CH3CNNC+ -224.817985 311 .8 310.3 310.6 
H' -0.499818 51.6 52.1 52.1 

HC(=N)NN°+ + CH3CN 341.1 338.2 338.3 
HC(=N)NN°+ -202.226685 320.9 319.7 320.7 
CH3CN -132.526594 20.2 18.5 17.6 

HNCNN°+ + CH3CN 337.8 335.2 335.5 
HNCNN'+ -202.231939 317.6 316.7 317.9 

CH3CNH+ + NNCN° 323.6 321.1 313.4 
CH3CNH+ -132.822286 199.9 197.4 196.2 
NNCN° [b] -201.958782 123.7 123.7 117.2 

CH3CNH+ + CN" + N2 306.5 304.8 303.7 
CN' -92.587607 105.8 106.6 106.3 

CH3NC"+ + HCN + N2 337.7 336.0 335.5 
CH3NC~ -132.072585 305.1 303.5 302.3 
HCN -93 .287537 31.8 31.7 32.0 

CH3CN°+ + HCN + N2 334.8 333.4 
CH3CN'+ -13 2. 077129 302.2 300.9 [c] 

CH2CNHo+ + HCN 280.1 278.6 277.8 
CH2CNH'+ -132 . 163079 248.3 246.9 245.8 

CH2NCHo+ + HCN 290.5 289.0 287.8 
CH2NCH·· -132. 14642 1 258.7 257.3 255.8 

HCNH+ + CH2CN° 290.2 288.8 288.9 
HCNH+ -93.558686 227.0 226.2 226.8 
CH2CN' -131.875867 63.2 62 .6 62.1 

[a] E(lolal) in Hartrees, all other components, including the ZPE sca led by 0.99, are in kcal/mol. [b] The 
CBS-QB3 and CBS-APNO derived geometri es have different bond angles, resulting in an unusually large 
divergence in 6rHo298 values. [c] The desired geometry cou ld not be found . 
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Table 3a. Energetic data [aJ derived from CBS-QB3 calculations for minima and connecting transition states of stable 
ion ic isomers of PIa (m/:: 109). 

CBS-QB3 QB3 QB3 QB3 
Ionic species E(total) [OK] ZPE ~fHoo ~fHo298 

PIa -357.977039 73.2 300.4 294.5 
Pib -357 .97470 1 72.8 301.9 296.0 
P2 -357.949045 71.0 318.0 313.3 
P3 -357.994174 68.9 289.7 286.4 
P4a -358.064190 74.0 245.7 239.8 
P4b -357.968261 71.4 305.9 300.9 
P5a -357.985338 68.0 295.2 29 1.5 
P5b -357.991715 68.1 29 1.2 287.4 
P6 -357.977082 71.4 300.4 295.4 
P7 -357.991436 70 .1 29 1.4 286.4 

TS Pla ~ Pib -357.952187 7 1.7 316.0 310.2 

TS PIa ~P2 -357.940829 71.3 323.1 317.6 

TS Pla ~P3 -357.95 1316 7 1.0 316.6 311.0 

TS Pib ~P4a -357.955007 70.1 314.2 308.0 

TS P2 ~P3 -357.939690 69.4 323.8 319.3 

TS P2 ~ P4b -357.858465 67.9 374.8 369.4 

TS P3 ~ P5b -357.908224 66.0 343.6 339.4 

TS P4a ~P6 -357.977385 71.3 300.2 294.7 

TS P4a ~P7 -357.989944 69.9 292.3 286.9 

TS P5a ~P5b -357.951502 67.8 316.4 312.3 

TS P7 ~AIa+HCN -357.977247 68.5 300.3 295.6 

[a] E(lolal) in Hartrees, all other components, including the ZPE scaled by 0.99, are in kcallmol. 
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Tab le 3b. Energet ic data [a] derived from CBS-QB3 calculations for minima and connecting transition states of stable 
ionic and neutral isomers of NN-dimethylethenediimine (Ala) (ml:: 82 ). 

CBS-QB3 QB3 QB3 QB3 
Ionic species E(tota l) [OK] ZPE ~fHoo ~rHo298 

Ala -264.69 1025 58.0 267.6 264.2 
Al b -264.689604 58.0 268.5 265. 1 
A2a -264.686095 57. 1 270 .7 266 .8 
A2b -264.679498 57.0 274.9 270.9 
A3a -264.668037 58.4 282.0 278.3 
A3b -264.6638 17 58.4 284.7 280.9 
A4a -264.708764 57.9 256.5 252.8 
A4b -264.70878 1 57.9 256.5 252 .8 
AS -264.683562 58.7 272.3 268 .6 
A6 -264.695932 58 .1 264.5 260.8 
HBAI -264.676727 54.5 276 .6 273.7 

TS Ala ~2a -264.60 13 10 54.9 323.9 3 19.5 

TS Ala ~3a -264.591450 54.7 330. 1 326.4 

TS Ala ~ 4a -264.605755 54.4 32 1.1 3 17.2 

TS Ala ~S -264.596803 55 .7 326.7 322.1 

TS Ala ~6 -264.6098 12 55 .9 3 18.6 3 14.9 

TS A2a ~HBAI -264.6570 16 55.3 289.0 285.7 

TS A2a ~ 4a -264.612712 53.9 3 16.8 312.9 

TS A4a ~HBAI -264.658460 55.0 288. 1 284.9 

Neut ra l Species 

AI Na -264.959955 58.2 98.9 95.0 
A2Na -264 .957696 57.7 100.3 96.2 
A3Na -264.9232 12 58.8 12 1.9 118.0 
A4Na -264.986925 58.4 81.9 77.7 
ASNa -264.96 1239 58.7 98. 1 94. 1 
A7Na -264.927336 58.5 119.3 115 .2 

TS AINa ~A2Na -264.902522 54.8 134.9 130.5 

TS AINa ~A3Na -264.855742 54.9 164.3 160.2 

TS AINa ~ A4Na -264. 861453 54.3 160.7 156.5 

TS AINa ~ASNa -264 .886 181 55.0 145 .2 140.8 

TS A2Na ~A7Na -264.919293 58.4 124.4 119.5 

TS A2Na ~A4Na -264.90 1406 55.0 135.6 131.3 

[a] E(total) in Hart rees, all other components, inc luding th e ZPE sca led by 0.99, are in kcallmo l. 
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Table 3c. Energetic data for various d issociat ion products of ionized N.N-dimethy lethenediimine (A la) 
deri ved from CBS-QB3 calcu lat ions [aJ. 

CBS-QB3 QB3 QB3 
Ionic species E(total) [OK] L1rHoo L1rHo 298 

CH3NCCNCH/ + H· 326.9 324.5 
CH3NCCNCHz + -264.096722 275.3 272.4 
H· -0.4998 18 51.6 52.1 

CH3NCCN+ + CH3• 302.1 299.5 
CH3NCCN+ -224.891350 265 .8 264.0 

CH3• -39.744795 36.3 35.5 

CH2NCCCH)N+ + CHJ• 329.0 326.1 
CHzNCC(H)N+ -224.848434 292 .7 290.6 

CHJNCCH2·+ + HCN 265.6 262.8 

CH3NCCH 2·+ - 171.406688 233.8 23 1.1 
HCN -93.287537 31.8 31.7 

CHJNCH+ + CH2NC" 298.0 295.0 
CH3NCH+ - 132.804587 2 11.0 208.5 
CH2NC" - 131.837990 87.0 86.5 

[a] E (lolal) in Hartrees, all other components, including the ZPE scaled by 0.99, are in kcal/mol. 

141 



MSc Thesis - M. R. Hanifa I McMaster - Chemistry 

Figure 5.2 1. Se lected optimized geometries (CBSB7 basis set) of stable intermediates and transition states invo lved in 
the isomerization and dissociation of ionized and neutral forms of N-methylethenediimine (I). 
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Figure 5.22. Selected optimized geometries (CBSB7 basis set) of stable intermediates and transition states involved in 
the isomerization and dissociation of ionized and neutral 6a. 
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Figure 5.23. Selected optim ized geometries (CBSB7 basis set) of stable intermediates and trans ition states invo lved in 
the isomerization and d issociation of ionized and neutra l N.N-dimethy lethenediimine (A l a). 
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SUMMARY 

The research presented in thi s thes is is focused on an integrated computational 

chemistry and mass spectrometric approach to probe complicated isomerizati on and 

di ssoc iati on chemistr ies of various gas phase radica l cations. In other words, the 

connecti vity, stability and reacti vity of all these species were investigated. 

[n Chapter 2, it is shown that tandem mass spectrometry based experiments and 

computational chemistry allovv for the study of proton transport catalys is by water in the 

transformation of ionized glyco laldehyde HOCH2CHOo+ into its enol Ion 

HOCH=CHOH
o
+. Theoreti ca l findin gs revea led an energeticall y more feas ible pathway 

relat ive to the unass isted isomerizati on. In spite of thi s, theory also revealed an 

alternati ve pathway in vo lving a hydrogen-bridged radica l cati on (HBRC) comprised of 

the ketene ion CH2=C=Oo+ complexed with two H20 molecules. Model chemistry 

calculations show that a H20 molecule in the HBRC catalyzes the otherwise prohibitive 

transformation of the HOCH2CHOo+ ion into the enol of aceti c ac id , CH2=C(OH)2°+. 

Tandem mass spectrometry based experiments revea l that a mixture of C2 H402°+ ions is 

generated and that the CH2=C(OH)2°+ ion is the major reacti on product. 

In Chapter 3, various ionic and neutral isomers of C2 H2N2 were characterized 

and diffe renti ated by tandem mass spectrometry, particular ly the HNC di mer 

HN=C=C=N H (ethenediimine) and H2N-C-C=N (aminocyanocarbene). Both spec ies 

we re separate ly generated from the stable precursor molecules, xanthine and 

aminomalononitril e respecti ve ly. [n addition to the stabili ty of the ionic spec ies seen 

from metastable and co lli sion induced di ssoc iati on (C IO) mass spectra, the neutral 

counterparts are fo und to be stable as we ll. The stability of the ne utrals in the gas phase 

was confirmed fo ll owing the observation of prominent l11/z 54 ' surv ivor' peaks in their 

respecti ve NR mass spectra . A di fferent precurso r molecule studied, 

di aminomaleonitrile, is mechan istica lly shown to generate HN=C=C=NHo+ following 

the loss of HCN from the HBRC, [HNCooo H2N-C-C=Nr +, via an extraordinary quid-pro

quo catalys is. 
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Analogous to the studies of the prev Ious chapter, Chapter 4 describes the 

characterization and di ffe renti ation of another C2 H2N2°+ isomer, the HCN dimeI', HC=N

N=CH
o
+. Ionized s- tetraz ine was proposed to generate the ion following the loss of N2. 

A mechani stic analys is using the CBS-QB3/ APNO model chemi stries confirmed the 

generation of the HCN dimer ion. However, theory further shows that the ion possessed 

suffici ent in te rnal energy to isomerize into the more stable nitrene ion, HC=N-C(=N)Ho+. 

For purposes of comparison and confirmation, the nitrene isomer was separately 

generated from s-triazine and characteri zed using CID based techniques. Both ions are 

found to be stable spec ies in the timeframe of the experiments. However, interpretati on 

of their NR mass spectra revea led that they did not have stable neutral counterparts in 

the gas phase. 

Finally, uSing model chemistry results and tandem mass spectrometry based 

experiments, Chapter 5 explains the generation and characterization of several isomers 

of ionized N-methylethenediimine CH3N=C=C=N Ho+ and N, N-dimethylethenediimine 

CH3N=C=C=NCH3°+. The former ion corresponding to mlz 68 was generated from two 

precursor molecules, theophylline and paraxanthine. A CBS-QB3 mechanisti c analys is 

(experimentall y confirmed later) of the respective fragmentati on pathways revea led 

that: (i ) theophylline generates CH3N=C=C=NHo+ ions in admi xture with its \,4-H shi ft 

isomer, CH2N=C=C(H)=N Ho+, and (ii ) paraxanthine generates isomeri ca ll y pure 

CH3N=C=C=NHo+ ions. Theoreti ca l ca lculations on the neutra l PES and NR experiments 

show that CH2N=C=C(H)=N HO+ is kinetica lly more stable than CH3N=C=C=N Ho+. 

Another precurso r molecul e, s-methyltetrazine, was proposed to generate another 

isomer of N-methylethenediimine, CH3C=N-N=CHo+. Mode l chemistry resul ts in 

conjuncti on with experimental obse rvations suggest that these ions are generated with 

suffic ient internal energy to readily isomerize into other isomers yielding a complex 

mi xture of mlz 68 ions. Neutra l PES ca lculat ions revea led that a majority of the ionic 

geometries stud ied has no stable neutral counterparts. Ionized caffeine was proposed to 

generate N,N-dimethylethenediimine CH3N=C=C=NCH3°+ Ions. A theoretica l 

mechani stic analys is of the generati on of thi s ion revealed that it is co-generated with its 

\,4-H shi ft isomer, CH2N=C=C(H)=NC H3°+. On the ionic PES, these ions do not read ily 
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interconvert prior to dissociation. However, when neutralized, their isomerization 

barriers are lowered allowing interconversion to yield a mixture of stable neutral 

isomers. Tandem mass spectrometry based experimental observations agree with all 

theoretical results. 

147 



( \ ,-
u) 10 L 


