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Abstract
The atomic metal anions Fe¯, Cs¯, Cu¯ and Ag¯ were reacted with NO, NO2 and SO2 to form intact NO¯, NO2¯ and SO2¯ with no fragmentation.  Yields for the molecular anions ranged from 4 to 97% and were found to correlate to the exothermicity of the electron transfer process.  Sequential oxygen atom extraction was found to take place between the metal anions and NO and NO2. Reactions between NO2 and Fe¯ resulted in FeO¯, FeO2¯ and FeO3¯ while reactions of Cu¯ with NO2 resulted in CuO¯ and CuO2¯. Reactions of Cu¯ and Ag¯ with NO resulted in CuO¯ and AgO¯ respectively. 


Introduction
Electron attachment processes are most significant at low electron energies, approximately 15 eV and below.[1] The process of attaching electrons to neutral molecules can be described in terms of the resonance model, where a neutral molecule (AB) captures an incoming electron to form an excited state (AB*¯) (Supplemental Information, Figure S1, A) or a neutral molecule in an excited state captures an incoming electron to form a stable product anion (Supplemental Information, Figure S1,B).[2-5] This attachment can result in two different ‘trapping mechanisms’ with which the electron is attached, and are referred to as shape or Feshbach resonances.[4] Once an electron is attached to a molecule, elastic/inelastic scattering as well as dissociative/non-dissociative processes can occur.[4]  Dissociative attachment occurs when there exists a resonant state of the correct asymptotic form that prevents electron emission and allows dissociation to occur (Supplemental Information, Figure S1, C). 
Numerous electron attachment studies of NO, NO2 and SO2 (with electron affinities of 0.024, 2.2730 and 1.1070 eV, respectively)[5-7] have demonstrated that these neutral molecules dissociate into various fragments under electron impact at low electron kinetic energies in the gas phase via the scheme in ‘Supplemental Information, Figure S1, C’.[8-15] 

[bookmark: _GoBack]Dissociative Electron Attachment to NO, NO2 and SO2 
Fragments associated with electron attachment to NO were first detected by Tate et al. in 1932.[8] They inferred that electron attachment had occurred by measuring the atomic anion currents associated with O¯ formation from NO.[8] This assessment was confirmed by a number of authors as mentioned by Sambe et al.[9]  O¯ is observed around electron resonance energies of 8-9 eV, as well as a Feshbach resonance associated with N¯.[9] Of note is the study performed by Chantry et al. where the kinetic-energy distribution of the O¯ ions demonstrated that the dissociative electron attachment process in NO led exclusively to the production of O¯ and a N atom in an excited state.[10]
Electron attachment to NO2 yields O¯ at resonance energies of 1.4, 3.1 and 8.3 eV.[11] The authors also observe NO¯ and O2¯ anions, similar to the results reported by Abouf et al.[11, 12] Electron attachment to SO2 yields O¯, S¯ and SO¯ as observed in an electron attachment study reported by Spyrou et al.[13] In the study they report onset energies of 4.55 and 7.3 eV for the formation of O¯, 4.2 and 7.24 eV for the formation of S¯ and 4.85 eV for the formation of SO¯, within experimental error of two similar studies reporting such values.[14, 15] 
While both electron attachment and electron transfer result in the transfer of electrons, many key differences exist. These differences, as well as their implications, will be discussed in the next section. 

Atomic Electron Transfer
	Electron transfer reactions are similar to electron attachment reactions in that the transfer of an electron from one molecule/atom to the next occurs according to the Franck-Condon condition, i.e. at constant atomic coordinates,[16] according to the following relation: 


					Scheme 1
where M¯ is the molecular/atomic anion, AB is the initial neutral molecule, M¯[AB] and M[AB]¯ represent the encounter complex before and after the electron transfer (Supplemental Information, Figure S1, D) and E‡ represents an energy barrier to electron transfer.[16, 17] The rate constants kc and kb represent the initial formation and dissociation of the encounter complex while kp represents the kinetic bottleneck that can occur when an internal energy barrier for electron transfer is present due to the geometries of M¯[AB] differing from M[AB]¯.[16-18] For exothermic reactions, when the chemical barrier to electron transfer (E‡) is low, kp >> kb and formation of the encounter complex is rate limiting and proceeds at near collision rates.[19,20] Since formation of the encounter complex is nearly independent of temperature, these reactions will proceed with little to no temperature dependence.[19,20] In situations where an exothermic reaction possesses a large internal energy barrier, kp << kc or kb, passage over this barrier becomes rate limiting and a positive temperature dependence is associated with the reaction rate.[21-24]  Prior experiments and calculations performed by Kebarle et. al. found that rate constant calculations regarding exothermic electron transfer reactions between simple molecules and NO2/SO2 were in good agreement with the theoretical predictions.[16]
As noted from electron attachment experiments to NO, NO2 and SO2, even small structural differences between the neutral molecule and product anion can prevent the formation of the intact product anion (Supplemental Information, Table S1). Dissociative electron attachment typically stems from the nature by which electrons approach the neutral molecule (reaction kinetics) and changes to the molecule’s internal energy.[18-20] Electronic transitions are rapid on the nuclear time scale, in the Franck-Condon region.[20, 21] Due to this, the nuclear geometry associated with the ground state of the neutral molecule will not be immediately altered from an electronic transition creating an anion.[20, 21] The resultant anion is thus formed in an energy level above the ground state of the intact molecular anion (Supplemental Information, Figure S1, A).[20, 21] As noted by Marcus other factors beyond Franck-Condon, such as internal energy also affect charge transfer.[19] To account for this, he added a term within his theory describing the vibrational modes of the reaction coordinate (as well as the solution surrounding it, which is not applicable in the gas phase) to account for changes in internal energy of the transition state.[18] Therefore, if the electronic transition of the reaction coordinate corresponds to a high enough vibrational energy level, the anion can then follow a dissociative pathway (Supplemental Information, Figure S1,C).[20, 21] This effect is displayed within the aforementioned cases of electron attachment to NO, NO2 and SO2, where the difference in bond length, bond angles (Supplemental Information, Table S1) and internal energy between the neutral and anionic molecules are such that a dissociative pathway (Supplemental Information, Figure S1, C) becomes the saddle point of the transition state and the molecules are unable to form intact product anions. One method to avoid this transition would be to excite the vibrational states of the molecule prior to electron attachment,[5] or transfer an electron via another atom/molecule (Supplemental Information, Figure S1, D).[16, 18] Via scheme 1 (see also Supplemental Information, Figure S1, D) the use of atomic anions to transfer electrons to neutral molecules alters the time scale significantly, allowing the correct geometries and internal energies to be achieved through the formation of an initial encounter complex, allowing an intact product anions to be formed.[18-20, 22-24] Characteristics of both the incident anion and neutral target molecule/atom affect electron transfer, one of which is electron affinity.[20]
Atomic metals have some of the lowest electron affinities of the periodic table.[5] Therefore, they have the potential to transfer electrons to neutral reactants with high efficiency, enabling the formation of intact product anions due to the dynamics of electron transfer.[18] Recently, a method developed by Curtis et. al. and Attygale et al. have allowed these atoms to be easily studied in the gas phase.[25, 26] 
[bookmark: _Toc378588281]Production of Atomic Metal Anions

Pioneering work to produce a significant flux of AMAs was performed by Sallans et. al. in 1983.[27] They reported that atomic metal anions can be produced in good yields in a Fourier transform mass spectrometer (FTMS) utilizing collision-induced dissociation (CID) of anionic metal carbonyl complexes and argon.[27] Their initial experiments utilized Cr(CO)5¯ formed by a 12.9 eV, 150-ms electron beam pulse on Cr(CO)6 at approximate pressures of 5 x 10-8 torr. After another 100 ms, an 18.5 eV CID pulse was applied for 0.100 ms, and a 100-ms CID interaction time was used against Ar at 6 x 10-6 torr.[27] Following this, all other ions were ejected from the FTMS except Cr¯, allowing subsequent reactions of Cr¯ with neutral substrates via leak valves.[27] The sequential loss of CO ligands from a metal anion complex produces the atomic metal anion as per the following general scheme:
M(CO)x + e¯  M(CO)x¯  M¯ + x(CO)
where M is the metal center and ‘x’ is the number of CO ligands. In this manner, Sallans et al. were able to generate the atomic transition-metal anions V¯, Cr¯, Fe¯, Co¯, Mo¯, and W¯ via CID of the corresponding metal carbonyl negative ions in a FTMS.[28]  
The electron affinity of CO is likely negative, based on G3MP2B3 level calculation [5, 6], meaning that the production of atomic metal anions via CID of metal carbonyl anions is exothermic. CO2 is another small molecule with negative EA.  The utility of CO2 as a leaving group was noted by Curtis et al. after observing the decomposition of metal-oxalate complexes in the gas phase.[29] Curtis et al. performed collision induced dissociation of K and Ag oxalate anion complexes in the gas phase and were able to produce atomic metal anions via the loss of neutral CO2  using an electrospray ionization source in a triple quadrupole mass spectrometer.[29] The process can be generalized as follows: 
M(CO2)x¯  M¯ + x(CO2)
where (CO2)x represents the oxalate dianion and M is the metal center. It is theorized by Curtis et al. that the high production of AMAs is enabled largely via the negative electron affinity of CO2 (-0.6 eV),[30] but is also affected by the electron affinity of the metal, the size of the metal, and the strength of the bond between the carbon and metal within the complex.[29, 31] 
In addition to metal-oxalate complexes, other dicarboxylic acid salts such as maleate, fumarate and succinate were observed to produce AMAs such as Na¯, K, Cs¯, Ag¯ via CID at ambient temperatures using an ESI source by Attygale et. al.[25] 
Previous studies have characterized the reactions of various AMAs with metal carbonyls[28] and acids,[28, 32] simple thiols, sulfides and disulfides,[33] methyl halides containing a single atom of either F, Cl, Br or I,[34] halogenated and nitro containing alkanes [26] and alcohols and hydrocarbons.[35] Both electron transfer and halogen abstraction has been previously observed with large fluorinated compounds, such as pentafluorophenol and pentafluoroaniline. [36] In the current study we examine the utility of atomic metal anions for forming polyatomic anions that cannot be generated by electron transfer, notably NO, NO2 and SO2.  

Materials and Methods
Experimental Method
Electrospray ionization (ESI) mass spectrometry experiments were accomplished using a Micromass Quattro-LC triple-quadrupole mass spectrometer equipped with a Z-spray source, while running the MassLynx 3.5 operating system. Metal oxalate solutions were prepared by combining 2 moles of oxalic acid with 1 mole of a metal salt at concentrations on the order of 10-1 mol/L in methanol. Solutions were subsequently placed on a Daiger Vortex-Genie 2 shaker and allowed to shake for approximately 30 minutes before being diluted to a final working concentration of 10-4 mol/L or lower. Solutions containing iron typically required a 3:1 mole ratio for best results. This is due to the binding of two oxalic acid molecules to the 3+ oxidation state of the iron salt used, rather than one molecule of oxalic acid required for 1+ oxidation state metals, to produce a net negative charge.  A flow rate of 50 ul/min was used to pump solutions through the capillary tube of the ESI source.  Capillary, cone and extractor voltages of the ESI source were set to 2.96 kV, 42 V and 7 V, respectively. The ESI source temperature was set to 80⁰C in order to limit clustering.[37]
The atomic metal anion’s m/z ratio was selected with the first quadrupole (Supplemental Information, Figure S2, Metal Anion Selector). Entrance and exit voltages of the hexapole collision cell (Supplemental Information, Figure S2, Collision Cell) were set to 50 eV while the collision energy remained variable. The purity of the metal anion beam was then tested via collisions with argon at 8 x 10-4 bar, using lab frame collision energies up to 75 eV. Polyatomic impurities at the set m/z will dissociate at these collision energies while the pure atomic metal anions will not. Only if no fragment ions were detected was the selected m/z then allowed to undergo reactions with neutral gas-phase reactants in the hexapole collision cell, in the absence of argon. Neutral gaseous molecules were bled into the hexapole collision cell via a gas line attached to the cell. Lab frame collision energies, up to 50 eV, were tested during each experiment. The pressure of the neutral reactants were kept constant throughout an experiment. Reaction products were then detected via the third quadrupole (Figure S2, Product Anion Selector). The median intensity of the signals present in a mass spectrum is first computed to estimate the background present. Only m/z signals possessing an intensity greater than twice the median spectrum intensity are used for further analysis. Relative intensities of individual m/z signals were calculated by dividing the specific ion’s intensity by the total ion intensity present in the spectrum (excluding background intensities). All reactants tested were at least UHP grade.

NO, NO2, and SO2 geometries were optimized using the UHF/3-21G* level of theory.  using the Gaussian 09 suite of programs.[38] 

Results and Discussion

Electron Transfer to NO, NO2 and SO2

Reactions of AMAs with NO, NO2 and SO2 yielded anionic/neutral products resulting from electron transfer, adduct formation and atom abstraction. All reactions of Ag¯ and Cu¯ were confirmed for both isotopes. 
Figure 1 displays typical product anions of reactions between gaseous AMAs and neutral NO. Reactions with NO and atomic Cs¯, Fe¯ and Cu¯ yielded electron transfer to NO. Electron transfer from Cs¯ and Cu¯ to NO required threshold energies of 0.92 eV and 0.60 eV centre-of-mass collision energy (Ecom) respectively, while Fe¯ required no threshold energy and Ag¯ did not react. Fe¯ transferring an electron to NO is an endothermic reaction; therefore a threshold energy should be observable. The lack of such an observation suggests that the energy distribution of the AMA is so broad that the threshold is not observable under the current reaction conditions. The maximum relative abundances (based on percentage yield of all ions in the spectrum) of electron transfer from Fe¯, Cs¯, Cu¯ and Ag¯ to NO were 56.4% at 9.5 eV Ecom (Fe¯), 18.4% at 9.2 eV Ecom (Cs¯), 3.3% at 15 eV Ecom (Cu¯) and 0% (Ag¯). 
Figure 2 shows selected mass spectra of typical product anions resulting from reactions between gaseous AMAs and neutral SO2. Threshold energies for all electron transfer reactions were 0 eV Ecom.  Maximum relative abundances for electron transfer to SO2 producing SO2¯ from Fe¯, Cs¯, Cu¯ and Ag¯ were 76% at 16 eV Ecom (Fe¯), 61% at 4.8 eV Ecom (Cs¯), 72% at 14.8 eV Ecom (Cu¯ ) and 24% at 22 eV Ecom (Ag¯).   
Figure 3 exhibits typical product anions resulting from reactions between gaseous AMAs and neutral NO2. Similar to reactions with SO2, onset energies for all electron transfer reactions were 0 eV.  Maximum relative abundances for electron transfer from Fe¯, Cs¯, Cu¯ and Ag¯ to produce NO2¯ were 100% at 13.5 eV Ecom (Fe¯), 97% at 0 eV Ecom (Cs¯), 84% at 0 eV Ecom (Cu¯) and 100% at 14.84 eV Ecom (Ag¯).   

[bookmark: _Toc378686791]Formation of [FeO]¯, [FeO2]¯ & [FeO3]¯ 

The formation of [FeO]¯, [FeO2]¯ and [FeO3]¯ from reactions with neutral NO2 implies a multiple collision reaction mechanism of Fe¯ with NO2 or the presence of a triply oxygenated neutral species, such as N2O4. The equilibrium between NO2 and N2O4 has been well documented,[39-42] the gas phase equilibrium constant for the reaction being 1.7 x 102 mol/L.[43] At such low relative pressures of N2O4, a sequential mechanism is most likely.  However, it is known that reactions can take place between NO2 and air and water in the inlet system,[44] and so reactions with impurities cannot be ruled out. A study of [FeO]¯, [FeO2]¯ and [FeO3]¯ using photoelectron spectroscopy revealed that each sequential addition of oxygen increases the electron affinity of the molecule.[45] The electron affinities of the ground states of FeO, FeO2, and FeO3 were found to be 1.50, 2.36 and 3.26 eV.[45] Semi-empirical calculations suggest that [FeO2]¯ is of the form [O-Fe-O]¯ rather than [Fe(O2)]¯.[46]  The authors of the previous photo-detachment study suggest that the relatively high experimentally derived electron affinity of FeO2 is inconsistent with the low electron affinities associated with Fe and O2 and therefore of a side bonded Fe(O2) (I) or a linear/bent Fe-O-O (II) type of structure.[47] They go on to suggest that the removal of a non-bonding d electron from a linear [FeO2]¯ molecule of the form of O2--Fe3+-O2- would result in the high electron affinity that was measured experimentally; due to the stability of the d5 configuration associated with a Fe3+ oxidation state.[47]  Furthermore, based on laser ablation studies performed by Andrews et al., the most stable form of [FeO2]¯ was determined to be [O-Fe-O]¯ with a bond angle of about 141 degrees.[48] The photoelectron spectrum of [FeO3]¯  obtained by Wu et al. suggests a highly symmetric trigonal planar structure of [FeO3]¯, similar to that of D3h FeO3.[45] Interestingly, the electron affinity of FeO4 does not increase in the same manner as FeO, FeO2 and FeO3.[45] Wu et al. suggest that FeO3 contains the maximum known oxidation state of the Fe atom (+6).[45] As such, any additional oxygen atoms will be unable to further oxidize the Fe centre, clearly illustrated by the levelling off of the electron affinity of FeO4.[45] This lack of a further increase in electron affinity explains why the [FeO4]¯ is never observed within this experiment and the highest Fe adduct observed is [FeO3]¯.[45] Additionally, increasing Ecom favours the formation of [FeO]¯ over [FeO2]¯, while both are favoured over the formation of [FeO3]¯ (Figure 4). This may be the result of an entropically driven reaction mechanism, or fewer collisions as a result of the higher collision energies. It should be noted that the formation of [FeO]¯, [FeO2]¯ and [FeO3]¯ are clearly less favourable than electron transfer to NO2, occupying at maximum ~15% of the observed relative abundance (Figure 4). 

[bookmark: _Toc378686792]Formation of [AgO]¯, [CuO]¯ & [CuO2]¯

Collisions of Cu¯ with NO2 produced [CuO]¯ and [CuO2]¯ (Figure 3C). The neutral reactant in a single collision reaction could be NO2 or N2O4 molecule (or other impurity) present in the supply of NO2. Similar to the reaction of Fe¯, addition of O via sequential collisions is most likely. The molecular connectivity of the [CuO2]¯ anion could be either [O-Cu-O]¯ or [Cu(O2)]¯. A previous study using LPES to probe electron affinities found that of the two isomers, Cu(O2) had an electron affinity of 1.50 eV, while O-Cu-O had an electron affinity of 3.46 eV, suggesting that it is the thermodynamically favoured product isomer.[49] CuO possesses an electron affinity  of 1.77 eV as measured via LPES.[50] NO possesses an electron affinity of 0.024 as measured via LPES.[5] Therefore, both reaction products, [CuO]¯ and [CuO2]¯, should retain a negative charge after a reaction with NO2, as noted in Figure 3C.  This trend within the electron affinity is comparable to Fe¯ becoming increasingly stable with the sequential addition of O atoms, resulting in a thermodynamically driven reaction scheme. Increasing the Ecom of these collisions favours the formation of [CuO]¯ over [CuO2]¯ (Figure 4), suggesting its formation is entropically favoured or fewer collisions occur at higher collision energies. Both [CuO]¯ and [CuO2]¯ formation are less favourable than electron transfer, occupying at maximum ~2% of the observed relative abundance (Figure 4). Ag¯ and Cu¯ also react with NO to form [AgO]¯ (in high yield) and [CuO]¯ (trace) (Figure 1C & D). 
Trends Resulting from Electron Transfer to NO, NO2 and SO2
When the relative abundance of product anions [NO]¯, [NO2]¯ and [SO2]¯  produced via electron transfer from AMAs (Cs¯, Fe¯, Cu¯ and Ag¯) are compared to the electron affinities of the AMAs, an obvious trend emerges (Table 1). Within the results, increasing electron affinity of the neutral molecule increases the relative intensity of [NO]¯, [NO2]¯ or [SO2]¯ produced from collisions with each respective AMA. Relative reaction enthalpies support this conclusion as well, and have been included in the Supplemental Information, Tables S2 and S3. The experimental results, relative electron affinities and enthalpies suggest that for a specific neutral, R, increasing the EA of the metal does not necessarily decrease the electron transfer to form R¯.  Electron transfer appears to be most favorable for the reactions that are closest to thermoneutral, i.e., involving the metal with the EA closest to that of the molecule.  The exception is the high yield of [NO2]¯ from reactions with Cs¯.
Further information can be gleaned from the trends resulting from analysis of the temperature dependence of the electron transfer reactions. The reactions of Cs¯/Cu¯ with NO producing NO¯ and Cs/Cu show a positive dependence on the Ecom, while the reaction of Fe¯ with NO (producing NO¯ and Fe) shows little to no change in NO¯ relative abundance with increasing Ecom (Figure 5). This is direct experimental evidence of the endothermic nature of electron transfer between the AMAs and NO.  All metal anions show a positive dependence on the centre-of-mass collision energy when transferring electrons to SO2, even when, thermodynamically, the reactions are exothermic (Supplemental Information, Table S3) (Figure 6).  This indicates the existence of an energy barrier in the electron transfer step (scheme 1).[16] Interestingly, all metal anions show a negative temperature dependence or no temperature dependence (for the case of Fe¯) when reacting with NO2 (Figure 7). This provides experimental evidence of the exothermic nature of these reactions (Supplemental Information, Table S3) while suggesting no internal energy barriers exist for the reactions.[16]

[bookmark: _Toc378686793]Conclusions 

The reactions of AMAs with small neutral molecules (NO, SO2 and NO2) possessing electron affinities approximately below (NO)/similar to (SO2)/well above (NO2) the metal anions demonstrates that AMAs are able to transfer electrons to neutral molecules with high efficiency. Moreover, reactions of Fe¯/Cu¯ with NO2 were found to produce multiply substituted metal centred product anions, though the participation of impurities caused by reactions of NO2 with the inlet system cannot be ruled out. Further investigations into the reactivity of AMAs will no doubt yield findings of applicability and interest to the field of anion/electro-chemistry. 
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Table 1. Product distribution at the collision energy corresponding to the maximum relative abundances of NO¯, SO2¯ and NO2¯. The electron affinity (EA) of each reactant and metal are also listed. 
	Reactant
(R)
	M¯
	EA (M)
(eV)
	Relative Abundance (%)

	
	
	
	R-
	M-
	MOn-

	NO
EA  0.024 eV
	Fe-
	0.15
	38
	62
	

	
	Cs-
	0.47
	20
	80
	

	
	Cu-
	1.22
	4
	96
	

	
	Ag-
	1.3
	0
	69
	31

	SO2
EA  1.1070 eV
	Fe-
	0.15
	65
	35
	

	
	Cs-
	0.47
	69
	31
	

	
	Cu-
	1.22
	73
	27
	

	
	Ag-
	1.3
	4
	96
	

	NO2
EA  2.2730 eV

	Fe-
	0.15
	82
	13
	5

	
	Cs-
	0.47
	97
	3
	

	
	Cu-
	1.22
	84
	14
	2

	
	Ag-
	1.3
	96
	4
	





Figure Captions
Figure 1. Characteristic mass spectra of (A) Cs¯ (B) Fe¯, (C) 65Cu¯ and (D)107Ag¯ reactions with neutral NO gas. Note that the appearance of NO2¯ in the reaction with Cu¯ was determined to be an artifact.  The Y axis represents total ion abundance (absolute intensity) while the X axis represents mass to charge ratio (m/z). Pressures of NO gas range from; (A) 2.2 x 10-4, (B) 1.5 x 10-4, (C) 1.6 x 10-4 and (D) 3.5 x 10-4 torr. Centre of mass collision energy was set to (A) 0.92 eV, (B) 0 eV, (C) 0.95 eV and (D) 0 eV.
Figure 2. Characteristic mass spectra of (A) Cs¯ (B) Fe¯, (C) 65Cu¯ and (D)107Ag¯ reactions with neutral SO2 gas. The Y axis represents total ion abundance (absolute intensity) while the X axis represents mass to charge ratio (m/z). Pressures of SO2 gas range from; (A) 1.2 x 10-4, (B) 1.4 x 10-4, (C) 1.3 x 10-4 and (D) 1.8 x 10-4 torr. Centre of mass collision energy was set to (A) 1.92 eV, (B) 0 eV, (C) 0 eV and (D) 3.75 eV.
Figure 3. Characteristic mass spectra of (A) Cs¯ (B) Fe¯, (C) 65Cu¯ and (D)109Ag¯ reactions with neutral NO2 gas. The Y axis represents total ion abundance (absolute intensity) while the X axis represents mass to charge ratio (m/z).Pressures of NO2 gas range from; (A) 2.8 x 10-4, (B) 2.0 x 10-4, (C) 1.1 x 10-4 and (D) 1.4 x 10-4 torr. All centre of mass collision energies were set to 0 eV. 
Figure 4. Relative intensities of (A) Fe¯ and (B) 65Cu¯ adducts from reactions with NO2¯. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of NO2 gas range from (A) 1.4 x 10-4 and (B) 1.1 x 10-4 torr.
Figure 5. Relative intensities of (A) 65Cu¯, (B) Cs¯ and (C) Fe¯ with NO. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of NO gas range from; (A) 1.6 x 10-4,  (B) 2.2 x 10-4 and (C) 1.5 x 10-4 torr.
Figure 6. Relative intensities of (A) 107Ag¯, (B) 65Cu¯, (C) Cs- and (D) Fe¯ with SO2. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of SO2 gas range from; (A) 1.8 x 10-4, (B) 1.3 x 10-4, (C) 1.4 x 10-4 and (D) 1.2 x 10-4 torr.
Figure 7. Relative intensities of (A) 109Ag¯, (B) 65Cu¯, (C) Cs¯ and (D) Fe¯ with NO2¯. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of NO2 gas range from (A) 3.5 x 10-4, (B) 1.1 x 10-4, (C) 2.0 x 10-4 and (D) 1.4 x 10-4 torr.



Figure 1. Characteristic mass spectra of (A) Cs¯ (B) Fe¯, (C) 65Cu¯ and (D)107Ag¯ reactions with neutral NO gas. Note that the appearance of NO2¯ (noted in the reaction with Cu¯ and Cs¯) was determined to be an artifact.  The Y axis represents total ion abundance (absolute intensity) while the X axis represents mass to charge ratio (m/z). Pressures of NO gas range from; (A) 2.2 x 10-4, (B) 1.5 x 10-4, (C) 1.6 x 10-4 and (D) 3.5 x 10-4 torr. Centre of mass collision energy was set to (A) 0.92 eV, (B) 0 eV, (C) 0.95 eV and (D) 0 eV.





Figure 2. Characteristic mass spectra of (A) Cs¯ (B) Fe¯, (C) 65Cu¯ and (D)107Ag¯ reactions with neutral SO2 gas. The Y axis represents total ion abundance (absolute intensity) while the X axis represents mass to charge ratio (m/z). Pressures of SO2 gas range from; (A) 1.2 x 10-4, (B) 1.4 x 10-4, (C) 1.3 x 10-4 and (D) 1.8 x 10-4 torr. Centre of mass collision energy was set to (A) 1.92 eV, (B) 0 eV, (C) 0 eV and (D) 3.75 eV.


Figure 3. Characteristic mass spectra of (A) Cs¯ (B) Fe¯, (C) 65Cu¯ and (D)109Ag¯ reactions with neutral NO2 gas. The Y axis represents total ion abundance (absolute intensity) while the X axis represents mass to charge ratio (m/z).Pressures of NO2 gas range from; (A) 2.8 x 10-4, (B) 2.0 x 10-4, (C) 1.1 x 10-4 and (D) 1.4 x 10-4 torr. All centre of mass collision energies were set to 0 eV. 






Figure 4. Relative intensities of (A) Fe¯ and (B) 65Cu¯ adducts from reactions with NO2¯. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of NO2 gas range from (A) 1.4 x 10-4 and (B) 1.1 x 10-4 torr.
[image: C:\Users\Jeffery\Desktop\Paper 2\Figures\Figure 5.emf]
[bookmark: _Toc378588242]Figure 5. Relative intensities of (A) 65Cu¯, (B) Cs¯ and (C) Fe¯ with NO. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of NO gas range from; (A) 1.6 x 10-4,  (B) 2.2 x 10-4 and (C) 1.5 x 10-4 torr.
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Figure 6. Relative intensities of (A) 107Ag¯, (B) 65Cu¯, (C) Cs- and (D) Fe¯ with SO2. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of SO2 gas range from; (A) 1.8 x 10-4, (B) 1.3 x 10-4, (C) 1.4 x 10-4 and (D) 1.2 x 10-4 torr.
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Figure 7. Relative intensities of (A) 109Ag¯, (B) 65Cu¯, (C) Cs¯ and (D) Fe¯ with NO2¯. The Y axis represents relative intensity (%) while the X axis represents centre of mass collision energy (eV). Pressures of NO2 gas range from (A) 3.5 x 10-4, (B) 1.1 x 10-4, (C) 2.0 x 10-4 and (D) 1.4 x 10-4 torr.
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