Locating the Proton in Nicotinamide Protomers via Low-Resolution UV Action Spectroscopy of Electrosprayed Solutions 
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Abstract
Even in relatively simple molecules, the sites of protonation or deprotonation formed upon electrospray ionization can be controversial.  This situation means that it is important to develop new approaches for identifying “protomers” and “deprotomers”.  In this study, we demonstrate that routine, low-resolution UV laser photodissociation spectroscopy can be applied to identify the gaseous protomers of nicotinamide formed upon electrospray.  Nicotinamide is an important biological molecule that possesses multiple protonation sites associated with its pyridine and amide groups.  We obtain a gas-phase absorption spectrum for protonated nicotinamide that closely resembles the solution-phase spectrum.  However, photoexcitation of protonated nicotinamide produces numerous ionic photofragments, and the spectral profiles for production of these photofragments from protonated nicotinamide reveal the existence of two distinctive chromophores, which can be traced to the existence of pyridine and amide protomers.  We observe that these protomers are associated with absorption bands centred at 4.96 and 4.73 eV, respectively, with the protomers appearing in an approximate ratio of ~2:1.  The fact that the considerably less favourable amide protomer is observed in substantial quantities in the gas-phase is surprising given that the pyridine protomer is the lower-energy species in both solution and the gas-phase.  The high amounts of amide protomers observed here can be explained as arising from asymmetric pyridine protomer-amide bound dimers, present in solution or in the electrosprayed droplets, which lead to enhanced formation of the unexpected amide-protonated isomers.  
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1.  Introduction
There has been a keen debate over recent years relating to the influence of electrospray ionization on the location of protonation and deprotonation sites of electrosprayed ions.1-9  This debate is important as electrospray mass spectrometry is now being used increasingly to probe solution-phase reactions.10-12  Following on from work by Kass and Oomens on para-hydroxybenzoic acid,1-5 Roithova and co-workers performed a seminal investigation of how the electrospray process affects the gas-phase ratios of deprotonated isomers of this molecule.6  NMR was used to probe the solution-phase structures and ion-mobility mass spectrometry (IM-MS) to identify the gas-phase isomers.  They were able to show that while the carboxylate isomer is preferred in solution irrespective of the solvent, the opposite is true for the gas-phase isomers.  However, the exact ratio of isomers formed in the gas-phase depended strongly on the ESI solvent, pH and solution concentration.6-9,13 These results led Roithova and co-workers to conclude that the gas-phase populations do not exactly match the solution-phase populations, but are a reflection of the situation in solution.   More generally, this means that it is very important to have tools available to accurately determine the identity of “protomers” and “deprotomers”,14-17 and also to have a full understanding of how gaseous populations relate to solution-phase populations as a function of experimental conditions.

Towards this end, recent studies have investigated the general applicability of IM-MS for correctly identifying protomers or deprotomers. 8,9,13,16,17  This is of critical importance given how broadly IM-MS is being applied to determine the structures of protonated peptides, as well as other proton-labile biological and pharmaceutical ions.18  Von Helden and co-workers very recently tested the applicability of IM-MS for detecting protomers by combining it with mid-range IR spectroscopy using a free-electron laser to spectroscopically identify the protomers of benzocaine.8  This work was important as it showed the advantages of using an IR spectroscopic approach to definitively identify protomers, avoiding the most significant difficulty associated with IM-MS analyses of these systems, that of correlating the experimental and calculated collision cross sections.9  
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Figure 1:  Schematic diagram of the structures of cis- and trans-nicotinamide, illustrating the possible protonation sites (N1H, N8H, O9Ha, and O9Hb).

In this work, we report the first UV laser photodissociation spectroscopy study of gaseous protonated nicotinamide, produced from aqueous solution using electrospray ionisation.  Nicotinamide can be protonated at either the pyridine nitrogen or on the amide side chain (Figure 1),19 and may therefore exist as protomers following electrospray.  Our goal in this study is to establish whether relatively low-resolution UV spectroscopy of ambient temperature, electrosprayed ions can be used to distinguish between different protonation sites within a small aromatic molecule.  We focus here on both characterising the protonation of nicotinamide and, more importantly, in testing the utility of our straightforward laser spectroscopic approach,20,21 as a suitable methodology for identifying small protomeric ions generated via electrospray.
The nicotinamide (NA) moiety is a constituent of the important biological coenzyme nicotinamide adenine dinucleotide (NAD).22   NA is a known UV absorber with an absorption profile that varies with pH.19  Molecular extinction coefficient measurements as a function of pH have indicated that the two isosbestic points observed are associated with protonation of the amide and pyridine sites of NA, hence there is considerable interest in gaining a definitive understanding of the effect of NA protonation sites on the UV absorption spectrum.  An additional motivation for the current study is the fact that NA has received significant recent media attention as a possible oral and topical sunscreen.23-25 The UV spectroscopy conducted in this work allows us to assess the intrinsic suitability of NA as a photoprotector.

2. Methods
Gas-phase UV photodissociation experiments were conducted in an AmaZon ion-trap mass spectrometer, which was modified for the laser experiments as described in detail elsewhere.20 This instrument has all the advantages of a commercial mass spectrometer (flexible ion sources, mass selection and isolation of primary and secondary ions and fragments via MSn schemes, etc), coupled with the ability to record UV absorption and photodissociation spectra in a routine manner.  The UV photons in these experiments were produced by an Nd:YAG (10 Hz, Surelite) pumped OPO (Horizon) laser, giving ~1 mJ across the range 215-345 nm. The laser step size was 1 nm, and the laser beam was focused as described in Ref 20.  Photofragmentation experiments were run with an ion accumulation time of 100 ms. A fragmentation time of 300 ms was employed, so that each mass selected ion packet interacted with three laser pulses.  However, due to the fact that the ions are continually circulating within the ion cloud, the probability of multiphoton excitation of an ion is very low.  This was verified by conducting laser power studies across the scanned spectral range (Section S1 of the SI), which showed that ion photodepletion was linear with respect to laser power, consistent with no multiphoton dissociation of the ions studied here. The photodepletion intensity (PD) of the clusters and the photofragment production (PF) have been calculated using equations 1 and 2 and are presented as a function of the photon energy. 
			[1]
 		[2]
Where IntON and IntOFF are the peak intensities with laser on and off, IntFrag is the fragment intensity with laser on, λ is the excitation wavelength (nm) and P is the laser pulse energy (mJ). Solution-phase UV absorption spectra (aqueous solution, 3x10-5 mol dm-3, acidified with HCl) were recorded using a Shimadzu 1800 UV spectrophotometer with a 1 cm UV cuvette, using distilled water as a baseline.  

Solutions of NA (1 x 10-5 mol dm-3) in deionised water were introduced to the mass spectrometer through electrospray ionisation using a nebulising gas pressure of 10.0 psi, an injection rate of 300 µL/hr, a drying gas flow rate of 8.0 L min-1, and a capillary temperature of 140oC.  NA was purchased from Sigma Aldrich and used without purification. The voltages applied to the ion optics were tuned to maximise the ion signal of protonated NA (m/z = 123) using the automated tuning capabilities of the trapControl (Bruker) software.  A small number of additional experiments were conducted of NA in pure acetonitrile solution (1x10-4 mol dm-3).  Full laser spectral scans were not conducted for the protonated NA produced from acetonitrile solutions, but photodissociation mass spectra were recorded at selected photon energies, including 250 and 263 nm (4.73 and 4.96 eV). 

Calculations were performed using density functional theory at the MN12-SX/6-311+G** level as implemented in Gaussian 09.26-29 All reported structures (including fragments) correspond to true minima as confirmed by frequency calculations.  All protomers of NA were reoptimised using the polarized continuum model to approximate solvation effects. Time dependent-density functional theory (TD-DFT) was used to calculate vertical excitation energies for protonated NA.  

3. Results and Discussion
3.1 UV absorption spectra of NA∙H+: Gas phase and solution phase
Protonated nicotinamide, NA∙H+, is readily produced upon electrospray ionization of solutions of NA.  Figure 2a displays the gas-phase absorption spectrum (recorded via photodepletion) 20,21,30 of mass-selected NA∙H+ across the 3.6−5.8 eV range.  Mass-selection is a key feature of our experimental approach since it means that the gas-phase photodepletion spectra we record are unambiguously associated with the m/z selected ion.  This situation is quite distinct from solution-phase UV spectroscopy, where spectra can be polluted by the presence of aggregates or chemical species formed via various decay process of the initial chemical species.  We find that NA∙H+ displays strong photodepletion in the UV, with a photodepletion onset around 3.7 eV.  The spectrum can be described in terms of three regions: a weak, broad region at the low-energy range of the spectrum associated with a shallow increase in photodepletion between 3.7 – 4.45 eV (I); a strong, well- resolved band peaking at 4.85 eV (II); and another strong photodepletion region that peaks above 5.8 eV (III), causing an increasing photodepletion cross-section at the high-energy end of the spectrum. 
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Figure 2:  a) Gas-phase photodepletion spectrum (absorption spectrum) of NA∙H+ across the range 3.6-5.8 eV (345 – 215 nm).  The solid line is a five-point adjacent average of the data points. b) Aqueous absorption spectrum (3x10-5 mol dm-3) of nicotinamide at pH = 1.

For comparison, the aqueous (mildly acidic) absorption spectrum of NA is displayed in Figure 2b.  The spectrum agrees well with a previously published one.19,31 The aqueous NA∙H+ absorption spectrum has two main bands: a broad peak centred around 4.75 eV and a band associated with the increasing absorption above 5.7 eV.  The 4.75 eV feature has been attributed to a π→π* transition, with the absorption coefficient increasing with increasing acidity.19 Fine structure is just visible at 4.64 and 4.87 eV in the absorption spectrum. These features are also seen in the absorption spectrum of the related molecule, pyridine, and have been assigned as vibrational fine structure.32,33 Comparing the gas-phase photodepletion spectrum to the solution-phase absorption spectrum, the main absorption band is blue shifted by 0.1 eV on moving from solution to the gas-phase, while the band peaking above 5.8 eV (III) is unresolved in both spectra.  It is interesting to note that the weak, region I-feature evident in the gas-phase photodepletion spectrum is quenched in the solution-phase spectrum.  

To gain further insight into the nature of the excited state (or excited states) being accessed across the gaseous absorption spectrum, we now turn to analysing the cationic photofragments produced following photoexcitation across the 3.6-5.8 eV range.  

3.2 Photofragmentation of NA∙H+
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Figure 3:  Photofragment difference (laser on - laser off) mass spectrum of NA∙H+, excited at the photodepletion maximum of 256 nm (4.84 eV). * indicates the depleted NA∙H+ ion signal.


Figure 3 displays the difference (laser on - laser off) photofragment mass spectrum of NA∙H+, irradiated at the photodepletion maximum of 256 nm (4.84 eV).  The m/z = 80, 96 and 106 photofragments appear prominently, and are also the major fragment ions produced upon low-energy collision-induced dissociation (CID) of the ground-state NA∙H+.  The CID results for NA∙H+ are presented and discussed in Sections S3 and S4 of the SI.  The m/z = 124 photofragment is also prominent, but is thought to be a secondary photofragment formed upon addition of water to the m/z = 106 fragment in the ion trap.34 Additional photofragments with significant intensity are observed at m/z = 50-53, 78, 79 and 107.  The low-mass fragments (m/z = 50-53) are seen in the electron impact (EI) mass spectra of NA and pyridine and are masses associated with fragments of the pyridine ring.35,36 Specifically, the EI spectrum of nicotinamide shows the 49-52 cluster of peaks in a similar ratio to the 50-53 cluster in the photodissociation spectrum, consistent with these fragments originating from NA and NA∙H+, respectively.   (Further data for the m/z = 78, 79, 107 and 124 photofragments is presented in Section 5 of the SI, along with a full discussion of the production pathways of these minor photofragments.)

Photofragment action spectra are acquired simultaneously with the photodepletion spectrum in our instrument, providing a complete picture of the wavelength dependent fragmentation products.  Figure 4 displays the action spectra of the prominent m/z =106, 96 and 80 photofragments.  The action spectrum of the m/z = 106 fragment (Figure 4a) shows a strong band centred at 4.73 eV and a weaker band centred at 4.06 eV.  The strong band is red shifted by ~0.12 eV relative to the absorption maximum, II (Figure 2a), while the weaker band is far more prominent than the weak absorption band in region I of the total absorption spectrum.  Additionally, the fragment with m/z = 106 shows a steep decline in production above 4.7 eV to a low baseline at ~5.8 eV, despite the fact that the NA∙H+ absorption profile is increasing between 5.6 - 5.8 eV.  It is likely that this drop-off in the m/z = 106 fragment at high-energies arises as a result of the m/z = 106 photoion fragmenting due to high internal energy above ~5.0 eV (Section S3 of the SI).
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Figure 4:  Photofragment action spectra of the fragments with m/z = a) 106, b) 96 and c) 80 produced following photoexcitation of mass-selected NA∙H+ ions, across the range 3.56 – 5.8 eV.  The solid line is a three-point adjacent average of the data points.

The photoproduction spectrum of the fragment with m/z = 96 (Figure 4b) is notably different from that of fragment m/z = 106 (Figure 4a), with a production onset at ~3.7 eV, an unresolved weak band between 4.0 – 4.4 eV and a resolved strong band peaking at 4.96 eV to higher energy than the dominant feature in the m/z = 106 spectrum.  In further contrast to the m/z = 106 fragment spectrum, the m/z = 96 ion displays an increasing profile to the higher-energy range of the spectrum.

Figure 4c shows the action spectrum of the m/z = 80 fragment.  This spectrum is again distinctive from the spectra of the m/z = 106 and 96 fragments, and displays a weak band between 4.0 – 4.4 eV, a sharp peak at 4.73 eV, and a broad absorption shoulder centred around 4.94 eV.  Like the m/z = 96 fragment, the m/z = 80 ion fragment also increases in intensity towards the high-energy region of the spectrum.  Comparison of the m/z = 80 spectrum with the m/z = 106 and 96 spectra indicates that the m/z = 80 spectrum contains features that are present in each of the m/z = 106 and 96 spectra.  For example, the m/z = 80 spectrum could be deconvoluted so that it contains bands centred at 4.73 (common with the m/z=106 fragment) and 4.96 eV (common with the m/z=96 fragment).  This indicates that the m/z = 80 photofragment can be produced via two distinctive pathways, one which is also associated with the m/z = 106 fragment and the other associated with the m/z = 96 fragment.  The structural identities of the m/z = 106, 96 and 80 fragments will be examined in Section 3.4.

Analysis of the photofragment action spectra reveals that two distinctive chromophores of the NA∙H+ moiety are present; one chromophore is associated with the spectrum that includes the sharp band centred at ~4.7 eV, while the second is associated with the spectrum that includes the broader absorption band centred around 4.9 eV.   All three fragment spectra display absorption between 4.0-4.4 eV (region I of the NA∙H+ absorption spectrum), although absorption in this region is stronger in the m/z = 106 fragment spectrum.  A straightforward explanation for the existence of two chromophores associated with NA∙H+ would be the presence of two distinct gaseous protomers.  In the next section, we present quantum chemical calculations of the NA∙H+ moiety to investigate the properties of the protomers of NA.

3.3 Quantum Chemical Calculations of the Protomers of Nicotinamide
Structures of NA∙H+ were optimised with the additional proton bonded to each carbon, nitrogen and oxygen atom of NA (Section S2 of the SI).  As expected, the lowest-energy protonation locations were found to be the heteroatom, namely the pyridine nitrogen N1H, the amide nitrogen N8H and the amide oxygen O9H (Figure 1).  For each of these protonation sites, two conformers exist, associated with either a cis or trans orientation of the amide nitrogen with respect to the pyridine nitrogen.37,38 In addition to these cis/trans isomers, two distinct oxygen-protonated structures of NA are possible, where the excess proton points into open space (O9Ha) or is aligned towards the molecule (O9Hb).
  
Table 1: Relative computational energies of the optimised conformers of gas-phase NA∙H+ and the computed rotational barrier height for amide rotation, calculated using the MN12-SX functional with the 6-311+G** basis set.
	
	Relative Energy
(cis) / kJ mol-1
	Relative Energy
(trans) / kJ mol-1
	Rotational Barrier
Height / kJ mol-1

	N1H
	6.71
	0.0
	17.43

	N8H
	111.72
	117.44
	37.92

	O9Ha
	53.02
	55.52
	31.85

	O9Hb
	44.85
	45.37
	19.04



The relative electronic energies of the different NA∙H+ isomers as well as the calculated amide rotational barrier heights are listed in Table 1. This data shows that protonation at the pyridine nitrogen produces the lowest-energy protomer, followed by protonation at the amide oxygen, and then the amide nitrogen. These calculations indicate that the N1H protomer should dominate in the gas-phase.39 Additional calculations to assess the solution-phase energies of the protomers revealed that the N1H protomer is also the lowest-energy protomer in aqueous solution (Section S2 of SI).  (For simplicity, O9Hb will be referred to as O9H from this point since O9Hb was found to be substantially lower in energy than O9Ha.)  We note that the cis and trans isomers display similar relative energies for all of the protomers, and it is therefore likely that both cis and trans forms of a particular protomer will be produced in the gas phase given the size of the barrier heights.  Mixtures of cis and trans isomers of analogous aromatic amides have indeed been spectroscopically observed in the gas phase previously.40-43  

TD-DFT calculations were performed to obtain theoretical excited state spectra for the lowest-energy pyridine N1H and amide O9H protomers.  These spectra are presented in Figure 5 and show that the absorption spectra associated with these two protomers are dramatically different.  Further TD-DFT calculations are included in Section S6 of the SI, along with discussion of the orbitals involved in the electronic excitations.
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Figure 5:  Calculated TD-DFT excitation energies of a) the N1H and b) O9Hb protomers of NA∙H+.  The oscillator strengths of individual transitions (red for the cis isomers and blue for the trans isomers) are given by the vertical bars, while the full line spectrum is a convolution of the calculated spectrum with a Gaussian function (0.25 eV HWHM).  The excitation energies in the figure have been red-shifted by 0.5 eV to allow for the known tendency of TDDFT to overestimate the excitation energy.44 

Comparison of the calculated spectra with the photofragment spectra reveals that the profile of the calculated pyridine protomer spectrum (Figure 5a) is very similar to the experimental spectrum for the m/z = 96 photofragment (Figure 4b).  There is also good general agreement between the shapes of the calculated amide protomer spectrum (Figure 5b) and the m/z = 106 photofragment spectrum (Figure 4a).  For the amide protomer, the prominent band calculated to appear at ~4.25 eV appears to correspond well to the experimental feature seen at ~4.1 eV in the m/z=106 channel.  In addition, the calculated spectrum of the pyridine protomer displays a main absorption band over the scanned region at ~5 eV, while the amide isomer main band peaks at a lower energy ~4.8 eV.  The difference in band maxima predicted by the TD-DFT calculations (0.18 eV) is therefore in good agreement with the difference in the observed experimental band maxima (0.23 eV).  The very good agreement between the spectral profiles and shift in the band maxima between the individual photofragment spectra and the calculated protomer spectra gives strong support to our assignment of the different photofragment spectra as originating due to the presence of two distinctive chromophores of NA∙H+ associated with two protomers.  This leads us to assign the m/z = 106 photofragment spectrum as arising from the amide protomer (which displays the lower-energy band maximum) and the m/z = 96 photofragment spectrum as arising from the pyridine protomer.  

3.4 Further discussion of the photofragmentation pathways following assignment of the pyridine and amide protomer spectra 
The assignment of the photofragmentation spectra to two distinct protomers of NA∙H+ given above is further supported by considering the possible identities of the photofragments with m/z = 106 and m/z = 96.  With reference to the possible structures given in Scheme 1, the m/z = 106 fragment seems certain to be structure 106a which could readily originate from an amide protonated parent ion via loss of a neutral NH3 molecule. Such loss of small neutral molecules from “even electron” organic ions via heterolytic rearrangement reactions is well known.45,46 In contrast, a pyridine protomer that produced a m/z = 106 fragment would likely result in the exotic structure 106b.  The tailing off in the m/z = 106 photofragment ion signal at high energies (Figure 4a) is entirely consistent with the presence of the 106a structure, since this ion can readily lose CO at high internal energy to produce an m/z = 78 ion (Section S3).  

Scheme 1: Potential structures for the observed ionic fragments of protonated NA and computed energies of production (in eV)
	Designation
	Fragment Mass

	
	106
	96
	80
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	2.04
	3.30
	2.79

	b
	

	

	


	
	4.07
	1.57
	0.67












Similarly, the m/z = 96 fragment ion seems very likely to correspond to the 96b structure, which can be readily formed from the pyridine protomer by loss of a neutral HCN unit.  Section S3 of the SI includes calculations of fragmentation pathway energetics that provide quantitative support for these qualitative arguments.  Pathways for production of the m/z = 80 fragment via loss of neutral HNCO from both the pyridine N1H and amide O9H protomers are also included in Section S3 of the SI. 

3.5 Relation of electrospray generated protomers of NA∙H+ to solution-phase properties 
The relative populations of the pyridine and amide protomers can be estimated by comparing the photofragment ion intensities uniquely associated with fragmentation of each protomer.  This can either be done by simply comparing the observed experimental photoion intensities, or through a Beer-Lambert law analysis, using the TD-DFT transition intensities.  Full details of this analysis are given in Section S7 of the SI.  Using these two approaches, we estimate that the pyridine:amide protomers are present at between a ~4:1 to 1:1 ratio in the gaseous ion population.  An excess of the pyridine protomer is consistent with the general shape of the gaseous absorption spectrum which is resembles the m/z = 96 photofragment, and also with the aqueous solution-phase spectrum.   

The pyridine:amide protomer ratios following electrospray are intriguing given the fact that the pyridine protomer is calculated to lie considerably lower in energy (by 45 kJ/mol) than the amide protomer, both in solution and the gas-phase.  (Relative energies of ~45 kJ/mol would be expected to give a ratio of 4x105:1.39)  In the other recent studies of the effect of the electrospray process on protomer/deprotomer rations, observations of unexpected isomer ratios following electrospray have been attributed to kinetic bottlenecks that occur during the dynamical electrospray process.  However, in these other studies, the molecules investigated displayed one isomer as the lower-energy species in solution, with the second isomer as the lower-energy isomer in the gas-phase.  The situation in our experiment is different because NA∙H+ should exist almost exclusively as the pyridine protomer in solution under mildly acidic conditions, and there would seem no driving force to produce the higher-energy amide protomer on going from solution to the gas-phase.  

One explanation for the higher than expected quantities of the amide protomer could lie in the known propensity of nicotinamide to form dimers, both in the gas and condensed phase.47,48 The unprotonated form of NA has been shown to adopt symmetric amide-amide bound dimer structures.  It is useful to consider whether similar dimers could be playing a role in our system.  We repeated the measurements presented in this study using pure acetonitrile as the solvent (both with and without an added acid), and also varied the electrospray conditions (drying temperature, source voltages, etc) but observed remarkably little difference in the ratio of amide:pyridine protomers produced in the gas phase.  It is even more surprising that amide protomers are produced in substantial quantities from an aprotic solvent. Ionic dimers have been suggested to play a role in determining the observed protomer and deprotomer ratios in earlier studies of how electrospray influences the observed gas-phase structures.6 Indeed, such dimers are the key gas-phase species used in the kinetic method for measuring gas-phase thermochemical properties.49-51 Although such dimers may not be dominant in bulk solution, the electrospray process enhances their concentration through the desolvation process.  

If the dominant pyridine protomer associates with a neutral NA molecule in solution (or during desolvation), it seems likely that the electropositive excess proton will be attracted by the electronegative amide oxygen, producing an asymmetric pyridine-amide bound dimer.  Such structures could readily facilitate transfer of the excess proton to the amide functional group, thus enhancing production of the amide protomer.  The very recent work of Xia and Attygalle is interesting in this context.13 They observed an extremely strong influence of the physical source conditions of the electrospray on the ratios of deprotomers of the p-hydroxybenzoic acid molecule.  Although they failed to directly observe protonated dimers, their findings are consistent with source-induced break-up of preformed dimers.  Further consideration of the role of dimers in determining the gas-phase ratios of electrosprayed protomers and deprotomers seems warranted.  The results observed for the amide-containing molecule studied here indicate that proton-transferring dimers may play important roles in determining the final protonation sites of electrosprayed protonated peptides.  

4. Concluding Remarks
The intrinsic photophysics and photochemistry of NA is of current interest as it has received significant attention as a potential sunscreen or cell photoprotector, both in topical skin application and when taken orally.23-25 Since NA is a common ingredient in many skin creams and other cosmetic products,52,53 a fundamental understanding of its intrinsic photostability is important.  The gas- and solution-phase absorption spectra of NA∙H+ (Figure 2a), clearly show that the UV absorption profile is rather weak across the UVA-UVB range (3.1-4.43 eV), only increasing significantly within the UVC region.  In line with this, there is relatively low production of photofragments across the important UVA-UVB range indicating that NA∙H+ has good photostability across this region.  While the intrinsic properties of NA could vary from those of NA∙H+, NA could exist as the protonated form upon skin application given the mildly acidic pH of human skin.54 Overall, the results presented above suggest that although topical of NA is not likely to offer direct UV photoprotection via a typical sunscreen mechanism,55 it is entirely safe in terms of its intrinsic properties with respect to sun exposure.  

Over recent years, advances in ion trapping techniques, often coupled with cryogenic ion cooling have led to a profusion of elegant IR and UV laser photodissociation spectroscopic studies of electrospray generated, gas-phase molecular ions.56-63 While IR characterization is generally the tool of choice for obtaining geometric information on a specific system, such studies can present significant challenges due to issues relating to spectral interpretation.64 In addition, many of these IR ion spectroscopy experiments have used free-electron lasers to produce the IR photons, which produces challenges in terms of logistics and necessarily time-limited access.  UV spectroscopy has been demonstrated to be a viable alternative technique for determining the structures of gaseous ions, and some of these studies have already focused on identifying protonated isomers.  For example, Trevitt and co-workers have recently used laser photodissociation spectroscopy to measure the UV spectra of protonated quinolone and isoquinoline, generated from separate, isomerically pure solutions.65 Jouvet and co-workers have conducted a similar experiment on geometric isomers of protonated aminophenol,66 although using cryogenic cooling to reduce the internal temperature of the ions.  In both sets of experiments, the gas-phase UV spectra were indeed distinctive for different isomers.  However, the protonated nicotinamide studied in the current work provides a more challenging test system since any protomers must be distinguished from isomers generated in a single solution. 
 
The UV photofragment action spectra for different fragments of NA∙H+ are striking in that they display distinctive spectral profiles. These have been readily assigned as arising from the presence of two chromophores for the NA∙H+ ion generated via electrospray.  These chromophores are associated with two protomers where the proton is attached to either the pyridine centre or the amide group.  As discussed above, there have been a small number of very recent studies that have identified similar isomeric molecules using very advanced custom-built instrumentation or complicated two-photon laser techniques,65-67 but this is the first study to illustrate that such structural isomers can be identified via the application of table-top low-resolution UV laser spectroscopy in an adapted commercial mass spectrometer.  The results presented herein show the possible potential of this approach as a new method for detecting protomeric molecules.  The technique employed here could offer an alternative to the IM-MS technique for molecular systems with suitable chromophores.  Further work is warranted to explore the generality of this approach in other protomeric/deprotomeric systems. 
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S1. Laser Power Dependence of the Photodepletion of Protonated Nicotinamide.
In order to verify that one photon processes were occurring under the given experimental conditions (300 ms fragmentation time, 1.0 mJ pulse energy) a power study was undertaken at 260 nm, close to the photodepletion maximum of protonated nicotinamide, Figure S1. Photodepletion was found to increase linearly with the pulse energy of the laser, indicating that only one-photon processes were occurring during the experiment.
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Figure S1: 	Power study comparing the photodepletion of protonated nicotinamide with the average laser pulse energy at 260 nm. The photodepletion shows a linear increase with laser power










S2. Computational Results: Protonation, Stability and Amide Rotation.
i. Structures and Energies of protonated NA
Calculations were conducted as described in the main text. The relative energies of all protonation sites are given in Table S1 with the cis and trans structures for the four lowest energy protonation sites given in Figure S2. The relative energies of the aqueous structures of protonated nicotinamide are given in Table S2.
A relaxed potential energy scan of the amide group was performed for the N1H, N8H, O9Ha and O9Hb structures, in order to calculate the barrier heights for cis/trans isomerism. Potential energy scans are given in Figure S3, with the corresponding barrier heights given in Table S1.
Table S1: Relative computed energies of the optimised structural isomers of protonated NA, calculated using the MN12-SX functional with the 6-311+G** basis set.

	Structurea
	Relative Energy (cis) / kJ mol-1
	Relative Energy (trans) / kJ mol-1
	Amide Rotation Barrier Height / kJ mol-1

	N1H
	6.71
	0.0
	17.43

	N8H
	111.72
	117.44
	37.92

	O9Ha
	53.02
	55.52
	31.85

	O9Hb
	44.85
	45.37
	19.04

	C2H
	245.70
	-
	-

	C3H
	231.24
	-
	-

	C4H
	264.98
	-
	-

	C5H
	223.16
	-
	-

	C6H
	247.51
	-
	-


a - For atom label definitions, see Figure 1 of the main text.
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Figure S2: 	Optimised structures of nicotinamide protonated at the pyridine nitrogen (N1H), amide nitrogen (N8H), amide oxygen with H pointing away from the molecule (O9Ha) and amide oxygen with H pointing towards the molecule (O9Hb). Given in both cis- and trans- orientations.
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Figure S3: 	Potential energy scans of the rotation of the amide group in nicotinamide, protonated at the pyridine nitrogen (N1H), amide nitrogen (N8H), amide oxygen with H pointing away from the molecule (O9Ha) and amide oxygen with H pointing towards the molecule (O9Hb). Structures close to 0 o or 360o are cis, structures at 180o are trans.










Table S2: 	Relative computed energies of the optimised structural isomers of aqueous, protonated NA, calculated using the MN12-SX functional with the 6-311+G** basis set. The solvation was implicitly described using the polarizable continuum model (PCM)
	Structurea
	Relative Energy (cis) / kJ mol-1
	Relative Energy (trans) / kJ mol-1

	N1H
	1.93
	0.0

	N8H
	90.01
	89.96

	O9Ha
	55.07
	54.89

	O9Hb
	55.46
	55.91




a - For atom label definitions, see Figure 1 of the main text.















S3. Collision-Induced Dissociation (CID), Results and Fragmentation.
[image: C:\Users\CED-Group\Documents\PhD Files\Nicotinamide\Writing\Figures\Figure 3, CID - NA, 5 Fragments.tif]Low-energy collision induced dissociation (CID) was performed on isolated protonated NA to determine the thermal fragments.  Figure S4 presents the relative intensities of the protonated NA parent ion, and the corresponding fragment ions as a function of applied CID energy.  (The CID energy at which the parent ion intensity decreases to 50 % of the total ion intensity, E1/2, is 18.6 % of the maximum 2.5 V CID energy.) 
Figure S4: 	% Fragmentation decay curves for protonated nicotinamide upon low energy CID.  Onset plots for production of the associated fragment ions are also shown. 
Figure S4 shows that there are three major thermal decay products of protonated NA at m/z = 80, 96 and 106, along with two lower-intensity fragments at m/z = 78 and 124.  To establish which of the different possible structures is produced in the CID experiment, structures of potential fragments were optimised using Gaussian 09 and secondary CID experiments were performed.  One complication relates to the fact that the excess proton may occupy either the O9H or N8H position and it may not be possible to definitively determine the distribution of structures that are present in the gas phase using UV spectroscopy. These structures are hence grouped as amide protonated NA; additionally, the N1H structure will be referred to as pyridine protonated NA. 
The primary CID fragments were isolated within the ion trap and collisionally fragmented (MS3). Secondary CID, Figure S5, shows that fragment 106 thermally decays into fragment 78 via the loss of 28 mass units (CO), and that fragment 106 can add 18 mass units (H2O) within the ion trap to produce fragment 124. This suggests that fragment 106 is either 106a or 106b (Section S2). Additionally, fragment 96 shows a very low conversion into fragment 78 (Loss of 18 mass units) upon collisional heating. The addition of 18 mass units to fragment 78 to produce fragment 96 again occurs spontaneously within the ion trap. The high intensity of fragment 96 in the CID experiment suggests that secondary production from fragment 78 (which only appears in trace intensities) is unlikely to be significant, and therefore direct production should dominate. The low efficiency of fragmentation via the loss of water suggests that fragment 96 is primarily produced as a species that is chemically isolated from fragment 78, i.e. 96b produced from N1H (Scheme S2). Fragment 80 was only produced directly from protonated nicotinamide and did not thermally fragment.
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Figure S5: 	Secondary CID (MS3) mass spectra of the collision-induced decay fragments with m/z = a) 106, b) 96 and c) 78. Fragments were isolated following the CID of protonated nicotinamide with 20% of the maximum CID energy. The mass spectra were recorded using CID energies of 22 %, 28 % and 0 % for ions with m/z = 106, 96 and 78 respectively.
The overall energy change required to produce each of the CID fragments has been investigated computationally. The overall energy change required to produce a fragment is different from the activation energy of a mechanism, the total change is, however, indicative of which mechanisms can occur. The production energy of a fragment is estimated as the difference in electronic energy between the fragment and neutral loss with the parent ion. The MN12SX functional was used to optimise potential fragment structures and neutral loss molecules using the 6-311+G** basis set. The reference energies of protonated NA were taken from the lowest energy structures of pyridine protonated and amide protonated NA (trans-N1H and cis-O9Hb respectively). The production energies are given in Table S3. Suspected primary CID fragments are given in Scheme 1 of the main text and proposed low intensity CID fragments with m/z = 78 and 124 are given in Scheme S1. 

Table S3: 	Calculated production energies of the proposed collision-induced dissociation fragments of protonated nicotinamide. Fragment production energies are relative to the structures of the lowest energy amide and pyridine protonated nicotinamide structures dependant on the production route.
	Fragment
	
	Initial Structure
	Neutral Loss
	Production Energy (eV)

	106
	a
	O9H
	NH3
	2.04

	
	b
	N1H
	NH3
	4.07

	96
	a
	O9H
	HCN
	3.30

	
	b
	N1H
	HCN
	1.57

	80
	a
	O9H
	HNCO
	2.79  

	
	b
	N1H
	HNCO
	0.670

	78
	a
	O9H
	H3NCO
	4.81

	
	b
	N1H
	H3NCO
	5.01

	124
	a
	O9H
	-
	0.656

	
	b
	N1H
	-
	0.069



	



Scheme S1:	Potential structures for the low-intensity ionic fragments of protonated NA produced during CID.

	
	Fragment Mass

	Designation
	78
	124

	a
	

	


	b
	

	











It can be seen that the production of fragment 106 is most favourable as the direct loss of ammonia from the protonated amide side chain. Production of fragment 106 via the loss of a radical or from the N1H structure is prohibitively unfavourable, compared with the production of 106a (Scheme S2). Production of fragment 96 is slightly more comparable between N1H and O9H than fragment 106. However, a difference of more than 1.7 eV favouring production from N1H suggests that production from pyridine protonated NA must dominate. Production of fragment 80b from N1H is more favourable than production of 80a from O9H by over 2 eV so is assigned as the major production route (Scheme S2). 
	Fragments 78 and 124 show the most similar production energies from N1H and O9H. For fragment 78, the lowest direct fragment production is calculated at ~1.96 eV over the production of fragment 96, which may explain why it is only seen in trace quantities. Fragment 124 shows the lowest overall production energies for all fragments, however, this fragment can only be produced by replacing an NH3 with H2O in the molecule. As such, the production of fragment 124 must be dependent on the concentration of water within the ion trap as well as the ability of protonated NA to fragment via the loss of NH3, which is the least significant major fragmentation mechanism. Therefore, it is sensible that fragment 124 only appears as a minor fragment.
The calculated energies of production are strongly indicative that the three major CID fragments can only be produced as dominant fragments if more than one isomer is present in the gas phase. Whilst these calculations cannot estimate the activation energy for production, it can be speculated that the quanta of energy required to induce fragmentation under the experimental conditions is ~2-3 eV.
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S4. Scheme of the CID and Photo-induced Fragments of Protonated Nicotinamide. 
[image: C:\Users\CED-Group\Documents\PhD Files\Nicotinamide\Chemdraw Structures\Photofragments Flow Chart new 2.tif]Scheme S2:	Flowchart of proposed CID and photodissociation fragments of protonated nicotinamide. Red outlines indicate the lowest energy amide protonated structures and blue outlines show the lowest energy pyridine protonated structures. Structures are grouped according to their production mechanisms.
S5. Additional Photofragment Mass Spectra and Action Spectra of minor Photofragments.
i) Additional Photofragment Mass Spectra
[image: C:\Users\CED-Group\Documents\PhD Files\Nicotinamide\Writing\Figures\ESI Figure 4.71 and 4.96 eV photofragment spectra.tif]Figure S6 shows the photofragmentation mass spectra of protonated nicotinamide irradiated at 4.96 and 4.71 eV, these wavelengths are chosen due to them being maxima in the production spectra of fragments 106 and 96 respectively. It can be seen that the relative abundancies of the photofragments (notably m/z = 80 and 96) vary significantly with the wavelengths, indicating that the production of these fragments occurs through different absorption bands.
Figure S6: 	Photofragment mass spectra with an excitation photon energy at 4.96 and 4.71 eV. Despite a modest change in photon energies, the ratio between fragments 96 and 106 varies greatly, indicating a different source.* indicates protonated NA (m/z = 123).



ii) Photofragment Production Spectra of fragments with m/z = 78 and 124

Figure S7 contains the photofragment production spectra of the low intensity CID fragments with m/z = 78 and 124. The photoproduction spectrum of fragment 78, Figure S7a, mimics the production spectrum of fragment 96, peaking at 4.92 eV. The similarities between the spectral profiles is strongly indicative of production originating from the pyridine protonated structure. The onset of the production is ~4.0 eV, this is notably larger than the production of intense CID fragments (which are seen below 3.7 eV) reflecting that the thermal production of fragment 78 more unfavourable than the production of intense CID fragments. We note that there is no resolved feature in the production spectrum of 78 relating to secondary fragmentation of fragment 106, seen during secondary fragmentation of fragment 106. An explanation for this is that the secondary reaction of fragment 106 becomes prominent above 5.2 eV, this is a region where the production of fragment 78 is intense, which may mask the additional production.
Fragment 124 has previously been observed in the MS3 CID spectrum of fragment 106, its production was attributed to the addition of water in the ion trap to produce protonated nicotinic acid (m/z = 124). The photoproduction spectrum of fragment 124, Figure S7b, shows a production onset of ~3.8 eV leading to a production maximum at 4.73 eV before decreasing to zero at 5.8 eV, the spectral profile mimics the production spectrum of fragment 106. Fragment 124 can be assigned as a secondary fragment of 106, produced through the addition of water in the ion trap. Similar to fragment 78, the low production intensity below 4 eV is reminiscent of the low intensity during CID.
It can be concluded that the photoproduction of fragments 78 and 124 occurs in the electronic ground state, following internal conversion from the excited state surface via a similar process to fragments 106, 96 and 80. These fragments have an onset of production that occurs within the experimental range that is larger than the onset of fragments 80, 96 and 106. The production onset is directly related to the activation energy of production in the electronic ground state and hence explains the low intensity in the CID experiment. In the high energy spectral region of the experiment, these fragments resolve the chromophores relating to production from pyridine and amide protonated nicotinamide. 
[image: C:\Users\CED-Group\Documents\PhD Files\Nicotinamide\Writing\Figures\Photoproduction of Weak CID fragments.tif]
Figure S7: 	Photofragment action spectra of fragments with m/z = a) 78 and b) 124, across the range 3.55 – 5.8 eV. A three-point adjacent average curve is included for each plot.

iii) Photofragment Production Spectra of fragments with m/z = 79 and 107

The photoproduction action spectra of fragments 79 and 107 are given in Figure S8. Potential structures of fragments 79 and 107 are given in Scheme S3 and computational estimations of the production energies are given in Table S4. The action spectrum of fragment 79, Figure S8a, strongly resembles the production spectrum of fragment 106, with two resolved peaks at 4.20 and 4.75 eV, suggesting a common origin. Fragment 79 is therefore likely to be the radical cation of pyridine (79a) produced from amide protonated NA. Interestingly, the production of this fragment from O9H is calculated to have an overall production energy of 4.34 eV in the ground state. Since the fragment is produced well below the calculated production energy, we speculate that the pyridine radical cation is therefore produced in a dissociative excited state. The observation of fragment 79 with a similar intensity to fragments 106 and 124 (Figure S6), which are produced with similar spectral profiles, suggests that excited state fragmentation is competitive with electronic relaxation. The major difference between the spectral profile of fragment 79 with other amide protonated fragments is the increase in production intensity above 5.4 eV. In this region, the production of fragments 106 and 124 troughs. This change is indicative of a second source of fragment 79. 
Fragment 107 is produced via the loss of an NH2 radical (16 mass units) from protonated NA. The production spectrum, Figure S8b, has an onset at 4.26 eV with production increasing to a maximum at 5.10 eV before decreasing to zero by 5.8 eV. Production of 107a from N1H and 107b from O9H has been calculated to be unfavourable by 4.81 and 5.57 eV respectively, production from N1H is therefore likely to dominate. The production maximum is blue-shifted by ~0.25 eV from the photodepletion maximum. This is likely to be due to the production of this species being hindered by the activation energy for this process over the photodepletion maximum of 4.85 eV. The decrease in production to zero from 5.1 to 5.8 eV can be explained by MS3 CID performed on 107 photofragments, as 107 is seen to thermally decay to fragment 79 (Figure S9). Above an excitation energy of 5.1 eV, it is likely that the internal energy present in the 107 fragments, following its photoproduction, is sufficient to induce further fragmentation via the loss of CO. This behaviour is reminiscent of fragment 106. The secondary production of fragment 79 may explain the increase in the production spectrum of fragments 79 above 5.2 eV.












[image: C:\Users\CED-Group\Documents\PhD Files\Nicotinamide\Writing\Figures\Figure 8, Photoproduction of PID only fragments.tif]
Figure S8: 	Photofragment action spectra of fragments with m/z = a) 79 and b) 107, across the range 3.55 – 5.8 eV. A three-point adjacent average curve is included for each plot.

















Scheme S3: 	Schematic structures of the proposed photofragments of protonated NA

	
	Fragment Mass-to-Charge Ratio
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Table S4: 	Calculated production energies of the suspected photodissociation fragments of protonated nicotinamide. Fragment production energies are relative to the structures of the lowest energy amide and pyridine protonated nicotinamide structures dependant on the production route.
	Fragment
	
	Initial Structure
	Neutral Loss
	Production Energy (eV)

	79
	a
	O9H
	·OCNH2
	4.34

	
	b
	N1H
	·OCNH2
	4.60

	107
	a
	O9H
	·NH2
	5.57

	
	b
	N1H
	·NH2
	4.81
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Figure S9: 	Secondary CID (MS3) mass spectrum of the photofragment with m/z = 107. Fragment 107 was isolated following the irradiation of protonated nicotinamide at 260 nm. CID was performed on fragment 107 using 16 % of the maximum 2.5 V CID energy.



















iv) Photofragment Production Spectra of fragments with m/z = 50, 51, 52 and 53

Figure S10 shows the production spectra of the photofragments with m/z = 50 – 53. These fragments are commonly seen as fragment markers for pyridine rings. The structures and fragmentation mechanisms of these fragments are not considered in detail in this work. As with other fragments discussed above, there is a distinction within the photoproduction spectra of fragment production peaking around 4.73 eV (m/z = 50 and 53) and 4.96 eV (m/z = 51 and 52). This behaviour can be attributed to production of these fragments from either amide or pyridine protonated nicotinamide precursors.





[image: C:\Users\CED-Group\Documents\PhD Files\Nicotinamide\Writing\Figures\Fragments 53 - 50 without guiding lines.tif]
Figure S10: 	Photoproduction spectra of the photofragments of protonated NA with m/z = a) 53, b) 52, c) 51 and d) 50, across the range 3.55 – 5.8 eV. A three-point adjacent average curve is included for each plot. Fragments 53 and 50 show an intense production band at ~4.7 eV whereas fragments 52 and 51 peak at 4.9 eV.

S6. TD-DFT Excitation Spectra of the Protonation Site Isomers of Nicotinamide.
Time-dependent density functional theory (TD-DFT) has been used to calculate the excitation spectra of protonated nicotinamide. The MN12-SX functional, using the 6-311+G** basis set, produced absorption spectra that qualitatively reproduced the trends in the photoproduction spectra, given in the main text. TD-DFT consistently overestimated the gaseous excitation energies by 0.5 eV for all of the structures of protonated nicotinamide, the spectra have therefore been offset by 0.5 eV for comparison with experimental results. The average of the TD-DFT spectra for the conformational isomers (cis/trans) of each optimised structural isomer (N1H, O9Ha, O9Hb, N8H) is given in Figure S11. The energies and oscillator strengths for the calculated electronic transitions are given in Tables S5-S8. When offset by 0.5 eV, the excitation spectra of the N1H and O9Ha structures most accurately reproduced the gaseous absorption maxima observed in the photoproduction spectra. The nature of the orbitals involved in the strong electronic transitions have been inspected and are given in Tables S5-S8. It can be seen that the only structure to possess distinguishable n  π* transitions from the lone pairs in the amide group is the pyridine protonated structure. The absence of these n  π* transitions for amide protonated nicotinamide is likely to be as a result of the protonation of the carbonyl group.
[image: C:\Users\CED-Group\Documents\PhD Files\Nicotinamide\Writing\Figures\NA TDDFT 4 Structures (MN12SX, Averaged).tif]
Figure S11: 	Calculated TD-DFT excitation spectra of protonated nicotinamide averaged between the cis and trans structures of: a) N1H, b) O9Ha, c) O9Hb and d) N8H, calculated using the MN12-SX functional and shifted by 0.5 eV to lower excitation energies for comparison with the experimental results. The oscillator strengths of individual transitions are given by the vertical bars. The red and blue bars indicate electronic transitions from the cis and trans structures respectively. The full line spectrum represents a convolution of the calculated electronic transitions with Gaussian functions (0.25 eV HWHM). 
Table S5: 	Calculated transition energies and oscillator strengths of cis and trans structures of the N1H structure from TD-DFT calculations with the MN12-SX functional, shifted by 0.5 eV to lower excitation energies for comparison with the experimental results. Only transitions with oscillator strength > 0.005 are listed.
	Transition Energy (eV)
	Oscillator Strength

	cis-N1H Amide n  π* Transitions a

	3.90
	0.0057

	4.44
	0.0126

	cis-N1H π  π* Transitions

	5.01
	0.1075

	5.54
	0.0139

	cis-N1H Amide n  σ* Transitions a

	5.76
	0.0051

	trans-N1H Amide n  π* Transitions a

	3.38
	0.0097

	4.40
	0.0151

	trans-N1H Amide n  σ* Transitions a

	4.91
	0.0169

	trans-N1H π  π* Transitions

	4.93
	0.1034

	5.53
	0.0413



a Transitions originate from orbitals with electron density in the oxygen and nitrogen lone pairs of the nicotinamide







Table S6: 	Calculated transition energies and oscillator strengths of cis and trans structures of the O9Hb structure from TD-DFT calculations with the MN12-SX functional, shifted by 0.5 eV to lower excitation energies for comparison with the experimental results. Only transitions with oscillator strength > 0.005 are listed.
	Transition Energy (eV)
	Oscillator Strength

	cis-O9Hb π  π* Transitions

	4.27
	0.1177

	4.82
	0.1298

	5.73
	0.0873

	cis-O9Hb n  σ* Transitions

	4.92
	0.0087

	5.83
	0.0367

	cis-O9Hb π  σ * Transitions

	5.18
	0.0082

	5.69
	0.0528

	5.90
	0.0319

	trans-O9Hb π  π* Transitions

	4.28
	0.1196

	4.81
	0.1424

	5.67
	0.1208

	trans-O9Hb n  σ* Transitions

	5.20
	0.0087

	5.84
	0.0262

	5.87
	0.0371









Table S7: 	Calculated transition energies and oscillator strengths of cis and trans structures of the O9Ha structure from TD-DFT calculations with the MN12-SX functional, shifted by 0.5 eV to lower excitation energies for comparison with the experimental results. Only transitions with oscillator strength > 0.005 are listed.
	Transition Energy (eV)
	Oscillator Strength

	cis-O9Ha π  π* Transitions

	4.06
	0.0953

	4.66
	0.2214

	5.79
	0.1092

	cis-O9Ha n  π* Transitions

	4.55
	0.0066

	cis-O9Ha π  σ * Transitions

	4.58
	0.0094

	5.55
	0.0133

	5.75a
	0.0688

	trans-O9Ha π  π* Transitions

	4.06
	0.1312

	4.67
	0.2141

	5.76
	0.1191



a – Initial orbital is a lone pair on the pyridine nitrogen.









Table S8: 	Calculated transition energies and oscillator strengths of cis and trans structures of the N8H structure from TD-DFT calculations with the MN12-SX functional, shifted by 0.5 eV to lower excitation energies for comparison with the experimental results. Only transitions with oscillator strength > 0.005 are listed.
	Transition Energy (eV)
	Oscillator Strength

	cis-N8H π  π* Transitions

	4.19
	0.0791

	4.73
	0.2305

	5.65
	0.1319

	cis-N8H n  σ* Transitions

	4.16
	0.0073

	5.69
	0.0394

	trans- N8H π  π* Transitions

	4.14
	0.1323

	4.82
	0.1797

	5.60
	0.0421

	5.86
	0.1179

	cis-N8H n  σ* Transitions

	5.35
	0.0064





















S7. Estimating the Relative Abundancies of the Gaseous Protomers of Nicotinamide.
	Two methods were employed to estimate the abundancies of the gaseous structures of protonated nicotinamide: A simple comparison of the photoproduction of fragments and a Beer-Lambert analysis of the absorption (photodepletion) of gaseous NA using TD-DFT. The first method directly compares the production of photofragments that are associated with either the amide or pyridine protonated structures. The percentage of the gaseous population in the amide form is given by Equation 1.

Where PF263 and PF250 are the photofragment production intensities of fragments that peak at 263 nm (4.73 eV, m/z = 50, 53, 79, 106 and 124) and 250 nm (4.96 eV, m/z = 51, 52, 78, 96 and 107) respectively. Fragment 80 is not included due to its involvement in both chromophores. This method compares ΣPF263 recorded at 263 nm with ΣPF250 recorded at 250 nm, it must therefore be assumed that the peak absorption coefficients of the different structures of protonated NA are similar. The results of the fragment production (Fragment Prod.) comparison are given in Table S9.
	The second method splits the total absorption of protonated nicotinamide into the sum of its constituent parts, described using the Beer-Lambert law. Absorption coefficients of the amide and pyridine protonated structures of nicotinamide can be approximated using computational (TD-DFT) absorption spectra. (We note that there can be considerable uncertainties in these calculated intensities,1 but is a useful for comparison with the results above.) By taking absorption measurements using two excitation wavelengths (263 and 250 nm), the relative abundancies of the protomers of nicotinamide can be algebraically determined, Equations 2 - 7.



     (5)


Where An is the gaseous absorption (photodepletion) at wavelength n. xm is the abundance of ionic species m. εm,n is the absorption coefficient of ionic species m at wavelength n. The absorption coefficients of the pyridine and amide protonated structures were taken from the Gaussian-convoluted (0.25 eV HWHM), calculated TD-DFT absorption spectra of N1H and O9Ha respectively, offset by 0.6 eV. The absorption coefficients of the N1H and O9Ha structures were taken as an average of the cis and trans isomers, owing to the similar energies of these conformational isomers (Section S1). For comparison, absorption coefficients were taken at the experimentally observed maxima (263 and 250 nm) and the computationally observed maxima (259 and 249 nm).  
	The abundancies of the amide and pyridine protonated structures of NA have been estimated using two datasets: data from the absorption spectrum presented in Figure 2a and a study taking longer averages of the absorption at 250 and 263 nm. The second dataset directly compares the gaseous populations of protonated NA upon varying the solvent between water and acetonitrile. 









	Solvent
	Absorption Spectrum Data
	Fixed Wavelength Data (250, 263 nm)

	
	Fragment Prod.
	TD-DFT ε max
	Fragment Prod.
	TD-DFT ε max

	
	
	Experimental
(250, 263 nm)
	Computational
(249, 259 nm)
	
	Experimental
(250, 263 nm)
	Computational
(249, 259 nm)

	ACN
	-
	-
	-
	42.5
	37.9
	17.9

	Water
	46.1
	27.2
	6.05
	45.5
	44.1
	24.7


Table S9: 	Calculated percentage abundance of the amide protonated structure of nicotinamide produced via ESI of NA in water or acetonitrile. Data is taken from two datasets: data used in the absorption spectrum of protonated NA and data collected solely at 250 and 263 nm. Two methods are used to determine the abundance of the amide protonated structure: comparison of the photofragment production; and a Beer-Lambert analysis of the absorption using calculated (TD-DFT) absorption values at 250 and 263 nm as well as 249 and 259 nm.



Reference
1  Caricato, M., Trucks, G. W., Frisch, M. J., and Wiberg, K. B., J. Chem. Theory Comput. 2011, 7, 456.
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