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ABSTRACT 

The present study reports the first structural characterization of protonated cyameluric acid 

([CA+H]+) in the gas phase, which paves the road for prospective bottom-up research on the 

condensed-phase chemistry of CA in protonated form. A number of [CA+H]+ keto-enol isomers 

can a priori be produced, as a result of protonation on available N and O positions of precursor 

neutral CA tautomers, yet ab initio computations predict different, reduced [CA+H]+ isomer 

populations to dominate the solution and gas phases that are involved in the ion generation 

process (i.e., electrospray ionization). Infrared multiple photon dissociation spectra were 

recorded in the 990-1900 and 3300-3650 cm1 regions, and compared with theoretical 

[B3LYP/6-311++G(d,p)] IR absorption spectra of several [CA+H]+ isomers, finding a 

satisfactory agreement for the most stable monohydroxy form in the gas-phase, [1358a]+, yet 

contribution of its nearly isoenergetic OH rotamer, [1358b]+, cannot be dismissed. This is 

indicative for the occurrence of [CA+H]+ isomer interconversion reactions, assisted by protic 

solvent molecules, during their transfer into the gas phase. The results suggest that available O 

positions on neutral CA are energetically favored protonation sites in the gas phase. 
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1. INTRODUCTION 

Cyameluric acid (CA) is an s-heptazine (tri-s-triazine) derivative, characterized by the 

aromatic tricyclic C6N7 unit, and formally featuring substitution of the H atoms at the three CH 

positions by OH groups.1 Liebig and Henneberg originally reported the synthesis of CA, and its 

tripotassium (cyamelurate) salt in the middle of the 19th century,2,3,4 though Pauling et al. in 1937 

were the first postulating the existence of a “cyameluric nucleus” (C6N7) to describe the motif of 

three fused s-triazine rings.5 Ever since, a number of experimental studies on CA in the solid 

state has confirmed such hypothesis, on the basis of IR spectroscopic data analysis,6 and of 

structure elucidation via NMR spectroscopy and X-ray powder diffraction,7 while solution of 

crystal structure of CA hydrate C6N7O3H33H2O, points to the same direction.8 

A remarkable feature of neutral CA is that, disregarding the orientation of its OH groups, 

it can give rise to seventeen keto-enol tautomers.1,9,10 The favored tautomeric form in the solid 

state was the subject of controversy since the IR study by Finkel’shtein and Spridonova,6 until 

different crystal structures finally showed that a trioxo tautomer 258 (see Scheme 1 for 

nomenclature), which features the three H atoms bound to peripheral nitrogen atoms, is the most 

stable.7,8 

The relative stability of CA tautomers in the gas phase and in solution has received less 

attention, and the most comprehensive studies so far involved theoretical investigations through 

density functional theory (DFT) of the corresponding stable structures and energetics.9,11,12 The 

258 form was predicted to be the most stable tautomer in the gas phase, and its tautomerization 

to high energy-lying 136, 146, and 147 forms by means of endoergic, unimolecular proton 

transfer (PT) reactions was shown to have associated activation barriers higher than 150 
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kJ/mol.11 These energy barriers were found to be lowered by more than 100 kJ/mol through 

assistance of either water and methanol molecules to the corresponding PT reactions.12 
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Scheme 1. Nomenclature for isomers of CA in neutral (left) and protonated (right) forms (based on that 

used for CA by Alkorta et al., ARKIVOC 2004, 4, 130–136). For [CA+H]+ rotamers of a given OH group, 

the more (less) stable conformer is indicated by an ‘a’ (‘b’) label. The optimized theoretical structures 

[B3LYP/6-311++G(d,p)] for 258 and [1258a] are also shown in the lower row. 

 

In this context, it should be emphasized that there is a lack of structural information on 

protonated CA, [CA+H]+, which poses a challenge from a fundamental point of view, because 

protonation of any particular neutral CA tautomer on its available N and O positions is possible, 

thereby leading to a sizeable number of keto-enol [CA+H]+ isomers that can be formed, when 

different precursor CA tautomers are involved. In addition, gas-phase [CA+H]+ can be thought 

as a reductionistic model system, which may provide an insight at the molecular level of the 

corresponding preferred protonation sites and associated energetics, without the perturbation of 
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solvent molecules. Realizing a first structural characterization of gaseous [CA+H]+ could thus 

foster prospective bottom-up research, aimed at gaining fundamental understanding on the 

condensed-phase chemistry of CA, as well as of recently synthesized totally or partially O-linked 

s-heptazine-based polymers, especially on their photocatalytic activity towards H2 evolution 

from water.13,14,15 

The present work reports an infrared multiple photon dissociation (IRMPD) spectroscopy 

study of isolated protonated cyameluric acid. Structural information on such species is obtained 

by comparing experimental spectra in the 990-1900 and 3300-3650 cm1 regions with the 

theoretical IR absorption spectra of a number of [CA+H]+ isomers, which formally derive from 

protonation of neutral CA stable tautomers. Additional electronic structure calculations on the 

energetics of various CA and [CA+H]+ isomers in gas and solution phases, and on [CA+H]+ 

isomer interconversion reactions were performed to elucidate the most probable CA precursors 

of gaseous [CA+H]+ species, which are responsible for the IRMPD spectra. 

 

2. EXPERIMENTAL AND COMPUTATIONAL METHODS 

IRMPD experiments on [CA+H]+ ions were performed at the Centre Laser Infrarouge 

d´Orsay (CLIO) on a 7T hybrid Fourier-transform Ion cyclotron resonance mass spectrometer 

(FT-ICR MS, Bruker Apex QE), either coupled to an infrared free-electron laser (FEL),16 or to 

an optical parametric oscillator/amplifier (OPO/OPA) laser system, the latter being assisted by a 

CO2 laser,17 to record IRMPD spectra in the 990-1900 and 3300-3650 cm-1 regions, respectively. 

The synthesis of pure cyameluric acid from polymeric melon was performed following 

procedures reported previously,8 and it is described in Section S1 (Supplementary Material -SM-

) along with the associated characterization (Figures S1-4). Gas-phase [CA+H]+ species were 
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produced in an electrospray ionization (ESI) source from a solution of cyameluric acid with a 

concentration of 1x104 M and using a water/methanol 50/50 mixture as solvent. The precursor 

ions, featuring a majority of [CA+H]+, were accumulated (during 500 ms) in the hexapole ion 

trap of the instrument, where they were collisionally thermalized (to near room temperature -RT-

) using a flow of high-purity Ar buffer gas,18 and subsequently pulse-extracted towards the ICR 

cell. No traces of a complex between [CA+H]+ and one water molecule ([CA+H]+_H2O), and of 

a proton-bound dimer, i.e., [CA+H+CA]+, were detected prior to mass selection in the ICR cell 

(Figure S5). The [CA+H]+ ions (m/z 222.037) were sequentially mass-selected in the ICR cell 

and irradiated by the IR radiation delivered by either the FEL or the OPO/OPA+CO2 laser 

combination. 

In the case of FEL irradiation, [CA+H]+ ions were irradiated for 300 ms. The spectral 

bandwidth of FEL is ~ 10-20 cm-1 for  = 1000-1900 cm-1. As described elsewhere,17 in the 

alternative irradiation scheme an OPO/OPA laser system (FWHM = 3-4 cm-1 bandwidth; 

LaserVision), pumped by a non-seeded Nd:YAG laser (1064 nm, 25 Hz repetition rate, 4-6 ns 

pulse duration; Innolas Spitlight 600), was used in combination with a broadband CO2 laser, 

which was run in a pulsed mode. A 25 ms long CO2 pulse followed each OPO/OPA pulse, 

delayed each other by ~1 s. Using the OPO/OPA+CO2 laser combination, the irradiation time 

of [CA+H]+ was set to 250 ms. 

Upon resonant vibrational excitation, IRMPD of the [CA+H]+ ions produced a single 

fragment with m/z 180.015 (Figure S4, SM). At each laser wavelength, the abundances of the 

parent (Iparent) and photofragment (Ifragment) ions were recorded, and the IRMPD spectra were 

obtained by plotting the photodissociation efficiency Eff  -ln(Iparent/(Iparent+ΣIfragment)), as a 

function of the laser wavenumber. Wavelength calibration of the FEL IRMPD spectrum was 
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performed at the data treatment stage by reference to an IR absorption spectrum of a polystyrene 

film, which had been monitored online during the FEL scan while recording the [CA+H]+ 

tandem mass spectrum.19 In the case of the OPO/OPA IRMPD spectrum, an off-line calibration 

of the output wavenumber of the OPO/OPA laser, based on the IR absorption spectrum of water 

vapor,20 was used to wavelength-correct the [CA+H]+  IRMPD spectrum during data treatment. 

A theoretical exploration of the potential energy surfaces for the isolated CA and 

[CA+H]+ species was performed using density functional theory at the B3LYP level, along with 

the 6-311++G(d,p) basis sets for all atoms. In the case of CA, the geometries of nine stable 

tautomers were optimized and characterized by their harmonic vibrational frequencies. For 

[CA+H]+, twenty five isomers were optimized starting from initial guess geometries, for which a 

variety of possible protonation sites for the CA tautomers were considered. The theoretical IR 

spectra of [CA+H]+ isomers in the 990-1900 and 3300-3650 cm-1 ranges were determined using 

harmonic vibrational frequencies scaled by factors of 0.9688 (as recommended elsewhere21 for 

similar levels of theory as used in this study) and 0.955 (as previously used22 in the NH/OH 

stretching region), respectively. To facilitate comparisons between measured IRMPD and 

theoretical IR spectra, each calculated frequency was convoluted assuming a gaussian profile 

with associated widths (FWHM) of 20 and 10 cm-1 in the 990-1900 and 3300-3650 cm-1 ranges, 

respectively. 

For both CA and [CA+H]+ species, screening effects of the solvent (water and methanol) 

on the corresponding structures were accounted for by the Dielectric Polarizable Continuum 

model at the B3LYP/6-311++G(d,p) level. 

For isolated CA and [CA+H]+, and for some of these in solution, the relative total 

energies (ER), including zero-point energy (ZPE) corrections, and the relative standard Gibbs 
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free energies at 298 K (G298 K) were calculated. Relative stabilities for CA in the gas phase and 

in aqueous solution, were also determined from single point energy calculations using the MP2 

method and the 6-311++G(d,p) basis sets, based on the geometries optimized at the B3LYP/6-

311++G(d,p) level. In this MP2(Full)/6-311++G(d,p)//B3LYP/6-311++G(d,p) approach, the 

vibrational frequencies computed at the B3LYP/6-311++G(d,p) level were used to derive ZPE 

and thermal (298 K) corrections to G298 K. 

Transition state (TS) structures for conversion between pairs of [CA+H]+ isomers via 

intramolecular 1,3 proton transfer were also computed at the B3LYP/6-311++G(d,p) level, and 

the corresponding structures were characterized by vibrational analysis (one imaginary 

frequency). The minima connected by a given TS structure were confirmed by intrinsic reaction 

coordinate calculations. All of the calculations were performed using the Gaussian 09 suite of 

programs.23 

 

3. RESULTS 

The IRMPD spectra of [CA+H]+ in the 990-1900 and 3300-3650 cm-1 ranges are shown 

in Figure 1, and their assignment to specific [CA+H]+ isomers in the gas phase first required a 

theoretical exploration of the precursor keto-enol CA tautomers, both in the gas phase and in 

solution (water or methanol). The resulting stable structures of 9 out of 17 tautomers of isolated 

CA, and the corresponding values for ER and G298 K are shown in Figure S6 and Table S1 (SM), 

respectively. These species were chosen to encompass a wide range of energies, up to  146 

kJ/mol, which allows to compare the theoretical level used in this work with those of two 

previous reports.9,11 
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Figure 1. IRMPD spectra of [CA+H]+ ions. For the sake of comparison, each spectrum has been 

normalized to its own maximum photodissociation efficiency. 

 

The presently computed energy order follows that obtained at the B3LYP/6-31G(d) level 

by Alkorta et al.,9 who studied all 17 CA tautomers. Relative energies of the 258, 136, 146, and 

147 structures here are in agreement with those calculated by Liang et al. at the B3LYP/6-

31++G(d,p) level.11 The present DFT results for the five tautomers lying within 75 kJ/mol above 

the lowest energy structure (Table S1), lead to the same order of stability than MP2(Full)/6-

311++G(d,p)//B3LYP/6-311++G(d,p) computations (Table S2; SM), and to ER and G298 K 

values that are higher than those derived from the MP2 approach by a variable amount, in the 

range of 1-27 %. 
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D-PCM calculations were also performed on the five lowest-lying CA tautomers 

considered here. It is found by DFT that the stability order does not change with respect to the 

one for isolated species, and that ER and G298 K values are barely affected (within 0.4 kJ/mol) by 

the identity of the solvent considered, either water or methanol (Table S1). The same general 

trends are derived from the MP2 approach in the gas phase and in aqueous solution (Table S2). 

Under the assumption of equilibrium conditions at RT in the initial (water/methanol) solution, D-

PCM calculations consistently show that the population of the trioxo 258 form should be 

significantly favored, by about two orders of magnitude over that of the second most stable 259 

tautomer. 

Given the satisfactory agreement found between the energetics derived from different 

approaches, i.e., computation time-saving DFT and post-Hartree-Fock MP2, the former was 

chosen to treat the [CA+H]+ species. 

On the basis of CA tautomers shown in Fig. S6, a comprehensive computation of gas-

phase [CA+H]+ structures was performed, which led to the finding of 25 stable forms (Figure 

S7), named following the nomenclature for neutral species (Scheme 1). Table 1 lists the values 

of ER, G298 K, and Boltzmann population distributions for [CA+H]+ species lying at gas-phase 

relative energies below 46 kJ/mol, and the corresponding results of D-PCM calculations 

performed in water are also included. A complete list of such properties for all 25 [CA+H]+ 

isomers in the gas phase can be found in Table S3 (SM), which additionally presents D-PCM 

results in both water and methanol for some selected structures. 

 

Table 1. Computed ER, G298 K, and Boltzmann population distributions (n; derived from G298 K) of 

[CA+H]+ isomers. Values for ER and G298 K are in kJ/mol. 

Tautomer Gas phase H2O (D-PCM) 
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ER ΔG298 K n ER ΔG298 K n 

[1358a] 0.0 0.0 1 1.5 3.1 3x10-1 

[1358b] 1.3 1.3 0.6 1.7 2.8 3x10-1 

[1458a] 30.2 31.2 3x10-6 43.3 44.6 2x10-8 

[2368] 32.6 30.7 4x10-6 0.0 0.0 1 

[1258a] 38.6 38.2 2x10-7 25.1 26.3 2x10-5 

[2358] 45.9 43.9 2x10-8 7.8 8.3 4x10-2 

 

The theoretical results suggest that [CA+H]+ isomers undergo a differential stabilization 

in solution phase, which results in a marked change in order of ER with respect to that for the gas 

phase. Hence, [2368]+ is predicted to be the most stable isomer both in water and methanol, with 

[1358a]+ and [1358b]+ being nearly isoenergetic. Instead, the latter two species are lowest-lying 

in the gas phase, with an energy difference of 1.3 kJ/mol, whereas [2368]+ is the fourth most 

stable isomer lying at 32.6 kJ/mol above [1358a]+. To assess the isomers responsible for the 

IRMPD spectra, these are compared in Figure 2 to theoretical IR spectra of [1358a]+, [1358b]+, 

and [2368]+; the third most stable isomer in the gas phase, [1458a]+, is included for 

completeness. 
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Figure 2. (a) Experimental IRMPD spectra of [CA+H]+ ions. (b)-(e) Theoretical linear IR absorption 

spectra of the four lowest-energy isomers in the gas phase, including corresponding ER values (taken form 

Table 1) and overlaid with properly scaled experimental spectra. 

 

The most prominent features of the experimental spectra, i.e., six and two IR bands in the 

990-1900 and 3300-3650 cm-1 regions, respectively, are well reproduced by the theoretical 

spectra of [1358a]+ and [1358b]+. The agreement is generally most satisfactory for the lowest-

energy [1358a]+ isomer, yet the contribution of [1358b]+ cannot be neglected. This is apparent in 

the 1600-1900 cm1 range, where the shape of the intense asymmetric IRMPD band at 1680 cm1 

is matched by the convoluted (scaled) vibrational frequencies of 1677 and 1694 cm1, ascribable 

to in-plane deformations of the C6N7 nucleus of [1358a]+, though two related modes of [1358b]+ 

are computed nearby, at 1675 and 1696 cm1. Likewise, the relative intensity and asymmetric 

shape of the 1825 cm1 band can be ascribed to the convolution of the stretching modes for the 

two free C=O groups of both [1358a]+ and [1358b]+, which are predicted to appear at the same 

vibrational frequencies of 1809 and 1826 cm1. 
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In the 990-1600 cm1 range, a few discrepancies can be found between the observed 

relative band intensities and those of theoretical vibrational frequencies for [1358a]+, e.g., at 

1186 and 1352 cm-1. Considering the multiple-photon character of the IRMPD process, though, 

the observed band intensities should be taken with caution. Instead, whereas the computed 

spectrum of [1358b]+ fits the experiment below 1300 cm-1, the match between 1300 and 1600 

cm-1 is unsatisfactory. 

In the 3300-3650 cm-1 range, the most intense experimental band at 3395 cm-1 can be 

taken as diagnostic for the presence of [1358a]+ and [1358b]+, since the convoluted NH 

stretching modes of the former fit the band near its maximum suitably, whereas the 

corresponding convolution of the latter account for the shoulders observed at both sides of the 

band peak. There is a discrepancy between the observed weaker band peak at 3550 cm-1, and 

predicted (scaled) frequencies of 3569 and 3571 cm-1 due to O(1)H stretching modes for 

[1358a]+ and [1358b]+, respectively, although a shoulder to the blue within 4 cm-1 of the band 

maximum is apparent, which could be a signature for the presence of these two isomers. 

In contrast, [2368]+ does not appear to contribute to the experimental spectra, e.g., its 

linear IR spectrum lacks for the band resulting from OH stretching at 3550 cm-1 [Fig. 2.(b)]. 

Besides, the moderately intense IRMPD feature observed between 1450 and 1550 cm-1 is not 

predicted, the dominant asymmetric band observed at 1680 cm-1 is predicted to be narrower, 

more symmetric, and shifted to the blue by 20 cm-1, and the intensity of the IRMPD band 

peaking at 1825 cm-1 is predicted twice than observed. The contribution of [1458a]+ can also be 

dismissed since three strong features are predicted between 1600 and 1700 cm1, along with a 

strong absorption band at 1448 cm1, which is contrary to observations [Figs. 2.(c)]. 
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4. DISCUSSION 

The results suggest that under the prevailing experimental conditions, the [1358a]+ 

monohydroxy isomer is a major contributor to the IRMPD spectra, though the presence of the 

[1358b]+ OH rotamer, which is partly evidenced by the shoulders on the two peaks observed in 

the 3300-3650 cm-1 range, cannot be neglected. Indeed, the IRMPD spectra can also be suitably 

fit by computed [1358a]+:[1358b]+ mixture spectra (Figure S8). 

It is worth noting that the [1358a]+/[1358b]+ structures formally derive from protonation 

in the O(1) position of the 259 CA tautomer, the relative population of which should be two 

orders of magnitude lower than that for 258 in the initial solution. Direct protonation of 258 

instead give rise to the monohydroxy [1258a]+ and the trioxo [2358a]+ structures (cf. Figs. S6 

and S7), which in the gas phase lie at relative energies of  39 and 46 kJ/mol, respectively, that 

is, well above [1358a]+ (Table 1). Notwithstanding, comparison of the IRMPD spectra with the 

theoretical IR spectra of [1258a]+ and [2358a]+, suggests that these isomers are unlikely to be 

major contributors (Figures S9 and S10; SM). 

The presence of [1358a]+, and arguably of [1358b]+, in the population probed by IRMPD 

is indicative for the occurrence of a series of exoergic isomerization reactions converting the 

[1258a]+ isomer, which should preferentially arise by protonation of 258, into [1358a]+ and 

[1358b]+ (Scheme 2). The [1258a]+  [1358a]+ process requires a single intramolecular 1,3 

proton transfer reaction from N(2)H to N(3), whereas the [1258a]+  [1358b]+ process 

involves an additional rotation of the OH group around CO(1). For the sake of completeness, 

the other two prospective exoergic processes, that is, [1258a]+  [2368]+ and [1258a]+  

[1458a]+, are also included in Scheme 2. 

 



 15 

[1258a]

PTP1

[2368]

PTP2

[1458a]

PTP3

[1358b]

PTP4

[1358a]

H

H

H

HH

H

 
 

 
Scheme 2. The intramolecular 1,3 proton transfer processes (PTPi; i = 1-4) involved in the formation of 

the [2368], [1458a], [1358b], and [1358a] isomers from [1258a]. For the sake of nomenclature 

clarification, the location of O(1) atom is marked with a light-blue arrow. 

 

For isolated [CA+H]+, the computed energy barriers for these proton transfer processes 

(PTPi) are presented in Figure S11 (SM). In the case of PTP4, the single PT step involved has an 

activation barrier of 180.0 kJ/mol. For PTP3, the two steps required were considered to occur 

sequentially, thereby posing two alternative routes that are characterized by rate-limiting steps 

with sizeable energy barriers, namely: 192.1 kJ/mol (Route A) and 180.0 kJ/mol (Route B). In 

the present experiments, unimolecular PTP3 and PTP4 could only take place in the hexapole ion 

trap of the MS, where [CA+H]+ ions were thermalized at near RT,18 but given the magnitude of 

the energy barriers involved, the occurrence of these isomerizations is precluded at thermal 

energies. Similar considerations likely hold to PTP1 and PTP2, which were found to have large 

activation barriers. 

The isomerization reactions in Scheme 2 can alternatively occur with the assistance of 

protic solvent (water or methanol) molecules, and the associated energy barriers were computed 

(Figure S12, SM). For PTP4, formation of a six-membered ring transition state (i.e., TS10), leads 
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to an activation barrier of 33.4 kJ/mol, which is lowered considerably (by 146.6 kJ/mol) with 

respect to the corresponding value for the unimolecular process (cf. Figs. S11 and S12). More 

importantly, TS10 lies 34.2 kJ/mol below the energy of the separated reactants [1258a]+ + H2O. 

The results imply that water solvent molecules can act as efficient catalysts for the [1258a]+  

[1358a]+ process. The energy of TS10 is likely to be further reduced by the assistance of 

methanol molecules: This was shown in the tautomerization processes of neutral CA, for which 

methanol was found to decrease the associated energy barriers by  4-8 kJ/mol more than 

water.12 

In the water-assisted PTP3, again two alternative routes were proposed: Whereas Route A 

necessarily requires the endoergicity of 30.2 kJ/mol to form the [1258b]+ intermediate, the 

overall process for route B is found to be energy demanding by 1.3 kJ/mol, which should favor 

occurrence of the latter on energetic grounds. Hence, protic solvent molecules may also assist the 

[1258a]+  [1358b]+ process, accounting for the possible contribution of [1358b]+ to the IRMPD 

spectra. 

The formation of [2368]+ and [1458a]+ isomers from [1258a]+ is also exoergic, yet all of 

the computed, water-assisted energies involved in PTP1 and PTP2 (Fig. S12) predict that their 

generation should be disfavored with respect to [1358a]+/[1358b]+ production. This supports 

suggestions made above that [2368]+/[1458a]+ are not responsible for the experimental spectra. 

Although the absence of [CA+H]+_H2O precursor ions ensures that solvent-assisted 

[CA+H]+ isomerization reactions do not occur in the hexapole ion trap of the MS, the theoretical 

results are not conclusive whether such reactions take place preferentially in the initial solution 

or within electrospray droplets (i.e., during the transfer of [CA+H]+ to the gas phase). Yet, 

IRMPD data suggest for a [CA+H]+ population distribution to reflect the energetics of gas-phase 
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species in equilibrium at RT, with presence of [1358a]+ and possibly of [1358b]+, rather than 

those in solution phase, where population of [2368]+ should be sizeable. 

On this basis, and given the mass difference between the precursor and fragment ions of 

42.022 amu, a piece of information can be obtained on the identity of the corresponding neutral 

elimination product, i.e., [2H,2N,C], as likely being due to carbodiimide HN=C=NH or its 

cyanamide tautomeric form, NCNH2.
24 Carbodiimide may be formed by rearrangement, i.e., H 

atom migration from O(1) to N(2) or to N(9) of [1358a]+ and [1358b]+, respectively, prior to 

fragmentation. Such a rearrangement could be promoted by attractive interactions between the 

corresponding O(1) hydrogen atoms and the lone pairs of adjacent N(9) and N(2). Similar 

interactions have previously been recognized to occur in several molecular systems including 

DNA/RNA bases and nucleosides and their methylated derivatives, both isolated and 

hydrated.25,26,27,28 

Finally, atom-charge distributions of the six most stable [CA+H]+ isomers were computed 

through natural population analysis. The results suggest that, when a proton binds to a 

cyameluric acid molecule for most favored protonation sites, the proton charge delocalizes over 

the entire species leading to similar charges (of  0.5) on the corresponding four H atoms, 

irrespective they are bound to N or O (Figure S13). 

 

5. CONCLUSIONS 

This first experimental study of gaseous [CA+H]+ species focused on probing their 

structures by IRMPD spectroscopy, which posed a stringent test for such technique given the 

sizeable amount of isomers that could a priori be produced under the prevailing experimental 

conditions. The results suggest a dominant population of the most-stable monohydroxy isomer in 
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the gas phase, i.e., [1358a]+, although the presence of its nearly isoenergetic OH rotamer, 

[1358b]+, cannot be dismissed. Complementary electronic structure calculations on the 

energetics of CA and [CA+H]+ tautomers in gas and solution phases, allowed for proposing a 

picture for efficient production of gaseous [1358a]+ and [1358b]+: Starting from [1258a]+ 

generated by direct protonation of the 258 CA form, a facile water-assisted proton transfer either 

in solution or within electrospray droplets may lead to [1358a]+. Formation of [1358b]+ requires 

a subsequent 180° rotation of the OH group around CO(1) of [1358a]+, which might occur 

before finishing the desolvation process with further assistance of solvent molecules. 

The present study brings out a difference in energetically favoured protonation sites 

between neutral and protonated CA: Whereas the lowest-energy lying 258/259 CA tautomers 

feature three H atoms bound to peripheral N atoms in both gas phase and solution, the extra H+ in 

gaseous [1358a]+/[1358b]+ binds preferentially to peripheral O atoms.  

The present results will hopefully stimulate future experimental gas-phase investigations 

on the structure and electronic properties of s-heptazine-based model molecular systems, in order 

to build bottom-up knowledge within the current research field of their chemistry in condensed 

phases, particularly their photocatalytic activity for hydrogen evolution from water. 
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