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Abstract 

 

The structures of deprotonated group 2 metal dication bound uracil dimers as well as the 

singly hydrated dimers were explored in the gas phase using infrared multiple photon 

dissociation (IRMPD) spectroscopy (1000–1900 cm–1) in a Fourier transform ion cyclotron 

resonance mass spectrometer (FTICR-MS).  The IRMPD spectra were then compared to 

computed IR spectra for various isomers.  Calculations were performed using B3LYP with the 6-

31+G(d,p) basis set for all atoms except Ba2+ and Sr2+, for which the LANL2DZ or the def2-

TZVPP basis sets with relativistic core potentials were used.  The lowest energy structures are 

those in which the one uracil is deprotonated at the N3 position while the neutral uracil is a 

tautomer where the N3 hydrogen is at the O4 or O2 carbonyl oxygen and the metal is 

tetracoordinate interacting with N3 and O4 of deprotonated uracil and either N3 and O2 or N3 

and O4 of neutral uracil.  In the solvated complexes, the water molecule is also coordinated to 

the metal ion.   

 

  



1.  Introduction 

 Metal cations are known to play a central role in many biological systems.  In particular, 

divalent cations have been shown to be crucial in the stability and activity of nucleic acids, as 

well as the folding of RNA structures [1–4].  These ions provide their stabilizing effect to the 

structure of DNA [5,6] and RNA [1], through both charge neutralization and noncovalent 

interactions with the phosphate backbone of the nucleic acids. Even in trace amounts, the 

interaction of metal cations with nucleic acids has a vital role in setting the course for the 

functionality of various biological molecules [7,8]; however, striking a balance is critical. Even 

though these metal ions play essential roles, the influence they hold over the behaviour of nucleic 

acids can often be detrimental.  Unwanted conformational changes can result from an excess of 

metal dications, and through interaction of the ions with nucleobases themselves [2,6,9–13].  In 

particular, if nucleobases deviate from their canonical tautomer, improper base pairings and 

mutations are likely to result [14–17].  The interaction of metal ions with nucleobases has been 

the subject of many studies through a variety of techniques [18–32].  A major obstacle is the 

difficulty to replicate a cellular environment in condensed phase analysis.  Rather, gas phase 

conditions are desired to allow for direct structural examination without the hindrance of bulk 

solvents, which may otherwise alter the complex structure.  To accomplish this, action or 

consequence spectroscopy has been employed recently.  In particular, infrared multiple photon 

dissociation (IRMPD) is a technique that has been successfully applied in many of these studies, 

and is the method of choice for this research. 

The conventional numbering scheme for uracil is presented in Scheme 1.  The most 

stable form of neutral uracil is the canonical, 2-4 diketo tautomer, in both the solid and gas 

phases [33–51].  However, metal ions have the ability to stabilize the keto-enol tautomer.  Even 



though alkaline earth dications do not have as strong an affinity towards nucleobases as 

transition metal dications [52], similar effects are observed.  Trujillo and coworkers determined 

that in [Ca(Ura)]2+, uracil tautomerizes to the 4-enol form, and the calcium ion bridges the O2 

and dehydrogenated N3 atoms [53].  While such complexes having the form [M(Ura)]2+ are 

stable in the case of alkaline-earth metals like Ca, the Pb2+ ion or transition dications such as Ni2+ 

and Cu2+, will lead to deprotonation of the uracil moiety.  For example, the lead(II)-uracil 

complex, [Pb(Ura-H)]+, shows a preference towards the canonical, 2,4-diketo conformation of 

uracil [18] but it is deprotonated at N3.  Although the monomeric complexes formed may differ 

based upon the interaction between the ion and uracil (electrostatic vs covalent), the dimeric 

complexes [M(Ura-H)(Ura)]+ all behave similarly in the fact that one uracil is deprotonated, and 

the other remains neutral.  The [M(Ura)2]2+ complex is generally not observed in the gas phase. 

 Previous works have determined that in these dimeric complexes the dication is 

tetracoordinate regardless of whether it is a transition metal [22,27] or alkaline earth metal [31].  

The neutral uracil in the lowest energy complex is an enol, which participates in a hydrogen 

bond with a carbonyl of the neighbouring deprotonated uracil.  Although good agreement was 

obtained between the computed lowest energy structures and the experimental spectra in each 

case, spectroscopically the exact placement of metal ion coordination could not be determined.  

In the N-H/O-H stretching region which was used to examine these complexes, no distinction 

could be made between those where the neutral uracil was the O2 or O4 enol resulting in the 

metal binding to N3 and O4 or N3 and O2, respectively.  Even though the general structures of 

these dimeric complexes are expected to be similar for all dications, the pathway of 

fragmentation differs.  Within the alkaline earth group, Ba2+ and Sr2+ complexes fragment by 



loss of uracil, while Ca2+ and Mg2+ complexes lose an HNCO unit upon IRMPD or CID 

activation [30]. 

 The current work aims to provide further insight into the previously examined [31] 

alkaline earth metal dimeric complexes, [M(Ura-H)(Ura)]+, using IRMPD spectroscopy in the 

mid-infrared region, 1000–1900 cm–1.  In this fingerprint region, carbonyl stretching frequencies 

are obtained and distinguishing features between the N3O4 and N3O2 coordinated complexes 

are exposed. Along with the bare dimeric complexes, [M(Ura-H)(Ura)]+, we also probe the 

singly hydrated complexes, [M(Ura-H)(Ura)(H2O)]+.  The experimental spectra are compared to 

those computed using electronic structure calculations. A comparison of spectra and energies 

computed through different methods is also offered. 

 

2.  Methods 

2.1. Experimental.  All experiments were performed using a Fourier-transform ion cyclotron 

resonance mass spectrometer (FT-ICR-MS) coupled to a mid-infrared free electron laser (FEL) 

at the Centre Laser Infrarouge d’Orsay (CLIO) [54,55].  0.01 M solutions of the chloride salts of 

each of the metal ions were prepared 18 MΩ water (Millipore).  Uracil solutions were prepared 

to 1 mM in 18 MΩ water (Millipore).  Mixtures were then prepared in a 1 to 10 ratio of metal 

solution to uracil solution, and introduced via syringe injection to the electrospray ion source at a 

flow rate of 75 μL/h.  The ions were mass selected with a quadrupole mass filter and irradiated 

with the free electron laser following introduction and isolation into the ICR cell.  Hydrated ions 

were prepared by first mass selecting the bare [M(Ura)(Ura-H)]+ ion in the quadrupole filter and 

storing them in the hexapole storage cell into which water vapour had been leaked [56].  

Irradiation times varied from 0.1 to 3 seconds, with the more weakly bound and, therefore, faster 



dissociating hydrated ions being irradiated for the shortest time.  Certain areas of the IRMPD 

spectra which were saturated were scanned after attenuation of the FEL.  The laser was scanned 

at 5 cm–1 intervals from ~1000 to 1900 cm–1.  The IRMPD efficiency is the negative of the 

natural logarithm of parent ion intensity divided by the sum of parent and fragment ion signals. 

 

2.2. Computational.  Calculations for all structures were conducted using the Gaussian 09 suite 

of programs [57].  Each structure was optimized and infrared spectra computed using B3LYP 

density functional theory.  In the cases of [M(Ura-H)(Ura)]+ and [M(Ura-H)(Ura)(H2O)]+, where 

M = Ca2+ or Mg2+, the 6-31+G(d,p) basis set was used for all atoms.  For the [M(Ura-H)(Ura)]+ 

and [M(Ura-H)(Ura)(H2O)]+ complexes, where M = Ba2+ and Sr2+, the LANL2DZ basis set with 

relativistic core potential was used for strontium and barium atoms and the 6-31+G(d,p) basis 

was used for all other atoms.  Single point energy calculations were then carried out using 

B3LYP with the 6-311+G(3df,3pd) basis set on all atoms except Sr and Ba for which the 

LANL2DZ basis set with relativistic core potential was used.  This computational method will be 

referred to as method 1. 

All calculations were then repeated, for the five lowest energy structures, with the def2-

TZVPP basis set which has been found to work better for metal-cation amino acid complexes 

than the LANL2DZ [58,59] for all metals during both the optimization and single point energy 

calculations.  The def2-TZVPP basis set contains polarization functions, which are not included 

in the LANL2DZ basis set.  The 6-31+G(d,p) basis set was again used for all other atoms (C, H, 

N and O) during optimization, followed by the 6-311+G(3df,3pd) basis set for single point 

energy calculations.  This computational method will be referred to as method 2. 



These single-point electronic energies, using methods 1 and 2 were used to compute the 

enthalpies and Gibbs energies of isomeric species at 298K, using the unscaled harmonic 

vibrational frequencies calculated for optimization geometry.  

The bonding within the individual equilibrium structures was also analyzed by locating the bond 

critical points (BCPs) using atoms-in-molecules (AIM) theory,[A] which is based on a topological 

analysis of the electronic density at the BCPs, and is a good descriptor of the bond strength or 

weakness. Data from the topological analysis are given in the Supporting Information.  

[A] R. F. W. Bader, Atoms in molecules: a quantum theory, Clarendon Press ; Oxford University 

Press, Oxford, New York, 1990. 

For comparison with the experimental spectra, the computed infrared spectra were all 

scaled by a factor of 0.97 and convoluted with a Lorentzian profile with a width (FWHM) of 15 

cm−1. 

 

3. Results and Discussion 

3.1. Examination of the IRMPD Spectra.  When complexes were irradiated with the FEL, the 

following dissociation pathways were observed: 

 

All M except Mg [M(Ura-H)(Ura)]+  
IRMPD

ሱ⎯⎯ሮ  [M(Ura-H)]+ + Ura 

Following the loss of neutral Ura: 

M = Sr2+  [M(Ura-H)]+  
IRMPD

ሱ⎯⎯ሮ  [M(C3H2NO)]+ + HNCO 

 

M = Ca2+, Mg2+ [M(Ura-H)(Ura)]+  
IRMPD

ሱ⎯⎯ሮ  [M(Ura-H)(C2H3)]+ + HNCO + H2CCO 

 



All M   [M(Ura-H)(Ura)(H2O)]+  
IRMPD

ሱ⎯⎯ሮ  [M(Ura-H)(Ura)]+ + H2O 

Following the loss of H2O: 

M = Ca2+  [M(Ura-H)(Ura)]+  
IRMPD

ሱ⎯⎯ሮ  [M(Ura-H)(C3H3NO)]+ + HNCO 

 

The observed dissociation pathways are in agreement with previous studies which 

determined the fragmentation for Ba2+ and Sr2+ uracil dimers occurs initially through loss of 

uracil, whereas Ca2+ and Mg2+ dimers undergo more complicated fragmentation beginning with 

the loss of HNCO [30]. 

Figure 1A shows the IRMPD spectra for [M(Ura-H)(Ura)]+  in the 1000–1900 cm–1 

region.  All [M(Ura-H)(Ura)]+ spectra display an intense band centred between 1614–1627 cm–1, 

in the C=O stretching region of carbonyl groups. This band is red-shifted in comparison to the 

free carbonyl stretch of uracil, centred about 1750 cm–1 in the gas phase [60], presumably due to 

hydrogen bonding and carbonyls that are ligated to the metal cation which have the effect of 

lengthening and weakening the carbonyl bond. This band is even red-shifted in comparison with 

sodiated uracil, where the stretch is observed to be between 1630 and 1675 cm–1 [28]. The 

dicationic nature of the metal ions leads to further weakening of the metal coordinated C=O bond 

compared to sodium, results in a lower stretching frequency.  Complexes of Ba2+, Sr2+, Ca2+ and 

Mg2+ each exhibit a second band centred between 1530–1548 cm–1 attributed to the enolic C-OH 

stretch expected in these dimers (vide infra). This is again a red-shift of previous results, which 

found the enol C-OH stretch in protonated uracil to be centered about 1600 cm–1 [61].  

Along with some weak features at lower energy, the [M(Ura-H)(Ura)(H2O)]+ spectra 

(Figure 1B) also contain two prominent carbonyl stretching bands. The most intense band is 

significantly blue-shifted by between 10 and 30 cm–1 compared to the same band for bare 



[M(Ura-H)(Ura)]+. The enol C-OH stretching bands are also blue-shifted by about 10–20 cm–1 

upon hydration. These blue-shifts observed upon hydration are most likely the result of water 

binding to the metal and donation of electron density back to the remainder of the complex, 

particularly the carbonyl bonds; an inductive effect that results in a mild strengthening of the 

C=O bond. 

Another interesting observation is that as the metal gets lighter over the Ba, Sr, and Ca 

series, the intense carbonyl stretching bands shift slightly from 1621 to 1617 to 1612 cm–1, but 

for Mg, the band is observed at 1629 cm–1.  A similar pattern of shifting in position of that band 

for the hydrated complexes are observed although more pronounced—1648, 1637, 1625 cm–1 for 

the hydrated Ba, Sr, and Ca complexes, but 1645 cm–1 for the Mg complex.  While the shifts for 

Ba, Sr, and Ca can be rationalized as being due to stronger metal-uracil binding for the smaller, 

more densely charged ions, we are unsure of why the band in the Mg complex are so much to the 

blue of the other C=O stretching bands.  

 

3.2. Computed Structures for [M(Ura-H)(Ura)]+.  A total of 26 isomers were found for the Ba2+ 

and Ca2+ complexes, and 25 isomers were obtained for Sr2+ and Mg2+. In Figure 2 the geometries 

and energetics for the three lowest energy structures are presented.  In Figures S1 to S4, all 

structures and energies are presented for the Method 1 calculations and in Table S1, the 

energetics of five lowest energy structures are compared.  The N3O4/N3O2(O4-O2) structures is 

lowest energy structure in the case of the Ba2+, Sr2+ and Ca2+ complexes and is second by a 

negligible amount for Mg2+. This is in agreement with previous results for Sr2+ and Ba2+ [31], 

and is consistent with results previously obtained for other dications, notably Pb2+ [22] and Cu2+ 

[27].  In this structure, one uracil is deprotonated at N3, with metal coordination to N3 and O4.  



The neutral uracil is a tautomer where hydrogen has been transferred from N3 to O4, and the 

metal is coordinated to N3 and O2. Tetradentate interactions are confirmed by the Bader 

topological analysis, since four bond critical points (BCPs) connecting the metal to the two uracil 

units, are systematically found. Furthermore positive values of the Laplacian of the electron 

density 2 , indicates the electrostatic nature of these interactions (see Supporting 

Information). An intramolecular hydrogen bond is found between O4H of the neutral uracil and 

O2 of the deprotonated uracil, and is fairly strong, predicted to be only ~1.48 Å for all metals. 

This hydrogen bonding is confirmed by the topological analysis (low electron density, positive 

2 ). The enolic C-OH bond length is significantly longer, ~1.29 Å, than the other carbonyl 

bonds, all ~1.2 Å or less. The hydrogen bond established also induces a slight decrease in the 

electron density of the C2=O2 BCP. The weakening of the carbonyl groups interacting with the 

metallic centre is also evidenced by the topological analysis. Concerning the deprotonated uracil 

moiety, a decrease of 0.022-0.026 e a.u.-3 of the electron density at the C4=O4 BCP is observed 

with respect to deprotonated uracil (dU, Supporting information). The effect is even more 

pronounced (0.034-0.040 e a.u.-3) for the C2=O2 carbonyl group with the neutral U2 tautomer 

(the carbonyl denoted C2’=O2’ in the SI for the sake of clarity). Furthermore, as would be 

expected, the two metal coordinated carbonyl bond lengths decrease slightly with increasing 

metal size due to decreasing metal-carbonyl bond strengths. The electron densities at the BCPs 

vary accordingly. This decrease in the electron density is also consistent with the red-shifts 

observed experimentally and described in the previous section (vide supra). The M-N and M-O 

bond lengths obviously increase as the metal cation size increases. Also, the M-N bond lengths 

and M-O bond lengths are between 0.11 and 0.21 Å and between 0.02 and 0.06 Å, respectively, 



shorter for the deprotonated uracil compared to neutral uracil. All these trends are confirmed by 

the electron densities calculated at the corresponding BCPs. 

 These structural deviations away from the neutral, diketo tautomer as a result of the 

presence of the metal ion can have biological impacts through the disruption of hydrogen 

bonding between base pairs [62–64]. Both the deprotonation as well as the keto-enol proton 

transfer change the hydrogen bonding environment and may have a negative effect on the 

structural integrity of the nucleic acid strand, specifically RNA in the case of uracil. 

Two additional structures in Figure 2 found to be slightly higher in energy are labelled as 

N3O4/N3O4(O2-O2) and N3O2/N3O2(O4-O4). In the N3O4/N3O4(O2-O2) structure, the metal 

is coordinated to the N3 and O4 of the uracil where the proton has been transferred to O2, and an 

intermolecular hydrogen bond is formed between O2H of uracil, and O2 of deprotonated uracil.  

This structure increases in computed relative energy compared to N3O4/N3O2(O4-O2) as the 

metal cation increases in size.  The third structure, N3O2/N3O2(O4-O4) instead has metal 

coordination to N3 and O2 of both uracils, proton transfer from N3 to O4, and an intermolecular 

hydrogen bond between O4H and the O4 of deprotonated uracil.  The N3O4/N3O4(O2-O2) 

isomer is slightly lower in energy when compared to N3O2/N3O2(O4-O4) when bound by a Sr2+ 

or Ca2+ ion.  However, this order is reversed when Ba2+ is the metal center.  For the complexes of 

Ba and Sr, these two isomers are within 1 kJ mol–1 of each other in terms of both enthalpy and 

Gibbs energy based upon the second calculation method.  All other structures were determined to 

be significantly higher in energy by both methods of calculation by a minimum of about 15 kJ 

mol-1 in Gibbs energy. 

All lowest energy structures are planar with method 1, but with method 2 the lowest 

energy Ba2+ and Sr2+ structures are slightly out of plane. 



As a comparison the three lowest energy isomers for the [Ca(Ura-H)(Ura)]+ complex 

were reoptimized, with def2-TZVPP basis set on all atoms.  These results are also summarized in 

Table S1, and minimal deviation was noted between these and the results of method 2. 

 

3.2.1. Comparison of Computed and Experimental Spectra. A comparison between the 

experimental spectra and the three lowest energy structures computed via method 2 are given in 

Figure 3 for the [M(Ura-H)(Ura)]+ ions. The five lowest energy structures, based on both 

calculation methods, are compared to the experimental spectra for all ions in Figs. S5 to S12.  

For [Ba(Ura-H)(Ura)]+ (Fig. 3A), there is good agreement between the experimental spectrum 

and those computed for structures i and iii.  The major band of the experimental spectrum with a 

maximum at 1620 cm–1 is expected to be composed of four modes corresponding mainly to the 

stretching of the three C=O bonds and the C=C bonds. Complexes of Ba2+, Sr2+, Ca2+ and Mg2+ 

each exhibit a second less intense band centred between 1530–1548 cm–1 , which according to 

the comparison with calculations, can attributed to the enolic C4-O4H stretch expected in these 

dimers. In protonated uracil, the C4-O4 stretch was computed at 1487 cm-1 and could account for 

an experimental signal observed at 1469 cm-1 (REF CPC2007). Consequently, if we strictly 

compare the same bond, one observes a blue-shift with respect to protonated uracil. This blue-

shift is in agreement with the AIM analysis, the electron density at the C4-O4 bond BCP for 

protonated uracil being 0.330 e a.u.-3 while it ranges from 0.341 to 0.346 e a.u.-3 for the 

N3O4/N3O2(O4-O2) structures. The C4-O4H bond is therefore reinforced in the complexes. 

This blue-shift is even more pronounced with respect to the neutral form of uracil involved in the 

complexes (tautomeric form U2).  



There are no distinguishing features with which we can experimentally differentiate between 

these two lowest energy structures as was the case in 3200–3800 cm–1 region.  It was not 

possible, in the 3200–3800 cm–1 region, to rule out the BaN3O4/N3O4(O2-O2) structure based 

on comparing the experimental and computed spectra [31]. However, based upon the poor 

agreement between the present experimental spectra and that computed for BaN3O4/N3O4(O2-

O2) we can safely rule it out as being a major contributor, though its presence cannot be 

discounted entirely. Similar results are obtained for both the [Sr(Ura-H)(Ura)]+ and [Ca(Ura-

H)(Ura)]+ complexes (Fig 3 B and C, respectively), although in both cases the N3O4/N3O4(O2-

O2) isomer which does not have an apparent significant contribution is computed to be lower in 

energy than N3O2/N3O2(O4-O4). 

 For [Mg(Ura-H)(Ura)]+, based on the computed spectra, we can safely rule out the 

second structure Mg-N3O4/N3O4(O2-O2) as the primary contributor even though it is computed 

to be the lowest energy structure, albeit only slightly.  This may be due in part to the presence of 

a solvent effect which could be destabilizing the Mg-N3O4/N3O4(O2-O2) structure.  As was the 

case for the other metals, neither the N3O4/N3O2(O4-O2) nor the N3O2/N3O2(O4-O4) 

structures can be ruled out by comparing the computed and experimental spectra, however, the 

latter is computed to be 9.3 kJ mol-1 higher in Gibbs energy.  Due to time restrictions on the FEL 

we were not able to obtain the spectrum below 1400 cm-1 for the Mg complex, however, as for 

the other metals this region is not expected to differentiate between these isomers. 

 

3.3. Computed Structures for [M(Ura-H)(Ura)(H2O)]+.  The isomers that were examined 

computationally were all based upon the three lowest energy isomers of the unsolvated 

complexes.  A total of 12 isomers were identified for the Ba2+ metal center, 13 isomers for Sr2+, 9 



isomers for Ca2+, and 7 isomers for Mg2+, for calculation Method 1 and can be seen in Figures 

S13-16. For [Sr(Ura-H)(Ura)(H2O)]+ using Method 2, only 11 isomers were obtained.  The 

N3O4/N3O2(O4-O2)/wO4a isomer optimizes to N3O4/N3O2(O4-O2)/wO4b, while the 

N3O2/N3O2(O4-O4)/wO2a optimizes to N3O2/N3O2(O4-O4)/wO2b.  A comparison of 

computed thermochemistries for both computational methods and the five lowest energy 

structures is given in Table S2.   

As it was for the bare complexes, the lowest energy structure for the hydrated Ba2+, Sr2+ 

and Ca2+ complexes share a common construction. The N3O4/N3O2(O4-O2) isomer which was 

determined to be the lowest energy configuration for the unsolvated complexes also forms the 

basis of these structures. The single water molecule is coordinated to the metal ion, and 

according to the Bader topological analysis (Supporting Information), also is participating in a 

hydrogen bond with O4 of the deprotonated uracil for Sr and Ba. Although a BCP is not 

localized for Ca, a weak interaction should be established as the water molecule is clearly 

oriented towards O4. This structure is identified as N3O4/N3O2(O4-O2)/wO4b, where ‘O4b’ is 

used to indicate hydrogen bonding between the water molecule and O4 of the deprotonated uracil 

(whereas the use of ‘a’ signifies a hydrogen bond involving the neutral uracil).  The water 

molecule does not reside in the same plane as the remainder of the complex. The intramolecular 

hydrogen bond length between uracil molecules increased with increasing size of the metal 

center, from 1.477Å in the Mg2+ complex to 1.514Å in the Ba2+ complex. This is consistent the 

the decrease in the electron density at the corresponding BCP. An opposite trend is observed for 

the hydrogen bond between water and uracil, which ranges from 2.037 Å in Ba2+ to 2.424 Å in 

Ca2+, and is virtually non-existent for Mg2+, presumably due to the very strong Mg-OH2 bond.  

Once again a slight increase in the enol C-OH bond length is expected with increasing metal 



size, from 1.290 Å for Mg to 1.298 Å for Ba. This C-OH bond is clearly a single bond as 

confirmed by the computed ellipticity values. The single bond character is reinforced when 

increasing the size of the metal (decrease in ellipticities). There is no change in the length of the 

hydrogen bonded carbonyl bond, while the metal coordinated carbonyl bonds tend to increase in 

length with decreasing metal size, as was observed for the bare ions. Accordingly, the electron 

density at the BCP remains unchanged for this carbonyl group.  

 Similar to the unsolvated complexes, Mg2+ does not match the lowest energy structures of 

the other metals.  As previously observed for the bare ion, the N3O4/N3O4(O2-O2) isomer is the 

lowest in energy when solvated, although in both cases, they are virtually isoenergetic.  The 

water molecule is not planar with the remainder of the complex, however in all isomers where 

water is coordinated to Mg2+, the water molecule does not participate in hydrogen bonding with 

the neighbouring uracils to the same extent as for the other metal complexes. Indeed, no BCP 

were found between water and the carbonyl groups of uracils.  

 Upon addition of a water molecule to the N3O4/N3O2(O4-O2) the structure around the 

metal cation relaxes somewhat.  For all metals the M-N bonds increase by about 0.04 Å 

structures.  The M-O bonds to the deprotonated and neutral uracils increase by between 0.05 and 

0.09 Å and by between 0.02 and 0.03 Å, respectively. Consistently, on can see a decrease in the 

electron density at the BCPs with respect to bare complexes. This predicted loosening about the 

M-O and M-N bonds does not translate to a noticeable predicted decrease in the carbonyl bonds, 

and in some cases there are slight increases, but only in the thousandths of an angstrom.  

Experimentally, it is likely that a very small increase in the carbonyl bond strength could be 

responsible for the blue-shifting observed in the infrared spectra upon hydration, however, the 

calculations are not sensitive enough to reproduce this. 



 

3.3.1. Comparison of Computed and Experimental Spectra.  The experimental spectra for the 

[M(Ura-H)(Ura)(H2O)]+ ions are compared to the computed spectra for three of the lowest 

energy structures obtained computationally in Figure 5.  The five lowest energy structures, based 

on both calculation methods, are compared to the experimental spectra for all ions in Figs. S17 to 

S24.  In the case of Ba, Sr and Ca exceptional agreement is obtained between the experimental 

and calculated lowest energy spectra for the N3O4/N3O2(O4-O2)/wO4b tautomer. The intense 

band at 1648 cm–1 for the Ba2+ complex has an asymmetry about it which is most likely an 

unresolved shoulder at a slightly lower wavenumber position. The main band and the asymmetry 

are identified in the spectrum of the lowest energy complex as carbonyl stretches. Through 

calculations, the highest frequency stretch is expected to be the carbonyl participating in the 

intramolecular hydrogen bond with the enol, followed by the metal-coordinated carbonyl without 

water and then the metal-coordinated carbonyl hydrogen bonded to the water molecule, at scaled 

frequencies of 1662, 1637 and 1626 cm–1 respectively.   The enol COH stretch at 1547 cm–1 is 

evident in the lowest energy spectrum at 1535 cm–1.  The N3O4/N3O4(O2-O2)/wO4b structures 

can all be ruled out as major contributors based on the disagreement with the computed and 

experimental spectra.  However, as was the case for the bare ions, the N3O2/N3O2(O4-

O4)/wO2b structure cannot be experimentally ruled out although they are higher energy 

structures. Similar experimental and computed spectra are observed for the Sr2+, Ca2+, and Mg2+ 

complexes.  In figure S17 to S24, comparisons between some higher energy structures and the 

experimental spectra are made.  There is not as good agreement between the computed and 

experimental spectra and based on the computed thermochemistry, it is not expected that these 

structures would be present in any observable quantity. 



  

3.4 Comparison of Computational Methods.  Thermodynamic data for the five lowest 

energy structures can be seen in Table S1 for [M(Ura-H)(Ura)]+ complexes, and Table S2 for 

[M(Ura-H)(Ura)(H2O)]+ complexes.  Both methods identify the same isomer as being the lowest 

in energy for each case.  As well, good agreement is obtained in the trend of relative enthalpies 

and Gibbs energies for all other configurations.  There is larger deviation in the relative energies 

of the two high energy bare complexes for Ba2+ and Sr2+ (ie. between the LANL2DZ and 

def2TZPP basis sets) but the relative energies for all the isomers for Ca2+ and Mg2+ are virtually 

identical (ie. 6-311+G(3df,3pd) and def2TZVPP). 

A comparison of computed spectra are shown in Fig. S25. For [Ba(Ura-H)(Ura)]+ and 

[Ba(Ura-H)(Ura)(H2O)]+ and shows that both spectra for each are remarkably similar.  Either 

basis set (LANL2DZ or def2TZVPP) on the metal proves to be suitable for comparison with 

experimental data. 

  

4. Summary 

 

The structures of [M(Ura-H)(Ura)]+ and [M(Ura-H)(Ura)(H2O)]+, where M corresponds 

to group 2 metal ions Ba2+, Sr2+, Ca2+ and Mg2+, were examined using IRMPD spectroscopy in 

the mid-infrared 1000–1900 cm–1 region.  Two different electronic structure calculation methods 

were used and compared to the experimental spectra and their energies were compared.  There 

was good agreement between both computational methods in terms of the lowest energy 

structures and the IR spectra generated for these structures also correspond well to experimental 

IRMPD spectra.  In the case of Mg2+ complexes, a second, virtually isoenergtic isomer, displays 



better agreement with experimental spectra, and corresponds to the lowest-energy forms obtained 

with the three other metals.   

 In all cases, experimental evidence suggests the deprotonation of uracil occurs at the N3 

position and that the neutral uracil is the tautomer where hydrogen is transferred from N3 to O4.  

This hydrogen then participates in a strong hydrogen bond interaction with O2 of the 

deprotonated uracil.  The metal ion is tetracoordinate, interacting with N3 and O4 of the 

deprotonated uracil, and N3 and O2 of the other uracil, as confirmed by the AIM analysis.  In the 

case of solvated structures, the complex takes an identical form, with the water molecule 

coordinated directly to the metal ion, and also hydrogen bonds with O4 of the deprotonated 

uracil.  In the case of Mg2+ complexes, although these particular configurations are not calculated 

to be the lowest energy, it does provide the best agreement with the experimental IRMPD spectra 

and is only very slightly higher (≤0.8 kJ∙mol–1) in energy. 

 Although for both the bare and solvated Mg2+ complexes two structures were computed 

to be very similar in energy, one could be ruled out as the primary structure based on 

spectroscopic evidence: The same one that could also be ruled out spectroscopically for the other 

metal ions. This second structure, that only differed slightly, could not be ruled out 

spectroscopically for Sr2+ and Ba2+ in a previous study focussed on the N-H stretching region. 
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Figure Captions 

 

Scheme 1.  Numbering scheme for uracil. 

 

Figure 1.  Comparison of IRMPD spectra for [M(Ura-H)(Ura)]+ and [M(Ura-H)(Ura)(H2O)]+ 

complexes, M=Ba, Sr, Ca, Mg, in the 1000–1900 cm–1 region. 

 

Figure 2.  Comparison of the energies and structures for the three lowest energy [M(Ura-

H)(Ura)]+ complexes, M=Ba, Sr, Ca, Mg.  The thermochemistry reported here are those from 

method 2. 

 

Figure 3.  Experimental IRMPD spectrum (bottom) for [M(Ura-H)(Ura)]+ compared with the 

B3LYP computed spectra using computational method 2 for the three lowest energy structures.  

Lowest energy structures represent the (i) N3O4/N3O2(O4-O2), (ii) N3O4/N3O4(O2-O2) and 

(iii) N3O2/N3O2(O4-O4) tautomers. The calculated relative enthalpies and 298 K Gibbs 

energies (italics) are also shown. 

 

Figure 4.  Comparison of the energies and structures for the three lowest energy [M(Ura-

H)(Ura)(H2O)]+ complexes, M=Ba, Sr, Ca, Mg.  The thermochemistry reported here are those 

from method 2. 

 

Figure 5.  Experimental IRMPD spectrum (bottom) for [M(Ura-H)(Ura)(H2O)]+ compared with 

the B3LYP computed spectra using computational method 2 for the three lowest energy 



structures.  Lowest energy structures represent the (i-w) N3O4/N3O2(O4-O2)/wO4b, (ii-w) 

N3O4/N3O4(O2-O2)/wO4b and (iii-w) N3O2/N3O2(O4-O4)/wO2b tautomers. The calculated 

relative enthalpies and Gibbs energies (italics) are also shown. 
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