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Abstract 

The gas-phase structures of the bare dimers, [M(Ura-H)(Ura)]+, and hydrated monomers, 

[M(Ura-H)(H2O)n]+, were examined using infrared multiple photon dissociation spectroscopy in 

the fingerprint region  (1000 cm–1 – 1900 cm–1) for M = Cu, Zn, and Pb and n = 1 – 3.  The 

experimental results were compared to those calculated using density functional methods.  The 

dimeric structures all show deprotonation of one uracil moiety at N3, and forms a tetracoordinate 

interaction with N3 and O4 of the deprotonated uracil, and N3 and O2 of the neutral uracil.  The 

hydrated monomers, [M(Ura-H)(H2O)]+, all have rather different structures. Uracil is deprotonated 

at N3 for M = Zn and Pb, but for Cu, uracil is deprotonated at N1 and Cu2+ is bound to N1 and O2. 

Like the [M(Ura-H)(Ura)]+ complexes, in [Pb(Ura-H)(H2O)]+ the metal is bound to N3 and O4. 

The Zn2+ complex actually better resembles [M(Ura)(OH)]+ with a proton apparently transferred 

from water to O4 of uracil and the metal cation coordinated to O2.  Unlike the singly hydrated 

complex, uracil is deprotonated at N3 in [Cu(Ura-H)(H2O)2]+.  In all singly, doubly, and triply 

solvated complexes studied, water is found to be coordinated to the metal cation.
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1. Introduction 

 The sequencing of nucleobases in DNA and RNA forms the basis of our genetic code.  The 

formation of proteins relies upon proper transcription of the DNA sequence to messenger RNA, 

through the Watson-Crick pairing of nucleobases [1].  This proper base pairing is dependent upon 

hydrogen bonding interactions.  Should the configuration of a nucleobase be altered, resulting in 

changes to hydrogen bonding sites, disruption of proper Watson-Crick pairing can result, leading 

to errors in transcription and thus genetic mutations.  Among other biological processes, metal ions 

play an important role in RNA stability and activity [2–4], but their presence also has the ability 

to affect the tautomerization of nucleobases [5], thus impacting the hydrogen bonding sites and 

potentially leading to mis-matched base pairs and genetic mutations [6].  Transition metal dications 

have shown an increased affinity towards nucleobases compared to their group 2 counterparts [7], 

with copper having the greatest affinity of the divalent cations [8].  Cu2+ is one of the metal ions 

of interest in this current work, along with Zn2+ and Pb2+, and the impact they have on the structure 

of both bare and hydrated uracil complexes.  

 Each of these metals has been thoroughly explored in terms of their enhancement of or 

interference in biological processes.  While copper is important to nucleotide stability, it can also 

reach toxic levels in cells, causing reduction of hydrogen peroxide in the mitochondria.  As a result, 

this produces highly reactive hydroxyl radicals which can negatively impact DNA and cause 

membrane damage [9,10]. Zinc is one of the most abundant d-block elements found in cell 

cytoplasm, and has a role in gene regulation and protein folding [11,12], making its inclusion in 

this work particularly interesting. The toxic impact and detrimental effect Pb2+ has on human 

health has been well documented, in particular its disruption of biological homeostasis and its 

targeting of the heart, liver and kidneys [13]. 
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While several stable tautomers of uracil exist, as well as its DNA replacement thymine, it 

is the diketo form that is favoured [14–18].  The diketo tautomer of uracil, along with the 

numbering scheme for uracil, is presented in Scheme 1.  The interaction of the Cu2+, Zn2+ and Pb2+ 

ions with both uracil and thymine have been explored both experimentally and computationally.  

Both Cu2+ and Zn2+ have been shown to stabilize the keto-enol tautomer of thymine [19].  When 

complexed with uracil, each of these dications will deprotonate uracil to form a singly charged ion 

of the form [M(Ura-H)]+.  However, the site of deprotonation is dependent upon the metal.  Both 

Pb2+ [20] and Zn2+ [21] will deprotonate uracil from the N3 position, and form a bidentate 

interaction with uracil at N3 and O4.  This binding is also characteristic of the [M(Ura-H)]+ moiety 

in [M(Ura-H)(Ura)]+ (loosely termed “dimeric complex”) when M is Zn or Pb  [22,23] or the group 

2 cations [24–26].  By contrast, the [Cu(Ura-H)]+ complex was shown to be deprotonated at the 

N1 position of uracil, with Cu bound to N1 and O2 [27,28].  However, the dimeric complex adopts 

a similar structure to the Pb and Zn dimers, where deprotonation occurs at N3 and metal binding 

is to N3 and O4 of the deprotonated moiety [23,29,30]. 

The current work uses IRMPD spectroscopy in the fingerprint region (1000 cm–1 – 1900 

cm–1) to explore the structures of bare dimeric [M(Ura-H)(Ura)]+ complexes, as well as hydrated 

monomers [M(Ura-H)(H2O)]+, where M = Cu, Zn, and Pb.  The doubly hydrated monomers of Cu 

and Zn are also examined, along with the triply hydrated Zn monomer.  The chief feature in the 

fingerprint region is carbonyl stretching, which is then compared to the computed spectra for 

several lowest energy isomers for each complex. 
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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) [31,32]. 0.01 mmol L–1 solutions of the chloride salts of each metal 

ion were prepared using 18 MΩ-cm water (Millipore). Uracil solutions were prepared to 1 mmol 

L–1 in 18 MΩ-cm 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–1. The ions were mass selected with a quadrupole mass filter and introduced in to the 

ICR cell, where they are then isolated and irradiated with the free electron laser. To accomplish 

hydration, bare [M(Ura-H)]+ ions were mass selected in the quadrupole mass filter and stored in 

the hexapole storage cell, where water vapour had been introduced [33]. Irradiation times varied 

from 0.1 to 3 s, with the shorter irradiation times corresponding to the more weakly bound   

hydrated ions. Areas of the IRMPD spectra which experienced saturation 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 

[34]. Each structure was optimized, and infrared spectra computed, using B3LYP density 

functional theory. For the complexes of Cu and Zn, the 6–31+G(d,p) basis set was applied to all 

atoms. For complexes of Pb, the LANL2DZ basis set with relativistic core potential was applied 
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to the Pb atom 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 Pb, 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 [35,36] 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 298 K, using the unscaled harmonic 

vibrational frequencies calculated for the optimization geometries. 

The bonding within the individual equilibrium structures was also explored by locating the 

bond critical points (BCPs) using atoms-in-molecules (AIM) theory [37], which is based on a 

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

character; electrostatic or covalent. This analysis was conducted using optimized structures from 

method 2 using the AIMAll software [38]. Data from the topological analysis are given collectively 

in the Supporting Information as Figure S12. 

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. 
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3. Results and Discussion 

3.1. Examination of the IRMPD Spectra 

 For the hydrated monomers of all metals, the primary fragmentation pathway results from 

the sequential loss of water solvent molecules.  For the case of the bare dimer complexes, the 

primary fragmentation pathway is dependent upon the identity of the metal center [22,23,29].  For 

M = Cu and Zn, 

+ +

+ +

            [M(Ura-H)(Ura)]     [M(Ura-H)(Ura)-HNCO]   +  HNCO

[M(Ura-H)(Ura)-HNCO]     [M(Ura-H)(Ura)-HNCO-HCN]   +  HCN

IRMPD

IRMPD




 

where the identity of the fragment ions for the Cu2+ complex was explored previously [29].  

[Pb(Ura-H)(Ura)]+ simply loses uracil upon IRMPD activation. The hydrated complexes were 

found to simply lose solvent. 

 Figure 1 is a comparison of the experimental spectra for all [M(Ura-H)(Ura)]+ complexes 

in the 1000 – 1900 cm–1 region.  All three complexes exhibit similar features in the 1517 – 1553 

cm–1 region, corresponding to an enolic C–OH stretch, characteristic of the lowest energy 

structures of each which will be discussed later.  Above 1600 cm–1, only one band is observed for 

the Zn and Pb complexes, while two major bands are observed in the Cu complex.  For the Cu 

complex, blue shifting of the C=O stretch, by approximately 60 – 70 cm–1 in comparison to the 

other metals, allows the intense C=C stretch (1626 cm–1), and the carbonyl stretches centered at 

1678 cm–1 to be resolved. This separation is not seen in the Zn and Pb complexes, as one broad 

band encompasses both the C=C and C=O stretching modes.  For the Cu2+ complex, a slight 

distinction between the different carbonyl stretching modes is observed, with the metal coordinated 

carbonyl stretch emerging as a shoulder on the red side of this band.  The carbonyl stretching 

bands, for all complexes, are red-shifted in comparison to the free C=O stretch of uracil, at 1750 

cm–1 in the gas phase [39], as metal coordination weakens the carbonyl bond. When compared to 
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the [M(Ura-H)(Ura)]+ complexes of group 2 dications, these carbonyl stretches occur in roughly 

the same position [25], with the exception of the Cu2+ complex.  The blue-shifting of the carbonyl 

stretches of the [Cu(Ura-H)(Ura)]+ complex in comparison to the other metals is rationalized in 

the following way; It has previously been demonstrated that Cu2+ exhibits greater binding energy 

to carbonyl groups of peptide ligands [40].  Though this would intuitively suggest a weakening of 

the carbonyl bond, metal-to-ligand charge transfer is facilitated as a result of this increased binding 

energy, donating electron density back to the carbonyl, which serves to strengthen the carbonyl 

bond. It would be reasonable to expect a similar result in the present complexes.  

 For the bare monomeric species, [M(Ura-H)]+, an IRMPD spectrum has been recently 

obtained for M = Pb [41] by coupling the FEL to a quadrupole ion trap. For this complex, Pb 

interacts with uracil at the O4 carbonyl [20], and a very intense signal at 1755 cm–1 corresponds 

to the free carbonyl stretch at O2.  Consequently, the free C=O stretch can result in a very intense 

feature under IRMPD conditions.  Within this current work, IRMPD spectra could not be obtained 

for the [M(Ura-H)]+ complexes, presumably because the dissociation energy was too high to be 

reached under our experimental conditions.. However, the solvated monomers are easily 

dissociated and were examined using IRMPD spectroscopy. In Figure 2, the IRMPD spectrum for 

the [M(Ura-H)(H2O)]+ complexes in the 1000 – 1900 cm–1 region are presented. The spectrum of 

the [Pb(Ura-H)(H2O)]+ complex offers many distinct features to assist in characterization, such as 

the carbonyl stretch (centered at 1702 cm–1), C=C stretching and H2O scissoring (1595 cm–1), 

metal coordinated carbonyl stretch (1534 cm–1) and N-H wagging (1454 cm–1). An additional 

signal is also observed around 1750 cm–1, in the area of a free carbonyl stretch. The spectrum for 

Cu contains a band in the carbonyl stretching region, although it is significantly red-shifted in 

comparison to the Pb spectrum.  Aside from that, there is a large, broad absorption between 1400 
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cm–1 and 1550 cm–1.  Interestingly, the spectrum for [Zn(Ura-H)(H2O)]+ shows no features above 

1600 cm–1, only an intense band at 1588 cm–1 and a broad feature centred at 1486 cm–1.  The 

intense band is in the C=C and red-shifted C=O stretching regions, while the 1486 cm–1 feature is 

in the protonated carbonyl stretching region. 

 Figure 3 shows the IRMPD spectrum for the doubly and triply hydrated monomers in the 

fingerprint region.  An experimental spectrum for [Pb(Ura-H)(H2O)2]+ could not be obtained due 

to the inability to isolate enough of the ion, and only the triply hydrated Zn species was isolated.  

Neither of the spectra for the doubly or triply hydrated Zn2+ complexes offer much in the way of 

band resolution, although broad absorptions with a sharp onset at about 1720 cm–1 are observed 

down to about 1375 cm–1.  The [Cu(Ura-H)(H2O)2]+ complex, on the other hand, gives a very well 

resolved spectrum with bands at 1712 cm–1 (carbonyl stretching), 1602 cm–1 (H2O scissoring), 

1533 cm–1 (C=C/C=O stretching) and 1454 cm–1 (N-H wagging).  As noted above, the carbonyl 

stretching is shown to be higher in energy when Cu is the metal center, but the inclusion of two 

water molecules leads to donation of electron density back to the carbonyl bonds, strengthening 

them even further, which blue-shifts this carbonyl stretch even more. 

 

3.2. Computed Structures for [M(Ura-H)(Ura)]+ 

 A total of 27 minima were found for the Cu2+ complex, 25 for the Zn2+ complex and 16 for 

the Pb2+ complex. In Figure 4, the geometries and energetics for the lowest energy isomers of each 

complex are presented, based upon the results of calculation method 2. In Figures S1 to S3 

(Supporting Information), all structures and energetics are presented for the method 1, along with 

a comparison of energetics by method 2 for the five lowest energy structures, where relatively 

good agreement is noted across both methods.  In the isomer labelled as structure i in Fig. 4, one 
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uracil is deprotonated at N3, and metal coordination occurs between 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. An intramolecular hydrogen bond occurs between the O4 enol of the neutral uracil 

and O2 carbonyl of the deprotonated uracil. With a bond length of ∼1.5 Å, this interaction is 

relatively strong.  This isomer is the lowest in energy for the M = Cu and Pb complexes, which is 

consistent with results previously obtained for Cu [23,29] and Pb [22], and comparable to the 

ammoniated dimer of Cu [30] as well as similar bare dimers metalated by group 2 dications 

[24,25].  This structure is only slightly higher in energy for the Zn complex by a nominal amount. 

AIM topological analysis (Supporting Information, Fig. S12) was conducted for isomer i 

for each complex, as well as isomer ii for the Zn complex, which is lowest in energy for that metal. 

The tetradentate metal interactions are confirmed by the topological analysis, as four bond critical 

points (BCPs) are observed connecting the metal to the two uracil units. The metal-uracil and 

hydrogen bonding interactions are electrostatic as indicated by the positive values of the Laplacian 

of the electron density, ∇2ρ, (Supporting Information, Fig. S12). The free carbonyl is the shortest 

of all C=O bonds, followed by the metal coordinated carbonyls and then the protonated carbonyl 

C=O bond. In terms of the two metal coordinated carbonyls, that of the deprotonated uracil is 

slightly longer. 

These structural differences 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 [42–44]. 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. 
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Two additional structures in Figure 4 found to be comparable in terms of energy show only 

slight differences from the first structure. In structure ii, 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 O2 enol of uracil, and O2 of deprotonated uracil.  This particular structure is the 

lowest in energy when Zn is the metal center.  Structure iii instead has metal coordination to N3 

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

between the O4 enol and the O4 of deprotonated uracil. Specific to the Pb complex is a fourth 

structure nearly identical to the first, labelled as structure iv.  In this configuration, Pb is 

coordinated at the N3 and O2 position of deprotonated uracil, and N3 and O4 of the neutral uracil 

where proton transfer from N3 results in a tautomer with an enol at O2. This enol then hydrogen 

bonds to the O4 of the deprotonated uracil.  This particular isomer is observed using method 1 for 

Zn, but optimizes to give the structure i using method 2, as the enol proton is transferred between 

uracil moieties.  When Cu is the metal center, this configuration optimizes as structure i for both 

calculation methods.  All other isomers were determined to be significantly higher in energy by 

both methods of calculation. 

All lowest energy structures are planar for Cu and Zn, but are bent for Pb at an angle of 

approximately 125o. This is to be expected, given the much larger size of the Pb ion in combination 

with repulsion from the lone pair of electrons in a hybridized sp orbital. 

 

3.2.1. Comparison of Computed and Experimental Spectra 

A comparison of the experimental spectra for the [M(Ura-H)(Ura)]+ structures with the 

calculated spectra for isomers i – iv is shown in Figure 5.  For each metal, structure i seems to 

offer the best agreement with the experimental spectra.  In the Cu2+ complex, the bands above 
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1600 cm–1 are resolved, which contrasts with the Zn and Pb complexes.  This resolution offers 

three distinct maxima – a band centered at 1678 cm–1 with a shoulder at 1663 cm–1 (hydrogen 

bonded and metal coordinated carbonyls, respectively), and another band at 1626 cm–1, reflective 

of the C=C stretch.  Each of these vibrations are observed in the computed spectrum for structure 

i, although a large, unresolved band in this area appears for structure iii which cannot be 

discredited.  Perhaps the most distinguishing feature is the less intense protonated C=O stretch at 

1553 cm–1 in the experimental spectrum, which only occurs in structure i. 

In the experimental IRMPD spectra for Zn2+ and Pb2+ complexes, the same resolution in 

the C=O and C=C region is not observed as it was for the Cu2+ complex.  The calculated spectra 

for structure i does differentiate between these  stretches, with the hydrogen bonded carbonyl, 

~1670 cm–1, appearing to the blue of the metal coordinated carbonyl band, which is the one 

corresponding to the experimental spectrum.  In the experimental spectrum of the Zn complex, a 

very weak feature is observed that corresponds to the calculated position of the hydrogen bonded 

carbonyl stretch by structure i. The protonated C=O stretches, however, exhibit good agreement 

between experimental and structure i. Given the lack of resolution between carbonyl stretches in 

experimental spectra, which is more consistent with structure iii, no definitive assignment can be 

made to the primary contributing structure for the Zn and Pb dimers.  Structure ii, which is actually 

lowest in energy for the Zn complex, could also be considered although it offers resolution of all 

carbonyl and C=C stretches which was not observed experimentally. 

 

3.3. Computed Structures for [M(Ura-H)(H2O)]+ 

 There are 7 different isomers obtained for the [Pb(Ura-H)(H2O)]+ complex, along with 25 

for Zn and 19 for Cu by computational method 1.  These structures, along with energetics, are 
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presented in Figures S4 to S6 (Supporting Information), along with a comparison of the computed 

relative energetics to method 2 for the five lowest energy structures.  Once again, good agreement 

is obtained across both methods. The lowest energy structures were re-optimized using method 2 

and are summarized in Figure 6.  The structures of [Pb(Ura-H)(H2O)]+ are consistent with those 

calculated previously [22], in which the lowest energy structure is deprotonated at the N3 position, 

Pb coordinates to N3 and the O4 carbonyl, and the water molecule is bound directly to the Pb 

center with a hydrogen bonding interaction to the O2 carbonyl.  This structure is identified as 1-

i(Pb). Through the AIM topological analysis (Supporting Information, Fig. S12), the electrostatic 

nature of this bidentate interaction is confirmed, as is the hydrogen bonding relationship.  A second 

structure just slightly higher in energy, 1-ii(Pb), once again demonstrates deprotonation at N3 and 

water coordination directly to Pb, but now shows Pb coordination to N3 and O2, with water 

hydrogen bonding to the O4 carbonyl. For both isomers, the carbonyl involved in metal 

coordination is consistently longer (~1.26 Å – 1.27 Å) than the other carbonyl bond (~1.24 Å – 

1.25 Å), although this discrepancy in bond lengths is much larger in structure 1-i(Pb). 

 Given the lack of a carbonyl feature in the experimental spectrum for [Zn(Ura-H)(H2O)]+, 

additional structures were optimized in which the water solvent transfers a proton to the uracil 

moiety, resulting in a [Zn(Ura)(OH)]+ complex.  This particular configuration proved to be lowest 

in energy.  Deprotonation is again at the N3 position.  One would expect a bidentate interaction of 

Zn with the N3 and O2 positions, however the AIM analysis indicates there is only a single 

interaction between Zn and O2, with no BCP present between Zn and N3.  Proton transfer 

apparently occurs from water to O4, resulting in a neutral keto-enol tautomer of uracil.  The 

resulting hydroxide is bound directly to Zn, and does not participate in any hydrogen bonding 

interactions with the uracil moiety.  As this structure is a keto-enol tautomer, the carbonyl bond 
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lengths are notably longer, at 1.31 Å for the enol and 1.28 Å for the metal coordinated carbonyl.  

A similar structure just slightly higher in energy has Zn coordination to O4, with a proton 

transferred from water to the O2 position, resulting in an enol.  It has been shown that water bound 

to Zn2+ experiences a decrease in pKa from 15.7 to 7.9 [45], facilitating the loss of a proton from 

water. The deprotonation of water by Zn2+ has been observed previously, particularly in 

metalloenzymes. Zn2+ has a d10 configuration, and thus is not subject to ligand field stabilization 

effects, making it suitable for interaction with protein-binding sites that deviate from an octahedral 

geometry or coordination number of 6 [45], nor is it capable of any redox activity.  In carbonic 

anhydrase, zinc-bound hydroxide attacks CO2 to form zinc-bound bicarbonate, and the bicarbonate 

is subsequently replaced by a water molecule.  The water molecule very rapidly ionizes to 

regenerate zinc-bound hydroxide, a process facilitated by histidine-64, where the proton is shuttled 

to the non-hydrogenated imidazole nitrogen [45]. The [Zn(Ura-H)(H2O)]+ isomers where the water 

molecule remain intact are > 25 kJ mol–1 higher in energy. 

 In the case of [Cu(Ura-H)(H2O)]+, the lowest energy structure is deprotonated at the N1 

position, similar to the bare monomer.  Much like the Zn complex, there is seemingly a bidentate 

interaction with copper coordinated to the N1 and O2 position, however the AIM topological 

analysis does not show a BCP between Cu and O2.  The water molecule, bound directly to Cu, 

does not interact with the uracil moiety.  This structure is labelled as 1-i(Cu) in Fig. 6.  Now that 

both carbonyl bonds are free, they display a similar length at ~1.22 Å.  Even though the 1-i(Cu) 

structure is lowest in energy, the N3 deprotonated structure, 1-ii(Cu), is now relatively closer in 

terms of energy when compared to the bare structures, which were separated by approximately 15 

– 35 kJ mol–1 [27,29].  Considering that these two bare monomers were virtually isoenergetic when 
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solvent model calculations were performed [29], one would expect that the inclusion of solvent 

molecules would close the gap in energy between the N1 and N3 deprotonated structures.   

 

3.3.1. Comparison of Computed and Experimental Spectra for [Zn(Ura-H)(H2O)]+ and 

[Pb(Ura-H)(H2O)]+ 

A comparison of the experimental spectra for the [M(Ura-H)(Ura)]+ structures with the 

calculated spectra for isomers 1-i – 1-iii is shown in Figure 7.  For the Zn complex, good agreement 

is observed between the experimental spectrum and the calculated spectra for each of the three 

lowest energy isomers.  Structure 1-i(Zn) is the best match with the experimental spectrum in terms 

of both band shape and position, although neither 1-ii(Zn) nor 1-iii(Zn) can be discounted entirely.  

The intense band at 1588 cm–1 in the experimental spectrum, a combination of both metal 

coordinated carbonyl and C=C stretching, is observed at 1611 cm–1 for isomer 1-i(Zn).  These two 

modes are separated in isomer 1-ii(Zn) and is red-shifted to 1628 cm–1 in structure 1-iii(Zn).  The 

protonated C=O stretch experimentally observed at 1486 cm–1 occurs at 1492 cm–1 in isomer 1-

i(Zn), demonstrating remarkable agreement.  Congruence is also noted at the enlarged feature at 

1175 cm–1, where both C-H wagging and enolic O-H wagging occur. 

In previous work involving the Pb complex, both structure 1-i and 1-ii were identical to the 

experimental spectrum in the O-H/N-H region, and could not be distinguished from one another 

[22].  With the current work in the mid-infrared region, differences between the calculated spectra 

of these isomers are observed, and structure 1-i corresponds most closely with the experimental 

spectrum.  In particular, there is good alignment with all features below 1550 cm–1, namely the 

metal coordinated carbonyl (1534 cm–1) and N-H wagging (1454 cm–1), along with the more minor 

features of C-N stretching at 1360 cm–1 and C-H wagging at 1190 cm–1.  The most predominant 
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feature in the experimental spectrum, an intense band with a maximum at 1595 cm–1 with a 

shoulder to the blue, aligns closely with the two better-resolved bands in the spectrum for 1-i, 

attributed to H2O scissoring, at the lower frequency, and C=C stretching.  The carbonyl stretch is 

in a position slightly lower in frequency in the calculated spectra for structure 1-i, at 1684 cm–1, 

however it offers the closest agreement with the experimental carbonyl stretch of all computed 

structures.  Structure 1-ii cannot be ignored entirely as a contributor, especially considering the 

good agreement in the most intense band at 1595 cm–1, in addition to a small band at 1660 cm–1 in 

the experimental spectrum, between two far more intense bands which is in good agreement with 

the carbonyl stretch of structure 1-ii. Finally, note that an experimental signal is also observed 

around 1750 cm–1. Comparison with the IRMPD spectrum obtained for the [Pb(Ura-H)]+ complex 

[41] suggests that this experimental feature probably corresponds to the stretching of a free C=O 

group. This signal proves to be in good agreement with the free C=O stretch computed for the 1-

iii structure, which is located only 11.1 kJ mol–1 higher in Gibbs energy. Therefore, a mixture of 

at least two different forms may be obtained for the [Pb(Ura-H)(H2O)]+ complex, with a minor 

contribution of 1-iii as suggested by the weak abundance of the experimental signal. Note that the 

bond length computed for the O2 carbonyl in 1-iii (1.215 Å) is similar to the bond length obtained 

for the [Pb(Ura-H)]+ ion (1.213 Å), consistent with a similar position of the experimental band. 

 

3.3.2. Spectra for [Cu(Ura-H)(H2O)]+ 

The singly hydrated monomer of Cu presents a perplexing result when compared to the 

experimental spectrum, where neither of the calculated spectra is in good agreement.  The 

calculated spectra for structures 1-ii and 1-iii are nearly identical, as the structures differ only by 

rotation in the water molecule.  Based on the lowest energy structures, the free carbonyl stretching 

should be readily observed, a feature that is present experimentally, but is not as intense as one 
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would expect from the computed spectra. A minor band observed experimentally 1712 cm–1 does 

offer agreement with the band observed for structure 1-i corresponding to the O2 carbonyl stretch. 

The sharpest and most intense band in the experimental spectrum is 1621 cm–1, and one broad 

band covering the area from 1400 cm–1 to 1550 cm–1, neither of which can be accounted for in the 

spectra in the lowest energy structures.   

The number of initial input geometries used to determine the lowest energy structure 

through calculations was greatly expanded for these complexes, although a lower energy isomer 

was not found.  Isomers having the form [Cu(Ura)(OH)]+, the configuration adopted by the Zn 

complex, were also explored resulting in 13 additional structures, none of which were lower in 

energy than structure 1-i(Cu) by calculation method 1.  A comparison of these structures is 

presented in Figure S10 of the Supporting Information.  Solvent modelling as well as an empirical 

dispersion correction were both added to the [Cu(Ura-H)(H2O)]+ complexes when calculating in 

an effort to find another structure lower in energy that may match the experimental spectra, but to 

no avail.  Although the experimental spectra in the high frequency O-H/N-H stretching region has 

not been collected, a comparison of the calculated spectra in this region for the three lowest energy 

structures (Supporting Information, Figure S11) suggests that this region would not offer any 

useful information in terms of complex determination, as the calculated spectra are all identical. 

 

3.4. Computed Structures for [M(Ura-H)(H2O)2]+ 

 For the doubly hydrated monomers, only calculations of the Cu and Zn species were 

conducted since the Pb complex was not observed experimentally. For the Cu complex, a total of 

57 isomers were optimized by method 1, along with 39 distinct isomers of the Zn complex.  All of 

these isomers are given in Figures S7 and S8 (Supporting Information), along with a comparison 

of energetics to method 2 for the five lowest energy structures.  The calculations were repeated on 
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the lowest energy structures using method 2, with the results presented in Figure 8 along with the 

calculated energetics and spectra. 

 For [Cu(Ura-H)(H2O)2]+, the inclusion of a second water molecule leads to the lowest 

energy structure now exhibiting deprotonation at N3, with Cu coordinated to N3 and O4, and two 

solvent molecules are bound directly to Cu.  One of these water molecules participates in a 

hydrogen bond with the O2 carbonyl, which is not involved in metal binding.  This isomer is 

referred to as 2-i.  This presents a noticeable change in structure in comparison to the bare [Cu(Ura-

H)]+ [27], as well as the structure currently determined as lowest in energy for [Cu(Ura-H)(H2O)]+, 

both of which are deprotonated at the N1 position, demonstrating a clear solvent effect.  Structure 

2-iii is opposite in terms of the behaviour of the carbonyl groups, with the metal now bound to N3 

and O2, two water molecules bound directly to Cu, one of which interacting with O4 through 

hydrogen bonding.  The middle isomer, structure 2-ii, is interesting in that there is no bidentate 

interaction between Cu and uracil.  Rather, Cu is bound only to the deprotonated N3 position.  Both 

water molecules are still coordinated directly to Cu, which is common to all isomers.  However, 

since neither carbonyl interacts with the metal ion, they are both available for hydrogen bonding 

with the solvent.  When using structures 2-i, 2-ii and 2-iii as the initial input for optimization 

calculations for [Zn(Ura-H)(H2O)2]+, each results in the 2-ii isomer, which is significantly lower 

in energy than any other isomer.  It is interesting to note that the Zn complex prefers the 

configuration where the metal has just a single interaction with uracil.  However, the characteristics 

of N3 deprotonation and solvent coordination directly to the metal are consistent. 

The AIM topological analysis (Supporting Information, Fig. S12) confirms all metal 

interactions with uracil, including the single interaction for [Zn(Ura-H)(H2O)2]+, through the 

presence of BCPs.  The positive nature of the Laplacian of the electron density, ∇2ρ, also confirms 
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the electrostatic nature of these interactions.  The solvent coordination to the metals, as well as the 

hydrogen bonds between water and carbonyl, are also observed through the presence of BCPs. 

 

3.4.1. Comparison of Computed and Experimental Spectra 

The experimental spectra for [M(Ura-H)(H2O)2]+ are compared to the spectra of the three 

lowest energy structures as determined by method 2 in Figure 8.  For the Cu complex, remarkable 

agreement is obtained between the experimental spectrum and structure 2-i, allowing for confident 

assignment of structure 2-i as the principal contributor.  Both the intensity as well as the scaled 

positions of the carbonyl stretching modes (1712 cm–1), H2O scissoring modes (1602 cm–1), C=C 

stretching mode (1533 cm–1) and N-H wagging mode (1454 cm–1) are in excellent alignment with 

the experimental spectrum. Another minor feature, C-H wagging at 1200 cm–1, also matches 

between the experimental spectrum and structure 2-i. Though a case could be made for a 

contribution from structure 2-ii based on majority of the spectral features, it is the intense band at 

1491 cm–1, which corresponds to the H2O scissoring in this isomer, which allows for this structure 

to be ruled out. 

While the experimental spectrum for the Zn complex is not very well resolved, structure 

2-ii still presents a compelling case.  Even though there is a large band encompassing frequencies 

from approximately 1400 cm–1 to 1700 cm–1, there are still local maxima that are evident that 

correspond to the scaled computed spectra for structure 2-ii.  Of particular note, major bands in 

the spectrum for structure 2-ii occur at 1682 cm–1, 1623 cm–1, and 1457 cm–1, corresponding to the 

hydrogen bonded carbonyl stretches, C=C stretch and H2O scissoring, respectively.  These bands 

correspond to maxima observed within the broad band of the experimental spectrum.  As was the 

case in for the Cu complex, the less intense C-H wagging vibration at 1200 cm–1 also corresponds 
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well.  A more compelling argument, however, may be that structures 2-iv and 2-v are not only 

considerably higher in energy, but both contain an intense free carbonyl stretching frequency in 

their spectra (~1750 cm–1), which is absent in the experimental spectrum. 

 

3.5. Computed Structures for [Zn(Ura-H)(H2O)3]+ 

 Using the 10 lowest energy isomers of [Zn(Ura-H)(H2O)2]+ as a starting point, a total of 

46 isomers were obtained for the triply hydrated Zn complex using computational method 1, all of 

which are given in Figure S9 (Supporting Information), with a comparison of energetics based 

upon method 2 for the five lowest energy structures.  Based upon method number 2, the four lowest 

energy structures along with their computed energetics and spectra are presented in Figure 9.  All 

structures demonstrate deprotonation of the uracil at the N3 position, which has been a consistent 

theme throughout.  As we have seen with Zn previously, it does not participate in a bidentate 

interaction in this monomeric complex, instead binding directly to the N3 site.  The lowest energy 

structure, labelled as structure 3-i, has all three solvent molecules bound directly to the metal 

center, two of which participate in a hydrogen bond to each of the neighbouring carbonyls.  Both 

the single interaction between Zn and N3, as well as the hydrogen bonds between the water 

molecules and carbonyl positions are confirmed by the presence of BCPs in the AIM topological 

analysis (Figure S12). 

The other structures presented in Fig 9 also have Zn bound solely to N3, but with only two 

water molecules bound to the metal center.  However, in each case, the third water molecule 

hydrogen bonds to one of the water molecules linked directly to the metal. These structures are 

considerably higher in energy than structure 3-i. 
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3.5.1. Comparison of Computed and Experimental Spectra 

The comparison between the experimental spectrum and the computed spectra of the 

lowest energy complexes is also given in Fig. 9.  The experimental spectrum for the triply hydrated 

Zn complex is very similar to that for the doubly solvated complex in shape and resolution.  The 

most prominent feature, carbonyl stretching at 1658 cm–1, corresponds well to the calculated 

spectrum from structure 3-i.  However, there is an absence of distinct bands in the experimental 

spectrum between 1430 cm–1 and 1530 cm–1, a region with prominent bands in the spectra of each 

of the lowest energy structures.  These bands, in the area of H2O scissoring motion as well as N-

H wagging, represent features that would be present regardless of the configuration of the complex.  

However, these motions are not obvious in the experimental spectrum, and although there are two 

minor bands near this region, their intensity is minimal.  The calculated spectra of isomers 3-i, 3-

iii and 3-iv are relatively consistent with the bands observed in the experimental spectrum above 

1600 cm–1, although both 3-iii and 3-iv are significantly higher in terms of relative energy.  

 

4. Summary 

The structures of [M(Ura-H)(Ura)]+ as well as [M(Ura-H)(H2O)]+ where M corresponds to 

metal ions Cu2+, Zn2+, and Pb2+, along with [M(Ura-H)(H2O)2]+ for Cu2+ and Zn2+, as well as 

[Zn(Ura-H)(H2O)3]+, were examined using IRMPD spectroscopy in the 1000–1900 cm–1 mid-

infrared region. Two different electronic structure calculation methods were employed for energy 

comparison of the various isomers, as well as for comparison with experimental spectra. There 

was good agreement between both computational methods for the structures and energetics. The 

IR spectra generated for these lowest energy structures also generally agreed best with the 

experimental IRMPD spectra in most cases, with some notable exceptions where assignment of a 
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structure could not be confidently made.  [Cu(Ura-H)(H2O)]+ does not present adequate agreement 

between the experimental spectra and any of the computed spectra to allow for the assignment of 

a structure.  Although experimental data in the O-H/N-H region was not collected, the calculated 

spectra of all lowest energy structures are identical in this region, and so no additional information 

could be gathered from this region in an attempt to assign the structures. 

For all dimeric complexes, the lowest energy structures are deprotonated at N3 of uracil 

with the metal bound by a bidentate electrostatic interaction with N3 and O4, confirmed through 

AIM analysis. For hydrated monomeric species, the same pattern of deprotonation is observed, 

with the exception of [Cu(Ura-H)(H2O)]+ which is coordinated at the deprotonated N1 position.  

As this complex becomes doubly hydrated, the uracil is then deprotonated at N3, demonstrating a 

solvent effect in the Cu complexes.  Though the [Zn(Ura-H)(H2O)]+ deprotonates at N3, the metal 

coordination is to O2 only, with the solvent transferring a proton to the uracil, resulting in 

[Zn(Ura)(OH)]+, with the uracil moiety being a neutral keto-enol tautomer.  Any water molecules 

present are bound to the metal ion and, for the most part, participate in hydrogen bonding with the 

neighbouring carbonyls, with the exception of [Cu(Ura-H)(H2O)]+ and [Zn(Ura)(OH)]+ where no 

hydrogen bonding is observed.  For the doubly and triply hydrated Zn species, metal coordination 

is monodentate to N3 only, while the water molecules are bound to Zn insert themselves between 

the metal and the neighbouring carbonyl groups for hydrogen bonding.  The experimental 

spectrum of [Zn(Ura-H)(H2O)3]+ does not contain many well defined spectral features, and as a 

result, multiple isomers are consistent with the bands that are experimentally observed. 
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Figure Captions 
 
 

Scheme 1.  Numbering scheme for uracil. 

 

Figure 1.  Infrared multiple photon dissociation spectra for [M(Ura-H)(Ura)]+ (M = Cu, Zn, Pb) 

in the 1000–1900 cm–1 region. 

 

Figure 2.  Infrared multiple photon dissociation spectra for [M(Ura-H)(H2O)]+ (M = Cu, Zn, Pb) 

in the 1000–1900 cm–1 region. 

 

Figure 3.  Infrared multiple photon dissociation spectra for [Zn(Ura-H)(H2O)2]+, [Cu(Ura-

H)(H2O)2]+ and [Zn(Ura-H)(H2O)3]+ in the 1000–1900 cm–1 region. 

 

Figure 4. Comparison of the energies and structures for the lowest energy [M(Ura-H)(Ura)]+ 

complexes, M = Cu, Zn, Pb. The thermochemistry reported here are those from method 2.  

 

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

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

calculated relative enthalpies and 298 K Gibbs energies (italics) are also shown. 

 

Figure 6. Comparison of the energies and structures for the lowest energy [M(Ura-H)(H2O)]+ 

complexes, M = Cu, Zn, Pb. The thermochemistry reported here are those from method 2. 
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Figure 7. Experimental IRMPD spectrum (bottom) for [M(Ura-H)(H2O)]+ compared with the 

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

calculated relative enthalpies and 298 K Gibbs energies (italics) are also shown. 

 

Figure 8.  Experimental IRMPD spectrum (bottom) for [M(Ura-H)(H2O)2]+, M = Cu (left) and Zn 

(right), compared with the B3LYP computed spectra using computational method 2 for the three 

lowest energy structures. The calculated relative enthalpies and Gibbs energies (italics) are also 

shown. 

 

Figure 9.  Experimental IRMPD spectrum (bottom) for [Zn(Ura-H)(H2O)3]+, compared with the 

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

Isomer 3-i is also shown rotated 90o clockwise about a vertical axis. The calculated relative 

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

 Structures of bare M-Ura dimers and M-Ura monomers (M = Cu, Zn, Pb) were studied via 

IRMPD spectroscopy and DFT calculations. 

 In dimers, one uracil is deprotonated at N3 with tetracoordinate binding of the metal to N3 

and O4 of Ura-H and N3 and O2 of Ura. 

 Monomers generally deprotonate at N3, however a solvent effect is observed in the 

tautomerization of uracil in Cu complexes. 

 Proton transfer occurs in [Zn(Ura-H)(H2O)]+ from water to uracil, resulting in a neutral 

keto-enol uracil tautomer. 
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