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Abstract: Metalated gas-phase complexes, M2+(HisAlaAla), M2+(AlaHisAla), and 

M2+(AlaAlaHis), where M = Zn and Cd, were examined using infrared multiple photon 

dissociation (IRMPD) spectroscopy with light from a free-electron laser (FEL). These complexes 

were chosen because they provide model systems for metal binding to proteins. Complementary 

simulated annealing calculations were performed to determine energetically low-lying conformers 

and isomers of these structures. Quantum chemical calculations were used to optimize the 

structures at the B3LYP level of theory using 6-311+G(d,p) and def2-TZVP basis sets for zinc and 

cadmium complexes, respectively. IRMPD and calculated linear absorption spectra were 

compared to evaluate which structures are present. Relative energies of the various species were 

evaluated using single-point energy calculations for low-lying structures at the B3LYP, B3P86, 

and MP2(full) levels using 6-311+G(2d,2p) and def2-TZVPP basis sets. For species with histidine 

at a terminal position (AAH or HAA), the conformations that best reproduce the IRMPD spectra 

are charge-solvated (CS) conformers, where the metal dication binds to the amine and carbonyl 

groups of the peptide backbone and to the nitrogen of the histidine side chain, along with 

contributions from an iminol structure for AAH. The species with the histidine in the center 

position (AHA) adopt an iminol structure, where the metal dication binds to the backbone iminol 

nitrogens, the α-amine, π-imine, and the carbonyl of the C-terminus.  
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Introduction 

 Zinc is the second most abundant trace metal found in eukaryotic organisms and therefore 

has many influential biological functions.[1, 2] Zinc finger proteins are numerous transcription 

factors in the human genome and are partially characterized by their binding motifs. Eight such 

binding motifs have been characterized according to their main-chain conformation and secondary 

structure, one of which binds zinc to two cysteine and two histidine residues.[3, 4] The binding 

motifs and various domains allow zinc finger proteins to play many different roles in gene 

regulation under various cellular environments and other stimuli.[5] Here, we use small-scale 

systems with biomimetic features of zinc finger systems in order to better understand the peptide 

conformations that bind zinc. 

Combining the active chelation site of the imidazole side chain of the histidine (His) 

residue with the less active side chain of alanine (Ala) provides a means to study how small 

histidine-containing peptides bind to metals.[6] Alanine was also chosen to facilitate comparison 

with previous work done by Dunbar, including dialanine, trialanine, and the analogous tripeptides 

of this study, HisAlaAla, AlaHisAla, and AlaAlaHis.[7, 8] Studies of these three tripeptides with 

a dication metal center (M2+) probe how the position of the histidine residue influences the binding 

site for the metal and the peptide conformation. Dunbar et al. examined these complexes for M = 

Ni and Cu using infrared multiple photon dissociation (IRMPD) spectroscopy in the gas phase.[8] 

This study helped our understanding of the various chelation patterns and binding configurations. 

Notably, Dunbar et al. found that the histidine side chain was not involved in the binding, but 

instead found an iminol binding motif (first identified previously in Ref [9]), in which the hydrogen 

on a backbone amide nitrogen migrates to the amide oxygen, providing a strong binding site for 

the metal cation.[8] In the condensed phase, imine binding to metal ions is facilitated by a proton 

transfer to the surrounding solvent. Utilizing gas-phase methods, metal chelated peptides can be 

studied structurally in the absence of solvent effects. The distinction between the gas and 

condensed phase presents opportunities for studies of solvation effects and facilitates 

understanding of complex systems that become more elusive with solvation and proton transfers.  
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In the present work, we extend this previous study by including the same three tripeptides 

but expanding the metals to include zinc and cadmium. Like nickel and copper, zinc and cadmium 

are transition metals, but have different valence electronic configurations that may influence their 

proclivity to form the iminol binding motif. Zinc and cadmium are both group-12 metals with the 

same valence electron configurations and 2+ oxidation states. Both metals are biologically 

relevant, although cadmium is an environmental pollutant and has been observed to replace zinc 

in various zinc finger motifs.[10, 11] The present study uses IRMPD to collect IR spectra of 

M2+(HisAlaAla), M2+(AlaHisAla), and M2+(AlaAlaHis), where M = Zn and Cd. These 

experimental spectra are compared to calculated spectra of various low-energy conformers and 

isomers. This work is also an extension of many previous studies that have examined the structures 

of zinc and cadmium dications coordinating with amino acids and peptides in the gas-phase. These 

studies include the histidine (His) monomer, dimer, and dipeptide,[12-15] cysteine (Cys),[16] 

cysteine methyl ester (Cys-OMe),[16] methionine (Met),[17] glycine (Gly),[18] serine (Ser),[19] 

threonine (Thr),[18] aspartic acid (Asp),[20] glutamic acid (Glu),[21] asparagine (Asn),[22] 

glutamine (Gln),[23] lysine (Lys),[24] arginine (Arg),[25] phenylalanine (Phe),[26] tyrosine 

(Tyr),[26] and tryptophan (Trp).[26, 27] 

 

Experimental and Computational Section 

Mass Spectrometry and Photodissociation. Experiments were performed at the Free 

Electron Lasers for Infrared eXperiments (FELIX) Laboratory at Radboud University, the 

Netherlands.[28] The IRMPD spectroscopy experiments were conducted as described 

previously.[13] Briefly, spectroscopy was conducted using a quadrupole ion trap mass 

spectrometer (QIT-MS) modified to allow optical access to the ion cloud by the FEL beam.[29] 

The M2+(HisAlaAla), M2+(AlaHisAla), and M2+(AlaAlaHis) complexes, where M = Zn and Cd, 

were generated using an electrospray ionization (ESI) source from solutions containing 10 μM 

metal chloride salt and an equivalent amount of tripeptide in methanol. Reagents were obtained 

from commercial sources and used without further purification. Because the different complexes 
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of a given metal are isobaric, the instrument was flushed using solvent and we verified that the 

background ion signal did not contain carryover between samples. Although most spectra 

discussed in this paper were collected using the QIT-MS, select data were also collected using a 

home-built Fourier transform ion cyclotron resonance (FTICR) MS.[30, 31] With one exception, 

discussed below, the FTICR spectra match the QIT spectra and are therefore only shown in the 

Supplementary Information. Ions in either trap were irradiated with light from the FELIX laser 

over the approximate spectral range of 580 – 1900 cm-1, although only a few vibrational bands are 

observed below 1000 cm-1. Full spectra of the examined systems are presented in Figures S1 – S6. 

The bandwidth of the laser was 0.5% of the central frequency. The laser was operated at a 10 Hz 

macropulse repetition rate with energies up to 114 mJ per pulse. Laser attenuations were varied to 

ensure saturation did not obscure spectral features while still allowing weaker features to be 

observed. Fragments monitored are listed in the Supplementary Information Table S1.  

IRMPD spectra were produced by plotting Y = −ln[∑IP/(∑IF + ∑IP)], where IP and IF are 

the integrated intensities of the precursor and fragment ion mass peaks, as a function of the FEL 

laser frequency.[32] A linear correction was applied to the yield to account for frequency-

dependent variation in the IR laser pulse energy. These corrections are appropriate for this 

experiment because the power dependence of the dissociation is practically linear until saturation 

occurs because of the incoherent nature of the multiple photon process, a phenomenon well 

detailed in the literature.[33]  

Computational Details. A simulated annealing procedure detailed in previous 

publications was used to determine low-energy conformers.[34-38] Each unique conformer of the 

zinc-containing systems was then geometry optimized using the Gaussian16 suite of programs[39] 

at the B3LYP/6-31G(d) level of theory[40, 41] and then were further optimized using the 

B3LYP/6-311+G(d,p) level of theory. These structures were then used to generate cadmium-

containing structures by replacing the zinc with cadmium and optimizing using the B3LYP/def2-

TZVP level where the basis set on Cd has a small core (28 electron) effective core potential 

(ECP).[42, 43] Both the def2-TZVP basis set and the ECP were obtained from the Basis Set 
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Exchange.[44] Although many structures were calculated and are included in the Supplementary 

Information Table S2, only the lowest energy structures for each unique binding configuration are 

included in the main text of this paper.  

Vibrational frequencies were calculated from the optimized structures and scaled by 0.975 

to compare to the IRMPD spectra. To compensate for the finite laser bandwidth and unresolved 

rotational structure, a Gaussian line shape (25 cm-1 FWHM) was used to broaden the calculated 

frequencies.[45] In previous studies, this scaling factor and line shape were demonstrated to 

provide an accurate description of the structural information for systems of similar size and make 

up.[8, 12-26] When comparing theoretical calculated spectra to experimental spectra, it is 

important to note that the intensities may differ since the calculated spectra correspond to a one-

photon process whereas the IRMPD spectra require the absorption of multiple IR photons of 

resonant wavelength to induce dissociation. 

Single-point energy (SPE) calculations of the optimized structures were performed at the 

B3LYP, B3P86, and MP2(full) levels of theory using the 6-311+G(2d,2p) and def-TZVPP basis 

sets for the zinc- and cadmium-containing species, respectively.[44] Zero-point energy (ZPE) 

corrections were applied to SPEs to provide 0 K relative enthalpies. Thermal corrections were 

calculated to obtain 298 K Gibbs energies using the rigid rotor/harmonic oscillator approximation 

with the calculated rotational constants and vibrational frequencies. When used for ZPE and 

thermal corrections, vibrational frequencies were scaled by 0.9896.[46] To determine whether the 

inclusion of dispersion forces affected the calculated geometries and energies, the B3LYP-GD3BJ 

level of theory was also used to optimize the ion geometry using the same basis sets.[47, 48] These 

structures were then used to calculate B3LYP-GD3BJ SPEs using the larger basis sets detailed 

above and are included for comparison below. 

 

Results and Discussion  

Nomenclature. Previous work has detailed the nomenclature used to identify the metalated 

peptide structures.[13] Briefly, the metal-binding sites (Nα = N-terminal amino nitrogen, Nπ = 



6 
 

imidazole “pros” nitrogen, NH = amide backbone nitrogen, N = iminol backbone nitrogen where 

the hydrogen has migrated away, CO = carbonyl oxygen) are ordered moving along the peptide 

from the N-terminus to C-terminus and are listed in square brackets. Superscript numbers for N 

and CO specify the residue starting at the N-terminus. The designation of the metal binding site is 

then followed by the amino acid orientation, which is represented by characterization of dihedral 

angles along the peptide backbone as cis (c, for angles between 0°– 45°), gauche (g, 45°– 135°), 

or trans (t, 135°– 180°). Dihedrals are measured from the nitrogen atom of the N-terminus to the 

C-terminus ending with the carboxylic acid hydrogen. For iminol structures where a proton has 

migrated to a backbone carbonyl oxygen, CCOH dihedrals are added as subscripts to distinguish 

structures that otherwise would have the same metal-binding site and backbone orientation.  

Relative Energies and Structures of M2+(AAH). As shown in Table 1 for Zn2+(AAH), 

there are three unique metal binding structures. At 298 K, all four levels of theory predict the same 

global minimum structure (GM), the pentadentate [N
α
, N2, N3, CO3, Nπ]-ctctctcttt, displayed in 

Figure 1. In this structure, the hydrogens originally on the backbone amide nitrogens N2H and N3H 

have migrated to CO1H and CO2H, yielding iminols where the N2 and N3 nitrogens are strong 

metal binding sites. Here, the CCOH dihedrals are both cis (indicated by the subscripts), with trans 

dihedrals leading to alternative structures that lie higher in energy by ~ 16 kJ/mol. B3LYP theory 

finds an alternative GM structure at 0 K, Table 1, a charge-solvated (CS) tetradentate structure, 

[Nα, CO1, CO2, Nπ]-gtcttttt, which shows metal coordination with the amine nitrogen, the first two 

backbone carbonyl oxygens, and the π-imine nitrogen of the histidine side chain, Figure 1. The 

[Nα, CO1, CO3, Nπ]-ttggtctt structure distorts the backbone such that the C3-terminal carbonyl binds 

to the metal rather than the C2 carbonyl. This modification creates a more compact structure and 

increases the energy by 8 – 24 kJ/mol at 298 K from the lowest energy structure. No zwitterionic 

structures were observed among the low-energy structures for the Zn2+(AAH) system.  

Table 2 shows that the lowest energy structure at all DFT levels of theory of the Cd2+(AAH) 

complex is the tetradentate [Nα, CO1, CO2, Nπ]-gtcttttt in which the metal dication center binds 

with the α nitrogen, the backbone carbonyl groups on residues one and two, and the histidine side-



7 
 

chain π nitrogen. Structurally, this conformer is the same as the Zn analog shown in Figure 1. Note 

that the analogous structure for Zn was 1 – 7 kJ/mol higher than the GM at the DFT levels but 20 

kJ/mol for MP2 at 298 K. Instead, the Zn2+(AAH) [Nα, N
2, N3, CO3, Nπ]-ctctctcttt pentadentate 

iminol structure was the 298 K GM for all levels of theory. For Cd, this analogous structure 

remains the GM for MP2 at 298 K but lies 8 – 13 kJ/mol above the GM at the DFT levels. Overall, 

the relative stability of the CS structure compared to the pentadentate IM structure has been 

lowered by 14 – 17 kJ/mol at all levels of theory. We attribute this result to the higher charge 

density Zn ion binding more favorably with the negatively charged iminol positions, compared to 

the charge solvated (CS) structure found for the DFT GM of the cadmium complex. The next 

highest energy structure is [Nα, CO1, CO3, Nπ]-gtggtgtt, which is similar to the GM but replaces 

CO2 coordination with CO3. The distortions needed for this change increase the energy by 14 – 24 

kJ/mol. This structure is nearly identical to the zinc analogue, [Nα, CO1, CO3, Nπ]-ttggtctt. The 

differences in the backbone dihedrals are quite small, Zn2+-t140tggtc43tt versus Cd2+-g126tggtg50tt 

(where subscript numbers indicate the calculated backbone dihedral angles). No zwitterionic 

structures were found to be low in energy for this system. 

Relative Energies and Structures of M2+(AHA). Table 3 shows that the lowest energy 

structure for Zn2+(AHA) at B3LYP and B3P86 levels of theory and 298 K is [Nα, N
2, N3, CO3]-

ctctctttt, Figure 2. Here, the metal dication binds to two iminol nitrogens along with the amine 

nitrogen and the carbonyl of the C-terminus. In this case, the CO2H hydrogen-bonds with the 

histidine side-chain Nπ nitrogen, which leads to further migration of the hydrogen to Nπ and a 

CO2•HNπ hydrogen bond in the final structure. The alternative [Nα, N
2, N3, CO3]-cttctcttt structure 

is very similar with the distinction that the structure rotates the CO2•HNπ hydrogen bond to be a 

CO1•HNπ hydrogen bond, which increases the energy by 1 – 5 kJ/mol at 298 K. Because the proton 

is bound to Nπ, both of these [Nα, N2, N3, CO3]-cttctttt species are zwitterionic. These two 

structures lie much higher in relative energy for B3LYP-GD3BJ (by ~10 kJ/mol) and MP2 (25 – 

30 kJ/mol) levels at 298 K. Instead, at these levels of theory, [Nα, N
2, Nπ, N

3, CO3]-ctcgctcttt is the 

GM (also at 0 K for B3P86). This pentadentate structure adds Nπ to the metal coordination, thereby 
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removing the CO•HNπ hydrogen bonds. The [CO1, Nπ, N3H, CO3]-ctcgtgtt structure is a CS 

structure that binds the metal to the backbone N3H group, the Nπ
 nitrogen, and two carbonyl 

oxygens. This structure lies 19 – 34 kJ/mol above the respective GMs. The [Nα, CO1, CO2, CO3]-

gtgttggt is a CS structure that creates a N3H•Nπ hydrogen bond. This structure lies 52 – 73 kJ/mol 

above the GM.  

As for the Zn2+(AHA) analogue, Cd2+(AHA) has two unique iminol binding motifs with 

the metal center; however, four iminol structures are listed in Table 4 to account for the 298 K GM 

and the 0 K GM at the B3LYP-GD3BJ and MP2 levels of theory. The GM according to B3LYP 

and B3P86 is [Nα, N
2, N3, CO3]-ctctctttt, as also found for the Zn analogue. If the hydrogen bond 

to the His side chain rotates from CO2•HNπ to CO1•HNπ, one obtains [Nα, N2, N3, CO3]-cttctcttt, 

which is nearly isoenergetic (within 1.2 kJ/mol at 298 K) at all levels of theory. Both [Nα, N
2, N3, 

CO3]-cttctttt structures involve a proton transfer from the amide nitrogen to Nπ, such that these are 

zwitterionic species. The [Nα, N
2, Nπ, N

3, CO3]-ctcgctcttt structure is the calculated 298 K GM at 

the MP2 and dispersion-corrected DFT levels, similar to the Zn analogues. This structure lies ~5 

kJ/mol above the GM at the B3LYP and B3P86 levels at 298 K (~8 kJ/mol at 0 K). The [Nα, N
2, 

Nπ, N
3, CO3]-ctctcttttt structure is the calculated 0 K GM for B3LYP-GD3BJ and MP2 levels of 

theory, Figure 2 and Table 4. This structure lies 2 – 12 kJ/mol above the respective 298 K GMs 

and 2 – 7 kJ/mol above the similar ctccgctcttt conformer. Lying higher in energy (18 – 31 kJ/mol 

above the respective GMs), the [CO1, Nπ, N
3H, CO3]-ctcgtgtt structure is a CS structure that binds 

the metal to the backbone N3H group and the Nπ
 nitrogen, similar to the Zn analogue. The [Nα, 

CO1, CO2, CO3]-gtgttggt structure is also a CS structure that has a N3H•Nπ hydrogen bond. This 

structure lies 38 – 55 kJ/mol above the respective GMs.  

 Relative Energies and Structures of M2+(HAA). Table 5 shows that all levels of theory 

predict the lowest energy structure of Zn2+(HAA) is [Nα, Nπ, N
2, N3, CO3]-ctctctcttt, Figure 3. In 

this structure, the metal coordinates with the N-terminal amine nitrogen, the histidine side-chain π 

nitrogen, two backbone iminol nitrogens, and C-terminal carbonyl oxygen, in similar fashion to 

the Zn2+(AAH) GM. The [Nα, Nπ, CO1, CO3]-gtcttgtt structure is a CS structure that replaces the 
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iminol coordination with the CO1 group. This structure is 1 – 13 kJ/mol higher than the GM. The 

[Nα, Nπ, CO1, CO3]-gtggtggc structure has the same metal coordination but lies 22 – 27 kJ/mol 

higher in energy than the [Nα, Nπ, CO1, CO3]-gtcttgtt structure. Here, the C-terminus CO3•HO 

hydrogen bond has been broken and replaced with a CO2•HO hydrogen bond. The [Nα, Nπ, CO1, 

CO2, CO3]-ttcttgtt (22 – 33 kJ/mol higher than the GM) is similar to the second lowest state but 

becomes pentacoordinate by moving the CO2 carbonyl within bonding distance of the zinc dication 

at the cost of relatively long Zn bonds to Nα, CO1, and CO2. No zwitterionic structures were 

observed among the low-energy structures for this system. 

All four levels of theory (Table 6) agree that the GM of Cd2+(HAA) is [Nα, Nπ, CO1, CO2, 

CO3]-gtcttggt, Figure 3. Here, the metal dication binds to the α nitrogen, histidine side-chain π 

nitrogen, and the backbone carbonyl groups of all three residues. The zinc analogue (Figure 3) is 

quite similar with Zn-t160tcttgt145t versus Cd-g85tcttgg131t. The backbone dihedral differences 

are clearly most distinct in the first dihedral. This difference changes the configuration of the CO1 

and CO2 with respect to the metal. We ensured that substitution of the other metal in both structures 

collapsed to the structures already represented here. The [Nα, Nπ, N
2, N3, CO3]-ctctctcttt structure 

is an iminol structure that binds the two backbone nitrogens, the α nitrogen, histidine side-chain π 

nitrogen, and the terminal CO3 carbonyl to the metal dication center. Whereas this iminol structure 

was the GM in for Zn2+(HAA), here, it lies 4 – 14 kJ/mol above the GM at 298 K. This change is 

likely a result of the smaller, higher charge density zinc binding more favorably with the iminol 

site. In the [Nα, Nπ, CO1, CO3]-gtggtggc structure, the backbone CO2 interaction with the metal 

dication in the GM has been replaced with a CO2•HO hydrogen bond, costing 24 – 28 kJ/mol. The 

Zn2+(HAA) complex also has a lower energy [Nα, Nπ, CO1, CO3]-gtcttgtt structure, but when the 

cadmium analogue of this structure is geometry optimized, it converges to the GM noted above. 

In this case, the larger size of the cadmium allows all three carbonyl groups to interact favorably 

with the metal center. Like for the M2+(AAH) complexes, the energy difference between the CS 

and the iminol structures for the zinc complex is much smaller than that of the cadmium analogues. 

No zwitterionic structures were among the lowest energy structures of this system.  
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Comparison of Experimental and Theoretical Spectra: M2+(AAH). Figure 4 shows the 

IRMPD action spectra of Zn2+(AAH) and comparisons to calculated spectra. The major features 

in the FTICR spectrum are centered at 1705, 1448, 1300, 1214, 1155, and 1085 cm-1. The QIT 

spectrum adds bands at 1786, 1576, and 1522 cm-1 and the band at 1300 broadens. The predicted 

GM [Nα, N
2, N3, CO3, Nπ]-ctctctcttt reproduces the FTICR spectrum well. Here, bands are predicted 

at 1721 and 1705 cm-1 (CN2 and CN3 stretch), 1680 cm-1 (CO3 stretch and CO3H in-plane bend), 

1497 cm-1 (CNπ ring stretch), 1456 cm-1 (C-terminus side-chain CH2 bend), 1412 cm-1 (mainly 

CO3H in-plane bend with nearby CCH bend), 1349 cm-1 (histidine side-chain CH2 wag), 1283 cm-

1 (CO1H in-plane bend), 1169 cm-1 (CO3H in-plane bend), 1128 cm-1 (NαH2 wag), and 1075 cm-

1(NαH2 wag and N3C stretch). Notably, this spectrum does not reproduce the minor peak at 1786 

cm-1 and intensity in the 1500 – 1600 cm-1 range observed in the QIT spectrum. These observations 

suggest the presence of [Nα, CO1, CO2, Nπ]-gtcttttt, whose spectrum reproduces this peak well with 

a CO3 stretch (1780 cm-1) as well as intense peaks at 1598 cm-1 (mainly NαH2 scissor with CO1 

and CO2 stretches), 1578 cm-1 (CC ring stretch with CNα backbone stretches), 1575 cm-1 (CO1 

stretch with CN3 stretch), 1534 cm-1 (CN2H in-plane bend), 1456 cm-1 (CNα ring stretch with 

nearby CH2 scissor), 1154 and 1153 cm-1 (CO3H rock and NαH2 wag), and 1049 cm-1 (NαH2 wag) 

. The higher energy [Nα, CO1, CO3, Nπ]-ttggtctt structure has a predicted spectrum with its most 

intense band at 1640 cm-1, which disagrees with the observed spectrum. We conclude that the GM 

structure is present exclusively in the FTICR, along with contributions from the low-lying [Nα, 

CO1, CO2, Nπ]-gtcttttt species in the QIT. Here, we believe the differences are a result of the 

trapping gas needed in the QIT, which allows for rf heating to occur in the trap, potentially 

populating the low-lying species. Because no trapping gas is needed for the FTICR, we believe 

that this spectrum is a good representation of what thermalized species can be extracted from the 

electrospray source.[14]  

Figure 5 shows the IRMPD action spectrum of Cd2+(AAH) taken in the QIT and 

comparison to calculated spectra and the Zn2+(AAH) QIT spectrum. FTICR measurements of this 

system show a similar spectrum but with more noise, as shown in the Supplementary Information 
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Figure S2. Although the relative intensities differ in the Cd2+(AAH) and Zn2+(AAH) experimental 

spectra, the main bands are similar, suggesting similar binding structures for the peptides with both 

metals. Indeed, for the Cd system, the major features center at 1794, 1715, 1672, 1611, 1578, 1526, 

1447, 1388, 1334, 1221, 1153, and 1086 cm-1. The spectrum of the predicted GM, [Nα, CO1, CO2, 

Nπ]-gtcttttt reproduces much of the experimental spectrum quite well, although it misses the 

features from the experimental spectrum at 1715 and 1672 cm-1. Specifically, the calculated 

spectrum for [Nα, CO1, CO2, Nπ]-gtcttttt has peaks at 1779 cm-1 (CO3 stretch), 1611 cm-1 (CO1 and 

CO2 stretches and NαH2 scissor), 1600 cm-1 (NαH2 scissor), 1579 cm-1 (CO1, CO2, and CC ring 

stretches), 1577 cm-1 (CO1, CO2, CC ring stretches), 1525 cm-1 (CN2H and CN3H bends), 1393 

cm-1 (alanine side-chain CH3 umbrella), 1375 and 1337 cm-1 (CO3H in-plane bend), 1271 cm-1 

(histidine side-chain ring stretches), 1149 cm-1 (CO3H in-plane bend and NαH2 wag), and 1065 cm-

1 (NαH2 twist). As for the Zn analogue, the bands near 1700 cm-1 are reproduced by the iminol 

structure, [Nα, N
2, N3, CO3, Nπ]-ctctctcttt, which has bands at 1721 cm-1 (CN2 stretch, CN3 stretch, 

CO1H and CO2H in-plane bends), 1708 cm-1 (CN2 stretch, CN3 stretch, CO1H and CO2H in-plane 

bends), and 1685 cm-1 (CO3 stretch). It also has intensity at 1294 cm-1 (CO2H in-plane bend) and 

1278 cm-1 (CO1H in-plane bend) and reproduces the bands at 1153 and 1086 cm-1, with predicted 

peaks at 1163 cm-1 (CO3H in-plane bend) and 1073 cm-1 (NαH2 wag). The [Nα, CO1, CO3, Nπ]-

gtggtgtt calculated spectrum does not reproduce the experimental spectrum well, with intense 

features at 1654 and 1470 cm-1 that are not observed experimentally. We conclude that the GM and 

the iminol structure are both present, where the presence of the latter is consistent with the 

relatively low calculated energy at the MP2 level of theory (1.2 kJ/mol at 298 K). Note that the 

relative populations here are inverted from those of the Zn analogue. This population inversion is 

consistent with the relative magnitudes of the peaks in the Zn2+(AAH) versus Cd2+(AAH) spectra, 

Figure 5.  

Comparison of Experimental and Theoretical Spectra: M2+(AHA). Photodissociation 

of Zn2+(AHA) was monitored from 580 to 1900 cm-1. FTICR experiments show the same spectrum 

but with lower signal and more noise than the QIT experiments, Figure S3. Figure 6 shows the 
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IRMPD action spectrum of Zn2+(AHA) starting at 1000 cm-1 and comparison of five calculated 

spectra. The major features observed are centered at 1722, 1662, 1451, 1286, 1171, and 1089 cm-

1. The B3LYP-GD3BJ and MP2 GM, [Nα, N
2, Nπ, N

3, CO3]-ctcgctcttt, has a predicted spectrum 

that reproduces the major spectral features of the experimental spectrum. Specifically, bands are 

predicted at 1742 cm-1 (CN2 stretch), 1714 cm-1 (CN3 stretch), 1643 cm-1 (CO3 stretch), 1464 and 

1463 cm-1 (C-terminus CH2 scissor), 1459 and 1458 cm-1 (N-terminus CH2 scissor), 1377 cm-1 (N-

terminus CH3 umbrella), 1352 cm-1 (histidine side-chain CH2 wag), 1301 cm-1 (ring stretch and 

HCC in-plane bend), 1294 cm-1 (CO3H in-plane bend), 1283 cm-1 (CO1H and CO2H in-plane 

bends), 1278 cm-1 (CO1H  and CO2H in-plane bends and NαH2 twist), 1188 and 1181 cm-1 (CO1H 

and CO2H in-plane bends), 1176 cm-1 (CO3H in-plane bend), 1102 cm-1 (CN3 stretch and nearby 

CH3 bend), 1084 cm-1 (ring CNπ stretch), 1070 cm-1 (CNα stretch), 1056 cm-1 (NαH2 wag and N2C 

stretch), and 1042 cm-1 (N3C stretch). We conclude that the B3LYP-GD3BJ and MP2 GM structure 

is present, consistent with its low calculated energy. The other four calculated spectra shown all 

have intense bands that are not observed experimentally, suggesting that these species are not 

populated significantly if at all. In particular for the B3LYP and B3P86 GM, [Nα, N
2, N3, CO3]-

ctctctttt, intense bands at 1612 and 1611 cm-1 (CO3 stretch and NαH2 scissor) and 1598 cm-1 (CO2 

stretch and CC ring stretch) lie in a region where little intensity is seen experimentally.  

Photodissociation of Cd2+(AHA) was monitored from 580 to 1900 cm-1. Figure 7 shows 

the IRMPD action spectrum of Cd2+(AHA) starting at 1000 cm-1 and comparison to five calculated 

spectra and that of Zn2+(AHA). FTICR experiments show the same spectrum but with less signal 

and more noise than the QIT experiments, Figure S4. The major features are similar to those 

observed in the zinc system, especially if the broad band at 1716 cm-1 is saturated. Other bands 

observed are centered at 1589, 1449, 1288 (broad), 1209, 1158, and 1089 cm-1. As for the Zn 

analogue, the 298 K B3LYP-GD3BJ and MP2 GM, [Nα, N
2, Nπ, N

3, CO3]-ctctctcttt, has a spectrum 

that reproduces the experimental spectrum quite well with features at 1731 cm-1 (CN2 stretch), 

1714 cm-1 (CN3 stretch), 1647cm-1 (CO3 stretch), 1614 cm-1 (NαH2 scissor), 1497 cm-1 (ring CNπ 

stretch), 1463 and 1462 cm-1 (alanine side-chain CH2 scissor), 1455 cm-1 (N-terminus CH2 scissor), 



13 
 

1447 cm-1 (ring CNπH bend), 1440 cm-1 (histidine side-chain CH2 scissor), 1309 cm-1 (CO1H in-

plane bend and NαH2 twist), 1305 cm-1 (histidine side-chain ring stretches), 1300 cm-1 (CO3H in-

plane bend and nearby NCH in-plane bend), 1280 and 1275 cm-1 (CO1H and CO2H in-plane 

bends), 1230 cm-1 (CO1H, CO2H in-plane bends and NαH2 twist), 1172 cm-1 (CO3H in-plane bend), 

1107 cm-1 (N3C stretch and CH3 twist), and 1045 cm-1 (NαH2 wag). The analogous [Nα, N
2, Nπ, N

3, 

CO3]-ctctcttttt structure, the 0 K B3LYP-GD3BJ and MP2 GM, has a fairly similar spectrum. The 

one observed band that is not reproduced particularly well by either of these predicted spectra is a 

weak band at 1589 cm-1. For metalated amino acids,[12, 13, 16, 17, 19, 21, 23, 33, 49-52] the NαH2 

scissors motion (predicted here at 1614 cm-1) can be red-shifted due to anharmonicity, such that 

this may reproduce this experimental feature. This band is also potentially associated with the 

B3LYP and B3P86 GM, [Nα, N
2, N3, CO3]-ctctctttt, which has an intense feature at 1583 cm-1 (CO1 

stretch), along with peaks at 1693 cm-1 (CN3 stretch), 1636 cm-1 (CO3 stretch), 1435 cm-1 (CNπH 

bend), and 1176 cm-1 (CO3H in-plane bend). The latter features all lie underneath bands associated 

with the B3LYP-GD3BJ and MP2 GM. Likewise, the spectrum for [Nα, N
2, N3, CO3]-cttctcttt is 

fairly similar to the spectrum of the related ctctctttt conformer and therefore could also be 

populated. The other structure shown, [CO1, Nπ, N
3H, CO3]-ctcgtgtt, has a spectrum with intense 

bands that that are not observed experimentally. We conclude the B3LYP-GD3BJ and MP2 298 

K GM species is present, consistent with its low calculated energy, along with a possible minor 

contribution of the B3LYP and B3P86 GM structure. Low-energy variants of both structures may 

also be populated.  

Comparison of Experimental and Theoretical Spectra: M2+(HAA).  Photodissociation 

of Zn2+(HAA) was monitored from 580 to 1900 cm-1, but only using the QIT. Figure 8 shows the 

IRMPD action spectrum of Zn2+(HAA) starting at 1000 cm-1 and comparison to calculated spectra. 

The major features center at 1648, 1580 (broad), 1537 cm-1, with small peaks at 1457, 1301, and 

1175 cm-1. Although not the lowest energy structure, [Nα, Nπ, CO1, CO2, CO3]-ttcttgtt reproduces 

the experimental spectrum reasonably well. There is agreement in position of all peaks with some 

discrepancies in the relative intensity, particularly between the 1580 and 1537 cm-1 peaks. The 
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peaks in the calculated spectrum that correspond to the experimental peaks are 1660 cm-1 (CO1, 

CO2, CO3 stretches and NαH2 scissor), 1611 cm-1 (NαH2 scissor), 1572 cm-1 (CO3 stretch and NαH2 

scissor), 1538 cm-1 (CN3H in-plane bend), 1512 cm-1 (CN2H in-plane bend), 1454 cm-1 (histidine 

side-chain CH2 scissor), 1331 cm-1 (CO3H in-plane bend), and 1184 cm-1 (CO3H in-plane bend). 

The [Nα, Nπ, N
2, N3, CO3]-ctctctcttt structure is energetically the lowest at all levels of theory; 

however, its predicted spectrum does not reproduce the experimental spectrum well. Specifically, 

the calculated spectrum contains an intense peak at 1733 cm-1 (CN2 stretch) that is not found in 

the experimental spectrum. Likewise, the low-energy [Nα, Nπ, CO1, CO3]-gtcttgtt structure does 

not have a predicted spectrum that adequately corresponds to the experimental spectrum, including 

an intense feature at 1601 cm-1 (CO1 and CO3 stretch) that is not observed experimentally. We 

conclude that the [Nα, Nπ, CO1, CO2, CO3]-ttcttgtt structure is present.  

Photodissociation of Cd2+(HAA) was monitored from 580 to 1900 cm-1 using the QIT. 

Figure 9 shows the IRMPD action spectrum of Cd2+(HAA) starting at 1000 cm-1 and comparison 

to calculated spectra and that of Zn2+(HAA). The spectrum is similar to the Zn analogue with major 

features centered at 1653, 1582, and 1523 cm-1, along with minor peaks at 1457, 1296, and 1178 

cm-1. As for the Zn analogue, the [Nα, Nπ, CO1, CO2, CO3]-gtcttggt structure, now the GM, has a 

spectrum that nicely reproduces the major features of the experimental spectrum. Specifically, it 

has bands at 1656 cm-1 (mainly CO3 stretch and COH in-plane bend with CO1 and CO2 stretches), 

1574 cm-1 (mainly CO2 stretch and CN3H in-plane bend), 1524 cm-1 (CN2H in-plane bend), and 

1522 cm-1 (CN3H in-plane bend). The minor peaks observed can be related to predicted bands at 

1462 cm-1 (CH2 scissor of alanine side-chains), 1285 cm-1 (histidine side-chain ring stretches), and 

1181 cm-1 (CO3H in-plane bend). The calculated GM does include a band at 1614 cm-1 (mainly 

CO1 stretch with nearby CCH and CN2H in-plane bends) that does not correspond well with the 

experimental spectrum. We think that this peak may correspond to the shoulder seen in the 

experimental spectrum at approximately 1590 cm-1. Because CO1 binds to the cadmium ion (the 

CO bond is actually nearly perpendicular to the O-Cd bond), this frequency may be sensitive to 

whether the calculation overestimates or underestimates the strength of this CO1–Cd interaction. 
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Because of this discrepancy, we investigated whether other levels of theory might match the 

experiment better, therefore, additional calculations were done with levels of theory suggested 

recently by Rodrigues-Oliveira et al.,[53] but these did not improve the comparison and indeed are 

in worse agreement than the B3LYP calculated spectrum. These results can be seen in the 

Supplementary Information, Figure S7.  

Similar to the Zn analogue, the [Nα, Nπ, N
2, N3, CO3]-ctctctcttt and the [Nα, Nπ, CO1, CO3]-

gtggtggc do not have predicted spectra that correspond to the experimental spectrum well. We 

conclude that the DFT and MP2 GM structure is present, consistent with its low energy. The 

comparison of the spectra for Zn2+(HAA) and Cd2+(HAA) makes it clear that they have similar 

binding motifs, consistent with the assignment made above for Zn2+(HAA). We attribute the 

change in relative energy between zinc and cadmium to the lower charge density on the cadmium 

metal center, which permits a less sterically hindered structure and leads to changes in the dihedral 

angles (ttcttgtt versus gtcttggt, Figure 3). 

Iminol Tautomeric Probability. In model systems of dialanine and trialanine, Dunbar et 

al. assessed the factors that influence whether an IM versus a CS binding configuration is 

adopted.[7] Dunbar pointed to factors that include the charge of the metal ion, electrostatics, and 

stronger ion binding, which all correlate to a preference for IM conformation. Dunbar noted that 

zinc and cadmium are both transition metals and doubly charged, therefore concluding that they 

should favor IM coordination. He also defined an electrostatic parameter as q/R, where q is the 

charge of the ion and R is the distance from the metal ion to the effective charge at the chelation 

site. Using this parameter, Dunbar concluded that again both zinc and cadmium should prefer IM 

coordination. Dunbar also explored other factors that could influence the binding configuration 

such as “hard” versus “soft” metals and the length of the peptide (i.e., dipeptide versus tripeptide). 

He concluded that this metal characteristic was not helpful and that the length of the peptide 

resulted in nearly identical results despite the different number of Lewis-basic chelation points 

available.  
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 In the present work, we find the IM to be dominant for the AHA systems, present for the 

AAH systems, and not a main contributor for HAA systems, Table 7. Thus, the AHA systems 

correspond well with the assessments of Dunbar. The AAH systems demonstrate that the higher 

charge density of zinc leads it to favor the IM structure, whereas the IM structure is present for 

Cd2+(AAH) but not dominant. In contrast, the HAA systems are not consistent with Dunbar’s 

general assessments. However, the calculated energies of the M2+(HAA) systems indicate that the 

higher charge density of Zn favor IM compared to Cd, which does correlate to what Dunbar 

predicted. Further, we note that the Zn2+(HAA) calculated GM is an IM structure but does not 

reproduce the experimental spectrum well. We attribute the HAA systems being CS to an inability 

to transfer the proton along the backbone that is needed to form an IM. This challenge has been 

observed and discussed in the gas-phase in much of Dunbar’s previous work;[7, 54] however, a 

mechanism for this rearrangement has not been worked out in any detail (and is beyond the scope 

of the present contribution). We hypothesize that the proximity of the histidine side chain to the 

N-terminus imposes some restrictions on this transformation, which presumably occurs in 

solution. 

Comparison to Ni and Cu analogues. When Dunbar et al. used IRMPD to study the 

analogous peptides with Ni and Cu, they calculated that iminol structures were the lowest energy 

species for all systems.[8] In contrast to the iminol structures observed for Zn and Cd, the nickel 

and copper structures adopted four-coordinate square-planar configurations. This is a result of the 

open-shell character of these two metal cations (triplet spin for Ni2+ and doublet spin for Cu2+), 

which leads to directionality in the bonding that contrasts with the spherical closed-shell electron 

configurations of Zn2+ and Cd2+. Four of the structures that Dunbar et al. investigated could be 

clearly identified as having square-planar iminol (IM) structures that were the calculated global 

minimum, whereas the other two showed formation of the charge-solvated (CS) structures that 

were not the calculated GM or a mixture of the iminol and charge solvated structures, Table 7. 
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Dunbar et al. attributed this observation to the instrument type along with conditions in the source 

and ion trap.  

More specifically, the Ni2+(AAH) spectra suggested a mixed population of iminol and 

charge-solvated structures, [Nα, N
2, N3, CO3] and [Nα, CO1, CO2, CO3, Nπ], whereas Cu2+(AAH) 

was a reasonably pure population of the former iminol structure. Likewise, the Zn2+(AAH) and 

Cd2+(AAH) spectra here suggest a mixture of the [Nα, N
2, N3, CO3, Nπ]-ctctctcttt iminol and the 

charge-solvated [Nα, CO1, CO2, Nπ]-gtcttttt with the relative populations inverted between these 

two metals. Note that the iminol structure for these two metals has added metal coordination to the 

side chain compared to the Ni and Cu complex structures.  

The Ni2+(AHA) and Cu2+(AHA) spectra suggest nearly pure populations of the iminol 

structure, [Nα, N
2, N3, CO3]. Likewise, the Zn2+(AHA) and Cd2+(AHA) spectra are reproduced 

primarily by the spectra predicted for the MP2 GMs, [Nα, N
2, Nπ, N

3, CO3]-ctcgctcttt, where again 

coordination to Nπ has been added compared with the open-shell metal dications. It is also possible 

that the Cd2+(AHA) spectrum has a contribution from the [Nα, N2, N3, CO3]-ctctctttt iminol 

structure, comparable to the findings of Dunbar et al. 

The Ni2+(HAA) spectrum suggests a reasonably pure population of the iminol structure, 

[Nα, N2, N3, CO3], whereas the Cu2+ (HAA) spectrum suggests a charge-solvated structure, 

[Nπ, CO1, CO2, CO3], with some iminol contribution. The Zn2+(HAA) and Cd2+(HAA) spectra are 

reasonably reproduced by spectra predicted for [Nα, Nπ, CO1, CO2, CO3]-xtcttgxt. These results 

mirror that for Cu2+ with addition of Nα coordination. Again, Zn2+ and Cd2+ prefer coordination to 

the His side chain, whereas Ni2+ does not. 

 

Conclusions 

IRMPD spectroscopy was used to measure the IR spectra of the metalated gas-phase 

structures of M2+(HisAlaAla), M2+(AlaHisAla), and M2+(AlaAlaHis), where M = Zn and Cd. 

These peptides were chosen for this investigation to combine the active chelation site of the 
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histidine side chain with the less active alanine side-chain to systematically probe how biologically 

relevant metals might bind in metalloproteins. The resulting spectra were compared to calculated 

spectra at the B3LYP/6-311+G(d,p) and B3LYP/def2-TZVP levels of theory for Zn and Cd 

species, respectively. There is good agreement between the Zn2+(AAH) experimental spectrum 

and the calculated GM [Nα, N2, N3, CO3, Nπ]-ctctctcttt spectrum for most features, but some 

population of [Nα, CO1, CO2, Nπ]-gtcttttt (low in energy at the B3LYP, B3LYP-GD3BJ, and B3P86 

levels) is needed to fully explain all spectral features. The same is true for the Cd2+(AAH) system, 

although the relative populations of the iminol (now low lying at the MP2 level) and charge-

solvated (now the GM at all levels) structures have inverted. In Zn2+(AHA), the [Nα, N
2, Nπ, N

3, 

CO3]-ctcgctcttt structure (the MP2 and B3LYP-GD3BJ GM) has a predicted spectrum that 

reproduces the experimental spectrum well. For the Cd2+(AHA), the analogous structure (again 

the MP2 and B3LYP-GD3BJ GM) also dominates, but a [Nα, N
2, N3, CO3]-ctctctttt structure (the 

B3LYP and B3P86 GM) may also make a minor contribution. For Zn2+(HAA) and Cd2+(HAA), 

the [Nα, Nπ, CO1, CO2, CO3]-xtcttgxt structure reproduces the experimental spectrum very well. 

Although this species is the GM at all levels of theory for the Cd complex, it is not the lowest 

energy structure for the Zn complex at any level of theory, but is low lying at the B3LYP and 

B3LYP-GD3BJ levels. Overall, B3LYP-GD3BJ calculations are the most consistent in identifying 

the observed structure, although only MP2 theory correctly suggest that the iminol structure of 

Cd2+(AAH) is low-lying and therefore might be populated as observed. None of the levels of theory 

predicts the observed Zn2+(HAA) structure is low lying. 

The experiments and calculations for the metalated species with histidine at a terminal 

position (AAH or HAA) show that charge-solvated (CS) conformers reproduce the IRMPD spectra 

most closely; the metal dication binds to the amine and carbonyl groups of the peptide backbone 

and the nitrogen of the histidine side chain, although the presence of an iminol structure for the 

AAH conformations is needed as well and dominates for Zn. The metalated species with the 

histidine in the center position (AHA) possess an iminol structure, where the metal dication binds 

to the backbone iminol nitrogens, the α-amine, π-imine, and the carbonyl of the C-terminus. For 
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nickel and copper complexes, Dunbar et al. found that two-thirds of the structures adopt the iminol 

binding motif, which are square-planar configurations for these metals, specifically Cu2+(AAH), 

Cu2+(AHA), Ni2+(AHA), and Ni2+(HAA). The other two complexes, Cu2+(HAA) and Ni2+(AAH), 

have charge-solvated structures with some contribution of iminol structures as well. Notably, the 

Zn2+ and Cd2+ analogues are generally penta-coordinate, often adding coordination to the Nπ 

nitrogen of the His side chain compared to the four-coordinate square-planar geometries of the 

open-shell metal dications. This observation is consistent with the proclivity of Zn2+ to bind to His 

residues in metalloproteins. 
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Table 1. Relative Enthalpies at 0 K (Gibbs Energies at 298 K) of Zn2+(AAH) in kJ/mol 

Structure B3LYP 
B3LYP-

GD3BJ 
B3P86 MP2(full) 

[Nα, N
2, N3, CO3, Nπ]-ctctctcttt 0.2 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

[Nα, CO1, CO2, Nπ]-gtcttttt 0.0 (1.2) 3.5 (5.2) 5.8 (7.1) 18.2 (19.6) 

[Nα, CO1, CO3, Nπ]-ttggtctt 12.0 (14.3) 4.4 (7.9) 16.5 (19.0) 21.8 (24.3) 

 

Table 2. Relative Enthalpies at 0 K (Gibbs Energies at 298 K) of Cd2+(AAH) in kJ/mol 

 

Table 3. Relative Enthalpies at 0 K (Gibbs Energies at 298 K) of Zn2+(AHA) in kJ/mol 

Structure B3LYP 
B3LYP-

GD3BJ 
B3P86 MP2(full) 

[Nα, N
2, N3, CO3]-ctctctttt 0.0 (0.0) 12.6 (10.0) 1.2 (0.0) 30.4 (25.0) 

[Nα, N
2, N3, CO3]-cttctcttt 1.2 (4.6) 13.2 (10.6) 1.8 (4.0) 32.1 (30.2) 

[Nα, N
2, Nπ, N

3, CO3]-ctcgctcttt 2.6 (8.0) 0.0 (0.0) 0.0 (4.1) 0.0 (0.0) 

[CO1, Nπ, N
3H, CO3]-ctcgtgtt 19.5 (25.3) 19.6 (19.5) 21.2 (25.8) 33.7 (34.2) 

[Nα, CO1, CO2, CO3]-gtgttggt 54.7 (62.8) 55.0 (58.0) 52.2 (59.1) 69.8 (72.6) 

 

 

 

 

Structure B3LYP 
B3LYP-

GD3BJ 
B3P86 MP2(full) 

[Nα, CO1, CO2, Nπ]-gtcttttt 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 1.0 (2.5) 

[Nα, N
2, N3, CO3, Nπ]-ctctctcttt 14.6 (13.2) 12.2 (10.4) 9.3 (7.8) 0.0 (0.0) 

[Nα, CO1, CO3, Nπ]-gtggtgtt 23.7 (23.8) 13.8 (14.3) 22.9 (23.1) 19.4 (20.9) 
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Table 4. Relative Enthalpies at 0 K (Gibbs Energies at 298 K) of Cd2+(AHA) in kJ/mol 

 

Table 5. Relative Enthalpies at 0 K (Gibbs Energies at 298 K) of Zn2+(HAA) in kJ/mol 

  

Table 6. Relative Enthalpies at 0 K (Gibbs Energies at 298 K) of Cd2+(HAA) in kJ/mol 

Structure B3LYP 
B3LYP-

GD3BJ 
B3P86 MP2(full) 

[Nα, Nπ, CO1, CO2, CO3]-gtcttggt 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0(0.0) 

[Nα, Nπ, N
2, N3, CO3]-ctctctcttt 12.9 (10.4) 16.7 (14.0) 11.2 (8.7) 6.6 (4.1) 

[Nα, Nπ, CO1, CO3]-gtggtggc 24.8 (27.6) 20.9 (24.2) 24.8 (27.6) 24.0 (26.9) 

 

  

Structure B3LYP 
B3LYP-

GD3BJ 
B3P86 MP2(full) 

[Nα, N
2, N3, CO3]-ctctctttt 0.0 (0.0) 3.2 (4.1) 0.0 (0.0) 20.5 (23.2) 

[Nα, N
2, N3, CO3]-cttctcttt 1.1 (0.1) 5.4 (5.3) 1.6 (0.4) 21.6 (23.1) 

[Nα, N
2, Nπ, N

3, CO3]-ctctcttttt 10.8 (11.7) 0.0 (2.0) 9.9 (10.8) 0.0 (3.6) 

[Nα, N
2, Nπ, N

3, CO3]-ctcgctcttt 8.5 (5.0) 0.3 (0.0) 7.7 (4.2) 0.9 (0.0) 

[CO1, Nπ, N
3H, CO3]-ctcgtgtt 24.2 (23.8) 16.3 (17.6) 26.9 (26.4) 29.0 (31.2) 

[Nα, CO1, CO2, CO3]-gtgttggt 37.0 (38.7) 33.2 (37.5) 39.3 (40.9) 50.6 (54.9) 

Structure B3LYP 
B3LYP-

GD3BJ 
B3P86 MP2(full) 

[Nα, Nπ, N
2, N3, CO3]-ctctctcttt 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

[Nα, Nπ, CO1, CO3]-gtcttgtt 3.5 (3.2) 0.7 (1.4) 7.8 (7.5) 13.1 (12.8) 

[Nα, Nπ, CO1, CO3]-gtggtggc 25.3 (29.7) 17.8 (23.5) 28.1 (32.5) 32.5 (36.9) 

[Nα, Nπ, CO1, CO2, CO3]-ttcttgtt 30.3 (30.3) 21.9 (23.8) 31.1 (31.1) 33.2 (33.2) 
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Table 7. Assignments for each complex with comparison to the previous study of Dunbar et al.[8] 

IM represents iminol. CS represents charge-solvated.  

 Ni2+ Cu2+ Zn2+ Cd2+ 

AAH IM + CS IM IM + CS CS + IM 

AHA IM IM IM IM  

HAA IM CS ( + IM)a CS CS 

 

a Parentheses indicate that the CS conformer was confidently assigned, but spectral overlap did 

not allow the IM to be eliminated.  
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Figure Captions 

Figure 1. Structures of Zn2+(AAH) conformers calculated at B3LYP/6-311+G(d,p) level of theory. 

Dashed grey lines indicate hydrogen bonds and yellow dashed lines indicate metal-ligand 

interactions. (Gray, carbon; white, hydrogen; red, oxygen; blue, nitrogen; steel gray, zinc). 

Figure 2. Structures of Zn2+(AHA) conformers calculated at B3LYP/6-311+G(d,p) level of theory 

and one unique Cd2+(AHA) complex calculated at the B3LYP/def2-TZVP level. Dashed grey lines 

indicate hydrogen bonds and yellow dashed lines indicate metal-ligand interactions. (Gray, carbon; 

white, hydrogen; red, oxygen; blue, nitrogen; steel gray, zinc; yellow, cadmium). 

Figure 3. Structures of Zn2+(HAA) conformers calculated at B3LYP/6-311+G(d,p) level of 

theory and one unique Cd2+(HAA) complex calculated at the B3LYP/def2-TZVP level. Dashed 

grey lines indicate hydrogen bonds and yellow dashed lines indicate metal-ligand interactions. 

(Gray, carbon; white, hydrogen; red, oxygen; blue, nitrogen; steel gray, zinc; yellow, cadmium). 

Figure 4. Comparison of the Zn2+(AAH) experimental IRMPD spectrum from QIT (black and gray 

dashed lines) and Zn2+(AAH) experimental IRMPD spectrum from FTICR (red and red dashed 

lines) with calculated spectra at the B3LYP/6-311+G(d,p) level of theory for low-lying 

conformers. Relative 298 K Gibbs energies (kJ/mol) are given at the B3LYP, B3LYP-GD3BJ, 

B3P86, and MP2 levels, respectively, using the 6-311+G(2d,2p) basis set.  

Figure 5. Comparison of the Cd2+(AAH) experimental IRMPD spectrum (black and gray dashed 

lines), Zn2+(AAH) experimental (dark purple), and calculated spectra at the B3LYP/def2-TZVP 

level of theory for low-lying conformers. Relative 298 K Gibbs energies (kJ/mol) are given at the 

B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels, respectively, using the def2-TZVPP basis set.   
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Figure 6. Comparison of the Zn2+(AHA) experimental IRMPD spectrum (black and gray dashed 

lines) with calculated spectra at the B3LYP/6-311+G(d,p) level of theory for low-lying 

conformers. Relative 298 K Gibbs energies (kJ/mol) are given at the B3LYP, B3LYP-GD3BJ, 

B3P86, and MP2 levels, respectively, using the 6-311+G(2d,2p) basis set.  

Figure 7. Comparison of the Cd2+(AHA) experimental IRMPD spectrum (black and gray dashed 

lines), Zn2+(AHA) experimental (dark purple), and calculated spectra at the B3LYP/def2-TZVP 

level of theory for low-lying conformers. Relative 298 K Gibbs energies (kJ/mol) are given at the 

B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels, respectively, using the def2-TZVPP basis set. 

Figure 8. Comparison of the Zn2+(HAA) experimental IRMPD spectrum (black, red scaled up by 

10 at low wavenumber, and gray dashed lines) with calculated spectra at the B3LYP/6-311+G(d,p) 

level of theory for low-lying conformers. Relative 298 K Gibbs energies (kJ/mol) are given at the 

B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels, respectively, using the 6-311+G(2d,2p) basis 

set. 

Figure 9. Comparison of the Cd2+(HAA) experimental IRMPD spectrum (black, red scaled up by 

10 at low wavenumber, and gray dashed lines), Zn2+(HAA) experimental (dark purple), and 

calculated spectra at the B3LYP/def2-TZVP level of theory for low-lying conformers. Relative 

298 K Gibbs energies (kJ/mol) are given at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels, 

respectively, using the def2-TZVPP basis set. 
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