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Abstract. In this perspective, gas-phase studies of group 1 monocations and group 12 

dications with amino acids and small peptides are highlighted. Although the focus is on two 

experimental techniques, threshold collision-induced dissociation and infrared multiple 

photon dissociation action spectroscopy, these methods as well as complementary approaches 

are summarized. The synergistic interplay with theory, made particularly powerful by the 

small sizes of the systems explored and the absence of solvent and support, is also elucidated. 

Importantly, these gas-phase methods permit quantitative insight into the structures and 

thermodynamics of metal cations interacting with biological molecules. Periodic trends in 

how these interactions vary as the metal cations get heavier are discussed as are quantitative 

trends with changes in the amino acid side chain and effects of hydration. Such trends allow 

these results to transcend the limitations associated with the biomimetic model systems. 

Introduction

In biological systems, metals are generally charged because they interact strongly with 

coordination sites and solvent. These interactions are primarily noncovalent and electrostatic, 

and as a consequence, are largely non-directional. This means that the ion can interact with 

many components of its surroundings (including solvent) simultaneously, making it difficult 

to quantitatively characterize the strengths of individual components of such interactions. 
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Some level of quantitative information can be achieved by investigating metal interactions 

with biological molecules in the gas phase. By eliminating solvent and substrate effects, 

pairwise interactions in biological systems can be measured with accuracy and precision, 

both for simple and for more complex interactions that evolve with larger systems. In many 

cases, the use of model biomimetic systems can simplify and focus the pairwise interactions 

being studied. In the past, we have described such an approach as developing a 

thermodynamic “vocabulary” for metal ion interactions in biological systems.1 Similar to 

literature, if one has a suitable vocabulary, it should be possible to generate the “phrases, 

sentences, paragraphs, and book chapters” that comprise real biological systems. 

It can also be realized that gas-phase studies allow a direct comparison with high-level 

theoretical results. These comparisons play several important roles. Theory can provide 

molecular information (vibrational and rotational constants and electronic states) that 

enhances the interpretation of experimental data. Comparisons between experiment and 

theory often provide more detailed structural information than is available just from the 

experimental results. Computations can elucidate subtle features in how metal cation 

affinities vary with the metal and the properties of the biological molecules. Such trends 

(elucidated below) transcend the gas-phase and allow application to condensed phase 

systems. In contraposition, experimental data can provide important benchmarks regarding 

which levels of theory are adequate approaches (and how accurate) for describing metal 

interactions with biological molecules. 

In this perspective, the focus is on studies of metal cations interacting with amino acids 

and small peptides. Not included are similar studies of nucleobases, nucleosides, and 

nucleotides for which there is also a considerable quantitative database.2-17 Two experimental 

techniques utilized by the author are highlighted, but other useful approaches and their results 

are also provided.

Experimental and Theoretical Methods 

Because metallated biological systems are generally charged, such complexes can be 

readily studied using several mass spectrometric (MS) techniques in the gas phase. These 
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techniques have the advantage of being able to identify the complexes being studied 

according to their mass-to-charge ratio (m/z). In order to obtain more specific thermodynamic 

and structural information, simple MS approaches must be combined with more advanced 

methods. Here, several gas-phase experimental and theoretical approaches are introduced that 

are capable of quantitatively exploring metal ion interactions with biomolecules. Details of 

these methods can be found in the literature references provided with this brief overview of 

the methods. 

Threshold Collision-Induced Dissociation Experiments

Tandem mass spectrometry (MS/MS) experiments provide a means of investigating the 

structure of ionized molecules. Such experiments utilize the ability to accelerate charged 

molecules to high velocities using electric fields. At such high energies, if the accelerated 

ions collide with neutral molecules, they can undergo additional processes, either reactions or 

simple translational to internal energy transfer, in which case fragmentation of the ion can 

ensue. If the neutral molecule is unreactive (e.g., one of the rare gases), the experiments are 

generally known as collision-induced dissociation (CID), or alternatively collisional 

activation (CA) or collision-activated dissociation (CAD), where a distinction regarding 

single versus multiple collisions is made by some investigators. In CID experiments, the 

dissociation processes observed depend on how much energy is transferred to the ion along 

with the complexity of the ion. A more subtle effect involves the time scale available in the 

experiment for fragmentation to occur because large molecules can take longer to dissociate 

than the experimental time available (generally ms to μs). 

Analytical applications of CID include sequencing of biomolecules such as peptides, 

proteins, and nucleic acids.18 As peptide (or phosphate ester) bonds are cleaved along the 

biomolecular backbone, a sequence of fragment ions is produced and can be identified by 

measuring the masses of the fragment ions. If the fragmentation is complete enough, the 

results can be analyzed to yield the sequence of amino acids (or nucleobases) of the original 

biomolecule. 

More rare are experiments that utilize CID to quantitatively measure fragmentation 

thermodynamics. Such experiments are called threshold CID experiments (TCID) or energy-
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resolved MS (ERMS).19 Such measurements are more demanding because a number of 

effects need to be considered in performing the experiments and analyzing the data. In the 

best experiments, ions that have characterized internal energies are subjected to single 

collisions with an inert gas and the collision energy is varied from zero to energies well above 

those needed for fragmentation (by at least a factor of four). The kinetic-energy dependent 

processes can be analyzed to extract the energy at which fragmentation begins, the threshold 

energy.20-23 This energy is a direct measure of the energy difference between the reactant ion 

and the rate-limiting transition state leading to the fragmentation. The most quantitative 

studies of this kind have been performed using a guided ion beam tandem mass spectrometer 

(GIBMS),24 although commercially available instruments (e.g., triple quadrupole MS, QQQ) 

can be used to provide qualitatively similar information. A GIBMS is specifically designed 

for such TCID experiments because it includes ion sources that provide thermalized ion 

reactants, it permits well-controlled collision energies over a broad range, and it collects, 

transmits, and detects reactant and product ions very efficiently.24 

An example is shown in Figure 1 for the Cs+(Ser) complex colliding with Xe and 

dissociating exclusively to form Cs+ + Ser .25 Here, the ions were formed by electrospray 

ionization (ESI), passed into vacuum through a capillary, collected by a radio-frequency (rf) 

ion funnel, and then passed through an rf hexapole ion guide26 where the ions are thermalized 

by >10,000 collisions with ambient gases (largely the ESI solvent).26-30 Note that the 

fragmentation probability is reported as a cross section, which describes the absolute 

probability that the reactants collide and lead to dissociation. When cross sections are 

multiplied by the relative reactant velocity, one obtains microcanonical rate constants for 

reaction as a function of the collision energy. Also the energy scale is reported both as the 

laboratory energy (upper scale), which is the voltage difference between the source and 

collision region, Elab (and the zero of energy is measured carefully using retarding methods in 

the octopole),24 and the center-of-mass (CM) scale, ECM, which describes the energy available 

to induce reaction (dissociation in this case). This conversion, ECM = Elab × mXe / (mXe + mion) 

where mx is the mass of x, is needed because linear momentum conservation demands that 
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the energy of the entire reaction system moving through the laboratory must be conserved 

and therefore is unavailable for reaction. 

Accurate thermodynamic information from TCID experiments requires data analysis that 

considers translational energy distributions,24 the internal energy ion distributions,31 effects of 

multiple ion-molecule collisions,32 lifetimes for ion dissociation,33 competition between 

fragmentation channels,34, 35 tight versus loose transition states,36, 37 and effects of sequential 

dissociations.38 The analysis techniques used to model these effects are detailed in the 

literature39 and illustrated in Figure 1. Here, the full line reproducing the data (which has 

been corrected to single collisions by examining the pressure dependence of the cross 

section) includes all the effects just noted, whereas the dashed line has removed the energy 

distributions. Where the dashed line deviates from zero cross section is the threshold energy, 

here 1.06 ± 0.04 eV = 102 ± 4 kJ/mol,25 which equals the 0 K bond energy for Cs+-Ser 

because there is no reverse barrier to the dissociation, i.e., a loose transition state. This value 

also includes a correction for lifetime effects of 0.04 eV.33

TCID methods have proven to provide accurate thermodynamic information. Although 

TCID methods have been applied to many systems for which there are no experimental 

thermochemical data for benchmarking, a number of systems where equilibrium experiments 

(see below) are available yield good agreement (within about 5 kJ/mol, on the order of the 

experimental uncertainty in either method).40-46 In other cases, comparisons with theoretically 

calculated thermochemistry demonstrate that the TCID results are generally accurate within 

~10 kJ/mol.28, 47-53 For instance, in the Cs+(Ser) case, four different levels of theory indicate a 

bond energy ranging from 98 to 112 kJ/mol.25

It can also be recognized that the determination of thermodynamic information is a 

valuable means of determining the structure of the fragment ions produced.28, 48, 49, 54-56 This 

requires a comparison with theoretical thermochemistry and is generally restricted to systems 

where the energetic difference between isomers or conformers is on the order of 5 kJ/mol or 

more. 

Infrared Multiple Photon Dissociation Experiments
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A more sensitive and versatile way of obtaining structural information on gas-phase ions 

is by measurement of their infrared (IR) spectrum, which again necessitates a comparison 

with theory. This generally involves studies in either the fingerprint region, 500 – 2000 cm-1, 

or the hydrogen stretching region, 2800 – 3600 cm-1. Because the concentrations of ions are 

not easily raised to levels needed for absorption measurements, these experiments require so-

called “action” spectroscopies in which absorption of a photon (or multiple photons) induces 

fragmentation that is easily monitored using MS. There are two main variants: “tagging” IR 

photodissociation (IRPD)57 and IR multiple photon dissociation (IRMPD).58, 59 In the former, 

a weakly bound species (a rare gas atom, H2, or N2) attached to the ion of interest is readily 

lost upon absorption of a single IR photon. Such tagged molecules can only be generated 

using cryogenic conditions and the tagging species can conceivably perturb the absorption 

spectrum. In the IRMPD experiment, the ion of interest is interrogated directly by the 

absorption of many IR photons. Now, generation of the ions is routine but the IR laser needs 

to have much higher power in order to provide sufficient fluence for the absorption of 

multiple photons. Such power is often provided by free electron lasers (FELs) but optical 

parametric oscillators (OPOs) can also be used. Here too, the spectrum can be distorted 

because of the need to absorb multiple photons (often to the red to compensate for the 

anharmonicity of vibrational modes). It can also be realized that IRMPD relies on efficient 

intramolecular vibrational redistribution (IVR),60, 61 where the energy provided by absorption 

of a photon into a specific vibrational mode is rapidly moved into other vibrational modes. 

This process permits the absorption of additional photons at the same photon frequency.62, 63 

IVR requires high rovibrational state densities that are easily provided by metallated 

biomolecules. 

Structural information is provided by IRMPD results through the comparison of the 

experimental IRMPD spectrum with that generated from quantum chemical calculations (see 

below). Because the former is a multiple photon process and the latter corresponds to 

absorption of a single photon, differences can occur both in position (shifts associated with 

the anharmonicity of the vibrational mode, often corrected by using a frequency scaling 

factor) and intensity (with predicted weak bands showing little or no experimental intensity 
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because too few photons are absorbed to induce efficient fragmentation). Generally, there are 

diagnostic bands in IRMPD spectra that can be strongly associated with the spectrum 

calculated for a single low-energy conformer or isomer of the interrogated ion, allowing 

accurate identification of the structure of the species. 

An example is shown in Figure 2 for Cs+(Ser), which is a somewhat complicated case 

because the spectrum cannot be assigned to a single species.64 Details of the theory and the 

nomenclature are introduced below, but the assignment of the experimental spectrum (top 

panel) is performed as follows. The sharp band observed at 1750 cm-1 (associated with a 

carbonyl stretch) can be reproduced by either the [N,CO,OH] (second panel) or [COOH] 

(third panel) structures, which also reproduce the band near 1600 cm-1. The [N,CO,OH] 

structure also reproduces bands observed at 960, 1110, and 1150 cm-1 as well as minor bands 

at 590 and 650 cm-1; however, this structure does not yield any intensity needed to reproduce 

the strong band at 1400 cm-1. This band can be associated with the [COOH] structure, which 

also contributes intensity in the 800 – 1200 region including the bands at 880 and 1050 cm-1. 

Left unaccounted for is the band observed at 1670 cm-1, which is consistent with a 

contribution from the [CO2
–] (bottom panel) structure that also helps explain the broadening 

observed for the 1400 cm-1 band to the red. We therefore concluded that all three structures 

must be present under the experimental conditions used.64 

Theoretical Calculations

As noted above, the experimental studies of metal cations interacting with biological 

molecules often rely on theory to provide molecular parameters needed to interpret the data, 

energies of fragmentation processes for comparison with TCID experiments, and IR spectra 

for comparison to IRMPD results. The synergy between experiment and theory provides 

more robust and detailed results than could be achieved without the computations. 

Of course, there are a wide array of different levels of theory that a suitable for 

examining cationized biomolecules. In our laboratory, we have settled on a workflow that 

appears to provide accurate structural and thermodynamic information for most metal-

biological molecule systems. Using the Gaussian suite of programs,65 all-electron calculations 

are performed for smaller systems, generally using a 6-311+G(d,p) triple-ζ basis set that 
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includes polarization (d,p) and diffuse (+) functions for the lighter alkali metals (Li, Na, and 

K). For first-row transition metals, we either use the same Pople basis sets or the def2-TZVP 

basis set, which is a balanced basis set at the triple- level including polarization (P) 

functions. For the heavier Rb and Cs alkali and Cd metal systems, we use the def2-TZVP 

basis sets that incorporate small-core effective core potentials (ECPs) developed by Leininger 

et al.66 As the systems get larger, a simulated annealing approach is used to explore the 

associated conformational space and determine low-energy conformers.67-71 Each unique 

conformer is then geometry optimized using B3LYP with a double zeta basis set before the 

protocol described above is initiated.

These geometry optimizations are accompanied by calculations of the vibrational 

frequencies and are usually performed using the B3LYP density functional72, 73 or B3LYP 

with dispersion corrections (GD3BJ),74, 75 as we have found that more time-consuming 

second-order Möller-Plesset (MP2) geometry optimizations76 yield very similar results. We 

follow these geometry optimizations with single-point energy calculations performed using 

larger basis sets, 6-311+G(2d,2p), def2-TZVPP, or def2-TZVPPD (where D indicates diffuse 

functions), which are required to yield accurate energetics.50 Such single-point calculations 

are usually performed at multiple levels of theory, B3LYP, B3LYP-GD3BJ, and MP2(full) 

(where full indicates correlation of all electrons), along with B3P86 or M0677 approaches in 

some cases. In rare cases, we have also applied the coupled cluster with single, double, and 

perturbative triple excitations, CCSD(T), method78, 79 to these types of systems;80 however, 

this high-quality approach becomes increasingly inaccessible as the systems increase in size. 

Moving forward, we also intend to apply the range-separated hybrid ωB97M-V functional81 

to these types of systems because its performance relative to CCSD(T) was better than other 

density functional approaches,80 as discussed further below. We always include multiple 

computational approaches because different levels of theory often do not agree on the relative 

energies of low-lying conformations, as illustrated further below. Further, theoretical metal 

cation-ligand BDEs generally exhibit a spread in values that is often comparable to 

experimental uncertainties.
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Single-point energies are corrected for zero-point energies (ZPE) calculated at the lower 

levels of theory used for geometry optimizations. This permits calculation of the 

thermochemistry at 0 K, and thermal corrections (assuming the rigid-rotor and harmonic 

oscillator approximation) are applied to yield 298 K thermodynamic values. Both ZPE and 

thermal corrections use scaling factors appropriate for the particular method and basis set 

used, as outlined elsewhere.82 Theoretical bond dissociation energies (BDEs) are calculated 

by the difference in the ZPE-corrected single-point energies of products minus reactants. 

Reported BDEs also include basis set superposition error (BSSE) corrections at the full 

counterpoise level.83, 84 

The lightest alkali cation, Li+, has been found to exhibit one interesting property that 

alters the general approach noted above. When ligands are strongly bound to Li+, there are 

repulsive interactions with the 1s core electrons of the cation.85 To account for this effect, the 

core electrons must be permitted to polarize away from the ligand, which requires using the 

correlation consistent polarized core/valence basis sets (cc-pCVXZ where X = D, T, and Q) 

of Dunning for lithium86 and aug-cc-pVXZ basis sets on all other atoms for consistency. 

Using the MP2(full) level of theory and a complete basis set extrapolation, this procedure 

yields thermodynamic values in agreement with experiment. We also recommended that an 

adequate level of theory is provided by a MP2(full)/aug-cc-pVTZ(Li-C)//MP2(full)/cc-

pVDZ(Li-C) approach, where (Li-C) indicates the cc-pCVXZ basis set on Li.85 All def2 and 

cc-pCVXZ basis sets can be obtained from the Basis Set Exchange.87-89

In cases where theory is used to predict infrared spectra, the predicted harmonic 

frequencies are generally scaled to account for known inaccuracies in the calculated 

frequencies. In many cases, we have found that B3LYP/6-311+G(d,p) spectra accurately 

reproduce experiments using a scaling scaling factor of 0.975, although a recent study notes 

that this can vary between 0.97 and 0.98.80 Before comparison with experiment, the 

calculated frequencies are also broadened to account for the finite laser bandwidth, 

unresolved rotational envelope, anharmonic broadening of the vibrational bands, and 

broadening resulting from the multiple-photon absorption process. (For example, the spectra 

in Figure 2b-d are broadened using a 20 cm-1 full width at half maximum Gaussian 
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distribution.) Strongly anharmonic vibrational modes may not be adequately predicted by 

harmonic frequency calculations, but such instances are often consistent from system to 

system (e.g., the NH2 scissors mode near 1600 cm-1 of metalated amino acids is often blue 

shifted compared to experiment by ~30 cm-1).64, 90-95 Because the comparisons are between 

experimental spectra corresponding to multiple photon absorption and IR spectra that relate 

to single photon absorption, the intensities can vary between the theoretical and experimental 

spectra. This often results in weaker modes not being observed because insufficient number 

of photons are absorbed to lead to efficient photodissociation.

As will be found below, theory is also used to calculate isotropic molecular 

polarizabilities of neutral molecules, which are needed for thermochemical analysis of TCID 

data as well as the examination of periodic trends. The PBE0/6-311+G(2d,2p) level of theory 

has been shown to provide polarizabilities that are in good agreement with measured values.96

Other Experimental Approaches

In addition to the TCID and IRMPD methods discussed above, thermodynamic 

information and structural information can also be obtained using other experimental 

methods. Very reliable thermochemistry can be obtained using techniques that rely on 

bringing the reactants and products into equilibrium and measuring their concentrations as a 

function of temperature. A van’t Hoff plot can then be used to convert the measured 

equilibrium constant to the enthalpies and entropies of the reaction. Such studies can be 

pursued at both low and high pressures in the presence or absence of buffer gases. When 

successful, this method can provide rigorous thermodynamic determinations but is subject to 

uncertainties associated with whether the ion sampling perturbs the equilibrium and with the 

absolute temperature. This method has been used to measure the relative binding energies of 

metal cations to a wide range of ligands97, 98 and hydration energies.99-102 Not that many 

biological systems have been included mainly because such samples are not always volatile.

A related method is blackbody infrared radiative dissociation (BIRD), in which ions are 

allowed to equilibrate with their thermal surroundings by absorption of background 

blackbody infrared radiation.103, 104 By quantitatively measuring the extent of dissociation as a 
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function of the temperature, thermodynamic information can be extracted using master 

equation modeling.105 

Another more qualitative (but also more easily applied) approach to thermodynamic 

methods is the kinetic method, introduced by Cooks and coworkers.106, 107 Here, the relative 

intensities of products resulting from dissociation of a cation (or anion) bound dimer are 

measured and presumed to represent a quasi-equilibrium. The methods of analyzing such data 

have been revised extensively to try and include important entropic effects.108, 109 The 

limitations of this approach have been discussed thoroughly.110-112 Ultimately, the kinetic 

method is primarily limited by the fact that the temperature of the thermodynamic 

information is ill-defined; however, this approach can certainly provide useful relative 

information.  

Structural information can also be obtained using ion mobility, in which ions are pulled 

through a bath gas (often He or N2) by an electric field.113-115 Larger ions move more slowly 

than smaller ions, such that a measurement of the rate at which the ions move a set distance 

provides the rotationally averaged size of the ion. By comparing this experimental size with 

computational structures, assignments of the structures of ions can be inferred, although the 

precision of this technique permits only fairly large changes (e.g., folded versus extended 

peptides) to be identified. 

Alkali Metal Cations Interacting With Glycine

Sodium and Potassium

One means of appreciating how metal ions interact with a multi-functional molecule such 

as an amino acid is to evaluate each of the functional groups independently. This approach 

has been pursued for both sodium and potassium cations, specifically with regard to their 

interactions with the simplest amino acid, glycine (Gly). Here, the molecules that represented 

the various functional components of Gly were 1-propyl amine (for NH2), 1-propanol (for 

OH), methyl ethyl ketone (MEK, for the CO carbonyl) as well as pairs of these, propionic 

acid (PPA, for the COOH group), and ethanol amine (for NH2 and OH). For the sodiated 

complexes,116 the order of the binding affinity for molecules having a single functional group 
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was OH < NH2 < CO, whereas for potassiated complexes,117 the order was NH2 < OH < CO. 

Thus, the primary binding site for both alkali cations is the carbonyl, but the smaller Na+ 

cation prefers binding to NH2 and the larger K+ cation prefers binding to OH. 

The preference for binding to the carbonyl oxygen is even more apparent when the BDEs 

of MEK are compared to PPA. Na+ and K+ bind more strongly to MEK by 13 and 9 kJ/mol 

compared to PPA, even though theory indicates that the metal cation binds to both oxygens of 

PPA. This difference occurs because the optimum bonding angle for the metal cation (M) to 

the carbonyl is near 180, i.e., directed along the carbonyl dipole. In contrast, the bidentate 

binding in PPA leads to a much less optimal MOC bond angle, coupled with an inductive 

effect of the hydroxyl group that reduces electron density on the carbonyl oxygen. 

The OH < NH2 < CO ordering found for sodium is consistent with the IRMPD 

experimental finding118, 119 that Na+ interacts with Gly by bidentate binding to the carbonyl 

and the amino group, which we designate as [N,CO], Figure 3. Compared with MEK, the 

bidentate binding to glycine leads to stronger binding with Na+ by 33 kJ/mol. Interestingly, 

ethanol amine binds Na+ more tightly than Gly by 11 kJ/mol, even though the favored 

carbonyl group has been replaced by the hydroxy ligand site. We believe this occurs because 

the sp3 carbons in ethanol amine allow better overlap of the heteroatom lone pairs with the 

metal cation, whereas sp2 hybridization at the carboxylic acid group of Gly leads to 

conformational restrictions. 

When a similar analysis is conducted for potassium ion complexes,117 the relative results 

are similar although the absolute BDEs are 74  4% of those for Na+; however, K+ binds the 

amino group only 67% as strongly as Na+. As noted above, this changes the BDE order of 

molecules with single functional groups, NH2 < OH < CO. As a consequence, theory 

indicates that K+ no longer binds to glycine as [N,CO] coordination. Rather it prefers binding 

either via the two oxygen atoms in the carboxylic acid group, i.e., a [CO,OH] global 

minimum structure, or just to the carbonyl oxygen, [CO], Figure 3.119 Theory places the 

[N,CO] isomer, like that found for Na+(Gly), 2 – 9 kJ/mol higher in energy. Notably, the 

[CO,OH] and [CO] isomers are stabilized by an OH•••N hydrogen bond. Further, this 

geometry corresponds to the global minimum structure of isolated glycine. Experimentally, 
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the IRMPD spectrum of K+(Gly) is reproduced well by the calculated spectrum of either of 

these two isomers, which are similar. When an anharmonic vibration calculation was 

performed (with no frequency scaling), the [CO,OH] spectrum matched the experimental 

spectrum particularly well and we concluded that this was the dominant species present.119 

This agrees with relative energetics calculated at the MP2 and CCSD(T) levels, but not those 

calculated using DFT approaches (B3LYP and B3LYP-GD3BJ).

An interesting and important aspect of the [CO,OH] and [CO] isomers is that they are 

linked in a double-well potential corresponding to changing the MOC bond angle. Figure 

4a shows this for the example of potassiated alanine (Ala).80, 120 The [CO,OH] isomer is also 

linked to the [CO2
–] isomer by moving the hydroxy proton to the amino group, thereby 

yielding a zwitterionic structure, Figure 4b, but this generally requires more energy in gas-

phase complexes.80, 120 Different levels of theory make drastically different predictions 

regarding the relative stability of the coupled wells.120 This phenomenon has been explored in 

increasing detail for the Cs+(Gly) complex, described below. 

Lithium and Rubidium 

For Li+, according to both IRMPD experiments and theory, binding to glycine matches 

that observed for Na+, i.e., [N,CO], consistent with the higher charge density on these smaller 

cations.119 Indeed, alternative isomers are now much higher in energy than those of the larger 

alkali cations. Like K+, theory indicates that Rb+ prefers either the [CO,OH] or [CO] isomers, 

again linked by a double-well potential. Compared with K+(Gly), the MP2 potential well for 

[CO] disappears, whereas the DFT levels still indicate a [CO] global minimumstructure along 

with stabilization of the [CO,OH] isomer of the Rb+(Gly) complex. Comparison of the 

theoretical spectra with the IRMPD spectrum for Rb+(Gly) indicates that both species are 

present, with the [CO] spectrum providing a slightly better match to the carbonyl stretch 

observed at 1726 cm-1 (although this conclusion relies on how the frequencies are scaled, as 

discussed further next). 

Cesium

In our original work on the Cs+(Gly) complex, we made a parallel conclusion that the 

[CO] isomer explained the observed IRMPD spectrum.119 We recently revisited this system 
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(in conjunction with other aliphatic amino acids, see below) and performed additional high-

level calculations.80 In interpreting the data, we also allowed the frequency scaling factor to 

vary rather than using a fixed scaling factor of 0.975  as used in the previous work. Although 

the 0.975 factor works well for B3LYP calculations, this level of theory does not yield a 

stable [CO,OH] isomer for Cs+(Gly), hence this isomer was calculated at the MP2 level 

previously.119 In our reevaluation,80 we calculated both spectra at the B3LYP-GD3BJ level, 

as this calculation yielded stable species for both isomers. The scaling factor was then chosen 

so that the calculated carbonyl stretch matched experiment: 0.98 for [CO] and 0.97 for 

[CO,OH]. This comparison suggested that the spectrum for the [CO,OH] isomer matched 

experiment somewhat better, in contrast with our previous conclusion. One notable 

discrepancy between the calculated and experimental spectra was a calculated band at 950 

cm-1 (for both isomers) that was not observed. This calculated band corresponds to an out-of-

plane OH wag. A spectrum calculated at the CCSD level of theory shifts this band to 902 cm-

1 where it overlaps a band at 895 cm-1 (NH2 wag), which match an experimental band at 884 

cm-1. Here, the experimental spectrum was well reproduced by the CCSD spectrum 

calculated for the [CO,OH] isomer. 

We also performed a more complete examination of the double-well potential calculated 

at various levels of theory. MP2 and CCSD(T) calculations agree that the [CO] isomer 

collapses to [CO,OH], whereas B3LYP concludes the opposite. Adding dispersion 

corrections, B3LYP-GD3BJ, stabilizes the [CO,OH] isomer creating the double-well 

potential, but [CO] is still the lower energy structure. The range-separated hybrid ωB97M-V 

functional81 yields a potential surface that lies in between the CCSD(T) and B3LYP-GD3BJ 

surfaces, with the [CO,OH] isomer being the global minimum structure, but [CO] still being a 

stable species, i.e., again a double well potential. 

The reason for these disparate results was explored in some detail. One simple factor is 

the need to include electron correlation in determining the relative energies of the [CO,OH] 

and [CO] isomers. Another contributor is the tendency of DFT to delocalize charge.121 In the 

Cs+(Gly) complex, this influences the strength of the OH•••N hydrogen bond, with DFT 

tending to increase its strength.122 Spectroscopically, this difference is verified by the out-of-
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plane OH wag band described above. CCSD places this wag at 902 cm-1, whereas the DFT 

methods shift this band to higher frequencies, inconsistent with experiment. Theory predicts 

this should also influence the OH stretch, which experiment indicates is severely broadened 

by the OH•••N hydrogen bond.80 

Periodic Trends in Binding Energies

When comparing the BDEs of the five alkali cations to any particular ligand, one finds 

that the values increase as the size of the metal cation decreases.123-125 This is a simple 

electrostatic effect in that the smaller cation has a shorter bond distance leading to a stronger 

bond. Glycine, or for that matter any other amino acid or small peptide, is no exception. This 

electrostatic effect dominates the trends in the BDEs even though the specific isomer that 

corresponds to the global minimum structure can change as the size of the alkali cation 

increases, as described above. Interestingly, the BDEs to Gly increase linearly with the 

inverse of the ionic radius, as shown in Figure 5, consistent with a largely electrostatic 

interaction. 

Effects of Hydration

We have also examined how a sodium ion interacts with glycine as water molecules are 

added. TCID measurements allowed the determination of the energies required for both water 

loss (the dominant CID process) and glycine loss from Na+(Gly)(H2O)x complexes where x = 

1 – 4. Bond energies for loss of water and glycine decline monotonically with increasing 

hydration from 75 ± 5, 55 ± 7, 40 ± 5, and 32 ± 8 kJ/mol for x = 1 to 4, respectively. The 

experimental BDEs are reproduced reasonably well by several levels of theory. The observed 

decline is found because as additional ligands are added there is increased ligand-ligand 

repulsion and the effective charge on the sodium cation decreases. 

Theory indicates that addition of one water molecule occurs directly to the sodium ion in 

the [N,CO] isomer of Na+(Gly), whereas additional water molecules preferentially stabilize 

the [CO] isomer. Notably, this includes a water molecule bound to the Na+ site with a 

hydrogen bond to the hydroxy oxygen, HOH•••OH•••N. Theory also suggests that the 

zwitterionic form of this complex (i.e., [CO2
–], Figure 3) becomes more stable with additional 

water ligands as well, in particular because both the Na+ and NH3
+ sites can be hydrated. 
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Parallel results have been obtained by Williams and coworkers who used BIRD to study the 

M+(Val)(H2O)x complexes where M+ = Li+, Na+, and K+ and x = 1 – 6.126-128 

Alkali Metal Cations Interacting With Aliphatic Amino Acids

Sodium

We have acquired IRMPD spectra of the sodiated aliphatic amino acids: Gly, alanine 

(Ala), valine (Val), leucine (Leu), and isoleucine (Ile).129 The spectra are similar except a 

band near 1400 cm-1 grows in for Ala – Ile. The similarity of the spectra indicates that the 

dominant isomer formed for all five complexes remains [N,CO], as noted above for 

Na+(Gly). Notably, the addition of the side-chain leads to two [N,CO] isomers that differ in 

whether the sodium cation leans in the direction of the side-chain (lower in energy because of 

favorable electrostatics and designated as S for syn) or to the opposite side (designated as A 

for anti), Figure 3. The additional intensity near 1400 cm-1 was attributed to the zwitterionic 

[CO2
–] isomer, which MP2 theory indicates lies less than 4 kJ/mol above the [N,CO] global 

minimum structure for Ala – Ile. Other levels of theory predict either too little of the 

zwitterionic structure (B3LYP-GD3BJ and M06-2X) or that it is dominant (B3LYP and 

B3P86), neither of which agrees with experiment. 

TCID studies of these same complexes along with homo-alanine (hAla) find that the 

BDEs for Na+-Xxx (Xxx = Gly, Ala, hAla, Val, Leu, Ile) systematically increase as the length 

of the side chain increases, with a span of 14 kJ/mol.130 These BDEs are predicted well by 

B3LYP, B3P86, and MP2 levels of theory with B3LYP-GD3BJ and M06-2X yielding values 

that are too high. The increases correlate well with the polarizability of the aliphatic amino 

acids. Results obtained using the kinetic method131, 132 and equilibrium methods98 provide 

similar trends although the TCID data provide the best correlation with polarizability. 

Potassium

TCID studies of the analogous six complexes with K+ have also been performed.120 

Again the BDEs increase with increasing polarizability of the aliphatic amino acids, now over 

a range of 9 kJ/mol. This difference reflects the fact that the K+(Xxx) BDEs are 73 ± 1% of 

the Na+(Xxx) BDEs. Again B3LYP, B3P86, and MP2 levels of theory predict BDEs in good 
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agreement with experiment, whereas B3LYP-GD3BJ values are too high. Kinetic method 

results133 are in reasonable agreement with the TCID results although slightly higher by an 

average of 2 ± 1 kJ/mol. 

Cesium

Recent work has included IRMPD studies of the aliphatic amino acid complexes with 

Cs+.80 As noted above, this study examined the dichotomy of the [CO,OH] and [CO] double-

well potential carefully for the Cs+(Gly) system. As the side-chain is lengthened, the [CO] 

isomer becomes less stable at all levels of theory and, in particular, is essentially absent at the 

MP2 level. Thus, in all cases, the spectra can be assigned to a [CO,OH] isomer. In general, 

this corresponds to a specific orientation of the side chain, even though multiple possibilities 

exist, with the possible exception of hAla, where there are two low-lying [CO,OH] 

conformers. As for Cs+(Gly), the B3LYP level of theory predicts IR spectra containing a 

band for the out-of-plane OH wag that does not match experiment. As noted above, if this 

band is red-shifted, as predicted by CCSD calculations for both Cs+(Gly) and Cs+(Ala), 

agreement between theory and experimental spectra is obtained.80 

Effects of Hydration

The effects of adding water to M+(Xxx) complexes have been studied by Williams and 

coworkers using kinetic data for M+(Val)(H2O)x, x = 1 – 6 and M+ = Li+, Na+, and K+, 126, 127 

BIRD measurements of the hydration energies for x = 1 – 3 for Li+ and x = 1 for Na+,128, 134 

and IRMPD spectroscopy for Li+(Val)(H2O)x, x = 1 – 4.135 Similar to Na+(Gly) discussed 

above, the kinetic results indicate a change in metal cation coordination from [N,CO] to 

[CO,OH] at x = 3 for Li+ and x = 2 for Na+. IRMPD studies of Li+(Val)(H2O)x find the same 

result, but indicate clearly that this complex retains a charge-solvated [CO,OH] structure for x 

= 3 and 4, with no sign of a zwitterionic form suggested by the BIRD results.

Further measurements of the hydration energies of such complexes have been performed 

by Wincel using high-pressure equilibrium methods. His results include hydration energies 

for x = 1 – 3 of Na+(Val)100 (with good agreement with BIRD results for Val134) and of 

K+(Xxx) where Xxx = Gly, Ala, and Val.101

Proline
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TCID studies of lithiated, sodiated, and potassiated proline (Pro) find M+(Pro) BDEs that 

match theory for the zwitterionic [CO2
–] isomer.67 Here, the zwitterionic isomer is favored 

because the secondary nitrogen in Pro makes it more acidic than the primary amino group in 

other amino acids. This study also considered the four- and six-membered ring analogues of 

the five-membered ring proline: azetidine-2-carboxylic acid (Aze) and pipecolic acid (Pip). 

Interestingly, the bonds to Pro are stronger than those to Aze and Pip for all three alkali 

cations, which is counter to expectations based on polarizability, where Pip is higher than 

Pro. Theory showed that this result occurs because the NH•••OC hydrogen bond is shorter in 

the complexes with Pro with no distortion to the ring.  

The zwitterionic structure for the M+(Pro) complexes has been verified by IRMPD 

studies for all five alkali cations.118, 136 However, for the heavier alkali cations, K+, Rb+, and 

Cs+, there is spectroscopic evidence for the coexistence of the [CO,OH] structure as well.102 

In particular, a comparison of potassiated Pro, N-methyl Pro (which increases the basicity of 

the amino group, enhancing the zwitterionic stability), and N-methyl Pro methylester (which 

removes the possibility of the zwitterion) showed that both [CO2
–] and [CO,OH] were 

present. Theory indicates that the [CO2
–] isomer is the global minimum structure for all five 

alkali cations, but the [CO,OH] structure drops in relative energy as the metal cation size 

increases, dropping to only 1.8 kJ/mol for Cs+. Thus, for K+, Rb+, and Cs+, there is again a 

double-well potential that permits simultaneous occupation of both isomers for these M+(Pro) 

systems. 

This study102 went on to consider N-methyl Ala, which also has a secondary nitrogen and 

therefore exhibits parallel trends to Pro with regard to the relative stabilities of the 

zwitterionic and [CO,OH] structure. It went on to computationally compare these results with 

those for other amino acids, showing that the periodic trends in stability of the M+(Xxx) 

complexes were generally parallel, but that ligands containing a secondary amine (Pro, Arg, 

and N-methyl Ala) stabilized the zwitterionic form. 

Effects of Hydrating Proline Complexes 

Unlike Na+(Gly), where hydration shifts the complexation site from [N,CO] to [CO,OH], 

hydration of Na+(Pro) retains the zwitterionic [CO2
–] binding site.137 TCID measurements of 
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Na+(Pro)(H2O)x complexes where x = 1 – 4 again find that bond energies for loss of water 

and proline decline monotonically with increasing hydration: 66 ± 5, 45 ± 5, 30 ± 4, and 20 ± 

6 kJ/mol, respectively . The experimental BDEs are reproduced reasonably well by theory 

except for the loss of Pro from the x = 4 complex. The hydration energies are slightly weaker 

(by ~10 kJ/mol) for the Na+(Pro) complex compared to Na+(Gly) because the Na+-Pro bond is 

stronger than the Na+-Gly bond. Here, hydration energies for x = 1 – 3 of Na+(Pro)(H2O)x are 

in reasonable agreement with those measured by Wincel.100 

As for the Na+(Gly)(H2O)x system, the global minimum structures of the x = 2 – 4 

complexes of Na+(Pro)(H2O)x have a water molecule bound to the Na+ site with a hydrogen 

bond to one of the carboxylic acid oxygens, forming HOH•••O–•••H+N hydrogen bonds. At x 

= 4, both the Na+ and NH2
+ sites can be fully hydrated.  

Alkali Metal Cations Interacting With Functionalized Amino Acids

Extensive IRMPD spectroscopic studies have been performed to elucidate the structures 

of metallated amino acids with functionalized side chains.29, 47, 64, 80, 90, 91, 118, 119, 136, 138-154 

Structures were generally assigned on the basis of comparison to computational spectra. 

Table 1 compiles the results of this work. As for Gly, the structures evolve as the metal ion 

changes. The higher charge density on Li+, the smallest alkali metal cation, generally results 

in tridentate [N,CO,SC] structures. Here, the metal binds to the amino nitrogen and carbonyl 

oxygen of the backbone along with the heteroatom or aromatic ring of the side-chain (SC). 

This is illustrated for the oxygen side-chain of serine in Figure 6.

This structural motif is largely maintained for Na+ although tryptophan (Trp) and 

glutamine (Gln) also exhibit bidentate structures where the metal binds only to the backbone 

carbonyl and the side-chain, [CO,SC]. The very basic amino acid, arginine, also switches to 

having predominantly a zwitterionic structure, [CO2
–], although the tridentate species is still 

observed. 

For the heavier and lower charge density alkali cations, K+, Rb+, and Cs+, the tridentate 

[N,CO,SC] geometry often remains either the global minimum structure [serine (Ser), 

threonine (Thr), methionine (Met), phenylalanine (Phe), tyrosine (Tyr), asparagine (Asn)] or 
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is low-lying [cysteine (Cys), tryptophan (Trp), aspartic acid (Asp), glutamic acid (Glu), 

glutamine (Gln), lysine (Lys), histidine (His)]. However, these M+(Xxx) complexes generally 

exhibit additional isomers. Bidentate [CO,SC] coordination is observed for Phe (with Rb+ and 

Cs+), Trp (where it is the global minimum structure for Rb+ and Cs+), Glu (with Cs+), Gln, 

and His (where it is the global minimum structure for all three metal cations). Tridentate 

[CO,OH,SC] structures are also observed for Asn, Asp, Gln (where it is the global minimum 

structure with Cs+), and Lys (where it is the global minimum structure for all three metal 

cations), possibly for Met. 

With K+, Rb+, and Cs+, the bidentate [CO,OH] structure is often observed for the reasons 

discussed above for Gly. The [CO,OH] isomer becomes the global minimum structure for 

Cys and is low in energy for Ser, Thr, and His. Cys and Met, as well as cesiated Ser and Thr, 

also exhibit the zwitterionic form of this complexation, [CO2
–], which is the exclusive form 

for Arg because of the high basicity of the side-chain. As discussed above for Gly, the 

[CO,OH] and [CO2
–] species differ only in whether the proton remains on the oxygen of the 

carboxylic acid [CO,OH] or has transferred to the amino group [CO2
–], such that they lie in a 

double-well potential, Figure 4b. This coordination favors [CO2
–] when the metal charge 

density is high (e.g., for Li+, Na+, and metal dications) and favors [CO,OH] when the metal 

charge density is low (Rb+ and Cs+).64, 153 However, these zwitterionic [CO2
–] structures are 

not observed for Li+ and Na+ because the [N,CO,SC] structures are much more strongly 

favored. The [CO2
–] and accompanying [CO,OH] structures become competitive for Rb+ and 

Cs+ (and sometimes K+). Because the frequency of the proton motion that couples these two 

isomers is relatively high, the wavefunction associated with the ground vibrational level can 

sample both [CO2
–] and [CO,OH] potential wells. In some cases, this has permitted the 

simultaneous observation of the CO stretches characteristic of the carboxylate and carboxylic 

acid groups.64, 150 Figure 2 shows this for the case of Cs+(Ser), where bands associated with 

both [COOH] and [CO2
–] structures are observed. Figure 7 shows this for the example of 

Cs+(Lys), which exhibits both [CO,OH,SC] and [CO2
–,SC] coordination.120

It is generally the case that structures found experimentally agree with the lowest energy 

geometries located computationally, although this prediction can vary with the level of 
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theory. In many of our results, the relative stabilities predicted by single-point energy 

calculations at the MP2 level were preferred compared to B3LYP results. The agreement 

between experiment and theory also presumes that all accessible conformations are properly 

located. For example, assignments for structures of K+(Lys), Cs+(Lys), and Cs+(Glu) were 

revised after locating lower-energy tridentate [CO,OH,SC] conformations.145, 146, 149, 150, 155 It 

can also occur that the ion source conditions influence which structures are observed, 

especially if higher-energy isomers are kinetically trapped.156 

Effects of Hydration

We have examined the effects of hydration with one to four water molecules attached to 

the Na+(Cys) complex.157 The complex starts with the sodium ion bound in a [N,CO,SC] 

tridentate configuration. The first two waters attach directly to the sodium ion. Depending on 

the level of theory, it is nearly isoenergetic for Na+ to shift to a [CO] binding mode with one 

water ligand bridging from Na+ to the hydroxyl oxygen. The zwitterionic form of this 

complex is also nearly isoenergetic. These binding modes remain low in energy for addition 

of the third water molecule, which can bind to Na+, –NH3
+, or –OH with nearly equivalent 

BDEs. Addition of the fourth water ligand leads to complete solvation of the Na+ and –NH3
+ 

groups in a [CO2
–] coordination geometry. Solvation is complete in part because there is a 

strong intramolecular S•••HN hydrogen bond. Overall, this means that the global minimum 

structures of Na+(Cys)(H2O)4 and Na+(Pro)(H2O)4 are similar, i.e., both are zwitterionic with 

complete solvent shells. Similar trends are expected for other amino acids with functionalized 

side chains. Indeed, in the limit of full solvation, such zwitterionic forms are expected.158

Comparison of the BDEs among the Na+(Xxx)(H2O)x complexes for Xxx = Gly, Pro, 

Cys shows that for x = 1 and 2, the hydration energies (Gly > Cys > Pro) vary inversely with 

the Na+-Xxx bond energy, i.e., Gly < Cys < Pro. This trend changes for x = 3 and 4, where 

the hydration energies to the Cys complex are stronger than those to Gly (by ~ 3 kJ/mol), 

which are stronger than those to Pro (by ~10 kJ/mol). This directly reflects the change in 

coordination noted above.

Additional hydration studies include the first and second hydration energies of Li+(Gln) 

and Na+(Gln)159, 160 and the first hydration energies of Li+(Lys)161 obtained using BIRD. 
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Here, hydration does not affect the coordination of these metal cations to the amino acid, 

which retains the tridentate [N,CO,SC] structures. In contrast, according to IRMPD results, 

addition of a single water molecule to M+(Arg)(H2O), where M+ = Li+ and Na+, changes the 

coordination of Li+ from tridentate [N,CO,SC] to zwitterionic [N,CO] coordination, whereas 

Na+ maintains a zwitterionic [CO2
–] structure.151 Associated kinetic studies indicated that a 

second water ligand is likely to bind to the metal cation and a third to the cationic 

guanidinium side chain.

Further measurements of the hydration energies of such complexes have been performed 

by Wincel using high-pressure equilibrium methods. His results include hydration energies 

for x = 1 – 3 of Na+(Xxx) where Xxx = Met, Phe, and Gln.100 Here, good agreement with 

BIRD results for Gln. He has also examined K+(Xxx) where Xxx = Gly, Ala, Val, Met, Pro, 

and Phe.101

Periodic Trends

A comprehensive listing of the known M+–Xxx BDEs measured by TCID is given in 

Table 2.25, 29, 47, 67, 85, 116, 117, 142, 143, 146, 150, 162-168 For completeness, a value obtained using the 

kinetic method is included for Na+–Arg, where there is no TCID result.169 For all amino acids, 

experimental and theoretical results for M+(Xxx) BDEs decrease down the periodic table, Li+ 

> Na+ > K+ > Rb+ > Cs+. As discussed above, this is primarily a reflection of the increasing 

radius of the metal cation: 0.70, 0.98, 1.33, 1.49, and 1.69 Å, respectively.170 As the cation 

radius increases, the M+–Xxx bond distances necessarily increase, which reduces the 

electrostatic interactions. Quantitatively, although there are clearly some variations, we find 

that relative to Na+(Xxx) complexes, the BDEs for the analogous complexes with Li+, K+, 

Rb+, and Cs+ are 144  11%, 74  3%, 56  21%, and 46  21%, respectively.

Experimentally, we have found that the BDEs decrease approximately linearly with the 

inverse of the ionic radius, as shown in Figure 5 for Xxx = Gly, Pro, and Gln. Other amino 

acids have shown similar trends. At long range, the metal ion ligand interactions should 

comprise combinations of ion-dipole, ion-quadrupole, and ion-induced dipole forces, which 

change with interaction distance as r2, r3, and r4, respectively. The experimentally observed 

r1 dependence suggests that strong electrostatic effects along with complex chelation effects 
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dominate at short range. The regression lines shown in Figure 5 for M+ complexes of Gly, 

Pro, and Gln have slopes of 158  6, 190  8, and 214  15 Å kJ/mol, respectively. These 

values accurately indicate the relative strengths of the interactions of different amino acids 

with the metal cations. Gly is the weakest binding amino acid and Gln is among the strongest 

binding amino acids measured to date, Table 2. 

Effects of Polarizability and Side Chain on M+(Xxx) BDEs. 

A number of factors contribute to how the BDEs of alkali cations bound to amino 

acids vary with the side chain. Ruan and Rodgers showed that the bond energies of sodium 

and potassium ions to Gly and the aromatic amino acids, Phe, Tyr, and Trp, correlate well 

with the polarizabilities of the amino acids.142 (It has been demonstrated that isotropic 

molecular polarizabilities calculated at the PBE0/6-311+G(2d,2p) level of theory using 

B3LYP/6-311G(d,p) optimized geometries provide values that agree well with 

measurements.96 The polarizabilities used here for the neutral amino acid in the metal 

cationized complexes have been calculated at this level.) Rodgers and Armentrout extended 

that correlation to include Cys, Pro, and Met, as shown in Figure 8,1 where the lines are 

regression analysis of the data for those seven amino acid complexes. They later showed that 

a similar correlation also holds for rubidium and cesium cation affinities,143 where the latter is 

also included in Figure 8.

Subsequent work has demonstrated that polar side chains of Ser, Thr, Asp, Asn, Glu, 

Gln, Lys, and His all enhance the bonding further, Figure 8.29, 47, 143, 146, 150, 163, 165, 168, 171 For 

Na+ and K+, BDEs to Ser, Thr, Asn, Gln, Lys, and His form a series that is parallel to those 

for the aliphatic and aromatic amino acids, with an average enhancement of approximately 28 

and 24 kJ/mol, respectively.163, 165 The acidic amino acids, Asp and Glu, show enhancements 

of ~15 kJ/mol, which lie in between the polar and aromatic series. The difference between 

Asp and Glu versus Asn and Gln demonstrates a lower binding energy for the carboxylic acid 

side-chain relative to the carboxamide side chain, which we attribute to an inductive effect of 

the hydroxyl group, as noted above. Further, Glu and Gln bind more tightly than Asp and 

Asn, respectively, in part because of the slightly higher polarizabilities, but also because the 

longer side chain in the former amino acids allows more flexibility in the orientation of the 
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side-chain binding site, as discussed further below. 

The magnitude of these side-chain enhancements is partially related to the local dipole 

moment of the side-chain coordinating site, which can be quantified by comparing to 

molecules similar to the isolated side chains. For instance, acetamide (mimicking Asn and 

Gln) and imidazole (the side chain of His) have dipole moments of 3.68 and 3.8 D, whereas 

the 1.70 D dipole moment of acetic acid (Asp and Glu) is about half as large.172 Methanol 

(mimicking Ser and Thr) also has a dipole of 1.70 D, but the enhancement is more like those 

of Asn, Gln, and His. We interpret this to indicate that the side-chain enhancements are 

influenced by the magnitude of the dipole along with how well the metal cation aligns with 

the dipole. This alignment can be influenced by the length of the side-chain, with effects 

described further below. 

As the metal cation increases in size, these polar enhancements decrease not only 

because of the direct electrostatic effect on the bond length described above but also because 

the different lengths of the side chains influence whether the side chains can coordinate 

effectively. Thus, Ser and Thr, where the side chains are only two atoms long, have 

enhancements of 28, 24, 10, and 7 kJ/mol for Na+, K+, Rb+, and Cs+. Here, the larger metal 

cations are not able to bind as efficiently in a tridentate conformation as smaller cations.25, 164 

For Asp, Glu, and His, which have three, four, and three atom long side chains, the 

enhancements drop from 28 kJ/mol for Na+ to 24 kJ/mol for K+ to 15 kJ/mol for Rb+ and 

Cs+.163 Thus, the longer side chains retain better tridentate binding than the shorter side 

chains. Likewise, Asn and Gln with 3- and 4-atom carboxamide side chains show trends of 

28 and 28 kJ/mol for Na+, 24 and 24 kJ/mol for K+, 24 and 24 kJ/mol for Rb+, and 15 and 24 

kJ/mol for Cs+.146 These longer side chain lengths coupled with the strong binding carbonyl 

of the carboxamide group allow the enhancement to be nearly independent of metal cation for 

Gln and nearly so for Asn. Lys with its five-atom long side chain is even more flexible and 

also retains a relatively strong enhancement relative to the polarizability trend of 25 kJ/mol 

for Na+, 18 kJ/mol for K+, 20 kJ/mol for Rb+, and 21 kJ/mol for Cs+.150 These enhancements 

are only ~4 kJ/mol weaker than those for Gln, which is somewhat surprising because the 

local dipole moment of the carboxamide group (estimated from acetamide, 3.68 D) is much 
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larger than that for the amine (estimated from methyl amine, 1.31 D).172 The near 

equivalency suggests that the shorter side-chain length of Gln leads to some constraints on 

the binding distance and orientation of the side-chain group, whereas the more flexible lysine 

side-chain allows binding close to an optimum distance and orientation. 

Given these observations regarding the effects of polarizability, local dipole of the side 

chain, and side-chain length, the trends in Table 1 become clearer. Alkali metal cations prefer 

to bind to the carbonyl group of any amino acid. Smaller cations prefer binding to the amino 

group and enhance these interactions by binding to the side chain, [N,CO,SC]. As the metal 

cation gets larger, the preference for the [N,CO,SC] isomers becomes comparable to that for 

[CO,OH,SC] and [CO,OH] isomers. Larger metal cations are also not able to bind as strongly 

to all three functional groups in tridentate structures, making the bidentate [CO,SC] structure 

competitive. 

Alkali Metal Cations Interacting With Small Peptides 

Small Peptides of Aliphatic Amino Acids

The simplest peptides, di- and tri-glycine (GG and GGG), complexed with sodium 

cations have been examined using theory, IRMPD spectroscopy,27, 173 along with TCID27, 174 

and kinetic method measurements of the thermochemistry.175 IRMPD results indicate that the 

sodium cation coordinates with the carbonyl groups but leaves open whether the N-terminal 

amino group is also coordinated. Theory indicates that both structures have relatively low 

energies, both for the sodiated and potassiated di- and tri-glycine.27 Thus, in M+(GG), the 

metal cations prefer bidentate [CO,CO] or tridentate [N,CO,CO] configurations, tridentate 

[CO,CO,CO] configurations in M+(GGG), and [CO,CO,CO,CO] or [N,CO,CO,CO,CO] 

structures in M+(GGGG). Similar spectroscopic results have been obtained for complexes of 

Li+, Na+, K+, and Cs+ with di- and tri-alanine.173, 176-178 

TCID results are available only for sodium and potassium cations bound to GG and 

GGG, Table 2.27, 174 The BDEs for these two sodiated systems agree well with results from 

the kinetic method, Figure 9, which includes GGGG as well as many other di- and 

tripeptides.175 The experimental BDEs also agree reasonably well with theoretical values.27, 
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175, 179-182 As with all other ligands, the Na+ affinities of these small peptides are greater than 

the K+ affinities. Also as expected on the basis of increasing polarizability and available CO 

coordinating groups, the BDEs for both sodiated and potassiated G, GG, GGG, and GGGG 

increase with the size of the peptide, Figure 9. Notably, the increasing BDE with increasing 

residues begins to level off at GGGG, which suggests that the binding energies are limited by 

increased steric effects and decreasing charge density on Na+ as the coordination number 

increases.1 Clearly, as the coordination number saturates, no further increases can occur no 

matter how large the peptide may be. 

Interestingly, the correlation with polarizability for the BDEs of G, GG, GGG, and 

GGGG, Figure 9, is not the same as that shown in Figure 8. This can be illustrated by 

comparing the BDEs of GG and Asn, which are isomers of one another and therefore have 

similar polarizabilities. These BDEs are the same within experimental uncertainty, such that 

GG shows an “enhanced“ BDE similar to Asn, and therefore does not lie on the regression 

line of Figure 8 (dashed lines). Presumably, the additional CO coordination afforded by the 

additional residue again leads to coordinating carbonyl sites with an appreciable local dipole 

moment. Indeed, theory does find that the local dipole moments of the peptides are aligned 

with the metal ion in these complexes;27, 182 however, the overall dipole moments of G, GG, 

and GGG in the geometries of the global minimum complexes (3.2, 5.8, and 5.2 D for Na+, 

respectively, and 6.2, 5.9, and 7.8 D for K+, respectively27) do not correlate directly with the 

increase in the experimental BDEs. We believe that this shows there is a complex 

superposition of electrostatic and steric effects that control the cation affinities of complex 

species like peptides.

Peptides with Functionalized Side Chains

When functionalized side chains are present, as for the isolated amino acids, the side 

chain will also participate in metal coordination. IRMPD results demonstrate that Na+ and K+ 

coordinate with PheAla and AlaPhe in either a [CO,CO,SC] or [N,CO,SC] geometry183 and 

K+(HisGly) favors an apparent [CO,CO,SC] geometry.184 Likewise, the PhePhe dipeptide 

shows similar coordination for Li+, Na+, K+, and Cs+ complexes, with more strongly bound 

alkaline earth dications shifting to an intercalating [CO,CO,SC,SC] coordination.185 
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Potassium cation complexes with AlaAla, PheAla, PhePhe, AlaAlaAla, and PheGlyGly have 

similar IRMPD spectra that indicate CO and NH2 coordination.178 

When the side chain has a stronger interaction, unlike the cases noted above, inversion 

of the peptide sequence can have much larger effects.186, 187 For example, M+(GlyArg) where 

M+ = Li+, Na+, and Cs+ exhibit [CO,CO–] coordination where there is a salt-bridge between 

the carboxylate anion and protonated guanidine side chain. This particular geometry has a 

nearly linear arrangement of formal charge sites that stabilizes this structure. In contrast, for 

M+(ArgGly), the [CO,CO–] salt-bridge geometry is retained for the larger K+ and Cs+ cations, 

but Li+ exhibits [CO,CO,SC] coordination and Na+ shows a mixture of both structures. 

The thermochemistry for binding Na+ to small peptides has been explored using the 

kinetic method.175 Nineteen peptides containing 2 – 4 residues have been examined with 

BDEs that compared favorably to theoretical values. It was concluded that the coordination of 

Na+ occurs to all available carbonyls in the most stable structure of the peptides but 

functionalized side chains also enhance the binding. For instance, the isomeric pairs of 

dipeptides (GlyPhe and PheGly, AlaTrp and TrpAla, and GlyHis and HisGly) show that the 

cation affinity is enhanced by 3 – 12 kJ/mol more when the functionalized side chain is at the 

N-terminus compared to the C-terminus. 

Larger Peptides 

In a few systems, the binding of alkali metal cations to larger peptides has been 

studied. IRMPD has been used to examine sodiated polyglycine (Glyn) for n = 2 – 8.173, 188, 189 

As noted above, smaller peptides, n = 2 – 5, coordinate all carbonyl groups with the metal 

cation in globular structures. For the larger peptides beginning at n = 6, only six carbonyls 

can chelate the metal cation and the remaining parts of the peptide are stabilized by hydrogen 

bonding interactions, primarily between the termini. Experiments indicate that this hydrogen 

bonding interaction remains a charge-solvated (CS) structure, although theory indicates that 

the zwitterionic salt-bridge (SB) analogue (where a proton has transferred from the C-

terminus to the N-terminus) becomes increasingly stabilized for n larger than 6. For example, 
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for Na+(G7), the SB structure is calculated to lie 20 kJ/mol above the lowest CS structure, 

whereas for Na+(G8), SB is calculated as 5.5 kJ/mol below the CS structure.188, 189

IRMPD studies of metallated pentaalanine (Ala5) found that while Na+ could bind five 

carbonyls, the larger K+ and Cs+ cations preferred structures with fewer coordinating 

carbonyls but stabilized by forming hydrogen bonds to the C-terminal carboxyl group.190 

Because these larger metal cations bind more weakly to the peptide, such intramolecular 

hydrogen bonding becomes thermodynamically competitive with the metal cation-peptide 

interactions, which influences the coordination. 

The hydrogen bonding noted in these studies leads to the familiar α-helices and β-

sheets found in the secondary structures of proteins. Indeed, IRMPD studies of Na+(Alan) 

complexes for n = 8 – 12 have examined the transition from the globular structures noted 

above to helical structures.191 The octapeptide and nonapeptide spectra have features 

consistent with both globular and helical structures, whereas the larger oligopeptides 

transition to a helical form. This result differs somewhat from theory, which found that the 

helical form is the lowest in energy for all of these peptide complexes; however, the globular 

structures have relative free energies that make them accessible experimentally. The helical 

forms for the larger peptide complexes are also consistent with previous ion mobility 

measurements for M+(Alan) where n = 12 – 20 and M+ = Li+, Na+, K+, Rb+, Cs+.192, 193 

Although these experiments extended down to n = 6, ion mobility measurements cannot 

distinguish the globular and helical forms of these smaller peptides. 

Group 12 Dications Interacting With Amino Acids and Peptides

Many metal dications bound to amino acids and small peptides have been examined 

using IRMPD spectroscopic techniques, for example.194-210 This host of studies is beyond the 

scope of this perspective. Instead, we focus on our systematic studies of how zinc and its 

toxic congener, cadmium, interact with amino acids and small peptides using IRMPD action 

spectroscopy.92-95, 211-220

Our work was largely motivated by trying to understand the proclivity for divalent Zn2+ 

to bind to histidine (His) and cysteine (Cys) residues. These binding sites are found in 
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carbonic anhydrase, a metalloenzyme with zinc coordinated to three His residues, and in zinc 

finger proteins,221-226 where zinc is usually coordinated with two His and two Cys residues, 

but one His and three Cys coordination has also been identified. Both motifs are associated 

with proteins that recognize, bind, and repair DNA and RNA.225, 227 In finger proteins, the 

zinc ion can be substituted by toxic heavy metals like Cd2+, even at low concentrations, 

which inhibits the functionality of the metalloprotein and can have a profound effect on the 

reproductive system, genomic stability, brain development, and tumor development.227, 228 

The carbonic anhydrase metalloenzyme seems less susceptible to deactivation when Zn2+ is 

replaced with Cd2+.229 

These systems have not been studied using TCID techniques. Although these complexes 

could undoubtedly be examined using this technique, because the ligand is deprotonated in 

many cases, it is unlikely that a simple bond cleavage to form the metal cation and ligand will 

occur.195 Rather, more complex dissociation channels are likely, making the translation to 

quantitative metal-ligand bond energies difficult. 

Amino acids

Table 3 includes a partial list of the amino acids studied and the geometries observed. 

Because Zn and Cd prefer a +2 oxidation state, when these complexes are formed by 

electrospray ionization, either the ligand is deprotonated, such that the M(Xxx-H)+ complex 

is formed, or the anion (usually the chloride) in the salt used to supply the metal remains, 

giving the MCl+(Xxx) complex. In our studies of fifteen different amino acids, the former 

complex is generally formed (all but three) for zinc, whereas cadmium generally yields the 

chloride complexes, Table 3. In most circumstances, the complexes are tridentate, interacting 

with the amino group nitrogen, the carbonyl, and the side chain heteroatom or aromatic ring. 

When deprotonated, the carboxylic acid is usually the site of deprotonation. Exceptions 

where the side chain is deprotonated instead include Ser, Thr (minor component), Cys and its 

methyl ester (where the Cd analogue is also formed). The ability of the thiol side chain of Cys 

to deprotonate easily is probably one of the reasons that Cys residues are a common binding 

site for Zn in biological systems. 
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One particularly interesting case was the zinc complex of deprotonated aspartic acid 

(Asp).214 The expected [N,CO–,SC] structure of Zn(Asp-H)+ was clearly found when an extra 

ligand (L) was attached, either acetonitrile or another intact Asp, Figure 10a; however, the 

IRMPD spectrum of the bare Zn(Asp-H)+ complex was just as clearly not this structure. 

Instead, this complex had rearranged by eliminating ammonia to generate the isobaric 

Zn(Asp-NH3)+[CO2
–,SC](NH3) complex, Figure 10b. Theory showed that this rearranged 

species is much lower in energy (by 70 – 90 kJ/mol) than the intact Zn(Asp-H)+ complex. In 

retrospect, it was shown that the comparable Zn(Asn-H)+ complex had also undergone 

ammonia loss, although to a much smaller extent than Asp. Another interesting case like this 

has been shown for Zn(Pro-H)+ by Fridgen and coworkers.205 This complex rearranges by 

transferring a hydrogen from the C2 or C5 carbon to the zinc center, forming a HZn(Pro-2H)+ 

complex where the zinc binds to the carbonyl oxygen and nitrogen.

In the Zn+(Asp-H)(Asp) complex alluded to above, the deprotonated aspartic acid binds 

in the expected [N,CO–,SC] tridentate manner, and the intact Asp similarly binds tridentate as 

[N,CO,SC].214 In contrast, when there are two His ligands, more variations are observed for 

both Zn and Cd complexes. When one of the ligands is deprotonated, M+(His-H)(His), the 

major structure observed is tridentate for the deprotonated ligand, [N,CO–,SC], where the 

carboxylic acid is anionic, Figure 11.217 The intact His ligand is zwitterionic because the 

proton has been transferred from the carboxlic acid to the Nπ nitrogen on the His sidechain, 

with the metal bound to [CO2
–]. The two ligands are bound together via a CO–•••HNπ 

hydrogen bond, Figure 11. A minor structure of [N,CO–,SC][N,SC] was also identified where 

the intact His ligand is now charge-solvated and the metal binds to the amine nitrogen and Nπ 

nitrogen of the side chain. 

Uniquely among the amino acids we have studied, we also observed M2+(His)2 

complexes for both Zn and Cd, where no deprotonation occurred.211 The uniqueness of 

observing this dimer species among all the amino acids studied seems aligned with the 

proclivity of Zn to bind to His residues. In the major structure observed, both ligands are 

charge solvated [N,CO,SC][N,CO,SC], Figure 11, but bands indicative of a zwitterionic 
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ligand are also observed, likely associated with [N,CO,SC][CO2
–] coordination where a 

proton transfer from CO2H to Nπ has occurred. 

Peptides

To date, we have studied few small peptides bound to Zn and Cd using IRMPD. The first 

was the HisHis dipeptide.220 Here, coordination with the Nπ nitrogen on the sidechain is 

dominant with Zn and Cd: [SC,Ni,SC,CO] coordination found for M2+(HisHis) for both 

metals (shown in Figure 11 for Zn) along with a small population of [N,SC,Ni,SC] for Zn. 

Here, Ni refers to an iminol nitrogen, a coordination type first identified by Dunbar et al.,209 

where the hydrogen on a backbone amide nitrogen has migrated to a carbonyl oxygen, 

thereby providing a strong binding site (Ni) for the metal cation. Our IRMPD work also 

included M = Cu and found unique coordination compared to Zn and Cd, [N,SC,Ni,CO], 

where the iminol hydrogen has further migrated to the second side-chain Nπ, forming a 

CO•••HNπ hydrogen bond.220 The fact that Cu binds to only one of the His sidechains 

whereas Zn and Cd bind to two may be another indication of metal specificity for the His 

residue. 

It is interesting to compare this coordination with that found for M+(His-H)(His), where 

[N,CO–,SC][CO2
–] coordination was found, and M2+(His)2, where the major geometry 

observed was [N,CO,SC][N,CO,SC] (see above), Figure 11. Note that in all these complexes, 

coordination to the His side chain is favored, but the dipeptide restricts the coordination 

number to four compared to five or six for the His dimers. By linking the two amino acids 

with a peptide bond, the possible coordination is now sterically more restricted compared to 

two separate amino acid ligands that are free to orient in favorable positions. In addition, the 

free amino acids can utilize the C-terminus as a binding site, which is generally unavailable 

in proteins. Such distinctions need to be kept in mind when extrapolating such biomimetic 

studies to understand the binding sites in zinc finger proteins. 

In ongoing work, we have also studied the coordination of Zn2+ and Cd2+ with a series 

of tripeptides containing His, differentiated by their position in the peptide: HisAlaAla, 

AlaHisAla, and AlaAlaHis.230 IRMPD results for the Zn and Cd complexes indicate that 

when the histidine residue is located at the N-terminus (HAA), the dominant conformation 
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observed is [N,SC,CO,CO,CO]. In contrast, when histidine is the central residue (AHA), an 

iminol conformer, [N,Ni,SC,Ni,CO], is preferred.209 It seems feasible that in the condensed 

phase, similar interactions might be facilitated by proton transfer to the surrounding solvent 

or nearby acidic residues. The iminol motif is also important when His is located at the C-

terminus (AAH). For the Zn2+(AAH) complex, an iminol structure [N,Ni,Ni,CO,SC] 

dominates along with some population of [N,CO,CO,SC]. For the larger Cd dication, the 

latter structure dominates but the former is also clearly present. Again, the His side chain is 

involved in the coordination in all cases, but the preference for the iminol motif varies with 

the location of the His residue. 

These results for Zn2+ and Cd2+ can also be compared with the IRMPD studies of 

Dunbar et al. on Ni2+ and Cu2+ complexes of the same three peptides.209Here, iminol 

structures dominated the observed spectra, but for these metals, coordination was generally 

limited to a four-coordinate square-planar geometry. This is presumably a result of the open-

shell character of these metals compared with the closed-shell d10 configurations on Zn2+ and 

Cd2+.  

Conclusion And Future Directions

In this perspective, results from two distinct types of gas-phase studies have been 

explored. Threshold collision-induced (TCID) dissociation studies utilizing a guided ion 

beam tandem mass spectrometer (GIBMS) can provide thermodynamic information 

regarding the interactions of metal cations with amino acids and peptides, as well as other 

biological molecules not included here. Infrared multiple photon dissociation (IRMPD) 

action spectroscopy can determine the IR spectrum of such metal-ligand complexes, thereby 

providing structural information. Both approaches benefit from a close collaboration with 

theory to explore conformational space and determine details of the metal-ligand interactions. 

These comparisons benefit from the fact that the experimental results can be directly 

compared with computational results without the need to consider the solvent or substrate 

environment. Overall, the combination of TCID, IRMPD, and theory can provide 

considerable detail regarding how metal cations interact with biological systems ranging in 
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size from simple model compounds up to peptides and through the constituents of proteins. 

By looking at the trends in these model systems, factors that are important in determining the 

strength of metal cation interactions with biological molecules can be identified and 

quantified. Trends explored here include the metal identity and its size (illustrated in Figure 

5), polarizabilities, local dipole moments, and side-chain lengths of the ligands (all illustrated 

in Figure 8), the length of the peptide (shown in Figure 9), and the effects of increasing 

hydration. The fundamental aspects of these pairwise interactions certainly extend to more 

complicated systems and the trends help transcend the biomimetic aspects of these studies. 

Further, more subtle aspects of these interactions (such as those illustrated in Figure 4) can 

also be explored quantitatively in the smaller systems explored here but reveal factors that 

should still be important as their size increases.

Nevertheless, the examination of these smaller model systems means that some 

projection is needed to apply these findings to real biological systems. Continued research is 

exploring ever larger complexes that should begin to bridge the gap between the small 

molecule chemistry reviewed here and functional biological molecules. One anticipates that 

such studies should allow lessons learned from smaller model systems to translate even more 

effectively to larger complex systems and to provide direct quantitative information about 

how secondary structure influences their properties and function. 
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Table 1.  Structures of M+(Xxx) complexes of alkali metal cations with amino acids determined primarily by IR spectroscopy.a 

Xxx Li+ Na+ K+ Rb+ Cs+

Gly [N,CO] b [N,CO] b,c [CO,OH], [CO] b [CO], [CO,OH] b [CO,OH] d

Pro e [CO2
–] [CO2

–]c [CO2
–], [CO,OH]f [CO2

–], [CO,OH] [CO,OH], [CO2
–]

Ser g [N,CO,SC] [N,CO,SC] [N,CO,SC], [CO,OH] [N,CO,SC], [CO,OH] [N,CO,SC], [CO,OH], [CO2
–]

Thr h [N,CO,SC] [N,CO,SC] [N,CO,SC], [CO,OH] [N,CO,SC], [CO,OH] [N,CO,SC], [CO,OH], [CO2
–]

Cys i [N,CO,SC] [N,CO,SC] [CO,OH], [N,CO,SC], [CO2
–] [CO,OH], [N,CO,SC], [CO2

–] [CO,OH], [N,CO,SC], [CO2
–]

Met j [N,CO,SC] [N,CO,SC] [N,CO,SC], [CO2
–], 

[CO,OH,SC]?

[N,CO,SC], [CO2
–], 

[CO,OH,SC]?

[N,CO,SC], [CO2
–], 

[CO,OH,SC]?

Phe k [N,CO,SC] [N,CO,SC] [N,CO,SC] l [N,CO,SC], [CO,SC] [N,CO,SC], [CO,OH], 

[CO,SC]

Tyr l [N,CO,SC] m [N,CO,SC] [N,CO,SC], [CO,SC] n [N,CO,SC], [CO,SC]n

Trp o [N,CO,SC] [N,CO,SC], [CO,SC] [N,CO,SC], [CO,SC] [CO,SC], [N,CO,SC] [CO,SC], [N,CO,SC]

Asp p [N,CO,SC] [N,CO,SC] q [N,CO,SC] r [N,CO,SC] s [CO,OH,SC], [N,CO,SC]s

Glu p [N,CO,SC] [N,CO,SC] q [N,CO,SC], [CO2
–] r [N,CO,SC], [CO,OH,SC] s [CO,OH,SC], [CO,SC], 

[N,CO,SC]s

Asn t [N,CO,SC] [N,CO,SC] [N,CO,SC], [CO,OH,SC] [N,CO,SC], [CO,OH,SC] [N,CO,SC], [CO,OH,SC]
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Gln u [N,CO,SC] [N,CO,SC], [CO,SC], 

[CO,OH,SC]?

[N,CO,SC], [CO,SC], 

[CO,OH,SC]?

[CO,OH,SC] s [CO,OH,SC], [CO,SC], 

[N,CO,SC]

Lys v [N,CO,SC] [N,CO,SC] [CO,OH,SC], [CO2
–,SC]w [CO,OH,SC] w [CO,OH,SC], [CO2

–,SC] w

Arg x [N,CO,SC] [CO2
–], [N,CO,SC] [CO2

–] [CO2
–] [CO2

–]

His y [N,CO,SC] [N,CO,SC] z [CO,SC], [N,CO,SC], 

[CO,OH]

[CO,SC], [N,CO,SC], 

[CO,OH]

[CO,SC], [CO,OH], 

[N,CO,SC]

a Isomers are given in order of approximate relative population, ? = may be present. SC = side-chain heteroatom or aromatic ring. Entries in 

italics are global minimum structures from computational studies. b Ref. 119. c Ref. 118. d Ref.  80. e Ref. 136. f Ref.  138. g Ref. 64. h Ref. 90. i Ref. 91. j 

Ref. 139. k Ref. 140. l Ref. 141. m Ref.  142. n Ref. 143. o Ref. 144. p Ref. 145. q Ref. 29. r Ref. 47.  s Ref. 146.  t Ref. 147. u Ref. 148. v Ref. 149. w Ref. 150. x Ref. 151, 

152. y Ref. 153. z Ref. 154.
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Table 2.  Bond dissociation energies (kJ/mol) at 0 K of M+(Xxx) complexes of alkali metal 

cations with amino acids and small peptides and their polarizabilities ().a

a Uncertainties in parentheses. All values obtained by TCID except as noted. b Ref. 85. c Ref. 
116. d Ref. 117. e Ref. 120. f Ref. 164. g Ref. 25. h Ref. 130. i Ref. 162. j Ref. 166. k Ref. 67. l Ref. 29. m Ref. 
47. n Ref. 146. o Ref. 168. p Ref. 165. q Ref. 143. r Ref. 142. s Ref. 150. t Ref. 163. u Ref. 169 (kinetic 
method). v Ref. 27. w Ref. 175 (kinetic method). 

Xxx  (Å3) Li+ Na+ K+ Rb+ Cs+

Gly 6.6 220.0 (8.0)b 164.0 (4.8)c 118.3 (4.2)d,e 108.7 (7.0)f 93.3 (2.5)g

Ala 8.2 167.1 (7.3) h 120.6 (3.9) e

hAla 10.1 168.1 (7.4) h 125.2 (4.9) e

Val 12.0 172.4 (8.2) h 124.5 (4.4) e

Leu 13.9 174.1 (6.9) h 127.4 (5.8) e

Ile 14.0 174.3 (7.0) h 126.7 (5.2) e

Cys 11.2 255.8 (11.9)i 176.9 (5.0)i 120.7 (3.1)i 102.5 (2.8)i 96.8 (4.2)g

Pro 10.8 254.7 (6.8)j 186.2 (4.8)k 143.5 (4.5)k 125.2 (4.5)f 107.9 (4.6)g

Asp 10.4 194.9 (5.8)l 147.6 (6.8)m 126.1 (6.8)n 108.9 (6.7)n

Glu 12.2 198.8 (4.8)l 152.4 (6.8)m 134.2 (7.7)n 112.6 (6.5)n

Ser 8.6 280.8 (12.5)o 199.7 (7.7)o 144.7 (6.8)o 115.7 (4.9)f 102.3 (4.1)g

Met 14.6 292.0 (12.2)p 201.7 (10.6)p 141.8 (10.6)p 121.0 (7.0)q 102.8 (6.6)q

Thr 10.5 284.6 (13.5)o 203.6 (9.6)o 148.6 (9.6)o 122.1 (4.6)f 105.4 (4.3)g

Phe 18.1 205.5 (6.8)r 150.5 (5.8)r 123.8 (7.2)q 112.9 (5.5)q

Tyr 18.8 209.4 (9.6)r 155.3 (8.7)r 125.8 (7.4)q 115.6 (6.9)q

Asn 11.2 209.4 (5.8)l 156.3 (6.8)m 138.4 (7.1)n 115.3 (6.9)n

Gln 13.0 213.2 (5.8)l 161.1 (7.7)m 144.2 (9.2)n 128.1 (8.5)n

Trp 22.0 217.1 (7.7)r 165.0 (5.8)r 138.1 (7.5)q 125.0 (6.8)q

Lys 14.5 <376 (30)s 219 (13)s 160 (10)s 141 (6)s 128 (4)s

His 15.2 222.5 (11.0)t 163.5 (8.5)t 137.4 (5.7)t 118.2 (6.4)t

Arg 242 (8)u

GG 11.3 209 (13)v 149 (7)v

GGG 16.2 240 (17)v 183 (15)v

GGGG 21.1 261 (11)w
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Table 3.  Structures of M+(Xxx) complexes of group 12 dications with amino acids.a 

a Isomers are given in order of approximate relative population. SC = side-chain heteroatom 

or aromatic ring. b Ref. 216. c Ref. 205. d Ref. 213. e Ref. 212. f Ref. 218. g Ref. 219. h Ref. 200. 

i Ref. 214. L = acetonitrile or Asp. j Ref. 94. k Ref. 93. l Ref. 92. m Ref. 95. n Ref. 215. o Ref. 211.

Xxx Zn(Xxx-H)+ ZnCl+(Xxx) Cd+(Xxx-H)+ CdCl+(Xxx)

Gly b,c [N,CO–]

Ser d [N,CO,SC–] [N,CO,SC]

Thr b [N,CO–,SC], 

[N,CO,SC–]

[N,CO,SC]

Cys e [N,CO,SC–] [N,CO,SC–]

CysOMe e [N,CO,SC–] [N,CO,SC–] [N,CO,SC]

Met f [N,CO–,SC] [N,CO,SC] [N,CO,SC]

Phe g [N,CO,SC] [N,CO,SC]

Tyr g [N,CO,SC] [N,CO,SC]

Trp g,h200, 219 [N,CO,SC] [N,CO,SC]

Asp i [N,CO–,SC](L) [N,CO,SC]

Asp-NH3 i [CO2
–,SC]

Glu j [N,CO–,SC] [N,CO,SC]

Asn k [N,CO–,SC] [N,CO,SC]

Asn-NH3 i [CO2
–,SC]

Gln l [N,CO–,SC] [N,CO,SC]

Lys m [N,CO–,SC] [N,CO,SC]

Arg n [N,CO–,SC] [N,CO,SC], 

[N,CO–]

His o [N,CO–,SC] [N,CO–,SC] [N,CO,SC]
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Figure Captions

Figure 1.  Cross sections for collision-induced dissociation of Cs+(Ser) with xenon as a 

function of kinetic energy in the center-of-mass frame (lower x-axis) and the laboratory frame 

(upper x-axis). The solid line shows the best fit to the data using the model discussed in the 

text convoluted over the neutral and ion kinetic and internal energy distributions. The dashed 

line shows the model cross section in the absence of experimental kinetic energy broadening 

for reactant ions with an internal energy of 0 K. Data and analysis taken from ref. 25.

Figure 2.  Comparison of the experimental IRMPD action spectrum for Cs+(Ser) with IR 

spectra for three low-lying conformations. Redrawn from ref. 64.

Figure 3.  Types of metal-glycine coordination illustrated for Cs+(Gly). Yellow dashed lines 

indicate metal coordination and light blue dotted lines indicate hydrogen bonds. 

Figure 4.  A potential energy surface calculated at the B3LYP/6-311+G(d,p) level for 

interconversion between K+Ala[CO] and K+Ala[CO,OH] as a function of KOC angle (part a) 

and between K+Ala[CO,OH] and K+Ala[CO2
–] as a function of NH bond distance (part b). 

Figure 5. Experimental 0 K bond dissociation energies (in kJ/mol) for M+(Gly) (blue 

diamonds), M+(Pro) (red circles), and M+(Gln) (light green triangles) for M+ = Li+, Na+, K+, 

Rb+, and Cs+ are plotted versus the inverse metal cation radius (in Å-1). The lines are linear 

regression fits to the data constrained to pass through the origin. 

Figure 6.  Types of metal-amino acid coordination illustrated by Cs+(Ser) and Cs+(Asp) 

(lower right). Yellow dashed lines indicate metal coordination and light blue dotted lines 

indicate hydrogen bonds. 

Figure 7.  IRMPD spectrum from ref. 155 compared to B3LYP/def2-TZVPPD calculated 

absorption spectra for conformers of Cs+(Lys) with relative 298 K Gibbs energies (in kJ/mol) 
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calculated at the B3LYP/def2, M06/def2, and MP2/def2 levels.150 Data taken from ref. 149 

and calculated spectra from ref. 150.

Figure 8.  Experimental 0 K bond dissociation energies (in kJ/mol) for Na+(Xxx) (triangles), 

K+(Xxx) (circles), and Cs+(Xxx) (inverted triangles) versus the calculated polarizability (in 

Å3) of the amino acid. The blue lines show linear regression analyses of the data in blue. Red 

and green lines are parallel to the regressions. 

Figure 9.  Experimental 0 K BDEs of M+(L) versus the theoretical molecular polarizability 

of L = G, GG, GGG, GGGG and M+ = Na+ and K+ taken from TCID (ref. 27, solid symbols) 

and kinetic method (ref. 175, open symbols) results. Full lines are regression fits to the TCID 

data. Dashed lines are the regression analyses from Figure 8. 

Figure 10.  Structures experimentally located for Zn2+ complexes with deprotonated aspartic 

acid. Part a shows the structure of Zn(Asp-H)+ with an acetonitrile (ACN) ligand attached. 

Part b shows the structure found for Zn(Asp-H)+, which has rearranged by eliminating 

ammonia. Yellow dashed lines indicate metal coordination and light blue dotted lines indicate 

hydrogen bonds. 

Figure 11.  Lowest energy structures of Zn complexes with histidine. Yellow dashed lines 

indicate metal coordination and light blue dotted lines indicate hydrogen bonds. 
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Figure 2
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Figure 3
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Figure 6
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Figure 7
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 Figure 11
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• No primary research results, software or code have been included and no new 
data were generated or analysed as part of this review.
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