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Abstract: The gas-phase structures of cationized glycine (Gly), including complexes with Li+, 

Na+, K+, Rb+, and Cs+, are examined using infrared multiple-photon dissociation (IRMPD) 

spectroscopy utilizing light generated by a free electron laser, in conjunction with ab initio 

calculations. To identify the structures present in the experimental studies, measured IRMPD 

spectra are compared to spectra calculated at B3LYP/6-311+G(d,p) for the Li+, Na+, and K+ 

complexes and at B3LYP/def2TZVP for the Rb+ and Cs+ complexes. Single-point energy 

calculations were carried out at the B3LYP, B3P86, and MP2(full) levels using the 

6-311+G(2d,2p) basis set for Li+, Na+, K+ and the def2TZVPP basis set for Rb+ and Cs+. The Li+ 

and Na+ complexes are identified as metal cation coordination to the amino nitrogen and carbonyl 

oxygen, [N,CO]-tt, although Na+(Gly) may have contributions from additional structures. The 

heavier metal cations coordinate to either the carbonyl oxygen, [CO]-cc, or the carbonyl oxygen 

and hydroxy oxygen, [CO,OH]-cc, with the former apparently preferred for Rb+ and Cs+ and the 

latter for K+. These two structures reside in a double-well potential and different levels of theory 

predict very different relative stabilities. Some experimental evidence is provided that MP2(full) 

theory provides the most accurate relative energies.
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Introduction

The first infrared multiple-photon dissociation (IRMPD) spectroscopy study of metalated 

amino acids was conducted by Kapota et al., who examined the sodium cation complexes of 

glycine (Gly) and proline (Pro).1 These two amino acids were chosen as the expectation was that 

the former complex would have charge-solvated coordination of the metal cation and the latter 

might show a zwitterionic complex. Indeed, the IRMPD spectra showed distinctive bands 

consistent with these expectations. Since then, IRMPD spectra of many of the naturally occurring 

amino acids (AAs) complexed with alkali cations have been obtained,2-20 including a recent study 

of the sodiated aliphatic amino acids: Gly, alanine (Ala), homo-alanine (hAla), valine (Val), 

leucine (Leu), and isoleucine (Ile).21 In the latter work, the IRMPD spectrum of Na+(Gly) was 

retaken and found to be consistent with that of Kapota et al., but extended to lower wavenumbers 

(500 – 1850 cm-1). In the present study, we examine effects of metal cation size on gas-phase 

conformations by measuring the IRMPD action spectra of Gly cationized by all five alkali cations: 

Li+, Na+, K+, Rb+, and Cs+. The conformations are identified by comparing the experimental 

spectra to IR spectra of the low-lying structures of the cationized Gly complexes predicted by 

quantum-chemical calculations at the B3LYP/6-311+G(d,p) level of theory for the lighter metals. 

For the heavy metal cations, Rb+ and Cs+, the B3LYP/def2TZVP approach is generally utilized 

throughout. As will be seen below, there is some ambiguity with regard to stable structures 

identified using the B3LYP density functional; therefore, MP2 and B3LYP with dispersion 

corrections (GD3BJ) are also explored for particular structures. 

Previously, we have studied the interactions of Gly with all five alkali-metal cations using 

guided ion beam tandem mass spectrometry (GIBMS).21-27 In each case, the metal cation binding 

energy to Gly was determined and possible structures of the M+(Gly) complexes were evaluated 

theoretically. In a recent reexamination of the potassiated complexes of the aliphatic AAs 

(including Gly),27 we noted that there was a double-well potential between complexes in which K+ 

binds only to the carbonyl oxygen (designated [CO]-cc below) and to both oxygens ([CO,OH]-

cc), where the latter also couples via a double-well potential to the zwitterionic form in which the 
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hydroxy proton has migrated to the amino group and K+ binds to both carboxylate oxygens 

(designated [CO2
–]-cc below). Although all three conformers were theoretically characterized in 

that previous work, we carefully examine their relationship here again and extend the analysis to 

all five alkali cations.

Experimental and Computational section

Mass spectrometry and photodissociation

These experiments utilized a 4.7 T Fourier transform ion cyclotron resonance (FTICR) 

mass spectrometer, as described in detail elsewhere,28-30 Tunable radiation for the 

photodissociation experiments was generated at the free-electron lasers for infrared experiments 

(FELIX) laboratory at Radboud University in the Netherlands using the FELIX-2 beamline.31 For 

the present experiments, spectra were recorded over the wavenumber range of 600 – 1800 cm-1. 

Pulse energies were in the range of 20 – 140 mJ per macropulse of 7 s duration. The FWHM 

bandwidth of the laser was typically 0.5% of the central wavelength. Cationized amino acids were 

formed by electrospray ionization from a solution of 1.0 mM Gly and 1.0 mM alkali-metal chloride 

in 60:40% MeOH : H2O. The IRMPD spectra for the metalated cation complexes were generated 

by calculating the photofragmentations yield, Y = ∑ IF/ (∑IP+∑IF), where IP and IF are the 

integrated intensities of precursor and fragment ion mass peaks (the sum includes all isotopes), 

respectively, as a function of the frequency of IR radiation. The signal plotted is then taken as S = 

-ln(1 – Y) = -ln(∑ IP/ (∑IP+∑IF)), which was then linearly corrected for frequency dependent 

variation in the laser pulse energy. The application of a linear laser power correction is well 

described in the literature32-33 and is appropriate because the power dependence is basically linear 

until saturation begins because of the incoherent rather than coherent nature of the multiple-photon 

excitation process. For complexes of Na+, Rb+, and Cs+, IRMPD yielded M+ product ions. In the 

cases of Li+ and K+ complexes, no fragment ion was observed; hence, a depletion spectrum, 

defined as S = −ln(∑ IP/ ∑ IP°), where IP° is the integrated intensity of the precursor ion mass peak 
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without irradiation) was obtained instead. Here too, the signal was corrected for frequency-

dependent variations in the laser pulse energy. 

Computational Details

To determine the low-lying conformers of the cationized Gly complexes, the Gaussian16 

suite of programs was used.34 For Li+, Na+, and K+ complexes, initial optimization of the metalated 

complexes were done at the B3LYP/6-31G(d) level of theory.35-36 Unique structures were then 

further optimized at the B3LYP/6-311+G(d,p) level of theory.37-38 This level of theory has been 

shown to provide reasonably accurate structural descriptions of comparable cationized-ligand 

systems.11-12, 14, 16, 19, 22-23 For Rb+ and Cs+ complexes, all atoms were described using the 

def2TZVP size-consistent basis set, which is a triple-ζ + polarization functions basis set with a 

small core (28 and 46 electrons, respectively) effective core potential (ECP) on Rb+ and Cs+. The 

def2TZVP basis set and corresponding ECP were obtained from the EMSL basis set exchange.39 

Geometry optimizations of metalated structures were also conducted including corrections for 

empirical dispersion at the B3LYP-GD3BJ level using either the 6-311+G(d,p) or def2TZVP basis 

sets.40-41 In select cases, geometries were also optimized at the MP2(full) level (where full refers 

to the correlation of all electrons), abbreviated as MP2 below, using the same basis sets. 

Vibrational frequencies were scaled by 0.975 for comparison to the IRMPD spectra, where 

this scaling factor has been shown to account for known inaccuracies in the calculated frequencies, 

giving good agreement with well-resolved peaks in other IRMPD spectra. The calculated 

frequencies were broadened using a 50 cm-1 full width at half maximum Gaussian line shape when 

used for comparison to the experimentally determined spectra. The broadening accounts for the 

finite laser bandwidth, unresolved rotational envelope, anharmonic broadening of the vibrational 

bands, and broadening resulting from the multiple-photon absorption process. In select cases, we 

also conducted calculations of the anharmonic vibrational frequencies using the keyword 

“freq=anharmonic”. The anharmonic frequencies were left unscaled and broadened similarly to 

the harmonic calculations when compared to the experimental data. 
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Single-point energy calculations were carried out for the most stable structures at the 

B3LYP, B3P86, MP2, and in select cases, CCSD(T,full), levels of theory. For Li+, Na+, and K+ 

complexes, the 6-311+G(2d,2p) basis set 37 was used, whereas for Rb+ and Cs+ complexes, the 

de2TZVPP basis was used. Zero–point vibrational energy (ZPE) and thermal corrections were 

determined using vibrational frequencies calculated at the B3LYP/6-311+G(d,p) or 

B3LYP/def2TZVP level and scaled by a factor of 0.989 to account for known inaccuracies.42-43 

ZPE corrections were applied to single point energies in order to provide 0 K relative enthalpies. 

Thermal corrections to obtain 298 K Gibbs energies were calculated from 0 K relative enthalpies 

by using the rigid rotor/harmonic oscillator approximation with the calculated rotational constants 

and vibrational frequencies. 

Results and Discussion

IRMPD action spectroscopy

Photodissociation spectra of M+(Gly) species, where M = Li+, Na+, K+, Rb+, and Cs+, were 

examined. For the Na+, Rb+, and Cs+ complexes, photodissociation of the precursor ion results in 

the loss of the intact glycine ligand to form the atomic metal cation. This dissociation pathway is 

consistent with the only dissociation process observed in threshold collision-induced dissociation 

(TCID) spectra of Na+(Gly), K+(Gly), Rb+(Gly), Cs+(Gly).21-25, 27 As a result, the IRMPD action 

spectra for Na+, Rb+, and Cs+ complexes of Gly were taken from the relative intensity of the M+ 

product cation as a function of laser wavelength. For the Li+(Gly) and K+(Gly) species, loss of the 

metal cation was not observed. The Li+ dissociation channel is beyond the accessible mass range 

of the FTICR MS, whereas the K+ product was not observed because an unresolved experimental 

artefact interferes at the ICR frequency corresponding to mass 39. As a result, the IRMPD action 

spectra on the FTICR for Li+(Gly) and K+(Gly) were taken from the depletion of the parent ion 

intensity as a function of laser wavelength.

Spectra for K+(Gly), Rb+(Gly), and Cs+(Gly) were also acquired on a modified quadrupole 

ion trap (QIT) mass spectrometer (Bruker, Amazon Speed ETD),44 with M+ being observed as the 
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product ion in all cases (notably, in contrast to the FTICR results for the K+ complex). These 

spectra are compared to those obtained using the FTICR in Figure S1 of the Supporting 

Information. In all three cases, the QIT spectra reproduce the major bands seen in the FTICR 

spectra; however, the latter also exhibit several minor bands and hence are used exclusively in the 

comparisons discussed below. 

The IRMPD spectra of all five M+(Gly) complexes are compared in Figure 1. It is evident 

that the spectra of Li+(Gly) and Na+(Gly) are similar, as are the spectra for K+(Gly), Rb+(Gly), and 

Cs+(Gly). The most intense feature in all five spectra is a band near 1750 cm-1, which red-shifts 

for the two lighter metal cations. Li+(Gly), Na+(Gly), Rb+(Gly), and Cs+(Gly) exhibit a band near 

1600 cm-1. The heavier metal complexes exhibit a band near 1380 cm-1, whereas Li+(Gly) shows 

two bands on either side of this (1280 and 1440 cm-1) and Na+(Gly) has intensity throughout this 

region. All five spectra exhibit weaker bands at ~1160 and ~1060 cm-1. Li+(Gly) and Na+(Gly) 

have bands at 670 and 980 cm-1 that are absent for the three heavier complexes, which have bands 

at ~820 and ~890 cm-1 that are not strong or absent for the lighter two complexes. 

Theoretical Results

Detailed discussion of low-lying structures for Li+, Na+, K+, Rb+, and Cs+ complexed with 

glycine can be found elsewhere.21-27 Low-lying structures for M+(Gly) complexes illustrated by 

the example of M = Rb are shown in Figure 2. The nomenclature used to describe these cationized 

glycine conformations matches that used in these previous studies. Structures are identified by 

their metal binding sites in brackets (N = amino nitrogen, CO = carbonyl oxygen, OH = carboxylic 

acid hydroxy oxygen, CO2
– = both oxygens of carboxylate) and followed by a description of the 

glycine amino acid backbone dihedral angles. Starting at the carboxylic acid hydrogen and ending 

at the amine nitrogen (∠HOCC, ∠OCCN), these angles are described as cis (c, for angles between 

0–45°), gauche (g, 45–135°), or trans (t, 135–180°). For salt-bridge conformations [CO2
–], the 

proton traditionally on the carboxylic acid is attached to the amine nitrogen and the first dihedral 

angle is measured from the analogous proton on NH2. 
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Gibbs energies for the cationized glycine complexes at 0 and 298 K, which account for 

ZPE and thermal corrections, relative to the calculated global minimum (GM) were calculated at 

four or five levels of theory: three density functional theory (DFT) approaches (B3LYP, B3LYP-

GD3BJ, and B3P86), MP2, and in select cases, CCSD(T,full). Relative energies of these 

conformers, including ZPE corrections and thermal corrections to 298 K with respect to the ground 

state can be found in Table 1. Table S1 contains the relative energies calculated at 0 K. Ions 

produced in both instruments at the FELIX Laboratory are believed to have a Maxwell-Boltzmann 

distribution of energy near room temperature, so the values at 298 K are thought to be more 

relevant to this discussion.  Trends in relative Gibbs energies at 298 K calculated at MP2 for the 

lowest six conformers are shown in Figure 3. These trends are qualitatively similar to those 

observed at the B3LYP, B3LYP-GD3BJ, and B3P86 levels of theory, which are shown in the 

Supporting Information, Figure S2. 

All explored levels of theory agree that the GMs for Li+(Gly) and Na+(Gly) have the 

[N,CO]-tt structure, a bidentate charge–solvated complex where the metal ion is bound to the 

amine nitrogen and the free carbonyl oxygen, Figure 2. [N,CO]-tt is predicted to be the GM at both 

0 and 298 K for both complexes. For the lithium species, the next lowest-lying structure (18 – 24 

kJ/mol above the GM) is the zwitterionic [CO2
–]-cc structure, where the metal cation is bound to 

both of the oxygens of the carboxylate moiety, and the carboxylic acid hydrogen has migrated to 

the amine nitrogen, Figure 2. All other structures lie more than 22 kJ/mol above the GM, Table 1.

For Na+(Gly), the next lowest-lying conformer according to DFT (3 – 10 kJ/mol higher in 

energy) is the monodentate [CO]-cc structure, where the metal cation binds to the carbonyl oxygen 

and the carboxylic OH hydrogen bonds to the amine nitrogen, Figure 2. About 2 kJ/mol higher, 

DFT predicts the bidentate [CO,OH]-cc species, where the metal cation has rotated to interact with 

the hydroxyl oxygen. The [CO2
–]-cc zwitterionic structure lies another 1 – 2 kJ/mol above 

[CO,OH]-cc according to DFT (7 – 13 kJ/mol above the [N,CO]-tt GM). MP2 predicts a different 

ordering of these three excited structures, with [CO,OH]-cc lying 7.6 kJ/mol above the GM, 
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[CO2
–]-cc nearly isoenergetic, and [CO]-cc another 1 kJ/mol higher in energy. All other structures 

lie more than 21 kJ/mol above the GM at all levels of theory. 

For K+(Gly), theory predicts global minima of either [CO]-cc (DFT) or [CO,OH]-cc (MP2) 

binding motifs, with the alternative structure within about 2 kJ/mol. The [N,CO]-tt structure is 

predicted to be 3 – 9 kJ/mol higher in energy than the GM and all other structures are at least 13 

kJ/mol above the GM. For the Rb+(Gly) and Cs+(Gly) complexes, all levels of theory predict the 

GM to be [CO]-cc at 298 K. At the B3LYP/def2TZVP level of theory, the [CO,OH]-cc structure 

collapses to [CO]-cc, whereas both B3LYP-GD3BJ and MP2 levels of theory find a potential well 

for the [CO,OH]-cc structure. The relationship between these structures at the different levels of 

theory are shown in Figure 4 for K+(Gly) and Cs+(Gly), which are qualitatively similar to those for 

Na+(Gly) and Rb+(Gly), respectively. Figure S3 shows the double-well potentials for all five metal 

cation complexes (including addition of zero-point energies for stationary states). All other 

structures of Rb+(Gly) and Cs+(Gly) are at least 8 kJ/mol above the GM, Table 1. 

Comparison of Experimental and Theoretical IR Spectra: Li+(Gly) 

Figure 5 shows the experimental IRMPD action spectrum along with the theoretical IR 

spectra of the five lowest-energy structures for the Li+(Gly) complex. Experimental bands are 

found at 666, 864, 992, 1072, 1162, 1285, 1438, 1596, and 1710 cm-1. Theoretical IR spectra are 

calculated using Gaussian16, which assumes a single photon absorption whereas IRMPD spectra 

are the result of multiple photons being absorbed. This discrepancy can lead to differences in the 

intensities of different bands. With this in mind, the calculated spectrum of [N,CO]-tt is in excellent 

agreement with the IRMPD spectrum. All bands are present and are located at comparable 

frequencies. 

The most intense and highest-frequency experimental band is observed at 1710 cm-1 and 

corresponds to the CO stretch, predicted to appear at 1701 cm-1 for the [N,CO]-tt conformer. 

Similar carbonyl stretches are found in all conformers explored, but only those for [N,CO]-tt and 

[CO]-cc match the experimental band well, see Figure 5. Less intense peaks at 666, 992, 1072, 

1162, and 1438 cm-1 are well characterized by the [N,CO]-tt spectrum, and are the most diagnostic 
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bands predicted by theory. At the B3LYP/6-311+G(d,p) level, the predicted spectrum for [N,CO]-

tt has peaks at 666 and 675 cm-1 (mainly out-of-plane OH bend and Li-O stretch/NCCO bend); 

997 (CN stretch); 1085 cm-1 (NH2 wag); 1175 cm-1 (in-plane OH bend); 1413 (CH2 bend) and 

1437 cm-1 (CH2 wag). A minor experimental band observed at 864 cm-1 is also reproduced in the 

[N,CO]-tt spectrum at 841 cm-1 (CC stretch and COH bend). The peak observed at 1596 cm-1 is 

shifted in the [N,CO]-tt spectrum to 1628 cm-1 (NH2 bend). A comparable shift in this band has 

been observed previously in other IRMPD experiments of metalated amino acids and is believed 

to be a result of strong anharmonic effects.2-19, 21 The major discrepancy observed between 

experiment and the [N,CO]-tt spectrum is the band at 1285 cm-1, whereas the theoretical spectrum 

shows smaller intensity shifted to 1306 and 1319 cm-1 (mainly coupled CH and OH bends). The 

[N,CO]-ct spectrum is the only one that reproduces this experimental band well, but it does not 

reproduce the 666, 1438, and 1710 cm-1 bands as well as [N,CO]-tt. The high energy of this species 

also suggests that it is unlikely to contribute to the experimental spectrum. The zwitterionic [CO2
–]-

cc, monodentate [CO]-cc, and bidentate [CO,OH]-cc binding motifs are also high in energy and 

do not recreate the spectrum well. Overall, we conclude that the Li+(Gly) complex has the [N,CO]tt 

GM structure. 

Comparison of Experimental and Theoretical IR Spectra: Na+(Gly)

We have previously published a comprehensive examination of the IRMPD spectrum for 

Na+(Gly),21 where our spectrum reproduced the much earlier work of Kapota et al.,1 but was more 

extensive. There we concluded that the experimental spectrum was reproduced well by the 

[N,CO]-tt GM structure (similar to the Li+(Gly) complex), although predicted intensities in the 

1200 – 1500 cm-1 region were somewhat low. Peak assignments parallel those made above for 

Li+(Gly). From a spectroscopic point of view, we concluded that minor contributions from the 

[CO]cc, [CO2
‒]-cc, and [CO,OH]-cc could be present. This observation is probably consistent with 

a calculated Maxwell-Boltzmann distribution at 298 K, which suggests that [N,CO]-tt should have 
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a population of ~90%, with the [CO]-cc, [CO2
‒]-cc, and [CO,OH]-cc isomers accounting for the 

remaining 10% in comparable amounts.

Comparison of Experimental and Theoretical IR Spectra: K+(Gly)

Figure 6 shows the IRMPD spectrum of K+(Gly) compared to the five lowest-lying 

conformers predicted by theory. The experimental spectrum exhibits bands at 828, 892, 1154, 1330 

– 1420, and 1736 cm-1. The carbonyl stretch at 1736 cm-1 is reproduced well in the [CO]-cc, 

[CO,OH]-cc, and [N,CO]-tt spectra, but not by [CO2
–]-cc or [N,CO]-ct. Clearly, the [CO]-cc and 

[CO,OH]-cc spectra are very similar with small shifts in the CO stretch (1730 and 1750 cm-1, 

respectively) and in-plane COH bend (1413 and 1387 cm-1, respectively). These shifts could help 

account for the breadth of the band between 1330 and 1420 cm-1. The bands at 828 and 892 cm-1 

are reproduced in both the [CO]-cc and [CO,OH]-cc spectra by bands predicted at 819 and 822 

cm-1 (NH2 wag and CC stretch) and 896 and 899 cm-1 (also NH2 wag and CC stretch), but the 

predicted 952 and 948 cm-1 bands (out-of-plane OH bend) are not evident. Neither are bands at 

1627 and 1628 cm-1 (NH2 bend), which is typically red-shifted, as discussed above. The small 

band observed at 1154 cm-1 can be attributed to a peak predicted for [CO,OH]-cc at 1185 cm-1 (in-

plane COH bend and C-OH stretch), which is shifted to 1229 cm-1 in the [CO]-cc spectrum. This 

band could potentially be assigned to the [N,CO]-tt spectrum, which shows a moderately intense 

band at 1161 cm-1 (in-plane COH bend), but no evidence for its bands at 997 (NH2 wag), 633 

(OCO bend), and 666 (out-of-plane COH bend) cm-1 are observed. We conclude that the K+(Gly) 

spectrum is consistent with either the [CO]-cc or [CO,OH]-cc spectrum or both.

At this point, it is profitable to again consider the coupling between these two structures, 

shown in Figure 4, as we have discussed in detail previously (although there, only the B3LYP 

potential had been calculated).27 Because of this double-well potential, associated with swinging 

the metal cation around the carbonyl oxygen, the vibrational wavefunctions of this system 

essentially occupy both structures simultaneously. Whether [CO]-cc or [CO,OH]-cc is the 

dominant structure depends on the level of theory, with DFT approaches favoring [CO]-cc and 

MP2 and CCSD(T,full) preferring the [CO,OH]-cc structure. The spectroscopic evidence provided 
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here is not completely unambiguous, although the appearance of the band at 1154 cm-1 is 

potentially consistent with more population of the [CO,OH]-cc structure. According to a Maxwell-

Boltzmann distribution at 298 K, the DFT approaches predict 53 – 57% [CO]-cc, 32 – 43% 

[CO,OH]-cc, and 1 – 14% [N,CO]-tt, whereas MP2 (CCSD(T,full)) indicate populations of 27 

(29), 65 (59), and 8 (12)%, respectively. Thus, the MP2 relative energies tend to agree better with 

the observed spectrum and with CCSD(T) calculations.

One can also wonder whether the double-well potential might influence the harmonic 

frequency calculations as the proximity of the coupled potential wells clearly changes the how 

quadratic the potential is. To test this, we also performed anharmonic frequency calculations, 

which are shown in Figure 7. The anharmonic [CO,OH]-cc predictions (including overtones and 

combination bands) at the B3LYP/6-311+G(d,p) level (no scaling) agree very well with the 

experimental spectrum, reproducing the bands at 892, 1154, 1330 – 1420, and 1736 cm-1. Intense 

fundamental anharmonic frequencies are predicted at 883 (NH2 wag and CC stretch), 1163 (in-

plane COH bend and C-OH stretch), 1373 (in-plane COH bend), and 1750 (CO stretch) cm-1. The 

shape of the 892 cm-1 band, position of the 1154 cm-1 band, and width of the 1330 – 1420 cm-1 

band are better reproduced by the anharmonic [CO,OH]-cc spectrum than its harmonic analogue. 

Agreement between experiment and the anharmonic [CO]-cc spectrum is less satisfying, with the 

CO stretch peak red-shifted (fundamental at 1732 cm-1 with combination bands at 1690 and 1710 

cm-1), the in-plane COH bend blue-shifted (fundamental at 1394 cm-1 and combination bands at 

1386 and 1421 cm-1), and no band near 1163 cm-1 (shifted to 1206 cm-1). Overall, the anharmonic 

spectral comparisons suggest that the [CO,OH]-cc structure is probably the dominant K+(Gly) 

species present experimentally, with contributions from the [CO]-cc structure still possible.

 

Comparison of Experimental and Theoretical IR Spectra: Rb+(Gly) and Cs+(Gly)

Comparison of the experimental spectra in Figure 1 suggests that the three heavier alkali 

cations should have similar binding motifs with Gly. Therefore, we focus here on a comparison of 

the [CO]-cc and [CO,OH]-cc structures with experiment for both Rb+(Gly) and Cs+(Gly). Figure 
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S4, which compares these experimental spectra with theoretical spectra of the five lowest energy 

structures, confirms that the higher energy species do not reproduce the experimental spectra 

(although the bands predicted for the related [CO2
–]-cc structure are consistent with many of the 

observed bands). Figures 8 and 9 show the IRMPD spectra of Rb+(Gly) and Cs+(Gly) compared to 

spectra of the [CO]-cc and [CO,OH]-cc structures predicted by theory for both scaled harmonic 

and unscaled anharmonic (including overtones and combination bands) frequencies. The [CO]-cc 

calculations were performed at the B3LYP/def2TZVP level, whereas the [CO,OH]-cc calculations 

utilized MP2/def2TZVP level of theory because the B3LYP approach collapses to [CO]-cc, see 

Figures 4 and S3. As for K+(Gly), the distinctions between the harmonic and anharmonic 

calculations are small with the only major difference being the red-shift in the minor bands near 

1620 cm-1 in all harmonic spectra (NH2 bend). 

The experimental spectrum of Rb+(Gly) exhibits bands at 752, 886, 926, 1075, 1141, 1389, 

1591, and 1726 cm-1. The carbonyl stretch at 1726 cm-1 is reproduced well in the [CO]-cc spectrum 

(harmonic/anharmonic: 1735/1738 cm-1), whereas the [CO,OH]-cc peaks are blue-shifted 

(1771/1775 cm-1). The band observed at 1591 cm-1 can plausibly be assigned to the NH2 bend of 

either [CO]-cc (1627/1561-combination band cm-1) or [CO,OH]-cc (1627/1603 cm-1). The in-

plane COH bend at 1389 cm-1 is reproduced best by the anharmonic [CO]-cc species (1380 cm-1) 

with a combination band at 1394 cm-1 also contributing. The analogous peaks in the other three 

spectra are blue-shifted slightly. The anharmonic [CO]-cc spectrum also reproduces the bands in 

the 750 – 950 cm-1 region fairly well, with predicted intensity at 798, 873 (both NH2 wag and CC 

stretch), and 918 (combination band) cm-1. In this region, the [CO]-cc spectra are clearly more 

accurate than the [CO,OH]-cc spectra, which have a peak near 1000 cm-1 that is not observed. As 

for K+(Gly), the minor peak observed 1141 cm-1 could be affiliated with [CO,OH]-cc structure, in-

plane COH bend at the 1206/1182 cm-1, but it may also be explained by the anharmonic spectrum 

of [CO]-cc, which shifts the comparable band from 1222 cm-1 in the harmonic spectrum to 1200 

cm-1 in the anharmonic spectrum while doubling its intensity. This spectrum also predicts a weak 

band at 1053 cm-1 (CN stretch), which could correspond to the band observed at 1075 cm-1. This 
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comparison also suggests that the Rb+(Gly) spectrum may be saturated, thereby overemphasizing 

the minor bands and suppressing those at 1389 and 1726 cm-1. This hypothesis is consistent with 

the observation that this complex exhibited the highest extent of dissociation among those studied 

here and with the comparison with the ion trap experiment, Figure S1. Overall, the observed 

spectrum seems most consistent with the [CO]-cc structure, which is predicted to be the 298 K 

GM at all levels of theory, although contributions from the [CO,OH]-cc structure cannot be 

eliminated nor could minor contributions from the much higher energy [CO2
–]-cc species.

The analysis of the Cs+(Gly) results closely parallels that for Rb+(Gly), see Figure 9. Again, 

the anharmonic spectrum of the [CO]-cc GM provides a very good reproduction of the 

experimental spectrum. All bands can be assigned analogously with the Rb+(Gly) discussion 

above. We again conclude that the dominant experimental structure is [CO]-cc, the 298 K GM at 

all levels of theory. 

The dominance of the [CO]-cc structure for both Rb+(Gly) and Cs+(Gly) is clearly 

consistent with the B3LYP and B3LYP-GD3BJ potentials shown in Figures S3 and 4 but appears 

to be at odds with the MP2 potentials, even though MP2 and CCSD(T,full) calculations predict 

[CO]-cc is the GM at 298 K, Table 1. To understand the dichotomy, it can be realized that the 

potentials shown do not include zero-point energies (ZPE) nor enthalpic and entropic thermal 

corrections. Indeed, the ZPEs for [CO,OH]-cc are larger than those for [CO]-cc by 1.63 and 1.67 

kJ/mol for Rb+(Gly) and Cs+(Gly), respectively, thus destabilizing [CO,OH]-cc relative to [CO]-

cc. (Figure S3 shows these 0 K relative energies for the stationary states.) The 298 K thermal 

corrections (including ZPE) are even larger: 4.0 and 4.4 kJ/mol, largely because the metal ion is 

able to move more freely in the monodentate [CO]-cc than in the bidentate [CO,OH]-cc. When 

these energies are included in the potentials shown in Figures S3 and 4, the complexes lie well 

above the barrier between the two structures. Thus, the system spends more time in the entropically 

favored [CO]-cc structure, no matter whether the surface looks like that calculated at the DFT 

levels or the MP2 level.
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Conclusion

IRMPD spectra of the five alkali metal cations coordinated with the simplest amino acid, 

glycine, are acquired. Comparison of these spectra to calculated spectra demonstrate that the 

Li+(Gly) and Na+(Gly) complexes have [N,CO]-tt structures, although minor contributions of 

[CO]-cc, [CO,OH]-cc, and [CO2
–]-cc are likely for the latter complex. For the three heavier metal 

complexes, K+(Gly), Rb+(Gly), and Cs+(Gly), the spectra are reproduced by [CO,OH]-cc and 

[CO]-cc structures, with the former favored for the K complex and the latter for the Rb and Cs 

complexes. These results are generally in good agreement with predictions of the global minimum 

structures at all levels of theory considered, but there is some evidence that MP2 relative Gibbs 

energies at 298 K are more consistent with the data than DFT Gibbs energies and the former also 

agree better with limited CCSD(T,full) results as well, Table 1. The contribution of the double-

well potential that links the [CO,OH]-cc and [CO]-cc structures is considered in some detail. 

Anharmonic calculations that should include at least some aspects of this coupling provide better 

reproductions of the spectroscopic data than scaled harmonic calculations. 

Supporting Information

Table S1 provides relative Gibbs energies at 0 K for various structures of M+(Gly), M+ = Li+, Na+, 

K+, Rb+, and Cs+, calculated at five levels of theory. Figure S1 compares IRMPD spectra taken on 

the QIT and FTICR. Figure S2 shows relative energies of the five lowest energy structures of 

M+(Gly) calculated at four levels of theory. Figure S3 compares the relaxed potential energy 

surfaces for changing the MOC bond angle in M+(Gly) for M+ = Li+, Na+, K+, Rb+, and Cs+ 

calculated at three levels of theory. Figure S4 compares experimental IRMPD spectra for Rb+(Gly) 

and Cs+(Gly) to harmonic frequency calculations for the lowest five structures at the 

B3LYP/def2TZVP level.
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Table 1: 298 K Relative Gibbs Energies (kJ/mol) of Low-Lying Conformers of M+(Gly) Calculated at B3LYP, B3LYP-GD3BJ, 

B3P86, and MP2 Levels of Theorya

Structure Li+(Gly) Na+(Gly) K+(Gly) Rb+(Gly) Cs+(Gly)

[N,CO]-tt 0.0, 0.0, 0.0, 0.0 0.0, 0.0, 0.0, 0.0 6.7, 3.3, 9.3, 5.3 (3.9) 11.2, 8.2, 14.1, 7.7 14.7, 11.5, 16.8, 10.6

[CO2
–]-cc 23.0, 24.1, 20.0, 18.5 10.6, 13.4, 7.5, 7.7 15.5, 14.6, 14.3, 12.9 23.8, 23.1, 21.9, 16.7 26.4, 25.3, 23.7, 18.1

[N,CO]-ct 23.8, 22.5, 23.6, 24.2 21.5, 21.2, 21.3, 21.8 26.4, 22.8, 28.9, 25.4 29.9, 26.9, 32.6, 27.4 31.9, 28.8, 34.0, 28.4

[CO]-cc 28.9, 30.2, 25.3, 32.0 7.2, 10.3, 3.0, 8.7 0.0, 0.0, 0.0, 2.2 (1.7) 0.0, 0.0, 0.0, 0.0 (0.0) 0.0, 0.0, 0.0, 0.0 (0.0)

[CO,OH]-cc 42.5,b 40.5,b 37.0,b 39.6b 9.2, 12.1, 5.1, 7.6 0.9, 1.3, 0.6, 0.0 (0.0) 6.9,b 1.6, 5.2,b 0.6b (1.9) 7.1,b 0.9, 5.1,b 1.6,b (3.0)

[N,OH]-tc 47.6, 44.4, 49.8, 41.2 41.2, 39.2, 42.8, 35.6 44.3, 38.5, 48.2, 37.7 47.5, 42.2, 51.7, 39.7 49.9, 44.4, 53.3, 42.4

[CO]-tc 68.8, 70.5, 69.2, 73.9 44.7, 48.5, 44.2, 47.3 34.0, 34.7, 37.7, 37.1 34.2, 44.2,c 38.6, 35.4 32.9, 33.6, 36.9, 35.1

[CO]-ct 70.2, 71.8, 70.3, 75.0 45.2, 48.6, 44.5, 47.8 35.7, 35.9, 39.2, 38.7 35.2, 35.6, 38.6, 38.0 33.9, 34.2, 37.6, 35.9

[N]-tt 85.3, 84.1, 82.7, 80.2 57.3, 58.0, 55.7, 53.3 48.8, 46.3, 51.0, 45.4 47.4, 45.4, 50.0, 43.3 46.2, 43.7, 48.6, 44.6

a B3LYP, B3LYP-GD3BJ, B3P86, and MP2 (CCSD(T,full)) values calculated using the 6-311+G(2d,2p) for Li, Na, and K or 

def2TZVPP for Rb and Cs basis sets. B3LYP, B3P86, and MP2 values use structures and zero-point energies calculated at the 

B3LYP/6-311+G(d,p) or B3LYP/def2TZVP level of theory. B3LYP-GD3BJ values use structures and zero-point energies calculated 

at the B3LYP-GD3BJ/6-311+G(d,p) or B3LYP-GD3BJ/def2TZVP level of theory. Bold indicates the ground state. b Collapses to 

[CO]-cc at B3LYP and B3LYP-GD3BJ levels. Values are single point calculations using MP2/6-311+G(d,p) or MP2/def2TZVP 

structures and zero-point energies. c Collapses to [N,CO]-tt. Value is single point calculation using B3LYP/def2TZVP structure and 

zero-point energy.
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Figure Captions

Figure 1: Infrared multiple photon dissociation action spectra of M+(Gly) complexes where M+ = 

Li+, Na+, K+, Rb+, and Cs+ acquired on the FTICR MS. 

Figure 2: Structures of Rb+(Gly) complexes calculated at the B3LYP/def2TZVP level of theory, 

except [CO,OH]-cc which was an MP2/def2TZVP calculation. Dashed lines show metal-ligand 

interactions; dotted lines indicate hydrogen bonding interactions. Rb – purple, O – red, N – blue, 

C – grey, H – white.

Figure 3. Relative Gibbs energies (kJ/mol) at 298 K calculated at the MP2/6-311+G(2d,2p) or 

MP2/def2TZVPP level of theory for six distinct structures of M+(Gly), where M+ = Li+, Na+, K+, 

Rb+, and Cs+ as a function of the alkali-metal cation relative to the energy of the most stable 

structure. 

Figure 4: Relaxed potential energy surface scans of the MOC bond angle in M+(Gly) calculated at 

the B3LYP, B3LYP-GD3BJ, and MP2 levels of theory for M = K (6-311+G(d,p) basis set) and M 

= Cs (def2TZVP basis set). 

Figure 5: Comparison of the experimental IRMPD action spectrum for Li+(Gly) (dashed line) with 

harmonic IR spectra for five structures predicted at the B3LYP/6-311+G(d,p) level of theory. 

Relative Gibbs energies (kJ/mol) at 298 K are provided at the B3LYP, B3LYP-GD3BJ, B3P86, 

and MP2 levels.
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Figure 6: Comparison of the experimental IRMPD action spectrum for K+(Gly) (dashed line) with 

harmonic IR spectra for five structures predicted at the B3LYP/6-311+G(d,p) level of theory. 

Relative Gibbs energies (kJ/mol) at 298 K are provided at the B3LYP, B3LYP-GD3BJ, B3P86, 

and MP2 levels.

Figure 7: Comparison of the experimental IRMPD action spectrum for K+(Gly) (dashed line) with 

anharmonic IR spectra for two structures predicted at the B3LYP/6-311+G(d,p) level of theory. 

Relative Gibbs energies (kJ/mol) at 298 K are provided at the B3LYP, B3LYP-GD3BJ, B3P86, 

and MP2 levels.

Figure 8: Comparison of the experimental IRMPD action spectrum for Rb+(Gly) (dashed line) with 

harmonic and anharmonic IR spectra for two structures predicted at the B3LYP/def2TZVP level 

for [CO]-cc and MP2/def2TZVP level of theory for [CO,OH]-cc. Relative Gibbs energies (kJ/mol) 

at 298 K are provided at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels.

Figure 9: Comparison of the experimental IRMPD action spectrum for Rb+(Gly) (dashed line) with 

harmonic and anharmonic IR spectra for two structures predicted at the B3LYP/def2TZVP level 

for [CO]-cc and MP2/def2TZVP level of theory for [CO,OH]-cc. Relative Gibbs energies (kJ/mol) 

at 298 K are provided at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels.
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Figure 7
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Figure 9
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Supporting Information for

Infrared Multiple Photon Dissociation Spectroscopy of Cationized 
Glycine: Effects of Alkali Metal Cation Size on Gas-Phase 
Conformation 

P. B. Armentrout, Brandon C. Stevenson, Maryam Ghiassee, Georgia C. Boles, Giel Berden, and 

Jos Oomens

Figure Captions

Figure S1: Infrared multiple photon dissociation action spectra of M+(Gly) complexes where M+ 

= K+, Rb+, and Cs+ taken on the FTICR (black trace) and QIT (red trace). 

Figure S2. Relative Gibbs energies (kJ/mol) at 298 K calculated at the Level/6-311+G(2d,2p) or 

Level/def2TZVPP level of theory for six distinct structures of M+(Gly), where M+ = Li+, Na+, K+, 

Rb+, and Cs+ as a function of the alkali-metal cation relative to the energy of the most stable 

structure. Level includes B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full).

Figure S3: Relaxed potential energy surface scans of the MOC bond angle in M+(Gly) calculated 

at the B3LYP, B3LYP-GD3BJ, and MP2(full) levels of theory for M = Li, Na, K (6-311+G(d,p) 

basis set) and M = Rb, Cs (def2TZVP basis set). Horizontal lines indicate the relative energies 

including zero-point energies of the stationary states.

Figure S4: Comparison of the experimental IRMPD action spectrum for Rb+(Gly) and Cs+(Gly) 

(dashed line) with harmonic IR spectra for five structures predicted at the B3LYP/def2TZVP level 

except for [CO,OH]cc, which were calculated at the MP2/def2TZVP level. Relative Gibbs 

energies (kJ/mol) at 298 K are provided at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels.
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Table S1: 0 K Relative Gibbs Energies (kJ/mol) of Low-Lying Conformers of M+(Gly) Calculated at B3LYP, B3LYP-GD3BJ, 

B3P86, and MP2(full) Levels of Theorya

Structure Li+(Gly) Na+(Gly) K+(Gly) Rb+(Gly) Cs+(Gly)

[N,CO]tt 0.0, 0.0, 0.0, 0.0 0.0, 0.0, 0.0, 0.0 3.9, 0.2, 6.4, 2.8 (1.4) 7.8, 4.1, 10.7, 6.4 11.3, 7.5, 13.4, 7.9

[CO2
–]cc 21.5.0, 23.7, 18.6, 17.0 10.5, 13.5, 7.4, 7.6 12.1, 11.1, 10.9, 9.9 19.4, 18.3, 17.6, 14.5 22.0, 20.5, 19.3, 14.4

[N,CO]ct 22.3, 21.8, 22.2, 22.7 21.5, 21.2, 21.3, 21.8 23.8, 19.9, 26.4, 23.2 26.9, 23.0, 29.6, 26.5 28.9, 25.1, 31.0, 26.2

[CO]cc 29.2, 31.5, 25.6, 32.2 10.4, 13.7, 6.2, 11.8 0.0, 0.1, 0.0, 2.6 (2.1) 0.0, 0.0, 0.0, 2.1 (0.8) 0.0, 0.0, 0.0, 0.7 (0.0)

[CO,OH]cc 41.3,b 41.9,b 35.8,b 38.4b 10.7, 13.7, 6.5, 9.1 0.6, 0.0, 0.3, 0.0 (0.0) 4.2,b 0.1,b 2.4,b 0.0b 

(0.0)

4.7,b 0.4,b 2.7,b 0.0b 

(0.6)

[N,OH]tc 45.5, 43.2, 47.7, 39.1 41.3, 39.4, 42.9, 35.7 41.9, 36.0, 45.8, 35.7 45.0, 39.1, 49.1, 39.3 47.6, 41.5, 51.0, 40.8

[CO]tc 70.6, 73.5, 71.0, 75.7 49.0, 53.1, 48.5, 51.6 35.3, 36.0, 39.0, 38.8 36.7, 40.2,c 41.2, 40.1 33.2, 33.7, 37.3, 36.2

[CO]ct 72.5, 75.1, 72.5, 77.3 50.0, 53.7, 49.4, 52.6 37.4, 37.7, 40.9, 40.7 36.3, 36.5, 39.7, 41.2 34.8, 35.0, 38.5, 37.5

[N]tt 87.0, 86.9, 84.4, 81.8 61.5, 62.5, 60.0, 57.6 50.6, 48.0, 52.8, 47.5 49.1, 46.7, 51.7, 47.1 47.9, 45.1, 50.3, 47.0

a B3LYP, B3LYP-GD3BJ, B3P86, and MP2 (full) (CCSD(T,full)) values calculated using the 6-311+G(2d,2p) or def2-TZVPP basis 

set with the structures and zero-point energies calculated at the B3LYP/6-311+G(d,p) or B3LYP/def2-TZVP level of theory. Bold 

indicates the ground state. b Collapses to [CO]cc. Values are single point calculations using MP2(full)/6-311+G(d,p) or 

MP2(full)/def2-TZVP structures and zero-point energies. c Collapses to [N,CO]tt. Value is single point calculation using B3LYP/def2-

TZVP structure and zero-point energy.
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Figure S3
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Figure S3

CsOC angle (o)

100 120 140 160 180

En
er

gy
 (k

J/
m

ol
)

0

1

2

3

4

MP2

B3LYP

B3LYP
-GD3BJ

[CO,OH]cc

[CO]cc

Cs+(Gly)

RbOC angle (o)

100 120 140 160 180

En
er

gy
 (k

J/
m

ol
)

0

1

2

3

4

MP2

B3LYP

B3LYP
-GD3BJ

[CO,OH]cc

[CO]cc

Rb+(Gly)

Page 37 of 38 Physical Chemistry Chemical Physics



S7

Figure S4

Figure S3
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