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Abstract 

Infrared photodissociation spectroscopy in combination with tandem mass spectrometry (MS/MS) has been 
shown to provide diagnostic structural information on oligosaccharides. An investigation of the conformation 
of methylated β-glucose ionized with an alkali metal cation, and subsequently complexed by an ancillary 
ligand, is presented. On the basis of quantum chemical calculations, an interpretation of the variation of the 
IRMPD spectrum of the methylated β-glucose complexes is proposed. Two competing structural motifs are 
found to be at play, the energy ordering resulting from a subtle balance between the maximization of the 
coordination of the metal cation and intra-sugar hydrogen bonding.   
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Introduction 

 

Tandem mass spectrometry (MS/MS) is a method of choice for the analysis of oligosaccharides.1 Separation 

and identification of these species is challenging because of the multiple sources of isomeric forms.2  The 

structural diversity of natural and synthetic carbohydrates is associated with the inter-residue linkage 

positions and branching features. In addition, the anomeric configuration and stereochemistry of each 

monomer is another source of complexity. Fragmentation mass spectra of adducts of oligosaccharides and 

metal cations obtained using collision induced dissociation (CID) can be informative,3 for the linkage types,4,5 

for example. As a result of this structural complexity, however, a comprehensive structural analysis is typically 

based on coupling of chromatographic separation techniques or, more recently, ion mobility spectrometry 

(IMS).  IMS allows for the separation of glycans and structural information can be derived,6 as was 

demonstrated in pioneering studies.7-8  IMS-MS/MS instruments provide an added value since mobility-

selected precursor ions can be reacted or dissociated, followed by mass analysis of the product ions.9  

Improving the IMS separation and identification of IMS peaks associated with the different isomeric 

forms of saccharides is of current interest. Fragmentation mass spectra obtained upon photo-induced 

dissociation can be more informative than those obtained through CID.10-14 Hence, using wavelength tunable 

laser sources, UV spectroscopy of mobility-selected disaccharides ions has emerged.13-14 IR photo-dissociation 

spectroscopy of mobility-selected adducts of oligosaccharide and metal ions have also been performed more 

recently.15-17 It should be noted, however, that these spectroscopic studies of large glycans were performed 

using a cryogenically cooled ion-trap. Well-resolved IR absorption features were derived allowing for an 

unambiguous structural diagnostic.15 For instance, six disaccharide isomers that differ in their stereochemistry, 

attachment point of the glycosidic bond, and monosaccharide content were all unambiguously identified.17 As 

demonstrated with a set of human milk oligosaccharides, the added dimension of IR spectroscopy allows for a 

fingerprint diagnostic of isomers of oligosaccharides ranging from trisaccharides to hexasaccharides, which 

could not be distinguished using IMS-MS/MS alone.16 The recent development in traveling-wave IMS, called 

structures for lossless ion manipulation (SLIM),18 offers an unprecedented mobility resolution. Using this 

ultrahigh SLIM resolution, it has been shown that glycan isomers that differ only in collisional cross section by 

0.2 % can be separated and subsequently interrogated by IR spectroscopy in a cooled ion trap.19-20 It should be 

stressed that the combination of IMS-MS/MS and IR spectroscopy allows for the separation and 

characterization of saccharides that differ by a single stereogenic center based on diagnostic features which 

can be typically found in the OH stretching region, where spectral shifts are directly related to the hydrogen 

bonding network. 

In this paper we focus on the structure of methylated β-glucose coordinated to an alkali metal cation 

and on its conformational change induced upon addition of an ancillary ligand. The separation of methylated 

α-mannose, α-glucose, or β-glucose ionized with Li+, Na+, and K+ was recently investigated by our group using 

differential mobility spectrometry (DMS). In the case of lithiated complexes, identification of the isomeric 

forms was achieved through infrared multiple photon dissociation (IRMPD) spectroscopy in the OH stretching 

region of the DMS-selected ions.21 An IRMPD band near 3400 cm-1 was found to be highly structurally 

diagnostic. It was specifically observed for the two anomers of glucose, but not in the case of mannose. 

Herein, the conformation of methylated β-glucose in a complex formed with an alkali cation, and the 

conformational change induced upon the addition of an ancillary ligand, are probed using IRMPD 

spectroscopy. The conformational preference of the sugar unit is investigated using quantum chemical 

calculations, and computed IR absorption spectra of the low-lying isomers are used to analyze the 

conformational change of methylated β-glucose. Two competing structural motifs are found to be at play. The 
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energy ordering results from a subtle balance between maximization of coordination of the metal cation and 

the intrinsic conformational energetics of the saccharide, which is for a large part driven by hydrogen bonding. 

 

 

Results and Discussion 
 

Experimental IRMPD spectra of Li+ complexes of methylated β-glucose. Experimental infrared spectra of 

alkali cation complexes of β-methylated glucose (β-Me-Glc) are given in Figure 1. The IRMPD spectra of Li(β-

Me-Glc)+ and monohydrated Li(β-Me-Glc)(H2O)+ complexes are given in panels a) and b), respectively. The 

IRMPD spectra of Li(β-Me-Glc)(CH3CN)+ and Na(β-Me-Glc)(CH3CN)+ complexes are given in panels c) and d). 

Expected bands in the 3000-3800 cm-1 spectral range for these complexes are associated with the CH and four 

OH stretches. The four OH stretches are the most structurally diagnostic. Free OH bands are expected near 

3650-3700 cm-1. When involved as hydrogen bond donors, however, the corresponding OH stretch band is red-

shifted 83 and this red-shift is accompanied by a broadening.22  

 

 
 

Figure 1. Experimental IRMPD spectra of a) Li(β-Me-Glc)+ (red), b) Li(β-Me-Glc)(H2O)+ (green), c) Li(β-Me-

Glc)(CH3CN)+ (black), and d) Na(β-Me-Glc )(CH3CN)+(blue)  in the 3200-3800 cm-1 spectral range. The irradiation 

time was 1 s, and each OPO/OPA pulse was followed by a pulse of the auxiliary CO2 laser. The CO2 pulse 

duration was longer (5 ms) for the untagged Li(β-Me-Glc )+ system, than for the tagged complexes (500 µs). 

 

In the higher energy part of the spectra (3500-3800 cm-1), bands corresponding to free or weakly 

hydrogen bonded OH stretches can be observed in the IR spectra of the Li(β-Me-Glc)+ and monohydrated Li(β-

Me-Glc)(H2O)+ complexes. In the latter case, bands associated with the two water OH stretches are expected 
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in addition to the four sugar OH stretches. In particular, the band observed near 3700 cm-1 for the Li(β-Me-

Glc)(H2O)+ complex can be assigned to the asymmetric water OH stretch. Assignment of the other IR bands 

observed in the 3500-3800 cm-1 range for these two complexes is more difficult. Based on these high energy 

bands, it is difficult to draw conclusions regarding the conformation and/or interaction of the methylated β-

glucose ligand with Li+. 

As stated above, these complexes are relatively strongly bound, and the auxiliary CO2 laser had to be 

used to enhance their fragmentation. Since the OPO/OPA laser power drops when going from high to low 

frequency, two sets of OPO/OPA parameters were specifically optimized for recording the IRMPD spectra in 

the 3000-3500 and 3500-3800 cm-1. CH stretching bands near 3000 cm-1 have been observed for the 

monohydrated Li(β-Me-Glc)(H2O)+ complex.21 In the case of the Li(β-Me-Glc)+ complex, however, no IRMPD 

band could be observed below 3500 cm-1. This is likely due to the fact that the fragmentation threshold of the 

Li(β-Me-Glc)+ complex is much larger than that of the corresponding monohydrated complex. As previously 

reported,21 a band is observed near 3400 cm-1 for the monohydrated Li(β-Me-Glc)(H2O)+ complexes, which is a 

signature of a specific conformation of the sugar moiety. It thus seems that the addition of water to Li(β-Me-

Glc)+ may induce a conformational change of β-Me-Glc.  

In order to probe the effect of the nature of alkali cation on the IR spectrum of methylated β-glucose 

complexes, sodium complexes were investigated since water binding to Na+ is significantly lower than that to 

Li+. Unfortunately, the Na+ fragment formed upon IRMPD excitation of the Na(β-Me-Glc)+ could not be 

detected with our MS/MS instrument. In addition, another consequence of Li to Na substitution is that no 

water adduct of Na(β-Me-Glc)+ could be formed. Unfortunately, due to the instability of the Na(β-Me-Glc)+ ion 

signal, the depletion spectrum is not reliable. We thus turn our attention to the addition of acetonitrile which 

is more strongly bound than water to Na+. The IRMPD spectrum of the Na(β -Me-Glc)(CH3CN)+ complex is 

shown in Figure 1, along with the corresponding Li(β-Me-Glc)(CH3CN)+ spectrum. In both acetonitrile 

complexes, a broad band appears below 3500 cm-1. The position of this broad band varies slightly from one 

complex to another. It is observed at ~3400, ~3420, and ~3430 cm-1 for the Li(β-Me-Glc)(H2O)+, Li(β-Me-

Glc)(CH3CN)+, and Na(β-Me-Glc)(CH3CN)+ complexes. 

To summarize, a band near 3350-3450 cm-1 was observed in all investigated complexes containing β-

Me-Glc, except in the case of Li(β-Me-Glc)+. Based on our previous study of monohydrated Li+ complexes of 

methylated α-glucose, β-glucose, and α-mannose, it is concluded that a band near 3400 cm-1 is a clear 

structural diagnostic. Such a band was also observed for both Li(β-Me-Glc)(H2O)+ and Li(β-Me-Glc)(H2O)+ 

complexes.  

One may wonder whether or not the low fragmentation efficiency of Li(β-Me-Glc)+ prevents the 

observation of a band below 3500 cm-1 in a region where the OPO/OPA laser is relatively low. It is thus of 

interest to investigate the low energy structures of this complex, and to compare the corresponding IR 

absorption spectra to the IRMPD spectrum. 

Low energy isomers of Li(β-Me-Glc)+ complex. A representation of the 6-membered ring structure of a 

methylated hexose is given in Scheme 1. Four hydroxyl groups are available for hydrogen bonding, which is an 

important driving force for conformational stabilization. Due to the possible rotation about the C(5)-C(6) bond, 

the flexibility hydroxymethyl O(6)H group also plays an important role in deciding the structures of these 

systems. A hexose, in a pyranose form, can adopt different conformations including two chair forms (4C1 and 
1C4) or boat conformations.  
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Scheme 1 

 

The conformation of hexose derivatives has been studied theoretically.23-26 In the case of the two 

glucose anomers, it has been established that the lowest energy structure has a 4C1 chair configuration,25 in 

both aqueous and gas phases. Different conformations of the 4C1 chair have been characterized, and they 

essentially differ in the intramolecular hydrogen bonding network. The different conformers can thus be 

distinguished depending on the orientation of the hydroxyl groups and of the hydroxymethyl group.27 The 

O(6)H group can interact, as a hydrogen bond donor or acceptor, with the O(4)H group, resulting in the 

formation of a six-membered hydrogen-bonded ring. The second type of conformer is characterized by a five-

membered HB ring resulting from the HB interaction between the O(6)H donor and the ring O(5) oxygen atom. 

In the case of each glucose anomer, it was shown that the free energy at 298 K of the two types of conformers 

differ by less than 3 kJ/mol.25  

In the present study, the starting point geometries for the structural search for the Li+ complexes were 

the methylated sugar in a chair (4C1 or 1C4) or boat conformation. For each conformation of the ring structure, 

different orientations of the OH groups were used as a starting point for geometry optimization. Particular 

care was taken with the hydroxymethyl group. The corresponding O(6)H hydroxyl can be involved in hydrogen 

bonding with equatorial O(4)H, or axial O(3)H hydroxyl groups, or O(5) intracyclic oxygen, depending on the 

hexose conformation (4C1 and 1C4, respectively). The relative energies (kJ/mol) of the lowest energy structure 

associated with a chair (4C1 or 1C4) and a boat configuration for the three methylated monosaccharides are 

given in Figure S1. 298K Gibbs free energies were calculated at the B3LYP/6-31G** level of theory.  

As can be seen in Figure S1, the 4C1 configuration is found to be the lowest in energy for the two 

methylated glucose anomers. A boat conformer is found to be lower than the lowest 1C4 conformer. In the 

case of methylated β-glucose, the relative energies of the lowest energy boat and 1C4 conformers are 

predicted to be 18.3 and 18.6 kJ mol-1, respectively. This can be rationalized considering the number of intra-

sugar hydrogen bonds. Only two hydrogen bonds can be formed when the methyl-β-glucose is in its 1C4 chair 

conformation, while three hydrogen bonds can be formed in the case of the methyl-β-glucose in its 1C4 chair 

conformation. 

In the following, only the lowest energy structure associated with the adducts formed with Li+ and 

sugar in a 4C1, 1C4, and boat are discussed. The lowest energy structures of each type of the sugar conformer 

(4C1, 1C4, or boat) of Li(β-Me-Glc)+ are given in Figure 2. The relative free energies at 298 K given in Figure 2 

were determined at the B3LYP/6-31G** level of theory. Multiple isomers were considered for each 

conformation of the sugar unit, and the lowest energy isomers are shown in Figure S2.  

If the methylated β-glucose is in 4C1 chair conformation, it can only bind to the Li+ cation as a bidentate 

ligand. Within all the corresponding optimized structures, the lowest energy one (β-Glc-C-34) is shown in 

Figure 2. The β-Glc-C-34 structure corresponds to the coordination of Li+ to the O(3) and O(4) oxygen atoms. In 

addition, two O(4)H-O(6) and O(3)H-O(2) hydrogen bonds can be maintained. One can notice that the two 
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O(3)H and O(4)H hydroxyl groups which are bound to the Li+ cation also acts as efficient HB donors. It is 

important to notice that the O(4)H-O(6)H distance is significantly shorter (1.81 Å) in the β-Glc-C-34 structure 

than in the low energy 4C1 structures of free β-glucose, for which the typical bond distance is ~2 Å. This bond 

shortening upon binding to Li+ is a signature of a synergic effect which has been observed for gas phase 

hydrated complexes of metal cations.28  The hydrogen bond is reinforced when the hydrogen bond donor is 

coordinated to a metal cation.   

It should be noted that the synergic effect is less pronounced if the O(3)H group is considered. The 

O(3)H-O(2) bond distance in β-Glc-C-34 and in the 4C1 conformation of the free β-glucose are very similar. This 

difference in the Li+ effect on the hydrogen bonding is probably due to the fact that the O(3)H-O(2) bond 

between two equatorial groups is relatively weak, while the O(4)H-O(6)H is much more favorable. In the latter 

case, the flexibility of the hydroxymethyl chain allows for the formation of a strong O(4)H-O(6)H hydrogen 

bond within a favorable six-membered ring motif.  

This latter point might be at the origin of the preference for coordination through the O(4) and O(3) 

hydroxyl groups starting from the methylated β-glucose in its 4C1 conformation. Other bidentate structures 

have been envisaged starting from a 4C1 conformation, but they were found to be higher in energy. For 

example, the β-Glc-C-46 and β-Glc-C-23 structures are nearly degenerate, and are found to be about 10 kJ mol-

1 higher in energy that the β-Glc-C-34 structure (See Figure S2). 

 

 
 

Figure 2. Relative free Gibbs energies of the most stable structures of the Li(β-Me-Glc)+ complex. Three types 

of structures are considered, depending on the conformation of the sugar moiety: 4C1, 1C4 and boat 

conformers are denoted as C, C’ and B, respectively. Only the most stable representative structure is shown 

here. Structures were characterized at the B3LYP/6-31G** level of theory. 298K Gibbs free energies are given 

in kJ mol-1. 
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As can be seen in Figure 2, the β-Glc-C-34 structure of the Li(β-Me-Glc)+ complex where the sugar unit 

acts as a bidentate ligand is not the lowest energy structure. In the case of the corresponding monohydrated 

Li(H2O)(β-Me-Glc)+ complex, this di-coordination mode of the sugar unit is preferred, and found in the lowest 

energy structure.21  

The most energetically favored structure of Li(β-Me-Glc)+ is the tri-coordinated β-Glc-B-356 derived 

from a boat conformer of the methylated β-glucose unit. This result may not be surprising since the lowest 

energy boat conformer of methylated β-glucose is only 18.3 kJ.mol-1 higher in energy than the 4C1 chair, and 

that three oxygen atoms are available for Li+ coordination in the former while only two are available in the 

latter leading to the β-Glc-B-356 and β-Glc-C-34, respectively. Furthermore, a close inspection of the Li+-O 

distances reveals that this β-Glc-B-356 also has a relatively short Li+-O(1) distance (2.5 Å), and it could thus be 

considered as a tetra-dentate structure. In addition, an intramolecular hydrogen bonding O(4)H-O(2) (2.04 Å)  

interaction can be preserved on the face of the sugar opposite to the Li+ cation.  

One structure (β-Glc-C’-136) derived from the sugar in its relatively low-energy 1C4 conformation is predicted 

to be only 13.1 kJ mol-1 higher in energy than the β-Glc-B-356 structure. This tri-dentate structure probably 

also owes its relatively low energy to the hydrogen bond which is maintained between the O(2)H donor and 

the O(4) acceptor groups.  

Structures of Na(α-glucose)+ and Na(β-glucose)+ with di-coordinated glucose in a chair conformation 

have been reported by Armentrout and coworkers.29 The lowest energy structure of the Na(α-Glc)+ was found 

to be a di-coordinated structure with the 4C1 chair conformer acting as a bidentate ligand as in β-Glc-C-34 

(Figure 2). Furthermore, the lowest energy structure of the Na(β-Glc)+ system has the β-glucose in a boat 

conformation and acting as a tridentate ligand, very similar to the lowest energy β-Glc-B-356 structure found 

for Li(β-Me-Glc)+. The lowest energy structures calculated by Armentrout and coworkers were consistent with 

the previous results obtained by Kentäma and coworkers for the arabinose and xylose systems,26 with Barrows 

et al.25 for the glucose systems, and Rahal-Sekkal et al.30 for galactose saccharide. However, these results 

contrast with earlier results from Wesdemiotis and coworkers31 on sodiated monosaccharide and disaccharide 

complexes. 

Interpretation of the IRMPD spectra of Li(β-Me-Glc). Infrared spectra of Li(β-Me-Glc)+ in the 3000-3800 cm-1 

spectral range are shown of Figure 3. The experimental spectrum is given in the top panel. IR absorption 

spectra have been calculated for multiple types of coordination modes and hydrogen bonding. Only the 

calculated spectrum of the lowest energy structure of each type (4C1, 1C4, boat) of the sugar conformation are 

given in the other panels of Figure 3. Calculated IR spectra of other low-lying isomers (see Figure S2) of Li(β-

Me-Glc)+ are given in Figure S3. 
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Figure 3. IRMPD spectrum of the Li(β-Me-Glc)+ complex (upper panel). In the lower b-d panels the 

experimental IRMPD spectrum (grey) is compared to the most energetically favored structures with the 

methylated β-glucose in a 4C1 chair (orange), 1C4 chair (green), and boat (blue) conformation. The 

corresponding theoretical structures as well as the relative Gibbs free energies (in kJ mol-1) are also provided. 

Theoretical infrared absorption spectra were calculated at the B3LYP/6-31G** level of theory, and each band 

was convoluted using a Gaussian profile with a fwhm of 20 cm-1. Harmonic frequencies were scaled with a 

factor of 0.955.  

 

The experimental spectrum has two broad and asymmetric features with a maximum at 3600 and 3660 

cm-1. The broad band at 3660 cm-1 has a shoulder on its blue side with a maximum at 3680 cm-1, and also a 

less pronounced shoulder on its red side near 3640 cm-1.  

Within all the structures that have been characterized (Figure S2), the best match with the 

experimental IRMPD spectrum is found if the lowest energy structure (β-Glc-B-356) is considered. In this 

structure, the methylated β-glucose acts as a tridentate ligand and the three O(3), O(5), and O(6) oxygen 

atoms are bound to Li+. A band assignment is proposed in Table 1 assuming that only the β-Glc-B-356 isomer is 

populated under our experimental conditions. The broad character of the band with a maximum at 3660 cm-1 

is probably due to the fact that three IR absorption bands are predicted in this region for the β-Glc-B-356 

isomer (Table 1). Three vibrational modes associated with nearly free OH stretches are predicted. Besides the 

band associated with the O(2)H stretching mode, which is predicted at 3660 cm-1, the OH stretching modes of 

the O(3)H and O(6)H groups are predicted at 3652 and 3678 cm-1, respectively. The last feature observed at 

~3600 cm-1 can be assigned to the OH stretching mode of the O(4)H group which is predicted at 3589 cm-1. 
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This band is slightly more red-shifted because it is involved as a donor in a hydrogen bond with the acceptor 

O(4)H group, and the corresponding intra-sugar hydrogen bond distance is 2.04 Å.  

 

Table 1. Infrared band assignment of the Li(β-Me-Glc)+ complex a   

Vibrational Mode Theory (cm-1) Experiment (cm-1) 

HB A O(6)H st 3678 

3660 HB A O(2)H st 3660 

HB A O(3)H st 3652 

HB D O(4)H st 3589 3600 

aVibrational mode description is provided in the first column. Predicted 

scaled (by 0.955) harmonic frequencies and the experimental infrared 

band positions are given in columns 2, and 3, respectively.  

 

As found for other molecular ions, the comparison of experimental IRMPD spectrum of the Li(β-Me-

Glc)+ complex against the calculated IR absorption spectra of the low energy isomers shows that a good match 

is observed if the lowest-energy structure is considered. As discussed in the context of IRMPD characterization 

of peptide fragments,32 it is likely that thermalization of molecular ions through low energy collisions in the 

hexapole ion trap occurs. In some specific cases, kinetic trapping has been observed as in the case of the a2 ion 

of a dipeptide which was formed in the hexapole linear ion-trap of the ICR.33 Multiple low-energy isomers may 

be populated in some cases and thus contribute to the IRMPD spectrum.  

In the present case, however, di-coordinated Li(β-Me-Glc)+ structures such as β-Glc-C-34 can be 

discarded. This structure is characterized by a predicted IRMPD band near 3400 cm-1 which is not observed 

experimentally. This band is a highly structurally diagnostic and is associated with the O(4)H stretch which is 

simultaneously involved as a hydrogen bond donor and in the coordination of the alkali metal cation. As stated 

above, such a band is not observed for Li(β-Me-Glc)+, but is observed upon addition of H2O or CH3CN, and is 

also observed in Na(β-Me-Glc)(H2O)+. As can be seen in Figure 1, the position of this band slightly varies from 

one system to the other. A blue shift observed from Li(β-Me-Glc)(H2O)+ to Li(β-Me-Glc)(CH3CN)+. This can be 

interpreted considering the gas phase basicity of the added ligand. The gas phase basicity of CH3CN is higher 

(~370 kcal mol-1) than that of H2O (~30 kcal mol-1). As a result, charge transfer to the Li+ cation from the CH3CN 

molecule is greater than that from the water molecule, which could explain the weakening of the Li--O(4)H 

bond, and consequently a blue-shift of the O(4)H frequency band from ~3400 to 3420 cm-1. 

 

 

Conclusions 
 

The present study further confirms that wavelength tunable infrared multiple photon dissociation integrated 

to tandem mass spectrometry is a valuable tool for the identification of molecular ions. From an analytical 

point of view, this technique, orthogonal to MS/MS, provides a unique diagnostic fingerprint of mass-selected 

molecular ions.  

Comparison of IRMPD spectra with IR absorption spectra derived from quantum chemical calculations 

on low-energy lying isomers allows for an unambiguous structural assignment. As found in many other 

examples, the best agreement is found when the lowest energy isomer is considered. Structural diagnostic can 
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also simply be based on the observation or not of the IR signature of a structural motif, which can be essential 

when there are multiple low-lying isomers.   

In the present case, it was found that there are two competing structural motifs when methylated β-

glucose is complexed with an alkali metal cation. IRMPD spectroscopy was found to provide a clear-cut 

diagnostic of conformational change of methylated β-glucose depending whether or not a second ligand was 

bound to the metal cation. The energy ordering of the two competing isomeric forms was found to be the 

result of a subtle balance between the maximization of the coordination of the metal cation and the intra-

sugar hydrogen bonding. 

 

 

Experimental Section 
 

General. Infrared spectroscopy experiments were carried out using a 7 Tesla Fourier transform ion cyclotron 

resonance (FT-ICR) tandem mass spectrometer (Bruker Apex IV). This hybrid FT-ICR instrument is equipped 

with a so-called Qh interface featuring a quadrupole mass-filter and a linear hexapole ion-trap. Low-energy 

collisional thermalisation of the mass-selected ions can be achieved in this linear ion trap pressurized with Ar 

at ~10-3 mbar. If a trace amount of a molecule is seeded in argon, ion-molecule reactions can also be carried 

out in this ion trap.34 In the present study, water and acetonitrile adducts of mass-selected ions were formed.  

Ions are then pulse-extracted into the ICR cell where they are mass-selected and subsequently irradiated with 

IR light. Details on the coupling of IR laser sources to this mass spectrometer can be found elsewhere.34-35 An 

optical parametric oscillator/amplifier (OPO/OPA from LaserVision) laser system was used for recording the IR 

spectra in the 3000-3800 cm-1 region.2 This laser system is pumped by an Innolas Spitlight 600 non-seeded 

Nd:YAG laser running at 25 Hz. The typical output energy of the OPO/OPA was 12–13 mJ/pulse at 3600 cm–1. 

As proposed by Y.T. Lee,36 an auxiliary CO2 laser is used to enhance the fragmentation of strongly bound ions. 

Using our setup, ions are irradiated using a few ms long CO2 pulse (10 watt continuous wave (CW), BFi 

OPTiLAS, France) following each OPO/OPA pulse, the delay being on the order of ~1 μs.37-38 At 3600 cm-1 the 

typical bandwidth (fwhm) of the OPO/OPA laser system is 3–4cm–1. Representative mass spectra recorded 

following IR irradiation of ICR mass-selected Li(β-Me-Glc)(CH3CN)+ and Li(β-Me-Glc)+ ions with the laser off- 

and off-resonance are given in Figure S4. 

 

Sample solutions were prepared by mixing β-Me-Glc (Carbosynth) and alkali metal salts (Sigma-Aldrich) at a 

ratio of 1:20 in H2O:CH3OH=3:7 with a final concentration of 100 µM (saccharide) and 2 mM (metal salt). ESI 

conditions were as follow: Flow rate of 120 µL/h, desolvation gas flow of 5 L/min, nebulizer pressure of 10 psi, 

and desolvation gas temperature of 300 °C.  

Quantum chemical calculations were performed for characterizing the isomeric structures of Li(β-Me-Glc)+ and 

their corresponding IR absorption spectra. The Gaussian 09 package39 was used throughout. An exhaustive 

characterization of the different conformers is out of the scope of this paper. We rather focused on the 

interpretation of the IRMPD spectrum of Li(β-Me-Glc)+. The positions of the IR bands in the OH stretching 

region are very sensitive to the hydrogen bonding network and also to the coordination of the Li+ by the 

different hydroxyl groups. Thus, starting from the low energy conformation of a chair (4C1 or 1C4) or a boat 

conformation, the Li+ cation was added. Different coordination sites were envisaged using various orientations 

of the hydroxyl and hydroxymethyl groups in order to find the best compromise between maximizing intra-

sugar hydrogen bonding and Li+ coordination.  



Arkivoc 2020, ii, 89-101   Hernandez, O. A. et al. 

 

 Page 99  ©
AUTHOR(S) 

The nomenclature used throughout this work for the structures can be illustrated using three examples: β-Glc-

B-356, β-Glc-C’-136, and β-Glc-C-34. The numbers correspond to the number of the oxygen atoms bonded to 

the Li+ cation. The 4C1, 1C4 or boat conformation is specified by a C, C’, or B. Hence, structure β-Glc-B-356 

corresponds to a boat β-Me-Glucose with O(3), O(5) and O(6) oxygen atoms bound to Li+; structure β-Glc-C’-

136 corresponds to a 1C4 chair β-Me-Glucose with O(1), O(3) and O(6) oxygen atoms bound to Li+; and 

structure β-Glc-C-34 corresponds to a 4C1 chair β-Me-Glucose with O(3) and O(4) oxygen atoms bound to Li+. 

Structures were optimized at the B3LYP/6-31G(d,p) level of theory. Gibbs free energies at 298K are considered 

for the relative energetics. IR absorption spectra were derived from harmonic calculations. A scaling factor of 

0.955 was applied to the harmonic frequencies, as used previously to simulate the IR spectra in the X-H (X = O, 

N, C) stretching spectral range.33-34 
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