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ABSTRACT: Four isomeric sugar methylglycosides (α- and β-D-gluco- and
galactopyranosides) were evaluated as rubidium cation coordination adducts in the
gas phase using variable-wavelength multiple-photon dissociation in the range from
2750 to 3750 cm−1. The adducts dissociated following photon absorption to yield
neutral sugars and the rubidium cation, resulting in infrared “action” spectra. Well-
resolved hydroxyl stretching bands clearly differentiate stereoisomers that vary
solely in their asymmetry at single carbons. Density functional theory calculations
of the lowest-energy gas-phase complexes indicate that rubidium coordinates with
lone pairs of oxygen atoms as either bi- or tridentate complexes and that more than
one positional coordination isomer could adequately account for most of the O−H
stretch frequencies observed for each methylglycoside.

■ INTRODUCTION

Carbohydrates, the most abundant of biological molecules,
provide important biological and economic functions, from
energy storehouses in the human body and sweeteners in our
beverages and foods, to cellulose for plant structure, and
potential biofuels.1,2 Many monosaccharides adopt a 6-
membered cyclic structure. Much of the earlier work character-
izing these compounds has been carried out in the solution
phase.2,3 Given the complexity of solution-phase chemistry,
where carbohydrate derivatives and polymers have physical and
spectral properties that vary with temperature, solvent,
molecular structure, and so forth, gas-phase chemistry can be
utilized to help simplify the picture.4−6

In particular, gas-phase experiments with charged proteins
and other large biomolecules continue to increase our ability to
study new areas of interest in chemistry and biology as mass
spectrometric techniques evolve to allow more routine study of
these large systems.6−12 The techniques of Fourier transform
ion cyclotron resonance mass spectrometry (FTICR-MS),13−17

when combined with “soft” ionization techniques such as
electrospray ionization (ESI),10,18−20 allow the study of
carbohydrate complexes without requiring heating of samples
(thus inducing possible decomposition) in order to introduce
them into the gas phase. Using FTICR-MS, ions derived from
sugars can be studied at low pressures (below 10−9 Torr),

providing a virtually collisionless environment to investigate
basic chemical processes.
Collision-induced dissociation (CID)21 and single-frequency

infrared multiple-photon dissociation (IRMPD) methods have
been used to study carbohydrate isomers in tandem MS
experiments, both in positive and negative ion modes.16,22−29 In
some cases, when using either of these methods to examine
isomeric compounds, particularly stereoisomers, differentiation
of ions can be difficult as the two activation methods yield
nearly identical dissociation patterns. Varying the wavelength of
irradiation in IRMPD provides an extra dimension of analysis,
since stereoisomers may not absorb photons identically over a
range of wavelengths.30−32 Recent studies using FTICR or ion
trap mass spectrometers in conjunction with variable-wave-
length IRMPD have shed new light on the structures of
carbohydrates.33−41 In addition, gas-phase techniques that have
investigated neutral sugar molecules include molecular beam
experiments with supersonic expansions42 and microwave
spectroscopy,43,44 which have yielded detailed information
about the structures of sugars without solvent or as single water
molecule complexes.
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Carbohydrates, even simple monosaccharides, can assume
multiple configurations and/or conformations, sometimes
favoring one over another depending on environmental
influences such as interaction with metals, different solvents,
and intramolecular hydrogen bonding.45−48 A number of
physical techniques, including NMR,46 crystallography,49

electrophoresis,50,51 mass spectrometry, and theoretical calcu-
lations,52,53 have focused on the interactions of sugars with
metal ions. The conformation of glycans affects their role as
components of larger biomolecules; they are important in cell−
cell signaling54 and have been found to affect protein folding in
glycoproteins,55 often stabilizing the protein structure.
To obtain a more complete picture of the role of

oligosaccharides in protein-based systems, the interactions
between alkali metals and sugars need to be understood in
greater detail. Sodium and potassium play a crucial role in
regulating cell functions, and their blood concentration levels
are regulated in biological systems. Lithium ions are used as
strong prescription drugs to regulate mood. Practically, alkali
metals readily adduct with sugars, and such charged adducts can
be transferred to the gas phase using electrospray ionization.
This provides adequate abundances of precursor ions required
to conduct reliable MS/MS experiments. If the alkali cation−
sugar interaction is strong, fragmentation pathways other than
simple cation loss may be favored when ions are subjected to
irradiation with an infrared laser or CID. Intramolecular
fragmentation is usually observed for Li+-complexed saccha-
rides.22,56 However, potassium-, rubidium-, and cesium-
complexed ions typically dissociate readily to yield only the
alkali cation without fragmenting the saccharide. Of these,
rubidium leads to the best-resolved IRMPD action spectra
involving loss of the rubidium ion and was the choice for the
experiments reported here.
Earlier IRMPD spectra obtained by Valle et al.33 explored the

infrared range from 600−1700 cm−1 to examine vibrational
characteristics of the rubidium-glycoside isomers (Supporting
Information). Only a few differentiable characteristics of the
spectra were found among the different sugar isomers, due in
part to the congested vibrational “fingerprint” region. However,
peaks in the relatively isolated O−H stretching region
(∼3200−3700 cm−1), produced by vibrations of the four
hydroxyl groups in these ions, were thought to have a greater
potential for monosaccharide structure differentiation, based on
observations in molecular beam experiments.42 With interest in
the potential use of the hydroxyl stretch region for isomer-
selective photodissociation in mass spectrometric analyses of
sugars, herein we report theoretical ion structure/energetics
calculations in combination with IRMPD spectra. Tunable
optical parametric oscillator (OPO) lasers were used to probe
the configuration of four rubidium-complexed glycosides. It is
shown that this spectral region provides far more resolved
spectral “fingerprints” that clearly differentiate ions having
stereochemical differences at single asymmetric carbons of
sugar molecules.

■ EXPERIMENTAL METHODS

A majority of the experiments were carried out at the University
of Florida (UF). However, several confirmatory IRMPD spectra
were obtained at the Free Electron Laser for Infrared
eXperiments (FELIX) Laboratory in The Netherlands. Details
of experiments performed at each location are discussed
separately below.

Reagents and Materials. Structures of the four methyl-D-
glycoside isomers are shown in Figure 1, and each has a
molecular weight of 194 Da. Methyl glycosides were purchased
from Sigma-Aldrich and were chosen to avoid the presence of
different anomeric and ring forms (α and β furanose or
pyranose) that occur in solution with the free sugars; thus, the
molecules were locked as their single cyclic acetal config-
urations. Methanol (MeOH) and rubidium chloride were
purchased from Sigma-Aldrich, and Milli-Q water (H2O) was
acquired from the physical chemistry teaching laboratory at the
University of Florida. Stock solutions were prepared by
dissolving 10 mg of each methyl glycoside in four separate 10
mL solutions of 80:20 MeOH:H2O. Samples were taken as
needed and diluted to 1 × 10−4 M at the same solvent ratio.
Rubidium chloride (cationizing agent) was then added to the
solutions in an amount sufficient to produce the same
concentration (1 × 10−4 M) as that of the monosaccharides.
In experiments at the FELIX Laboratory, rubidium chloride,

HPLC grade water, and methanol were all purchased from
Sigma-Aldrich. Solutions for electrospray ionization were
prepared with equimolar amounts of rubidium chloride and
the O-methylated glycosides at a concentration of 1 × 10−3 M
in 80:20 MeOH:H2O.

Instrumentation. A tunable continuous-wave optical
parametric oscillator (OPO) laser (LINOS Photonics OS
4000, Munich, Germany) aligned to the cell of a 4.7 T Bruker
Apex II FTICR mass spectrometer (Bruker, Billerica, MA) with
an Analytica electrospray (ESI) source (Analytica of Branford,
Inc., Branford, CT), was employed for experiments at UF.
Electrospray ionization at a flow rate of 2 μL/min was assisted
by nebulizer and desolvation gas (N2) at rates of 35 and 155 L/
h, respectively. A 3.6 kV potential difference was applied
between the ESI needle and capillary. Parent ions (rubidium-
complexed glycosides) were isolated using swept frequency
ejection pulses and irradiated. The products (depleted parent
and rubidium ions) were detected in a 70−500 m/z window by
broadband detection. A Bruker Xmass data acquisition system
7.0 was used to set instrument parameters and for data
collection. A SYNRAD Series 48 CO2 laser (Mukilteo, WA)
with output wavelength of 10.63 μm was used as an off
resonance source of IR photons to aid the OPO irradiation
when necessary (as described below).
All ESI-FTICR-MS experiments at the FELIX Laboratory

were carried out using an OPO laser (LaserVision, Bellevue
WA, U.S.A.) aligned to the cell of a laboratory-built FTICR
mass spectrometer equipped with a 4.7 T superconducting
magnet (Cryomagnetics Inc., Oak Ridge, TN), which has been
described previously.33,57,58 An external Z-spray source (Micro-
mass/Waters Corporation, Milford, MA) injected the samples
into the ESI source at a flow rate of 10 μL/min. Electrospray
ionization efficiency was aided with a nebulizer and a
desolvation gas, both N2. Source temperature was set to 45
°C, and the desolvation gas temperature was 100 °C. The
electrospray needle-sampling cone voltage difference was set to
3 kV. Precursor ions were isolated using stored waveform
inverse Fourier transform (SWIFT) waveforms59,60 to eject all
other ions. Ions were detected using the broadband detection
mode.

Optical Parametric Oscillator Lasers. The tunable cw-
OPO laser61,62 used in experiments at UF differs somewhat
from the pulsed OPO lasers used by several other groups63−67

and for experiments at the FELIX Laboratory.68−70 Its salient
operating features are briefly described here. Electromagnetic
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radiation from the continuous-wave pump laser (Nd:YAG),
operating at 2W and a fixed wavelength of 1.064 μm (9398
cm−1), interacted with a periodically poled lithium niobate
(PPLN) crystal in one of 18 poling periods, to produce two
different frequencies, the signal and idler, related as shown in eq
1.

ν ν ν= +p s i (1)

where νp, νs, and νi are the frequencies of the pump, signal, and
idler, respectively. A gradual rise/drop in temperature over the
range 50−150 °C correspondingly moved the signal wave-
lengths up/down and the idler wavelengths down/up the
poling period’s wavelength range. This process brought
consecutive groups of wavelengths into resonance with the
cavity as the previous wavelengths were no longer in resonance.
Wavelength discrimination was further enhanced by the
inclusion of an etalon in the resonance cavity. After the
acquisition of data for a given poling period, the temperature
was reduced, and the position of the crystal was changed to an
adjacent poling period to access the next series of wavelengths.
The 18 poling periods available to the OS 4000 OPO laser
covered wavenumber ranges of 7246−5000 and 4405−2141
cm−1 for signal and idler, respectively. The idler wavelength
range (2270−4670 nm/4405−2141 cm−1) and power (50−150
mW) were sufficient to allow the IRMPD spectra of the C−H
(with the assistance of a CO2 laser as explained later) and O−H
stretches for the four complexes to be obtained.
It was experimentally most convenient to monitor the

wavelength of the signal beam emitted by the OPO laser with a
wavemeter (Model WA-1000, EXFO Inc. Quebec, Canada).
The wavelength of the idler beam used for ion irradiation was
calculated from the measured signal beam wavelength through
substitution and rearrangement of the conservation of energy
relationship eq 1. The OPO laser and much of its beam path
were contained in a dry nitrogen purge box to reduce (also see
below) absorption by gaseous water molecules in the laboratory
environment.
The OPO at the FELIX Laboratory was a pulsed system

producing 6 ns pulses with energies up to 20 mJ in the 2500−
4000 cm−1 frequency range and with a bandwidth of 3.5 cm−1

at a repetition rate of 10 Hz. The system was pumped by a 600
mJ Nd:YAG-pumped laser (Innolas Spitlight 600) and
consisted of an optical parametric oscillator with a single
KTP (potassium titanyl phosphate) crystal pumped at a
wavelength of 532 nm, as well as an optical parametric
amplifier with four KTA (potassium titanyl arsenate) crystals
pumped at a wavelength of 1064 nm. Wavelength tuning was
achieved by angle-tuning the five crystals. Both the infrared
laser and the beam path into the mass spectrometer were
purged with dry nitrogen to prevent absorption of infrared laser
light by atmospheric water and CO2. Wavelength calibration
was performed by recording the absorption lines of
atmospheric water (before flushing with nitrogen) and by
monitoring the near-infrared light of the signal beam around
780 nm in the OPO stage with a wavemeter (HighFinesse
WS5).

■ EXPERIMENTAL PROCEDURE
For experiments at UF, after preparing a solution of one of the
four Rb+-[O-methyl- glycoside] complexes, the ions were
introduced to the FTICR mass spectrometer via electrospray
ionization, accumulated in a hexapole ion-trapping region for
1s, and transferred to the cell through a series of ion optics.

Once trapped in the cell, the Rb+ methyl-glycoside precursor
ions (having m/z 279/281) were isolated and irradiated by the
OPO idler beam at a set wavelength for 10s (for O−H
stretches). Ten ion transient response signals were collected,
averaged, and then subjected to Fourier transformation to
obtain a mass spectrum. The relative abundances of the
precursor and product (85Rb+ and 87Rb+) ions were recorded.
Subsequently, the OPO laser was adjusted for the next
wavelength and the process was repeated (for wavenumbers
ranging from 2750 to 3750 cm−1). Mass spectra consisted of
either the Rb+-[O-methylated-glycoside] precursor ions with no
dissociation products (nonresonant wavenumbers) or the
depleted precursor ions with the Rb+ dissociation products
(resonant wavenumbers). The action spectrum was then
plotted as the power-corrected natural logarithm of the (P +
F)/P ratio versus ν̅, where F corresponds to the combined
relative abundance of 85Rb+ and 87Rb+ ions (the fragments) and
P the relative abundance of the depleted precursor ions; the
relative abundances of parent peaks containing both rubidium
isotopes were summed.
At the University of Florida, rubidium ions were readily

dissociated by resonant absorption of OPO infrared photons in
the O−H stretch region (cw OPO power in the range 100−140
mW). However, relatively weak absorption at the C−H
stretching frequencies generated small or no abundance for
rubidium ion peaks under the same conditions. Fluence
assistance to the ions resonantly excited by the OPO laser
(in the quasicontinuum) was provided by off-resonant photons
from the CO2 laser when examining C−H stretch frequencies.
The off-resonance condition was assured by past action spectra
(Figure SI-1, Supporting Information), which illustrated a
relatively featureless absorption region at the wavelength of the
CO2 laser of 10.6 μm. Blackbody and/or off-resonant effects
were minimized by changing the power of the CO2 laser and its
irradiation time until a product ion-free spectrum was achieved
when using only the CO2 laser over the total irradiation period.
After trying several combinations of OPO and CO2 laser

irradiation times, it was found that a total OPO irradiation time
of 15 s, with the CO2 laser operating concurrently for the last 7
s produced sufficient fragmentation, where the CO2 laser itself
was subthreshold for dissociation events. For these experiments
involving the C−H stretch region the power of the cw OPO
laser was ∼40−60 mW with CO2 laser powers in the range
150−200 mW. A greater extent of dissociation was achieved,
with wavelength dependence, using off-resonance CO2 laser
preheating of the ion (Figure SI-2).
For experiments in both the O−H and C−H stretch regions,

two to four mass spectra were obtained at approximately the
same wavelength, often on different days. Points in the
experimental IRMPD spectra discussed below for each of the
four Rb+-[O-methylated-glycoside] complexes were obtained
by averaging all results in 2 cm−1 wavenumber intervals.
The different OPO laser system at the FELIX Laboratory

necessitated a slightly different experimental procedure. Once
trapped in the FTICR cell, the precursor ions were irradiated
for 3 s with 30 pulses of the OPO laser. An infrared spectrum
was obtained by plotting the natural logarithm of the (P + F)/P
ratio obtained from 3 summed mass spectra, as a function of
infrared frequency (with 3 cm−1 steps).

■ COMPUTATIONAL DETAILS
Computational studies were carried out with Gaussian 09
utilizing density functional theory (DFT) with the B3LYP
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hybrid functional and 6-31+G (d) and (for Rb+) Stuttgart-
Dresden (SDD) basis sets.71 Geometrically optimized 4C1,

1C4,
and boat configurations for each sugar were first constructed.
Each of these structures was in turn placed in a three-
dimensional grid for consistent Rb+ attachment spacing. A
single rubidium ion was carefully positioned above, around, and
below each carbon atom, the oxygen atom in the ring, and the
bonds connecting these atoms, as well as above and below the
hexose ring and its interior and the configuration saved after
each placement. Rotation of the hydroxyl group about the bond
between C-5 and C-6 was also considered for greater model
flexibility. Geometric optimizations and vibrational frequencies
were computed. The Gabedit72 program was used to generate
infrared spectrapredicted peaks were convoluted with a
Gaussian line shape (5 cm−1 half-width) and a frequency scaling
factor of 0.957 was used for the O−H stretch regionand to
convert the theoretical spectra into x-y coordinates for
evaluation of all conformers with experimental spectra using
Excel. Zero point energies were also recorded with the lowest
energy structures noted for comparison.

■ RESULTS AND DISCUSSION
Infrared multiple-photon dissociation spectra in the wave-
number region from 2750 to 3750 cm−1 and structures of the
four Rb+-[O-methyl-glycosides] are shown in Figure 1 (all
measured at UF).
Experimental spectra generally exhibited two to four distinct

peaks in the O−H stretch region, and two or more peaks in the
C−H stretch region. It is worthy of note that the O−H stretch
region generally showed much better resolution and differ-
entiation between stereoisomers as compared to our earlier
studies35,73 of various sugars in the spectral region from 700 to

1800 cm−1 (see also Figure SI-1). Similar observations of well-
resolved hydroxyl stretch frequencies have been observed for
neutral gas-phase sugar molecules in molecular beam experi-
ments.42

Each methyl glycoside yields a unique spectrum that clearly
differentiates it; sets of structures were compared that vary
solely in the stereochemistry at a single carbon, which includes
spectral comparisons between C-1 anomers and C-4 epimers.
For spectra of the α- and β-methyl glucosides (panels a and b,
Figure 1), a comparison revealed a peak at 3637 cm−1 (arrow
A) that was observed for the β but not the α anomer. Similarly,
in comparing spectra of the α- and β-methyl galactosides
(panels c and d, Figure 1), only two major peaks centered at
3582 and 3649 cm−1 were observed for the β anomer. In the α
anomer, two narrow peaks are observed at 3592 and 3662 cm−1

(arrows B and C, Figure 1c) that are clearly blue-shifted from
those of the β-anomer (Figure 1d). Additionally, the α anomer
shows a complex absorption in the range from about 3300 to
3570 cm−1. Furthermore, in comparing the methylglucosides
with the methylgalactosides, a characteristic peak at 3677 cm−1

(Figure 1a and b, arrow D) was observed that distinguishes
both methylglucosides from their 4-epimeric counterparts (the
methylgalactosides, Figure 1c and d), in addition to other
unique differences that clearly distinguish single sets of the 4-
epimers (compare Figure 1a with c and Figure 1b with d).
Overall, the data indicate that photodissociation experiments in
the hydroxyl stretch region are very useful for high-resolution
discrimination between sugar stereoisomers. Moreover, the
spectra of Figure 1 are far better resolved than condensed phase
spectra, where this spectral region generally shows a broad
single overlapped peak due to intermolecular and/or solvent
interactions.74

Figure 1. Experimental gas-phase infrared multiple-photon dissociation spectra and structures of four methylglycosides as Rb+ coordination adducts,
in the spectral range from 2750 to 3750 cm−1. Shown are spectra of (a) α-methyl-D-glucopyranoside, (b) β-methyl-D-glucopyranoside, (c) α-methyl-
D-galactopyranoside, (d) β-methyl-D-galactopyranoside. Arrows indicate spectral features discussed in the text. The two chair conformations (4C1 and
1C4) are defined, and sugar ring carbons are labeled as indicated in panel a.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b06563
J. Phys. Chem. B 2015, 119, 12970−12981

12973

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5b06563/suppl_file/jp5b06563_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.5b06563


It is also worth pointing out that experimental differences
were observed in the C−H stretch region (about 2840−3000
cm−1) for all four glycosides. While obvious, these differences
were less discriminatory. Ten different C−H stretching
frequencies contribute to the overlapping peaks seen in the
C−H stretch region and the infrared intensities of the peaks in
this region were also relatively weak. Each of the four glycosides
will be discussed in greater detail in turn below, and the
calculated lower energy structures with predicted O−H
stretching bands corresponding to those seen in the
experimental spectra will be presented.

■ GLUCOSIDES
O-Methyl-α-D-Glucopyranoside (αGlc). The experimen-

tal spectrum for this glycoside is shown in Figure 2, together
with the calculated spectra, relative energies, and structures of
two theoretically calculated low-energy coordination isomers.
The two isomers are calculated to be very close in energy, so
that both are probably present under the conditions of these

experiments. The theoretically calculated positions of their O−
H stretching bands adequately explain the experimentally
observed spectrum in the O−H stretch region, as a summed
combination of both isomeric species.
The calculated lowest energy isomer, shown in the bottom

panel of Figure 2, has a 4C1 conformation. The O−H stretching
frequencies for OH4 and OH6 are very similar, resulting in a
predicted peak at ∼3664 cm−1. As seen in the figure, the Rb+

cation is predicted to be bound to the oxygen lone pairs of
OH2 and OH3, thus red-shifting their O−H stretching
frequencies respectively to ∼3558 and 3584 cm−1.
The second low-energy isomer, shown in the middle panel of

Figure 2, also has a 4C1 conformation and the predicted O−H
stretching frequencies for OH6 (3682 cm−1) and OH2 (3667
cm−1) combine to produce the slightly split peak in that
wavenumber range seen in the figure. As with the lowest energy
isomer, the O−H stretching frequencies for the two hydroxyl
groups bound to Rb+, OH3, and OH4 in this isomer are
predicted to be red-shifted. The hydrogen atom of OH4 is

Figure 2. Calculated spectra, relative energies, and structures of two different coordination complexes of Rb+-O-methyl-α-D-glucopyranoside (lower
two panels) compared to the experimental spectrum (upper panel). The structure in the middle is the 3,4-OH−Rb+ coordination complex, and the
structure at the bottom is the 2,3-OH−Rb+ coordination complex.
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hydrogen bonded to the oxygen atom of OH6, and the distance
between these two atoms is calculated to be 1.84 Å,
considerably shorter than any other O···H hydrogen bonding
distance in either of the two calculated lowest energy isomers

(e.g., the distance between the H atom in OH3 and the O atom
in OH4 is calculated as 2.24 Å for the lowest energy structure).
This relatively short hydrogen bonding distance results in a
predicted further red shift of the O−H stretching frequency of

Figure 3. Theory-predicted spectra, relative energies, and structures for four different coordination complexes of lowest energies (lower four panels)
and experimental spectrum (upper panel) of Rb+-O-methyl-β-D-glucopyranoside. Shown, from the bottom up, are the 3,4-OH; 2,3-OH; 4,6-OH; and
1OMe, 2OH-Rb+ coordination complexes.
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OH4, leading to the peak seen at ∼3455 cm−1 in the middle
spectrum in Figure 2.

O-Methyl-β-D-Glucopyranoside (βGlc). The IRMPD
spectrum of Rb+-O-methyl-β-D-glucopyranoside is shown in

Figure 4. Theoretical spectra, relative energies, and structures for four low energy coordination isomers (lower four panels) and experimental
spectrum (upper panel) of Rb+-O-methyl-α-D-galactopyranoside. Shown, from the bottom up, are the OH6, ring O, 4,6-OH, 3,4,6-OH, and 1OMe,
2OH-Rb+ coordination complexes.
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the top panel of Figure 3 with the spectra and structures of four
bidentate coordination isomers shown below it. These
structures were calculated to be among the lowest in energy,
all having 4C1 conformations.
For each of the four calculated structures, as was discussed

above for Rb+-O-methyl-α-D-glucopyranoside, the most red-
shifted O−H stretching bands are those for hydroxyl groups to
which the rubidium cation is bound. The calculated lowest
energy structure contained a bidentate coordination of Rb+

with hydroxyl groups 3 and 4 (bottom of Figure 3) and, with its
predicted red-shifted OH stretching peak at 3449 cm−1, is very
similar to that shown in the middle of Figure 2, except for the
inversion of configuration at C1. As with the Rb+-O-methyl-α-

D-glucopyranoside structure, the red-shifted peak of the lowest
energy Rb+-O-methyl-β-D-glucopyranoside conformer corre-
sponds to an OH4 stretch, shifted by bonding to the Rb+
cation and a predicted very short (1.84 Å) hydrogen bonding
distance between the H atom of OH4 and the O atom of OH6.
Interestingly, the least red-shifted band for the third highest

energy conformer (middle spectrum of Figure 3) corresponds
to the stretching frequency of OH6, to which Rb+ is predicted
to be bound. As can be seen in the figure, OH6 is not hydrogen
bonded to any of the other hydroxyl groups in the ion.
Apparently the red-shifting effect of binding from a rubidium
ion calculated to be 2.84 Å from the O atom in OH6 is not as
great as, for example, hydrogen bonding from two hydroxyl

Figure 5. Calculated spectra, relative energies, and structures (lower two panels) and experimental spectrum (upper panel) of Rb+-O-methyl-β-D-
galactopyranoside. The lowest energy form is an OH4, OH6, ring O tridentate coordinated structure, whereas the higher energy form is an OH3,
OH6, ring O tridentate coordinated structure having a skewed conformation.
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groups to OH3 whose O atom is 2.15 Å from the H atom in
OH4 and whose H atom is 2.51 Å from the O atom in OH2,
which results in the most red-shifted peak observed for the
structure in the middle spectrum of Figure 3. Other bidendate
structures having a Rb+ coordinated with the 2- and 3-OH
oxygens, or the 2-OH and anomeric O-Me oxygens, also
yielded calculated frequencies compatible with those of the
experimental spectrum (Figure 3).

■ GALACTOSIDES

O-Methyl-α-D-Galactopyranoside (αGal). Figure 4 (top)
shows the experimental spectrum for this rubidiated sugar
molecule, with the spectra, relative energies, and structures of
four DFT calculated low energy forms shown in the lower
panels.
The two lower energy structures in Figure 4 have a 4C1

conformation, and the O−H stretch peak that is most red-
shifted is predicted to be associated with a hydroxyl group to
which Rb+ is bound (OH6 and OH4 for the lowest and second
lowest energy structures in Figure 4, respectively). The
rubidium ion is predicted to be bound to the sugar ring
oxygen atom in the lowest energy structure, but in the second
lowest energy structure shown, it is predicted to be bound to
the oxygen atoms of two hydroxyl groups, OH6 and OH4, and
the second most red-shifted band, at ∼3610 cm−1, is associated
with OH6.
The two higher energy structures in Figure 4 have a 1C4

conformation. In the second highest energy structure, the most
red-shifted O−H stretch peak corresponds to OH2, whose H
atom is hydrogen bonded to the methoxy oxygen. Apparently,
the red-shifting effect of Rb+ cation bonding to the oxygen
atoms of OH3, OH4, and OH6 is lessened due to its
coordination to three OH groups. In the highest energy
structure shown, the significantly red-shifted peak corresponds
to the OH3 stretching frequency. The 1C4 conformation of this
structure allows the OH3, OH4, and OH6 groups to form a
strong hydrogen-bonding network, with the hydrogen of OH4
bonded to the oxygen of OH3, and the hydrogen of OH3
bonded to the oxygen of OH6.
O-Methyl-β-D-Galactopyranoside (βGal). The experi-

mental spectrum for this anomer is shown at the top of Figure
5, with the spectra, relative energies and structures of two
calculated low-energy conformers shown in the lower panels of
the figure.
As can be seen in Figure 5, the spectrum of the calculated

lowest energy structure matches the experimental spectrum
quite well. For that structure (4C1 conformation), the rubidium
ion is predicted to be above the sugar ring and bound not only
to two hydroxyl groups (OH4 and OH6) but also to the ring
oxygen atom (a tridentate complex). In the higher energy
structure, the rubidium ion is also predicted to be tridentate
and bound to two hydroxyl groups (OH3 and OH6) and the
ring oxygen atom. The sugar ring in this structure has a skewed
conformation.
The O−H stretching band associated with OH4 is predicted

to be most red-shifted in the lowest energy structure (3592
cm−1), due to bonding with Rb+ and hydrogen bonding of its
hydrogen atom with the oxygen atom of OH3. The effects of
Rb+ and/or hydrogen bonding are apparently quite similar for
the other three hydroxyl groups, as the O−H stretching
frequencies are predicted to be virtually identical (3675 cm−1

for OH6, 3670 cm−1 for OH3, and 3661 cm−1 for OH2) and,

with the spectral resolution used to generate the spectrum, give
rise to a single band.
The calculated spectrum for the higher energy (skewed)

structure does not appear to match quite as well with that
found experimentally. Given that its energy is predicted to be
2.8 kcal/mol higher than that of the lowest energy structure, it
should be populated to some extent in our experiments. Its two
least red-shifted bands at 3683 cm−1 (OH4 stretch) and 3672
cm−1 (OH2 stretch) may combine with the lower energy
structure’s band at ∼3670 cm−1 to produce the slightly
broadened peak seen in the experimental spectrum. The two
more red-shifted bands at 3637 cm−1 (OH3 stretch) and 3620
cm−1 (OH6 stretch) do not match the most red-shifted band in
the experimental spectrum (3582 cm−1) as well as the predicted
band at 3592 cm−1 for the lowest energy structure.

Spectral Reproducibility: Comparison of Spectra
Obtained in Two Laboratories. Application of the IRMPD
technique in ion spectroscopy is relatively new. Line broad-
ening and line intensities resulting from the multiple-photon
excitation process are often the subject of discussion.75 From an
experimental point of view, interinstrument comparisons are a
necessary and important evaluation of such a novel method, but
these comparisons are, however, very scarce76,77 given the
variety of mass spectrometers (ion trap, FTICR, etc.) and
infrared light sources (free electron lasers, cw- and pulsed-
OPOs, etc.) used to obtain IRMPD spectra.
Experimental IRMPD spectra for Rb+-O-methyl-α-D-gluco-

pyranoside were obtained at both UF and the FELIX
Laboratory, and a comparison of the O−H stretch region in
the two spectra is shown in Figure 6. Excellent agreement can
be seen for both the frequencies and the intensities of bands for

Figure 6. Experimental IRMPD spectra of Rb+-O-methyl-α-D-
glucopyranoside obtained at the University of Florida and the
FELIX Laboratory. The upper panel shows the transmission spectrum
of laboratory air measured with an FTIR spectrometer. The red
spectrum in the lower trace was obtained with a reduced dry nitrogen
purge in the infrared beamline (see text for details).
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spectra obtained with two different FTICR instruments and
two different OPO lasers. The “notch” in the UF spectrum at
∼3570 cm−1 is exactly at the wavenumber value of a strong
water absorption band. Although the UF OPO system and laser
beam path into the FTICR mass spectrometer were continually
purged with dry N2 gas, removal of water vapor was not
complete, as can be seen by comparing the IRMPD spectrum
with the IR transmission spectrum of laboratory air, which is
shown in the top panel of Figure 6. The FELIX Laboratory
spectrum was obtained after extensive and apparently successful
purging of the entire laser beam path, until the notch is no
longer seen. A slight reduction of the nitrogen purging led to
“dips” in the IRMPD spectrum as a result of absorption of IR
laser light by water vapor in the path of the laser prior to
entering the FTICR instrument (see red spectrum in Figure 6).
The extensive purging shows that the shoulders seen in both
spectra at ∼3540 and 3580 cm−1 are real bands which can be
attributed to the O−H stretching bands of low-energy
coordination conformers, as is suggested by the theoretically
predicted bands seen in Figure 2.

■ CONCLUSIONS
Variable-wavelength multiple-photon dissociation of methyl-
glycoside-rubidium adducts using an OPO laser in the C−H
and O−H stretch regions yields gas-phase action spectra of
high resolution that readily differentiate their stereochemistries.
Density functional theory calculations indicate that more than
one positional coordination isomer or conformer contribute to
the overall spectrum and that these may be bi- or tridentate
coordination complexes with rubidium associated with oxygen
lone pairs. Measurements made on two separate instruments at
two facilities indicate that the spectra are reproducible and that
the O−H stretch region, in particular, may be highly
advantageous in providing unique spectral fingerprints in the
gas phase for sugars having defined stereochemistries.
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