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Abstract
The thermochemical properties ΔHo

n , ΔSon, and ΔGo
n for the hydration of sodiated and

potassiated monosaccharides (Ara=arabinose, Xyl=xylose, Rib=ribose, Glc=glucose, and
Gal=galactose) have been experimentally studied in the gas phase at 10 mbar by equilibria
measurements using an electrospray high-pressure mass spectrometer equipped with a
pulsed ion beam reaction chamber. The hydration enthalpies for sodiated complexes were
found to be between −46.4 and −57.7 kJ/mol for the first, and −42.7 and −52.3 kJ/mol for the
second water molecule. For potassiated complexes, the water binding enthalpies were
similar for all studied systems and varied between −48.5 and −52.7 kJ/mol. The
thermochemical values for each system correspond to a mixture of the α and β anomeric
forms of monosaccharide structures involved in their cationized complexes.
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Introduction

Carbohydrates constitute the most abundant and structur-
ally diverse class of biological compounds in nature.

They are important in numerous processes, such as energy
storage, molecular recognition, and mediation in many
biological functions [1–3]. Carbohydrates form part of the
backbone of RNA and DNA molecules, and they are also
linked to proteins and lipids as glycoproteins and glycolipids
[4]. The complex functions of carbohydrate molecules are
attributed to their outstanding conformational variety and
flexibility. Noncovalent interaction between carbohydrates
and neighboring molecules, such as metal ions, water, or
other noncovalently bound molecules, can effectively stabi-
lize favored conformations of these complexes and play a
vital role in molecular recognition processes. Therefore,
exploration and characterization of water–carbohydrate
interactions as well as noncovalently bound metal ion-
carbohydrate systems and their microhydrated complexes is
an essential step in understanding the origins of the
biochemical functionality of carbohydrates. Sodium and
potassium cations are involved in the transport of amino

acids and monosaccharides across cell membranes, and play
an important role in physiologic and pathologic processes in
the extracellular environment.

A number of techniques, such as NMR [5, 6], neutron-
scattering [7], terahertz absorption spectroscopy [8], and
computer simulations [8–11] have been used to study the
dynamics and hydration properties of different monosac-
charide units and short oligosaccharides in water.

Water interactions with a variety of carbohydrate mole-
cules have also been studied in the gas phase in the absence
of solvent effects to enable the intrinsic behavior of the
system to be examined and evaluated in detail. Such gas
phase studies eliminate the effects of the surrounding solvent
that complicate and may mask behavior of the system in the
condensed phase. Hydrogen bonding and the conformational
structures of phenyl-substituted mono- and oligosaccharides
and their hydrated complexes have been widely investigated
by Simons and co-workers [12–17] by a combination of
mass-selected resonant two-photon ionization (R2PI), UV
hole burning, IR-dip, spectroscopy experiments, and com-
putation through molecular mechanics, density functional
theory (DFT) and ab initio calculations. These studies reveal
that the water binding site(s) to the preferred carbohydrate
conformations and structures of their hydrated complexes
are dominated by cooperative hydrogen bonding.
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A number of studies have been conducted on the
interaction of monosaccharides with alkali ions in the gas
phase. Bothner et al. characterized monosaccharide/alkali
cation (Li+, Na+, K+, Rb+, or Cs+) complexes of D-glucose,
D-galactose, D-mannose, D-fructose, and a deuterated analog
of glucose, 6,6-D-glucose-d2, using different mass spectro-
metric techniques and molecular modeling [18]. Cerda and
Wesdemiotis [19] used the kinetic method and ab initio
calculations to investigate the thermochemistry and structures
of sodiatedmono- and disaccharide stereoisomers. Their results
indicate that each saccharide solvates the sodium ion differ-
ently, depending on the donor groups available. More recently,
Heaton and Armentrout [20] investigated the sodium cation
complexes of arabinose, xylose, glucose, and galactose using a
guided ion beam tandem mass spectrometer equipped with an
electrospray ionization source, and quantum chemical calcu-
lations. They found that the experimental Na+ binding affinities
follow the trend arabinoseGxyloseGglucoseGgalactose.

Because biomolecules and metal ions are surrounded by
water in living systems, interactions of their complexes with
water molecules are of significant importance in under-
standing the molecular mechanisms involved in biological
processes. The structures and energetics of hydrated amino
acid/alkali cation complexes have been studied using black-
body dissociation (BIRD) experiments [21–29], guided ion
beam studies [30–32], high-pressure mass spectrometry [33,
34], infrared multiple photon dissociation (IRMPD) spectro-
scopy [29, 35], and calculations [21–32, 35, 36]. Very
recently, Fridgen and co-workers [37–39] used IRMPD
spectroscopy in combination with computational methods to
determine the structures of singly hydrated nucleobase/alkali
cation complexes. In this study, we present the first
experimental results on the water binding energies to the
monosaccharide/cation complexes, AraX+, XylX+, RibX+,
GlcX+, and GalX+, where X=Na or K. These results were
obtained from high-pressure mass spectrometry equilibria
measurements in the gas phase.

Experimental
The experiments were performed with a home-made 60°
magnetic sector high-pressure mass spectrometer (HPMS)
using a pulsed ion-beam ESI ion source, which has been
previously described in detail [40]. Briefly, cationized
monosaccharides were obtained by electrospray from a
silica capillary (15 μm i.d.; 150 μm o.d.). A solution
containing ~2.0 mM monosaccharide in water/methanol
(1:1) and NaCl or KI was supplied to the capillary by a
syringe pump at a rate of 0.8 μL/min. The samples studied
were purchased from Aldrich Chemical Co. (Steinheim,
Germany). The clustered ions were desolvated by a dry
nitrogen gas counter-current and in a heated (~80°C)
pressure-reducing capillary through which they were intro-
duced into the fore-chamber, and then deflected toward a 3-mm
orifice in the interface plate leading to the reaction chamber
(RC). Ions drifting across the RC toward the exit slit under the

influence of a weak electric field (2 V/cm at 10 mbar) were
hydrated and reached equilibrium prior to being sampled to the
mass analysis section of the mass spectrometer. Ion detection
was provided by a secondary electron scintillation detector of
the Daly type with an aluminum conversion dynode using a
short rise-time photomultiplier (Hamamatsu R-647-04;). The
output pulses of the multiplier were counted using a multi-
channel scaler with dwell-time per channel of 1 μs.

Mass spectra were registered with continuous ion
sampling, while for equilibrium determination the ion beam
was injected into the RC in a pulsed mode by applying short
pulses (+45 V, 90 μs) to the deflection electrode with
repetition of 1 ms. Typically, several thousand injection
pulses were sufficient to accumulate a reasonable signal of
the ion arrival time distribution (ATD) for each mass on the
multichannel scaler (Figure 1).

The reagent gas mixture consisting of pure N2 as the
carrier gas at about 10 mbar and a known partial pressure of
water vapor (0.02–0.20 mbar) was supplied to the RC via
the heated reactant gas inlet (RGI) at a flow rate of ~100
mL/min. The pressure was measured with an MKS capaci-
tance manometer attached near the inlet of the RGI. The
amount of water introduced into the N2 gas flow was kept
constant throughout the temperature-dependent measure-
ments of the equilibrium constants. Water concentrations
were controlled continuously with a calibrated temperature
and humidity transmitter (Delta OHM, type DO 9861T;
Italy) inserted into the carrier gas flow line. The RC
temperature was monitored by an iron-constantan thermo-
couple which was embedded close to the ion exit slit; the
temperature could be varied from ambient to 300 °C by
electrical heaters.
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Figure 1. Arrival time distributions of the reactant, XylNa+,
and product, XylNa+(H2O), ions. The inset shows the ratio of
ion intensities, [XylNa+]/[XylNa+(H2O)] , as a function of ion
residence time
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Results
The equilibrium constants Kn-1,n Equation (1) for the
association reaction Equation (2)

Kn�1; n ¼ In�Po=In�1�Pð Þ ð1Þ

SacXþ� H2Oð Þn�1 þ H2O , SacXþ� H2Oð Þn
Sac ¼ Ara; Xyl; Rib; Glc; or Gal

ð2Þ

were determined from the measured ATD peak areas of the ions
SacX+·(H2O)n and SacX

+·(H2O)n–1, whose ratio, In/In–1, is taken
to be equal to the ion concentration ratio, and P is the known
partial pressure of H2O (in mbar). The standard pressure Po is
1000 mbar. Equilibrium attainment was checked by comparing
the ATDs of the reactant and product ions, and testing the ion
intensity ratio of [SacX+·(H2O)n-1]/[SacX

+·(H2O)n] as a func-
tion of ion residence time. This is illustrated in Figure 1
for the pair of ions XylNa+ and XylNa+·(H2O), while the

inset shows the ratio of their intensity as a function of time.
Clearly, within the error limits and the limits of statistical
noise, the ratio of [XylNa+]/[XylNa+·(H2O)] remains essen-
tially constant, suggesting that the system is at equilibrium
under the present experimental conditions.

The equilibrium constants, Kn–1,n , as functions of
temperature for the SacNa+·(H2O)n and SacK+·(H2O) sys-
tems, are shown in the van’t Hoff plots of Figures 2 and 3.
The standard enthalpy, �Ho

n , and entropy, �Son , changes for
each equilibrium Equation (2), obtained from the slope and
intercept of the van’t Hoff plot, are shown in Tables 1 and 2.
The data for lower case n are given in the tables, since
determining the hydration enthalpies for higher hydration
steps requires temperatures below room temperature, which
are not accessible with the present reaction chamber. The
reported �Ho

n and �Son values are the averages of at least
three measurements and the uncertainty corresponds to the
standard deviation of the linear least-squares fit. The free
energy, �Go

n, was obtained from �Go
n ¼ �Ho

n � T�Son .
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Figure 2. van’t Hoff plots of equilibrium constants for the gas-phase reactions SacNa+(H2O)n-1 + H2O G==9 SacNa+(H2O)n: (a)
n=1, and (b) n=2

2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4
102

103

104

4 - GalK+

55 - RibK+

43 - XylK+
32 - GlcK+ 2

1 - AraK+

1

K
0,

1

1000/ T(K)

Figure 3. van’Hoff plots of equilibrium constants for the
gas-phase reactions SacK+ + H2OG=9SacK+(H2O)

Table 1. Experimental Enthalpies, Entropies, and Free Energy Valuesa for
the Hydration of the Sodiated Monosaccharides

Ion n ��HO
n

(kJ/mol)
��SOn
(J/mol K)

��GO
n

(kJ/mol)b
D(Sac-Na+)
(kJ/mol)

AraNa+ 1 57.3(2) 74.9(2) 35.0(3) 170c; 173d

2 43.1(2) 79.5(6) 19.4(4)
XylNa+ 1 56.1(2) 76.6(5) 33.3(4) 171c; 183d

2 44.8(3) 84.1(7) 19.7(5)
RibNa+ 1 57.7(1) 87.9(4) 31.5(2) 176c

2 52.3(1) 113.0(6) 18.6(3)
GlcNa+ 1 54.0(1) 73.6(6) 32.0(3) 174c; 183d

2 51.0(2) 113.0(4) 17.0(3)
GalNa+ 1 46.4(1) 64.4(2) 27.4(2) 177c; 205d

2 42.7(2) 87.9(4) 16.5(3)

Standard pressure is 1000 mbar
aUncertainties in parentheses
b–ΔGO

n at 298 K
cExp. values from ref. [19] at 298 K
dExp. values from ref. [20] at 298 K
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Discussion
SacNa+(H2O)1,2
As mentioned above, in the present experiments ions are
generated by electrospray from the aqueous-methanol
solution. In solution, monosaccharides exist in an equili-
brium between several different tautomeric and anomeric
forms. These various forms have different free energies and,
in general, the tautomeric equilibrium is dominated by
conformers of six-membered (pyranoid) ring structures. In
an aqueous solution, Ara, Xyl, Glc, and Gal exist
predominantly (≥94%) or exclusively in the 1C4 (Ara) and
4C1 (Xyl, Glc, and Gal) pyranoid ring conformations [41,
42], (Scheme 1), and their equilibrium occurs between the α
and β anomers at the carbon atom C-1.

The equilibrium mixture of Rib contains structures of both
pyranoid (4C1 and

1C4) and furanoid (five-membered) rings in
the approximate ratio 4:1, with each of these tautomers having
α and β anomers [41]. Therefore, one can expect that the SacX
+ complexes formed in electrospray droplets and then trans-
ported into the reaction chamber for each system represent a
mixture of their conformational forms.

Heaton and Armentrout [20] determined the ground state (GS)
and low energy structures for the α and β anomeric forms of the
AraNa+, XylNa+, GlcNa+ and GalNa+ complexes at the B3LYP/6-
311+G(d,p) level with single-point energies calculated at the
B3LYP, B3P86, and MP2(full) levels of theory using a 6-311+G
(2d,2p) bases set. A schematic representation of the GS structures
for these complexes showing sodium cation coordination by the
oxygen sites can be seen in Scheme 2.

For XylNa+, GlcNa+, and GalNa+, the calculations [20] at
all three levels of theory predict the same GS conformers for
each complex shown in Scheme 2. For AraNa+, these
calculations predict that the GSs of the bidentate binding
conformers, 1C4 [O2, O3], are in the range of 0–0.3 kJ/mol
and 0–1.0 kJ/mol for the α and β forms, respectively. The
GSs determined [20] for the tridentate binding orientations,

α-AraNa+(1C4)[O1,O4,O5] and β-AraNa+(4C1)[O1,O2,O5],
are in the range of 0–3.3 kJ/mol and 0–5.3 kJ/mol,
respectively. The population analysis by Heaton and
Armentrout [20] indicate that the GS structures obtained
for the XylNa+, β-GalNa+, and α-GlcNa+ systems are
predominant in equilibrium at 298 K, and their excited
conformers comprise G1% (for XylNa+ and β-GalNa+), and
~3% (for α-GlcNa+) of the total population. In contrast, excited
conformers of AraNa+ comprise 11%–47% of the total
population and 1%–20% for the β-GlcNa+ and α-GalNa+

systems (depending on level of theory) [20]. For RibNa+, the
most stable α and β conformers computationally predicted [19]
at the HF/6-31G* level have 1C4 ring with [O1,O2,O4,O5] and
[O2,O4,O5] binding geometry, respectively. The numbering of
atoms and nomenclature used here are consistent with the
literature [19, 20].

It is likely that the GS structures and very low-lying excited
conformations of SacNa+, as discussed above, correspond to
the precursor ions for hydration in the present study. It seems
reasonable to assume that in the singly hydrated systems,
SacNa+(H2O), the water molecule binds directly to the sodium
cation of SacNa+, as illustrated schematically below for the
hydration of the GS tridentate conformations predicted for the
α and β forms of AraNa+.

Based on the structural characterization of SacNa+ as the
precursors to hydrated structures, one can say that the water
binding energies to these complexes measured in the present
experiments for each system correspond to a mixture of the
precursor ions discussed above. Table 1 shows that with the
exception of GalNa+, for all systems studied, the hydration
enthalpies (−ΔHo

1) of the first water molecule are very

Table 2. Experimental Enthalpies, Entropies, and Free Energy Valuesa for
the Hydration of the Potassiated Monosaccharides

Ion –ΔHO (kJ/mol) –ΔSO (J/mol K) –ΔGO (kJ/mol)b

AraK+ 49.4(1) 92.0(4) 22.0(2)
XylK+ 52.3(2) 108.0(5) 20.0(3)
RibK+ 52.7(2) 113.8(7) 18.8(4)
GlcK+ 48.5(2) 92.9(8) 20.8(4)
GalK+ 49.8(1) 101.3(3) 19.6(2)

Standard pressure is 1000 mbar
aUncertainties in parentheses
b–ΔGO at 298 K
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similar (within ~3 kJ /mol), and very close to that of the
fourth water molecule (57.7±4 [43]; 54.8±6 [44] kJ/mol) in
the Na+(H2O)n system. This suggests that the solvation
effect provided by Ara, Xyl, Rib, and Glc on a sodium ion in
the SacNa+ systems is comparable to that of three water
molecules in the Na+(H2O)n cluster. This observation is in
line with a multidentate (≥2) coordination of Na+ in the
AraNa+, XylNa+, GlcNa+, and GalNa+ complexes predicted
by Heaton and Armentrout [20]. For GalNa+(H2O), the
water binding enthalpy is smaller than that for other
SacNa+(H2O) systems (Table 1). This is expected because
both the α and β GSs of Gal bind [20] the sodium cation
more tightly than other monosaccharides studied here.
Figure 4 shows the plot of the hydration free energies

(��Go
1), Table 1, versus the corresponding Na+ affinities

of monosaccharides [20]. As can be seen, there is a fair
linear relationship between these values. An analogous
correlation was also found [33, 34] for the binding
energies of water to the cationized amino acids (AAs),
AANa+, and AAK+. This effect can be rationalized by
direct interaction of the water molecule with the Na+ ion
in the SacNa+(H2O) system, and as a consequence of
charge delocalization from Na+ to the monosaccharide
moiety, resulting in a lower electrostatic interaction
between Na+ and H2O. The charge density on Na+ in
SacNa+ is expected to decrease as the Na+ affinity of the
monosaccharide increases.

Generally, the observed binding energies of the second
water molecule in SacNa+(H2O)2 are smaller than those of
the first one (Table 1). This result can be explained by
increasing steric crowding and decreasing effective charge
on the sodium ion when the next water molecule is added to
the SacNa+(H2O) complex. As shown in Table 1, the –ΔHo

2

values for all of the systems investigated here vary between
42.7±2 and 52.3±1 kJ/mol, such that they are within the
range of the binding energies reported in the literature for the
binding of the fifth water molecule in the Na+(H2O)n
complex, 44.4–51.5 kJ/mol [43, 45]. This observation could
indicate that the second water in the SacNa+(H2O)2 systems
is coordinated directly to the sodium ion, although the slightly
higher values of both –ΔHo

2 and –ΔS
o
2 for RibNa

+(H2O)2 and
GlcNa+(H2O)2 may suggest that the second H2O in these two
complexes is bound more tightly than in others, possibly
because of the H-bonded interaction with the monosaccharide
moiety.
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SacK+(H2O)

As expected, the enthalpy change values for the association
of H2O to the SacK+ complexes are lower than those for
SacNa+ (Tables 1 and 2). These results are fully in line with
the predominating direct electrostatic interaction between the
water molecule and alkali metal cation in these systems.
Because the ionic radius of K+ is larger than Na+, its charge
density becomes smaller and, therefore, the electrostatic
interaction of H2O with SacK+ is weaker compared with
SacNa+. The –ΔHo and –ΔGo values found for SacK+(H2O)
are identical within the combined error bars (Table 2), and
very similar to the corresponding experimental values of
49.4 and 18.4 kJ/mol, respectively, reported in the literature
[43] for the fourth water in the K+(H2O)n system. This
indicates that similarly to the SacNa+(H2O) systems dis-
cussed above, the solvation effect provided by the mono-
saccharides in SacK+(H2O) is comparable to that of three
water molecules in the corresponding K+(H2O)n system.

Conclusions
Hydration of sodiated and potassiated monosaccharides
(arabinose, xylose, ribose, glucose, and galactose) produced
by electrospray from an aqueous-methanol solution have
been investigated by pulsed high-pressure mass spectrome-
try. The thermochemical values measured here for each
solvated system correspond to a mixture of the monosac-
charide structures involved in the SacX+ complexes.
Thermochemical information indicates that the solvation
effects of Ara, Xyl, Rib, Glc, and Gal on both Na+ and
K+ ions are comparable to that of three water molecules
in Na+(H2O)n and K+(H2O)n, respectively, which is
consistent with metal cation coordination in the most
stable conformations as calculated [20] for the SacNa+

complexes. A good correlation was found between the
free energy changes for the attachment of the first water
molecule to the AraNa+, XylNa+, GlcNa+ and GalNa+

complexes and the sodium cation binding affinities to the
corresponding monosaccharides [20].
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