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Photoelectron spectroscopy and density
functional theory studies of (fructose + (H2O)n)�

(n = 1–5) anionic clusters†

Zhen Zeng and Elliot R. Bernstein *

Photoelectron spectroscopy (PES) and density functional theory (DFT) based calculations are executed

to characterize gas phase, isolated (fructose + (H2O)n)� (n = 1–5) anionic species produced using a

matrix assisted laser desorption ionization (MALDI) method. Gas phase, isolated (fructose + (H2O)n)�

(n = 1–5) cluster anions mainly exist as open chain structures with conformational and positional isomers

in the present experiments. Some cyclic structures of (fructose + (H2O)n)� (n = 3, 4) are apparently

present in the experiments and their VDEs can contribute to the lower energy shoulders of PES features

observed for (fructose + (H2O)n)� (n = 3, 4). Cyclic (fructose + (H2O)n)� (n = 1–5) clusters have the

added electron as dipole bound, whereas open chain structures have the added electron in a valence

orbital. Water molecules in open chain anions predominantly interact with the (1)C side (including (1)OH,

(2)O, and (3)OH) of fructose�: they finally form a quasi-cubic structure with OH groups and carbonyl O

in the most stable structures for (fructose + (H2O)4)� and (fructose + (H2O)5)� cluster anions. Water

molecules solvating cyclic anions form water–water hydrogen bond networks that preferentially interact

with OH groups at the (1), (2), and (3) positions of fructose pyranose anions, and the (3), (4), and (6) posi-

tions of fructose furanose anions. Structures of neutral (fructose + (H2O)n) (n = 1–5) have pyranose

structures as the lower energy isomers rather than open chain structures: this observation is consistent

with the fructose solution tautomeric equilibrium with neutral fructose pyranose being the preponderant

species. Water molecules also tend to form water–water hydrogen bond networks, interacting with OH

groups at (1), (2), and (3) positions for neutral pyranose conformations.

I. Introduction

Solvation of carbohydrates is a fundamental biochemical and
physicochemical process occurring within living systems.
Carbohydrate (saccharide) solutions are additionally of signifi-
cant importance in both the food and pharmaceutical industries.
Biological, physical, and chemical properties of carbohydrates
in solution are strongly correlated with the relative concentra-
tions of different tautomeric forms, as well as with the balance
between solute–solvent interactions, solute–solute interactions,
and solvent–solvent interactions. Understanding the solvation
process helps in the elucidation of the biological functions of
carbohydrates, e.g., molecular recognition and biological cata-
lysis. Some research results even suggest that water in carbo-
hydrate solutions can not only act as a solvent, but can also act

as an active and essential participant during carbohydrate
molecular recognition processes.1–4

The solubility and hydration number of saccharides depend
on individual saccharide intrinsic molecular structures. Solute–
solvent interactions in aqueous solutions of saccharides also
lead to configurational and conformational equilibria of differ-
ent tautomeric isomers. Fructose (Scheme 1) has been shown to
exist in at least five equilibrating tautomers in solutions (a- and
b-pyranose, a- and b-furanose and an open chain ketose form):
at equilibrium in water at ca. 300 K, b-D-fructopyranose is
the preponderant isomer, followed by b-D-fructofuranose, and
then a-D-fructofuranose.5–7 Some small amounts of these com-
ponents can be present in an open chain keto form or as
a-D-fructopyranose.6,8,9 Hydrogen bonds, including intermolecular
and intramolecular ones, are the major cooperative interactions
in the hydrated sugar system. Conformational preferences of
most carbohydrates evidence structures for which cooperative
effects enhance the stability of the conformation to which water
molecules bind.10 These solute–solvent interactions also influ-
ence bulk water structures (as can be expected for entropically
driven reactions). Fructose can disrupt the water structure at
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low concentrations, while at high concentrations fructose can
enhance the water structure.11,12

A number of experimental techniques (including infrared
absorption,13 Raman scattering,14,15 THz time-domain attenuated
total reflection (THz TD-ATR),16 nuclear magnetic resonance
(NMR),17 neutron scattering,18 viscosity measurements,19 and
dielectric20 spectroscopy), as well as molecular dynamic computer
simulations,21–24 have been undertaken to characterize the
hydration extent of saccharide and/or water hydrogen bond
disruption in aqueous saccharide solutions. Unfortunately, the
different experimental techniques employed have different
hydration state criteria and definitions, which can yield unclear
and inconsistent identification of carbohydrate hydration
characteristics. Fructose hydrates have been investigated by IR
spectroscopy and fructose penta- and mono-hydrates are identi-
fied in D-fructose aqueous solutions throughout the concen-
tration range from nearly pure water to the fructose saturation
limit.13 THz TD-ATR measurements reveal that the determined
hydration number is highly correlated with the number of
equatorial hydroxyl groups of saccharides and is inversely
dependent on solute concentration.16 Exact structural investiga-
tions need to be explored to understand the hydration mecha-
nism as well as the solute–solvent interactions. Studies of gas
phase, isolated hydrated fructose clusters can provide a clear
potential surface map for interactions between fructose and
water, as well as the intrinsic conformations of the saccharide
itself, in the absence of environmental or substitute effects.

Investigation of saccharide–water interactions can also shed
light on interpreting the sweetness of sugars. The sweet taste
sensation of saccharides comes from intermolecular hydrogen
bonding (AH–B unit glycophore) between the sweetener and the
sweet receptor. The degree of perceived sweetness depends on
the strength of the two hydrogen bonds formed.25,26 The third
component of sweetness, called ‘‘g’’, is comprised of a hydro-
phobic center in the sweetener with the sweetness triangle
formation.27–30 The molecular theory of sweet taste is still
evolving: for instance, a multipoint attachment theory has been
proposed. This suggests that the number of interaction sites in

a sweetener may be equal to or lower than eight.31 Based on the
investigations of sugar sweetness from the point of view of
water–sugar interactions and the general sugar behavior in
water, a link between the hydration shell of sugars and their
degree of sweetness has also been proposed.32,33

The present study has been undertaken to elucidate micro-
scopic hydration processes for, as well as hydration structures
and properties of, fructose. Anion photoelectron spectroscopic
experiments and DFT calculations are conducted on gas phase,
isolated (fructose + (H2O)n)� (n = 1–5) anionic cluster species in
order to investigate their electronic and geometric structures.
The anionic structures (conformational and positional) of
(fructose + (H2O)n)� that exist in the present experiments are
assigned based on the agreement between calculated and
observed VDEs. Conformational isomers (open chain, furanose,
pyranose,. . .) have different geometries, but the same positions
for added H2O moieties. Positional isomers have different
added H2O moiety positions, but have similar conformations.
Based on the experimentally validated calculation algorithm,
the corresponding neutral structures are also identified.

II. Experimental procedures

The experimental apparatus consists of three parts: a pulsed
supersonic nozzle with an attached matrix assisted laser desorption
ionization (MALDI) source, a reflectron time of flight mass spectro-
meter (RTOFMS), and a magnetic bottle photoelectron TOF spectro-
meter (MBTOFPES). Details of this system (RTOFMS/MBTOFPES)
can be found in our previous publications.34,35 The nozzle
employed for the sample beam generation is constructed from
a Jordan Co. pulsed valve and a laser desorption attachment.
All sample drums for the MALDI are prepared by wrapping a Zn
substrate on a clean Al drum.36 A mixed solution of D-fructose
and matrix (DCM) dye with a mole ratio B3 : 2 in a solvent
(typically, methanol or acetonitrile) is uniformly sprayed on the
drum/substrate surface using an air atomizing spray nozzle
(Spraying System Co.) with a siphon pressure of 10 psig. During
the spraying process, the sample drum is rotated under heat
of a halogen lamp in a fume hood to ensure deposition of
D-fructose and the matrix on the drum surface is homogeneous
and dry. The well-coated and dried sample drum is then placed
in the laser ablation head/nozzle assembly and put into the
vacuum chamber. Second harmonic (532 nm) light pulses from
a Nd:YAG laser are used to ablate the sample drum, which
rotates and translates simultaneously to maintain a fresh sample
area for each laser ablation pulse. Whole D-fructose molecules are
desorbed from the drum, interact with other species (including
electrons) in the ablated material plume, entrained in the
supersonic flow of helium carrier gas seeded with water vapor
with a 50 psi backing pressure through a 2 � 60 mm channel in
the ablation head, and expanded into the sample chamber.
With a closed pulsed valve, the RTOFMS chamber pressure is
B6 � 10�8 Torr. The generated molecular anions are pulsed
into the RTOFMS and are mass analyzed using the RTOFMS.
For PES experiments, specific anions are first mass selected and

Scheme 1 Structures of D-fructose with C atom numbering.
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decelerated before interacting with a 355 nm (3.496 eV), or
266 nm (4.661 eV) laser beam from another Nd:YAG laser in the
photodetachment region. Photodetached electrons are collected
and energy analyzed using a MBTOFPES at nearly 100% efficiency.
The photodetachment laser is operated at a 10 Hz repetition rate,
while the ablation laser is synchronously triggered at 5 Hz. Data
are collected at 5 Hz employing a background subtraction with
alternation of the ablation laser on/off if the detachment laser
generates 266 nm or higher energy photons. Every photoelectron
spectrum is calibrated by the known spectra of Cu� at the
employed detachment photon energy. The photoelectron energy
resolution is B4% (40 meV for 1 eV kinetic energy electrons), as
anticipated for a 1 m PES flight tube.

III. Computational methods

DFT (B3LYP and M062X functionals) methods with a 6-311++G(d,p)
basis set are validated to be efficient and accurate for electronic
and geometric property calculations of gas phase sugar mole-
cular anions and neutrals based on fructose and ribose in
recently reported studies.37,38 In the present work, all calcula-
tions are executed using density function theory (DFT) employing
Becke’s three-parameter hybrid (B3LYP)39–41 functional and a
6-311++G(d,p) or 6-31++G(d) basis set for all atoms, as imple-
mented in the Gaussian 09 program.42 The low energy isomers
for every species are reoptimized employing a M062X43,44

functional with the same basis set. No symmetry restrictions
are applied for the calculations. Optimization of the low lying
isomers for each anion and neutral are performed with harmonic
vibrational frequencies calculated to confirm that the obtained
structures are the true local minima. Theoretical VDEs for each
anionic species are calculated as the energy difference between
the ground state of the anion and its corresponding neutral
at the same structure as the anion. For a further electronic
structure based understanding of the observed (fructose + (H2O)n)�

(n = 1–5) species behavior, a Natural Bond Orbital (NBO, also
from the Gaussian 09 program) analysis is performed based
on the B3LYP functional and the 6-311++G(d,p) or 6-31++G(d)
basis set.

IV. Experimental results

Through our MALDI processes, (fructose + (H2O)n)� (n = 1–5)
anionic clusters are observed in the mass spectrum, as shown in
Fig. 1. The photoelectron spectra of (fructose + (H2O)n)� (n = 0–5)
recorded with 355 nm photons are presented in Fig. 2. VDEs are
measured from the maxima of the corresponding PES peaks. The
VDEs of (fructose + (H2O)n)� (n = 1–5) clusters are summarized
in Tables 1 and 2. The photoelectron spectrum of fructose�

shows two components, centered at 1.93 and 1.58 eV, which
can be assigned to three different conformational isomers, as
reported before.37 The photoelectron spectrum of (fructose + H2O)�

displays narrower features compared to those of the bare ion.
It exhibits the major peak centered at 1.58 eV and a small one at
1.99 eV, as well as a long tail to above 2 eV. The photoelectron

spectra of (fructose + (H2O)n)� (n = 2–5) all display broad
features with slightly and gradually increasing electron binding
energy (EBE). The PES feature of (fructose + (H2O)2)� is centered
from B1.97 eV to above 3 eV. The photoelectron spectra of
(fructose + (H2O)3)� and (fructose + (H2O)4)� show broad peaks
centered at B2.18 eV and 2.25 eV, respectively, to above 3 eV.

Fig. 1 Mass spectrum of fructose with sample (D-fructose/DCM) sprayed
on a Zn surface.

Fig. 2 Photoelectron spectra of (fructose + (H2O)n)� (n = 0–5) recorded
with 355 nm photons with sample (D-fructose/DCM) spayed on a Zn surface.
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Shoulders in the range from 0.5 eV to 1.5 eV before the major
features of (fructose + (H2O)3)� and (fructose + (H2O)4)�, appear
as well. The photoelectron spectrum of (fructose + (H2O)5)� has
a broad feature centered from B2.88 to above B3.3 eV.

V. Theoretical results

The low energy isomers of (fructose + (H2O)n)�/0 (n = 1–2) are
first optimized at the B3LYP/6-311++G(d,p) level of theory, and
those of (fructose + (H2O)n)�/0 (n = 3–5) are first optimized at the
B3LYP/6-31++G(d) level of theory. The lower lying isomers of
(fructose + (H2O)n)� (n = 1–5) are then reoptimized via the
M062X/6-311++G(d,p) or M062X/6-31++G(d) approach, based
on the initial B3LYP structures. From these two approaches,
we can obtain similar calculated VDEs of every specific isomer for
each cluster, which are in good agreement with the experiments,
as shown in Tables 1 and 2, and nearly identical geometrical
structures, as can be seen in Fig. 4, 6–9 and Fig. S16–S20 (ESI†).
Different conformation energy orderings (DEs) arise for calcula-
tions employing different DFT functionals for such flexible poly-
morphic species with nearly degenerate energy isomers residing
on a flat potential energy surface.

The low lying isomers of (fructose + (H2O)n)� (n = 1–5)
anions, as well as their corresponding neutrals, are sum-
marized in Fig. 4–9 and Fig. S11–S15 (ESI†). More isomers are
presented in the ESI.† Note that the figure numbers in the ESI†
document are related to those of the text figures, for example
Fig. 4 3 Fig. S4 (ESI†). Calculated VDEs and relative energies

of their anions are summarized and compared with the experi-
mental results in Tables 1 and 2.

For geometrical optimization of (fructose + (H2O)n)� (n = 1–5),
three conformational open chain isomers (A), (B), (C) and the
lowest energy pyranose (D) and furanose (E) structures of
fructose� (see Fig. 3) are chosen to be the initial structures
followed by adding H2O moieties at different possible posi-
tions. The bigger clusters can evolve from smaller clusters by
adding more H2O moieties systematically at different possible
positions. Recall that isomer fructose� (A) contributes to the
higher EBE component (1.93 eV) of the photoelectron spectrum,
while fructose� isomers (B) and (C) contribute to the lower EBE
part (1.58 eV).37

a. (Fructose + H2O)�

Typical low lying isomers of (fructose + H2O)� are displayed
in Fig. 4. More isomers can be seen in the ESI.† Isomer (A) is
developed from open chain fructose� (A) with the first H2O
moiety interacting with the OH group at (1) position and carbonyl
O at (2) position. Its calculated VDE is 2.24 eV, in accord with the
long tail range of the PES feature. Isomers (B) and (C) also arise
from fructose� (A) with the H2O molecule binding to the carbonyl
O and (3)OH group, respectively. Their VDEs are calculated to be
2.36 and 2.17 eV, respectively, also belonging to the tail region of
the spectral feature. (Fructose + H2O)� isomer (D) from fructose�

(A) has the added H2O moiety bound through (4)OH and (6)OH
groups. This (fructose + H2O)� isomer has a theoretical VDE of
1.99 eV, in good agreement with a small peak centered at 1.99 eV.

Table 1 Relative energies (DE) of the low energy isomers of (fructose + (H2O)n)� (n = 1–2), and comparison of their calculated VDEs based on B3LYP/
6-311++G(d,p) and M062X/6-311++G(d,p) algorithms. Experimental VDE values are given in the right hand column. All energies are in eV. Cluster anions
with VDEs ca. 1 eV or lower typically have the added electron as dipole bound (see Fig. 10)

B3LYP/6-311++G(d,p) M062X/6-311++G(d,p)

Exp. VDEDE Theo. VDE DE Theo. VDE

Fructose + H2O� Fructose + H2O� (A) 0.00 2.24 0.00 2.24
Fructose + H2O� (B) 0.06 2.36 0.06 2.33
Fructose + H2O� (C) 0.13 2.17 0.17 2.16
Fructose + H2O� (D) 0.24 1.99 0.19 2.30 1.99
Fructose + H2O� (E) 0.34 1.98 0.39 1.90
Fructose + H2O� (F) 0.34 1.86 0.42 1.82
Fructose + H2O� (G) 0.44 1.76 0.48 1.70 1.58
Fructose + H2O� (H) 0.45 1.83 0.48 1.77
Fructose + H2O� (I) 0.55 1.76 0.61 1.70
Fructose + H2O� (J) 0.79 0.40 0.53 0.20
Fructose + H2O� (K) 0.92 0.47 0.76 0.36

(Fructose + (H2O)2)� (Fructose + (H2O)2)� (A) 0.00 2.76 0.08 2.56 B1.97 to B3
(Fructose + (H2O)2)� (B) 0.01 2.54 0.00 2.40
(Fructose + (H2O)2)� (C) 0.02 2.14 0.03 2.22
(Fructose + (H2O)2)� (D) 0.02 2.59 0.13 2.62
(Fructose + (H2O)2)� (E) 0.08 2.36 0.07 2.28
(Fructose + (H2O)2)� (F) 0.19 2.47 0.23 2.50
(Fructose + (H2O)2)� (G) 0.24 2.42 0.14 2.53
(Fructose + (H2O)2)� (H) 0.32 1.97 0.37 2.22
(Fructose + (H2O)2)� (I) 0.33 2.27 0.37 2.18
(Fructose + (H2O)2)� (J) 0.35 2.24 0.40 2.16
(Fructose + (H2O)2)� (K) 0.36 2.12 0.41 2.04
(Fructose + (H2O)2)� (L) 0.38 1.80 0.46 1.84
(Fructose + (H2O)2)� (M) 0.42 2.10 0.33 2.18
(Fructose + (H2O)2)� (N) 0.79 0.61 0.56 0.60
(Fructose + (H2O)2)� (O) 0.97 0.77 0.86 0.76
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Both isomers (E) and (F) have the first water molecule inter-
acting with (1)OH and (2)OH groups, but developed from
fructose� (B) and fructose� (C), respectively. Their calculated
VDEs are 1.98 and 1.86 eV, consistent with the experimental
result (1.99 eV). Isomer (G) is evolved from fructose� (C) by
binding the H2O moiety with (3)OH and (5)OH groups. Its
theoretical VDE is 1.76 eV, close to the major peak of 1.58 eV.
Both isomers (H) and (I) have a H2O molecule bound to (5)OH
and (6)OH groups, which come from fructose� (C) and fructose�

(B), respectively. Their VDEs are calculated (1.83 and 1.76 eV)

which are close to the experimental feature (1.58 eV) too. Isomers
(J) and (K) are cyclic structures with higher relative energies with
respect to the most stable open chain isomer. The H2O molecule
interacts with the (1)OH and (3)OH groups of the pyranose
structure, and with the (3)OH and (4)OH groups of the furanose
geometry. They have calculated VDEs of 0.40 and 0.47 eV, very
much lower than the experimental values. Overall, the photo-
electron feature at 1.58 eV is mostly contributed by isomers (G),
(H), and (I), while the small peak centered at 1.99 eV is related to
isomers (D), (E) and (F). Isomers (A), (B) and (C) are also present

Table 2 Relative energies (DE) of the low energy isomers of (fructose + (H2O)n)� (n = 3–5), and comparison of their calculated VDEs based on B3LYP/
6-31++G(d) and M062X/6-31++G(d) algorithms. Experimental VDE values are given in the right hand column. All energies are in eV. Cluster anions with
VDEs ca. 1 eV or lower typically have the added electron as dipole bound (see Fig. 10)

B3LYP/6-31++G(d) M062X/6-31++G(d)

Exp. VDEDE Theo. VDE DE Theo. VDE

(Fructose + (H2O)3)� (Fructose + (H2O)3)� (A) 0.00 2.64 0.00 2.61 B2.18 to B3
(Fructose + (H2O)3)� (B) 0.05 2.39 0.03 2.50
(Fructose + (H2O)3)� (C) 0.08 3.00 0.21 2.76
(Fructose + (H2O)3)� (D) 0.09 2.86 0.05 2.67
(Fructose + (H2O)3)� (E) 0.11 2.75 0.04 2.57
(Fructose + (H2O)3)� (F) 0.13 2.41 0.12 2.41
(Fructose + (H2O)3)� (G) 0.17 3.08 0.22 3.00
(Fructose + (H2O)3)� (H) 0.21 2.84 0.08 2.76
(Fructose + (H2O)3)� (I) 0.26 2.78 0.23 2.76
(Fructose + (H2O)3)� (J) 0.32 2.40 0.25 2.39
(Fructose + (H2O)3)� (K) 0.36 2.40 0.43 2.38
(Fructose + (H2O)3)� (L) 0.37 2.51 0.38 2.49
(Fructose + (H2O)3)� (M) 0.39 2.51 0.36 2.44
(Fructose + (H2O)3)� (N) 0.73 0.87 0.47 0.71 1.00
(Fructose + (H2O)3)� (O) 0.82 1.10 0.53 0.95
(Fructose + (H2O)3)� (P) 0.96 1.23 0.80 1.26
(Fructose + (H2O)3)� (Q) 0.97 0.98 0.84 0.85

(Fructose + (H2O)4)� (Fructose + (H2O)4)� (A) 0.00 2.88 0.00 2.89 B2.25 to B3
(Fructose + (H2O)4)� (B) 0.12 2.74 0.26 2.60
(Fructose + (H2O)4)� (C) 0.19 2.87 0.23 3.09
(Fructose + (H2O)4)� (D) 0.21 3.18 0.37 3.07
(Fructose + (H2O)4)� (E) 0.21 3.10 0.40 3.07
(Fructose + (H2O)4)� (F) 0.21 2.86 0.29 2.81
(Fructose + (H2O)4)� (G) 0.26 2.62 0.32 2.68
(Fructose + (H2O)4)� (H) 0.29 2.68 0.28 2.67
(Fructose + (H2O)4)� (I) 0.30 2.64 0.32 2.67
(Fructose + (H2O)4)� (J) 0.36 2.89 0.47 2.71
(Fructose + (H2O)4)� (K) 0.38 2.91 0.40 2.85
(Fructose + (H2O)4)� (L) 0.59 2.69 0.54 2.59
(Fructose + (H2O)4)� (M) 0.87 0.92 0.82 0.73
(Fructose + (H2O)4)� (N) 0.96 1.07 0.77 1.12
(Fructose + (H2O)4)� (O) 1.05 1.45 1.05 1.48
(Fructose + (H2O)4)� (P) 1.07 1.35 1.00 1.10

(Fructose + (H2O)5)� (Fructose + (H2O)5)� (A) 0.00 2.97 0.00 3.16 B2.88 to B3.3
(Fructose + (H2O)5)� (B) 0.06 3.09 0.14 3.12
(Fructose + (H2O)5)� (C) 0.08 3.22 0.08 3.20
(Fructose + (H2O)5)� (D) 0.10 3.12 0.06 3.13
(Fructose + (H2O)5)� (E) 0.10 3.14 0.09 3.14
(Fructose + (H2O)5)� (F) 0.15 2.77 0.39 2.64
(Fructose + (H2O)5)� (G) 0.15 3.16 0.32 3.08
(Fructose + (H2O)5)� (H) 0.32 2.98 0.48 2.95
(Fructose + (H2O)5)� (I) 0.34 2.91 0.29 2.77
(Fructose + (H2O)5)� (J) 0.34 2.85 0.44 2.89
(Fructose + (H2O)5)� (K) 0.44 3.14 0.47 3.09
(Fructose + (H2O)5)� (L) 0.65 2.94 0.64 2.81
(Fructose + (H2O)5)� (M) 0.95 1.09 0.91 0.82
(Fructose + (H2O)5)� (N) 0.96 1.08 0.83 1.12
(Fructose + (H2O)5)� (O) 0.98 1.38 1.05 1.21
(Fructose + (H2O)5)� (P) 1.04 1.43 1.06 1.48
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in the experiments and contribute to the tail of PES features of
(fructose + H2O)�. The neutral (fructose + H2O) cluster, as shown
in Fig. 5a, appears to have a pyranose structure as the global
minimum isomer. The lowest energy furanose and open chain
conformations are also given, with relative energies of 0.12 and
0.15 eV, respectively. The H2O molecule binds with (2)OH and
(3)OH in a pyranose structure, (1)OH and (3)OH in furanose,
and (1)OH and (2)O in open chain conformations.

b. (Fructose + (H2O)2)�

The typical low lying anionic isomers of (fructose + (H2O)2)� are
shown in Fig. 6. Similar to (fructose + H2O)�, open chain con-
formations comprise the lower energy isomers. The most stable
isomer (A) can develop from (fructose + H2O)� (A) by inserting
the second H2O molecule between the first one and (2)O. It has
the calculated VDE of 2.76 eV, in the range of the broad PES
feature (B1.97 to above B3 eV) for (fructose + (H2O)2)�. Isomer
(B) can also evolve from (fructose + H2O)� (A) by adding the
second H2O molecule at (2)O and forming a water–water hydro-
gen bond. Its calculated VDE of 2.54 eV is also in good agree-
ment with the experimental values. Isomer (C) has the second
H2O molecule interacting with (1)OH and (3)OH groups with no
water–water hydrogen bond formation. Its calculated VDE of
2.14 eV matches that observed experimentally. In isomer (D), the
second H2O molecule only forms a water–water hydrogen bond.
Its VDE is calculated to be 2.59 eV, also in accord with experi-
mental results. More isomers can develop from (fructose +
H2O)� by adding the second H2O molecule at different positions,
like (4)(5)(6), which also have comparable calculated VDEs to the
experimental ones. Isomers (H) and (L) have similar positions for
adding water moieties to isomer (C), but with conformational
differences. Isomers (I) and (J) also have identical positions
to those of isomer (B), but with conformational differences.
They all have theoretical VDEs in good agreement with the

experimental determinations. Isomers (K) and (M) have relative
energies of 0.36 and 0.42 eV, respectively. They can both evolve
from isomer (fructose + H2O)� (G) with the second H2O molecule
binding to (1)(2) and (4)(5) positions, respectively. They also
evidence consistent theoretical VDEs with the experimental
values. Isomers (N) and (O) are cyclic structures, developed from
(fructose + H2O)� (J) and (K), respectively. The second H2O
molecule binds with (3)OH and (4)OH groups in a pyranose
structure, and inserts between the first water molecule and the
(4)OH group in a furanose structure. Their theoretical VDEs are
0.61 and 0.77 eV, respectively, and they are both outside the
experimental PES feature. More cyclic structures, with higher
relative energies, are provided in the ESI.† Thus, many open
chain structures coexist in the experiments to contribute to the
broad PES feature of (fructose + (H2O)2)�. The water moieties can
interact with fructose� separately or form water dimer clusters to
bind to fructose�. As can be seen in Fig. 5b, the most stable
structure of the neutral (fructose + (H2O)2) cluster is a pyranose
isomer with the second H2O molecule interacting with the first
H2O molecule as well as the (1)OH and (3)OH groups. The H2O
molecules in the open chain isomer form water–water hydrogen
bonds and interact with fructose OH groups.

c. (Fructose + (H2O)3)�

Fig. 7 shows the low lying isomers of (fructose + (H2O)3)�

developing from (fructose + (H2O)2)� by adding the third H2O
molecule at every possible position. Open chain conformations
are still the energetically favored ones. Isomer (A) of (fructose +
(H2O)3)� evolves from (fructose + (H2O)2)� (A) with the third H2O
molecule inserting between the (1)OH group and the adjacent
water moiety. The calculated VDE is 2.64 eV, in the range (B2.18
to above B3 eV) of the broad PES feature for (fructose + (H2O)3)�.
Isomer (B) has the third H2O connecting the first and second
water moieties of (fructose + (H2O)2)� (C) and forming two

Fig. 3 Optimized geometries of the typical low lying anionic isomers of fructose� based on B3LYP/6-311++G(d,p) calculations. The relative energies
and structural polymorphs are indicated. C atom numberings are given. For open chain structures (1)C to (6)C is ordered from left to right. For both
furanose and pyranose structures (1)C to (6)C is ordered from right to left in a clockwise direction. C atom numbering for open chain structures
correspond to those in the cyclic structures, for instance (1)C 3 (1)C. Isomers (A), (B), and (C) are assigned to contribute to the PES feature of fructose:
they exist in the gas phase according to our recent published results (see ref. 37). Isomers (D) and (E) are the lowest energy structures of anionic pyranose
and furanose conformations, respectively.
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water–water hydrogen bonds. Its calculated VDE is 2.39 eV, also
consistent with the experimental values. Isomer (fructose +
(H2O)3)� (C) evolves from (fructose + (H2O)2)� (A) with the third
water moiety only forming one water–water hydrogen bond. More
isomers develop from (fructose + (H2O)2)� (A), (B) and (C) by
adding the third H2O molecule at (2)O or (4)(5)(6)OH positions.
They all have acceptable calculated VDEs consistent with the
experimental determinations. Isomers (H) and (I) show water
moieties residing parallel to the chain axis by forming water–
water hydrogen bonds and water–fructose hydrogen bonds. Their
theoretical VDEs (2.84 and 2.78 eV) are consistent with the
experimental features. Isomers (K) and (L) have the identical
added water moiety positions to (A), but with conformational

structure differences. They have comparable calculated VDEs to
those observed. Isomer (fructose + (H2O)3)� (M) has a relative
energy of 0.39 eV and evolves from (fructose + (H2O)2)� (K) with
the third H2O moiety interacting with the carbonyl (2)O as well as
forming a water–water hydrogen bond with the adjacent H2O. Its
theoretical VDE (2.51 eV) is also consistent with the experimental
PES feature. Isomers (N) and (O) show pyranose geometry and
isomers (P) and (Q) show furanose geometry. They have relative
energies with respect to the lowest energy isomer of over 0.8 eV.
Water molecules in these cyclic structures form a water–water
hydrogen bond network that in turn interact with the bare
fructose. They favor (1), (2), and (3) or (4)OH positions in the
pyranose structure, and (3), (4)OH positions in the furanose

Fig. 4 Optimized geometries of the typical low lying anionic isomers of (fructose + H2O)� based on B3LYP/6-311++G(d,p) calculations. The relative
energies and structural polymorphs are indicated. The blue squares indicate addition of an H2O unit at the marked position. The C ordering is the same as
that of fructose� parent anions. For open chain structures (1)C to (6)C is ordered from left to right. For both furanose and pyranose structures (1)C to
(6)C are ordered from right to left in a clockwise direction.
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structure. The calculated VDEs of these four cyclic isomers are
0.87–1.23 eV. These calculated VDE values are within the experi-
mental PES low energy shoulder range from B0.5 to B1.5 eV.
More cyclic structures can be found in the ESI.† Overall, the

broad photoelectron spectrum feature of (fructose + (H2O)3)� is
mostly dictated by positional and conformational open chain
structures, for which water–water hydrogen bonds are most
prevalent. Cyclic anions are also present in the experiment to

Fig. 5 Optimized geometries of the lowest lying neutral isomers for open chain (A), pyranose, and furanose conformations of (fructose + (H2O)n)
(n = 1–2; a and b, respectively) based on B3LYP/6-311++G(d,p) and (fructose + (H2O)n) (n = 3–5; c, d, and e, respectively) based on B3LYP/6-31++G(d)
calculations. The relative energies and structural polymorphs are indicated. The blue squares indicate addition of H2O units at the marked position. The C
ordering is the same as that of fructose� parent anions. For open chain structures (1)C to (6)C is ordered from left to right. For both furanose and pyranose
structures (1)C to (6)C is ordered from right to left in a clockwise direction.
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Fig. 6 Optimized geometries of the typical low lying anionic isomers of (fructose + (H2O)2)� based on B3LYP/6-311++G(d,p) calculations. The relative
energies and structural polymorphs are indicated. The blue squares indicate addition of H2O units at the marked position. The C ordering is the same as
that of fructose� parent anions. For open chain structures (1)C to (6)C is ordered from left to right. For both furanose and pyranose structures (1)C to
(6)C is ordered from right to left in a clockwise direction.
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Fig. 7 Optimized geometries of the typical low lying anionic isomers of (fructose + (H2O)3)� based on B3LYP/6-31++G(d) calculations. The relative
energies and structural polymorphs are indicated. The blue squares indicate addition of H2O units at the marked position. The C ordering is the same as
that of fructose� parent anions. For open chain structures (1)C to (6)C is ordered from left to right. For both furanose and pyranose structures (1)C to
(6)C is ordered from right to left in a clockwise direction.
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contribute to the PES feature shoulder. Fig. 5c shows that the lowest
energy isomer of neutral (fructose + (H2O)3) clusters is still a
pyranose one, as found for the smaller clusters. The molecules
appear to form both water–water hydrogen bonds and water–
fructose hydrogen bonds at (1) and (3) positions. The water moieties
in neutral furanose conformation have interaction sites at (3), (4) and
(6) positions, but without water–water hydrogen bond formation.

d. (Fructose + (H2O)4)�

The typical low energy isomers of (fructose + (H2O)4)� are shown
in Fig. 8. As can be anticipated, open chain isomers have lower

energy than cyclic anion isomers. Isomer (fructose + (H2O)4)� (A)
can come from (fructose + (H2O)3)� (B) with the fourth H2O
molecule binding to the carbonyl (2)O and the (3)OH group. The
added water forms a water–water hydrogen bond with the third
H2O molecule: this insertion generates a quasi-cubic structure at
the (1)C side (including (1)OH, (2)O, and (3)OH) of fructose. The
calculated VDE of isomer (A) is 2.88 eV, in good agreement with
the experimental observation (B2.25 to B3 eV) of the broad PES
feature. Isomer (fructose + (H2O)4)� (B) develops from (fructose +
(H2O)3)� (A) by adding the fourth H2O molecule at the (1)OH
position and forming a water–water hydrogen bond with the

Fig. 8 Optimized geometries of the typical low lying anionic isomers of (fructose + (H2O)4)� based on B3LYP/6-31++G(d) calculations. The relative
energies and structural polymorphs are indicated. The blue squares indicate addition of H2O units at the marked position. The C ordering is the same as
that of fructose� parent anions. For open chain structures (1)C to (6)C is ordered from left to right. For both furanose and pyranose structures (1)C to
(6)C is ordered from right to left in a clockwise direction.
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adjacent H2O molecule. Its theoretical VDE is 2.74 eV, consistent
with the experimental values. Isomer (C) is similar to (B) but
without the fourth H2O molecule forming a water–water hydrogen
bond. It has a calculated VDE of 2.87 eV, in accord with the
experimental results. Both isomers (D) and (F) also develop from
(fructose + (H2O)3)� (A) by adding the fourth H2O molecule at
different positions. Their calculated VDEs also match the experi-
mental ones. Isomer (G) can be developed from the (fructose +
(H2O)3)� (B) species with the fourth H2O interacting at (4), (5),
and (6) OH positions. It has a calculated VDE of 2.62 eV,

in accord with the experimental determinations. Isomers
(fructose + (H2O)4)� (E), (F), (J), (K), and (L) can evolve from
(fructose + (H2O)3)� (A), (E), (E), (H), and (M), respectively. Their
calculated VDEs all conform to the experimental estimations.
Isomers (fructose + (H2O)4)� (H) and (I) have the similar quasi-
cubic structure to isomer (A) but with conformational differ-
ences. Their calculated VDEs are 2.68 and 2.64 eV, respectively,
also in agreement with the experimental determinations.
Isomers (M) and (N) are pyranose related structures and both
can develop from (fructose + (H2O)3)� (N) with the fourth H2O

Fig. 9 Optimized geometries of the typical low lying anionic isomers of (fructose + (H2O)5)� based on B3LYP/6-31++G(d) calculations. The relative
energies and structural polymorphs are indicated. The blue squares indicate addition of H2O units at the marked position. The C ordering is the same as
that of fructose� parent anions. For open chain structures (1)C to (6)C is ordered from left to right. For both furanose and pyranose structures (1)C to
(6)C is ordered from right to left in a clockwise direction.
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moiety forming two water–water hydrogen bonds in (M) and
binding to (3)OH and (4)OH groups in (N). Their theoretical
VDEs are 0.92 and 1.07 eV, respectively, in the range of the PES
lower energy shoulder of (fructose + (H2O)4)�. Both furanose
isomers (fructose + (H2O)4)� (O) and (P) can come from
(fructose + (H2O)3)� (P) with the fourth H2O molecule binding
to (6)OH as well as forming a water–water hydrogen bond. They
are conformationally distinct. The calculated VDEs (1.45 and
1.35 eV, respectively) of both isomers are consistent with the
observed shoulder of the photoelectron feature for (fructose +
(H2O)4)�. Thus, the broad feature is mainly composed of many
positional and conformational open chain isomers; cyclic
isomer anions also exist in the experiment to contribute to
the shoulder of the PES feature. As can be seen from Fig. 5d, the
global minimum structure of neutral (fructose + (H2O)4)� is a
pyranose one with water molecules binding to (1)OH, (2)OH,
and (3)OH groups. The furanose structure has water moieties
interacting with (3)OH, (4)OH, and (6)OH groups. The open
chain isomer has a structure in which water molecules tend to
form water clusters and interact with fewer OH groups of fructose
compared to the corresponding anions.

e. (Fructose + (H2O)5)�

Fig. 9 shows the low energy isomers of (fructose + (H2O)5)�,
which also evidence the open chain isomers as the energetically
favored conformations. The most stable isomer of (fructose +
(H2O)5)� can evolve from (fructose + (H2O)4)� (A) by inserting
the fifth water molecule between the (3)OH group and the
adjacent water molecule. The theoretical VDE for this structure
is 2.97 eV, in good agreement with the experimental determina-
tion (B2.88 to above B3.3 eV) from the broad PES feature.
Isomers (fructose + (H2O)5)� (B), (C), (D), and (E) can also
develop from (fructose + (H2O)4)� (A) by adding the fifth water
molecule at different sites of the cubic (H2O)4 moiety structure
or the fructose (4)(5)(6)OH groups. They have calculated VDEs
(3.09, 3.22, 3.12, 3.14 eV, respectively): all these VDE values are
consistent with the experimental observations. (Fructose +
(H2O)5)� isomers (I) and (J) with a cubic structure and another
water–water hydrogen bonded water moiety, arising from (fruc-
tose + (H2O)4)� (H) and (I), are conformationally different.
Isomers (F) and (G) are from (fructose + (H2O)4)� (B) with the
fifth water molecule interacting with the (1)OH group and the
fourth water molecule or (1)(3)OH groups. The calculated VDEs
of isomers (F) and (G) are 2.77 and 3.16 eV, respectively, also
consistent with the experimental ones. Isomers (fructose +
(H2O)5)� (H), (K), and (L) come from (fructose + (H2O)4)� (F),
(K) and (L), respectively, with the fifth water molecule forming a
water–water hydrogen bond or binding to the (1)OH group. Their
calculated VDEs (2.98, 3.14, 2.94 eV) are also in accord with the
experimental results. Anionic pyranose isomers (fructose +
(H2O)5)� (M) and (N) can develop from (fructose + (H2O)4)�

(M) and (N) with the fifth water molecule forming water–water
hydrogen bonds. They have theoretical VDEs of 1.09 and 1.08 eV,
respectively, and are outside the experimental feature width.
Anionic fructose furanose isomers (fructose + (H2O)5)� (O) and
(P) are from (fructose + (H2O)4)� (O) and (P) with the fifth water

molecule forming water–water hydrogen bonds. Their calculated
VDEs (1.38 and 1.43 eV, respectively) are also lower than the
experimental estimations. Overall, the photoelectron spectrum
of (fructose + (H2O)5)� is contributed by open chain isomers with
positional and conformational differences. As shown in Fig. 5e,
the neutral (fructose + (H2O)5) cluster also appears to have a
pyranose geometry as the most stable structure. The fifth water
molecule binds to (3)OH and (4)OH groups. For both neutral
furanose and open chain isomers, the fifth water molecules only
form water–water hydrogen bonds.

VI. Discussion

Based on the good agreement between experimental and theore-
tical VDEs, as well as the consistent calculated VDEs from
different DFT computational functionals, the anionic structures
of (fructose + (H2O)n)� (n = 1–5) are validated and assigned.
Neutral structures are also provided by employing the experi-
mentally validated calculation algorithm. (Fructose + (H2O)n)�

(n = 1–5) mainly exist in the present experiments as open chain
structures. Some cyclic anions of (fructose + (H2O)n)� (n = 3–4) are
also present in the experiments. Many positional and conforma-
tional open chain isomers coexist to contribute to the broad PES
features of (fructose + (H2O)n)� (n = 1–5). Open chain anionic
isomers have much lower energy than cyclic anionic geometries
for every specific cluster.

For open chain anionic isomers, the first water molecule can
interact with every OH groups or carbonyl O of fructose as an
acceptor or donor in a hydrogen bond. At n = 2, water molecules
can interact with fructose separately or bind to it through a
water dimer. With n = 3 to 5, water moieties form water–water
hydrogen bonds and bind to fructose. A quasi-cubic structure at
the end of the (1)C side (including (1)OH, (2)O, and (3)OH)
of fructose starts to form as the most stable structure for
(fructose + (H2O)4)� and continues to appear as the lowest energy
isomers of (fructose + (H2O)5)�. This suggests that water–fructose
hydrogen bond strength for the open chain anion is comparable
to that of a water–water hydrogen bond. A second hydration shell
of open chain fructose� can form at n = 3. The binding sites on
fructose can act both as a donor and an acceptor in the hydrogen
bond interaction with water molecules.

Cyclic anions have much lower VDEs than those of open
chain ones. With increasing number of water molecules, the
VDEs increase from B0.40 eV in (fructose + H2O)� to B1.38 eV in
(fructose + (H2O)5)�. Water molecules associated with a pyranose
conformer bind preferentially with (1)OH, (2)OH, and (3)OH
groups, and bind to (3)OH, (4)OH, and (6)OH sites associated
with a furanose conformer. The interaction sites in pyranose are
both donors and acceptors, while the OH groups of furanose
conformations interact with water as donors. A second hydration
shell can be formed at n = 4 and n = 3 in pyranose and furanose
conformations, respectively.

In order to understand the observed (fructose + (H2O)n)�

(n = 1–5) behavior from the view point of electronic structure,
a Natural Bond Orbital (NBO) analysis is performed based on
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the B3LYP/6-311++G(d,p) or B3LYP/6-31++G(d) level of theory. The
molecular orbitals of the lowest energy open chain (A), pyranose,
and furanose structures of (fructose + (H2O)n)� (n = 0–5), generated
from an NBO analysis, are presented in Fig. 10.

The NBO/HSOMO (highest singly occupied molecular orbital)
of the most stable open chain (A) anion displays a valence bound
anion electronic distribution mainly located in a p orbital of (2)C
in both fructose� bare ions and (fructose + (H2O)n)� (n = 1–5)
anionic clusters. The NBO/HSOMOs of the most stable pyranose
and furanose anions show diffuse dipole-bound states in both a
fructose� bare ion and (fructose + (H2O)n)� (n = 1–5): the excess
electron eventually transfers from the dangling H of the OH
groups of the parent cyclic anions to the water molecules. The
excess electron wave function further illustrates that open

chain structures are more stable than cyclic structures for the
(fructose + (H2O)n)� (n = 1–5) anionic clusters. The water
molecules in the cyclic conformations stabilize the cyclic struc-
tures by increasing the excess electron binding ability via
increased dipole moment from an average of B4.4 D for the
bare ion to B7.3 D at n = 5.

Neutral (fructose + (H2O)n) (n = 1–5) clusters have pyranose
conformations as the global minimum structures rather than
open chain or furanose conformations. This is consistent with
solution phase results, for which b-fructopyranose is the major
tautomer. The water moieties constitute water–water hydrogen
bond networks, and bind to (1)OH, (2)OH, and (3)OH groups in
neutral pyranose conformations. For larger neutral furanose
structures (fructose + (H2O)n) (n = 3–5), the water molecules also
interact with (3)OH, (4)OH, and (6)OH sites, similar to those
found for the corresponding anions. In the neutral open chain
conformations, water molecules mostly interact with fewer OH
sites of fructose than do the corresponding anions. A second
hydration shell starts to form at n = 3, n = 5, and n = 4 for
neutral pyranose, furanose, and open chain conformations,
respectively. The interaction sites of the three kinds of neutral
conformations act as both donors and acceptors.

From our previous paper,37 fragmentation ions (fructose–X)�

(X = H, OH, H2O) can be observed and are accessed as the
characteristic fragmentation ions of the parent fructose species.
Recall that many isomers of the (fructose–H)� anion coexist in
the gas phase, including open chain and pyranose structures.
(Fructose–OH)� mainly coexist as open chain structures.
(Fructose–H2O)� is present in these samples as two kinds of
positional isomers, one from a furanose ring opening structure,
and the other from an open chain structure. In the present
study, (fructose + (H2O)n)� (n = 1–5) anions mainly exist as open
chain structures, while neutral (fructose + (H2O)n) (n = 1–5)
clusters have pyranose conformations as the global minimum
structures rather than open chain or furanose conformations.
Thus, the data strongly suggest that a total neutral and/or anion
cascade fragmentation to small, few atomic species does not
occur for fructose and its related isomers, with and without
solvation by water. Additionally, no such small molecule species
are readily observable in the TOFM spectra.

Monosaccharides are flexible polymorphic species, presenting
a collection of rich and complex constitutional, configura-
tional, and conformational isomers. When monosaccharides
are hydrated, even more isomeric forms can be expected to
appear. Since this is the first spectroscopic study (PES or other)
of any of these samples and species, the reported data are
unique, and in conjunction with the calculations, such isomeric
behavior is well documented and demonstrated. If the spectra
were sharp and well resolved, the species would have a single
lowest energy form that would be identified by its well resolved
VDE. Such big and flexible molecules usually have broad over-
lapping vibrational and rotational excitations, which also induce
broad features in vibrational spectra as found for most solvated
clusters even of rigid molecules. Our PES experiments coupled
with DFT calculations can provide a full landscape for structural
characterization of monosaccharide neutrals and anions, as well

Fig. 10 NBO/HOMOs (highest occupied molecular orbitals) of the lowest
energy open chain (A), pyranose, and furanose structures of (fructose +
(H2O)n)� (n = 0–2) anions from an NBO analysis based on B3LYP/
6-311++G(d,p) and (fructose + (H2O)n)� (n = 3–5) anions based on
B3LYP/6-31++G(d) calculations. Open chain structures of (fructose +
(H2O)n)� (n = 0–5) anions all show valence bound extra electron wave
functions mostly localized on (2)C p orbitals, while cyclic structures display
dipole bound character with the added electron transferring from parent
anion to water molecules with increased numbers of water molecules.
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as their microhydrated species. These findings can be prece-
dents for further structural characterization of specific isomers
using other spectroscopic techniques. Our study also provides
general conclusions concerning preferred interaction sites for
fructose pyranose, furanose, and open chain conformations with
water molecules. These data present the form of the potential
energy surfaces for both the isolated and solvated, neutral and
anionic species accessed. This information provides insight into
the elucidation of microhydrated fructose. For every specific
isomer, molecular dynamics simulations of the hydration process
can be performed that might reveal the structural dynamics of the
local minima these results have uncovered. Such dynamical
studies are beyond the scope of the present report because the
experimental results refer only to the potential minima we have
presented and not the full (barriers and transition states) along the
multifaceted reaction coordinates connecting these minima.

In order to draw comparisons between the behavior of
different monosaccharides with regard to cluster formation
with, and solvation by water, microscopic hydration studies of
ribose are currently underway in our laboratory employing the
same techniques reported herein. Ribose + H2O1,2. . .

� cluster
anions are, however, not observed in the TOFM spectrum.
Recall that the ribose parent anion is not observed in the
present experiments, but the fructose parent anion is, implying
that the ribose parent anion is not as stable a species as the
fructose parent anion. Thus, ribose + H2O1,2. . .

� clusters might
not be expected to exist in the present experiments, based on the
low concentration of its parent anion. Such absence can also
possibly be understood from the point of view of the solubility of
the different monosaccharides in water. Fructose (a ketohexose)
has a very high solubility in water (43� 103 g L�1@25 1C), while
the solubility of ribose (an aldopentose) in water is comparatively
relatively quite low (B100 g L�1@25 1C) for any monosaccharide.
The absence of ribose + H2O1,2. . .

� cluster anions, but the
presence of fructose + H2O1,2. . .

� cluster anions, implies a
stronger interaction between fructose and water than between
ribose and water. Such behavior is consistent with both the
presently reported cluster and solubility data.

More pentose (e.g., arabinose, ribulose. . .) and hexose (e.g.,
mannose, talose, tagatose. . .) aldo/keto-monosaccharides will
be explored both experimentally and theoretically to compare
comprehensively and systematically these uncovered behavioral
differences. The choices of different monosaccharides are dis-
cussed in detail in the ESI.†

VII. Conclusions

We execute anion photoelectron spectroscopic studies coupled
with density functional theory based calculations for (fructose +
(H2O)n)� (n = 1–5) clusters to reveal the microscopic hydration
processes for fructose in water, as well as the interaction
(binding) sites of fructose with other molecules. The vertical
detachment energies of anionic clusters are experimentally
determined and their anionic structures are assigned based on
good agreement between experimental and theoretical vertical

detachment energies. Both conformational and positional
isomers are considered and assigned. Conformational isomers
(open chain, furanose, pyranose,. . .) have different geometries,
but the same positions for added H2O moieties. Positional
isomers have different added H2O moiety positions, but similar
conformations. The corresponding neutral structures are also
calculated employing the experimentally validated calculation
algorithm.

Gas phase, isolated (fructose + (H2O)n)� (n = 1–5) clusters
mainly exist as open chain structures in the presented experi-
ments. Many conformational and positional isomers coexist
to contribute to the broad PES features of (fructose + (H2O)n)�

(n = 1–5). For small (fructose + (H2O)n)� (n = 1–2) clusters, water
molecules can interact with fructose� separately or bind to it
through water dimer clusters. With increasing numbers of bound
water molecules, water molecules form water–water hydrogen
bonds, as well as bind to fructose. Water molecules interact with
the (1)C side (including (1)OH, (2)O, and (3)OH) of fructose� and
finally form a quasi-cubic structure with OH groups and carbonyl
O in the most stable structures for (fructose + (H2O)4)� and
(fructose + (H2O)5)�.

Cyclic structures (pyranose and furanose) of (fructose +
(H2O)n)� (n = 1–5) anions have much higher energies than the
lowest energy open chain isomers, and smaller VDEs than those
for open chain structures. With increasing number of water
molecules, the VDEs of cyclic structures increase gradually from
B0.40 eV in (fructose + H2O)� to B1.38 eV in (fructose +
(H2O)5)�. Cyclic fructose� and cyclic (fructose + (H2O)n)�

(n = 1–5) have the added electron as dipole bound, whereas
the open chain structures (fructose + (H2O)n)� (n = 0–5) have the
added electron in a valence orbital. Water molecules stabilize
the cyclic anions. Cyclic structures of (fructose + (H2O)n)�

(n = 3, 4) are apparently present in the experiments and their
VDEs can contribute to the shoulders of PES features for
(fructose + (H2O)n)� (n = 3, 4). Water molecules solvating cyclic
anions form water–water hydrogen bond networks that interact
with OH groups of fructose�: OH groups at (1), (2), and
(3) positions of fructose pyranose anions, and (3), (4), and
(6) positions at fructose furanose anions are most active in this
solvation. A second hydration shell can form at n = 3 for open
chain anionic geometries, and at n = 4 and n = 3 for pyranose
and furanose anionic conformations, respectively.

Neutral structures of (fructose + (H2O)n) (n = 1–5) have
pyranose structures as the lower energy isomers rather than open
chain structures, consistent with the fructose solution tautomeric
equilibrium with the fructose pyranose species being the pre-
ponderant one. Similar to anionic structures, water molecules
tend to form water–water hydrogen bond networks and interact
with OH groups at (1), (2), and (3) positions for neutral pyranose
conformations. For larger furanose (fructose + (H2O)n) (n = 3–5)
clusters, water molecules bind to OH groups at (3), (4), and (6)
positions. Solvation of open chain neutral fructose occurs mostly
through water clusters, which interact with fewer OH sites of
fructose than do the corresponding anions. A second hydration
shell starts to form at n = 3, n = 5, and n = 4 for pyranose,
furanose, and open chain neutral conformations, respectively.
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The OH groups of fructose in pyranose and open chain
conformations interact with water as both donor and acceptor
sites in hydrogen bonding interactions for both anions and
neutrals. The OH groups of furanose conformations interact
with water as donors in anions, while in neutrals, they interact
as both donor and acceptor sites.

Structures of water–saccharide solvation at the atomistic level,
based on an NBO analysis, can enhance the understanding of
the functional behavior of fructose as it binds to receptors in
biological systems. For example, the degree of sweetness asso-
ciated with sugar–receptor interactions, and the relation between
the sugar structure, solvation, and sweetness are both specific
solvation site dependent and degree of solvation dependent.
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