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Abstract Density functional theory calculations on two
glycosides, namely, n-octyl-β-D-glucopyranoside (C8O-β-
Glc) and n-octyl-β-D-galactopyranoside (C8O-β-Gal) were
performed for geometry optimization at the B3LYP/6-31G
level. Both molecules are stereoisomers (epimers) differing
only in the orientation of the hydroxyl group at the C4
position. Thus it is interesting to investigate electronically
the effect of the direction (axial/equatorial) of the hydroxyl
group at the C4 position. The structure parameters of X-H∙∙∙Y
intramolecular hydrogen bonds were analyzed, while the na-
ture of these bonds and the intramolecular interactions were
considered using the atoms in molecules (AIM) approach.
Natural bond orbital analysis (NBO) was used to determine
bond orders, charge and lone pair electrons on each atom and
effective non-bonding interactions. We have also reported
electronic energy and dipole moment in gas and solution
phases. Further, the electronic properties such as the highest
occupied molecular orbital, lowest unoccupied molecular or-
bital, ionization energy, electron affinity, electronic chemical
potential, chemical hardness, softness and electrophilicity in-
dex, are also presented here for both C8O-β-Glc and C8O-β-
Gal. These results show that, while C8O-β-Glc possess– only
one hydrogen bond, C8O-β-Gal has two intramolecular hydro-
gen bonds, which further confirms the anomalous stability of
the latter in self-assembly phenomena.

Keywords Atoms in molecules theory . Density functional
theory . Glycolipids . Hydrogen bonding . Natural bond
orbital analysis

Introduction

Glycopyranoside is a family of non-ionic surfactants from
the more generic class of glycolipids found in nature, espe-
cially in biological membranes [1, 2]. These molecules have
an amphiphilic nature, comprising a sugar part which is
highly polar and hydrophilic, and a lipid moiety–usually
involving alkyl-chain, which is non-polar and hydrophobic.
The dichotomy of forces, in this case the hydrophilic and
hydrophobic (water hating/water liking), not only generates
polarity difference within the molecule, but also induces a
microphase separation between the two regions. Thus, these
molecules self-assemble into several possible mesophases,
depending on factors such as temperature and composition
[3, 4]. The self-assembling nature of these molecules is of
interest to many industries like food and pharmaceuticals,
[5] and they have been used widely as emulsifiers to stabi-
lize suspended food mixtures or as drug carriers with an
added advantage of their nontoxic and biodegradable nature
[6, 7].

One widely-studied sugar-based surfactant is n-octly-β-
D-gluctopyranoside (C8O-β-Glc) [8, 9]. It has been used for
a variety of applications, from being a stabilizer, reconstitut-
ing, purifying and crystallizing membrane proteins and
membrane-associated protein complexes without denatur-
ation [10, 11], to being used in molecular recognition and
cell signaling [12]. Therefore, understanding its interactions
among the constituent molecules is of special interest. In
principle, molecular interactions contribute much in deter-
mining the formation of mesophases. Most notably, the
hydrophobic region is mainly governed by the non-bonded
van derWaals force, whereaswithin the hydrophilic region, the
long range electrostatic interaction from the hydroxyl group
plays a vital role. Additionally, distance- and direction-
orientated hydrogen bonding interaction within the hydrophilic
domain determines the thermodynamic stability of the self-
assembly structure [13, 14].
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In principle, a hydrogen bond (HB) occurs in between a
proton donor (H) attached covalently to a highly electroneg-
ative atom, for example –OH group and a proton acceptor
(O), which has two lone pairs of electrons. It has been
categorized as a middle range interaction, which falls in
between the weak van der Waals interaction and the strong
covalent or ionic interactions. In general, this bond has an
energy value range from as low as 0.24–0.28 kcalmol−1 (for
weak hydrogen bond) and this value could reach up to a
maximum value of 38 kcalmol−1. On average most HB
ranges are between 1.2 and 7.2 kcalmol−1 [15–17]. This
wide range of energy value for hydrogen bond is highly
expected to allow for many diverse behaviors of bio-
molecules and play many dominant roles in chemical reac-
tions and self-assembly [18, 19]. In the context of the sugar
groups the water-carbohydrate bond energies are in the
range of approximately 3.34–6.45 kcalmol−1 and could
become as low as 1.2 kcalmol−1 if cooperative effect comes
into play [20]. For a system such as maltose with eight
hydroxyl groups (OHs), the intra and intermolecular hydro-
gen bonds between the sugar groups and the solvent play a
crucial role in determining the behavior of the conforma-
tions [19, 21, 22]. The strength of these hydrogen bonds
allows for strong resistance to thermal distortion of the
structure at room temperature, which is about a magnitude
higher than kT. Thus, the conformation of sugar and their
solvation properties is influenced by the presence of the HB
[21]. The physico-chemical properties of sugars such as
melting and clearing temperatures are primarily affected by
the directionally oriented hydrogen bonding. A similar behav-
ior is expected of the monosaccharide groups present within
glycolipids such as n-octyl-β-D-glucopyranoside (C8O-β-
Glc) and n-octyl-β-D-galactopyranoside (C8O-β-Gal). The
hydrophilic region contains four OHs, involved in inter- and
intramolecular hydrogen bonding. In the molecular dynamic
simulation study of these systems by Chong et al. [22], it was
found that the thermal stability of the self-assembly structure
was related to the intralayer instead of the interlayer hydrogen
bonds. These results were far from being conclusive and
a more detailed calculation is necessary to establish this
relationship.

There are many definitions for a hydrogen bond and these
have been reviewed recently [23]. Here, we use the definition
as suggested by Bader, since atom in molecule (AIM) theory
[24] was applied to understand in greater detail the nature of
HBs. Excellent reviews have been published [24–26] on the
applications of AIM for such calculations. Within AIM, the
analysis of the bond critical points (BCP) on the electronic
density distribution has proven useful in the study of different
chemical features such as the structure, nature and geometry
of hydrogen-bonded systems [27–29].

In general, for carbohydrate monomer, the ring puckering
and the multiple bonding sites for primary and secondary

hydroxyl groups contribute many conformational preference
observables, which in turn helps in stable structure pre-
diction [30]. To understand the complex conformational
spaces, a systematic study at the rotors, specifically at
glycosidic bonds between monomers and linkage at
hydroxymethyl groups provides meaningful expositions
for the flexibility shown by a monomer. The hydroxy-
methyl group (primary alcohol) has three staggered
rotamers about the O5-C5-C6-O6 dihedral angle namely,
gauche-gauche (gg), gauche-trans (gt) and trans-gauche
(tg) [31]. A recent computational study has shown that
gauche effect in sugar monomers determines the confor-
mation of gg, gt and tg population in both vacuum and
explicit water environments. In glucose moiety, gg con-
former is the most preferred in vacuum compared to gt
and tg conformers, but in the presence of water, the
preference changes in the order of gt > gg > tg. A
similar trend as that shown by the galactose is observed
where the ordering of hydroxymethyl population changes
from gt > gg > tg in vacuum to gt > tg > gg in water
environment. This can be explained by the existence of
intramolecular hydrogen bonding among the hydroxyl
groups and bridging hydrogen bonds with water mole-
cules due to the change in conformer populations [31].

Interestingly, an ab initio study by Grabowski [32] gives
an inverse proportional relationship between distance of
(OH ∙∙∙O) and (O-H) bond strength. When the HB is stronger,
the length of O-H bond becomes greater but the H∙∙∙O and
O∙∙∙O distances are shorter and these results do agree with
those from previous studies [33, 34].

The knowledge of the nature of hydrogen bond is
most important due to its crucial role in different bio-
logical processes. In membrane science, for example,
the subtle difference between glucolipid and its epimer
galactolipid have shown profound impact on the cell
functions. While galactolipids are pervasively found in
plant cells, its epimer glucolipids are usually found in
bacteria [35]. The formers are thought to be involved in
photosynthesis. This suggests a hydroxyl group with a
different orientation (equatorial/axial) on the sugar ring
gives different degree of hydrogen bonding interaction.
Thus, our interest in the present investigation reflects
this concern. The aim of the present study is to analyze
the intramolecular OH O hydrogen bonds for C8O-β-
Glc (Fig. 1a) and C8O-β-Gal (Fig. 1b), to get an insight
into their detailed bonding nature. To acheive this aim,
on density functional theory (DFT) was used to calcu-
late the equilibrated geometry of these structures and
AIM approach was used to characterize the nature of
the intramolecular hydrogen bonds. Useful parameters
such as electronic density ρ(r), at the bond critical point
and, its Laplacian ∇2 ρ(r), is used for estimating the
strength of the hydrogen bond [36]. The natural bond orbital
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(NBO) analyses [37, 38] of decomposition was applied to
analyze the charge transfer effect on the OH O interaction
of the calculated data.

Computational methods and details

Three methods were used for the investigation of intramo-
lecular hydrogen bonding interaction in C8O-β-Glc and
C8O-β-Gal namely; DFT, AIM theory and NBO analysis.
An efficient and widely used technique to study a molecular
structure, DFT, with B3LYP/6-31G level of calculation was
applied to optimize the molecules under investigation,
(C8O-β-Glc and C8O-β-Gal), both in gas and solution
phases. The B3LYP (Becke-Lee-Yang-Parr) version of
DFT is the combination of Becke’s three-parameter non-
local hybrid functional of exchange terms [39] with the
Lee, Yang and Parr correlation functional [40]. The basis
set 6–31 G contains a reasonable number of basis set func-
tions that are able to reproduce experimental data [41, 42].
The solution phase was studied by polarizable continuum
model (PCM) [43]. All calculations were performed using
Gaussian 09 software package [44]. Gauss View 5.0. [45]
was used to prepare the input file and to visualize the
optimized structures. Using the DFT method, the best min-
imum energy conformations were achieved by full geometry
optimization of each glycolipids. In order to prove that each
of them is located at a stable minimum point of the potential
energy surface, frequency calculations were carried out
based on these optimized structures and subsequently obtain
their vibration frequencies. Furthermore, using the results
obtained from the calculation, the structural and electronic
properties such as ionization potentials (I), HOMO energies
εHOMO, LUMO energies εLUMO, bond length, electron affinity

(A), chemical hardness (η), electronic chemical potential
(μ), electrophilicity index (ω), were investigated. The to-
pological parameters such as electron densities ρ(r), and
their Laplacians ∇2 ρ(r), at BCP were obtained from the
Bader theory [46, 47] by using AIM 2000 software [48].
The nature of intramolecular interactions of C8O-β-Glc
and C8O-β-Gal was investigated by using the NBO 3.1
package [49].

Results and discussion

Energies and geometries

Figure 2 defines the hydrogen bonding geometry based on
Jeffrey and Saenger [18], and other related properties to this
definition are presented in Table 1 [50, 51]. This table shows
general characteristics of strong, moderate and weak hydro-
gen bonds. Strong hydrogen bond interaction is partially
covalent; for a moderate one this involves mostly electro-
static, while a weak hydrogen bond involves electrostatic or
dispersed interaction. In addition, it should be noted that the
normal covalent bond length is about 0.96 Å, while that of
the intramolecular hydrogen bonding in the carbohydrate
moiety is in the range of 1.8−2.6 Å [18].

The optimized geometries of both pyranosides at the
B3LYP/6-31G level of theory are shown in Fig. 3. The bond
lengths and bond angles of C8O-β-Glc and C8O-β-Gal
values are given in Table 2. The four normal bond lengths
of hydroxyl groups (refer to Fig. 3 for atom lables) are O2-
HO2, O3-HO3, O4-HO4 and O6-HO6 have values of about
0.97±0.01 Å.

From AIM (see later discussion), an extra intramolecular
hydrogen bond of HO6∙∙∙O4 for C8O-β-Glc is observed. On
the other hand, for C8O-β-Gal two extra bonds are observed
corresponding to HO6∙∙∙O4 and HO6∙∙∙O4. These intramo-
lecular hydrogen bonds are expected to be weaker than the
normal covalent O-H. The optimized HO6∙∙∙O4 bond length
in C8O-β-Glc is about 2.11 Å. For C8O-β-Gal, the values of
the two optimized hydrogen bonds (HO6∙∙∙O4 and
HO6∙∙∙O3) are 1.85 Å and 2.09 Å, respectively. These

Fig. 1 Schematic drawings of molecular structures for (a) C8O-β-Glc
and (b) C8O-β-Gal

Fig. 2 Definition of HB geometry where the angle of hydrogen
bonding of X-H∙∙∙Y, θ , and hydrogen bond distance, d, [18]
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distances are similar to those found for other sugar intramo-
lecular hydrogen bonding. For example, the calculated val-
ues for pentahydrates of α- and β-D-glucopyranose [54], α-
and β -D-mannopyranose [55] , and α- and β -D-
galactopyranose [52] range from 2 to 3 Å. The O6-HO6-
O4 angle in both C8O-β-Glc and C8O-β-Gal are 127° and
140°, respectively. However, the O4-HO4-O3 angle in the
C8O-β-Gal is 114°. The results are in accord with the ex-
perimental data [18].

The calculated electronic energies of C8O-β-Glc and
C8O-β-Gal, both at the B3LYP/6-31G level of theory in
the gas and solution phases (water solvent), are summarized
in Table 3. The results show that C8O-β-Gal is more stable
than C8O-β-Glc in both gas and solution phases. The differ-
ences in electronic energies between C8O-β-Gal and C8O-

β-Glc in the gas and solution phases are -1.6 kcalmol−1 and
−3.0 kcalmol−1 respectively, indicating that both C8O-β-Gal
and C8O-β-Glc are more stable in the solution phase than in
the gas phase. Additionally, the electronic energy difference
for the C8O-β-Glc in PCM and gas phases and that of C8O-
β-Gal are −10.3 kcalmol−1 and −11.7 kcalmol−1 respective-
ly, implying that C8O-β-Gal is more stable than C8O-β-Glc.
The dipole moment analysis in the gas phase and PCM is
given in Table 3. Dipole moment in the C8O-β-Gal is more
than in C8O-β-Glc in both gas and PCM phases. Differences
in dipole moment between the two compounds in the gas
phase and PCM are 0.38 and 1.4 Debye respectively, and the
ratio for C8O-β-Gal is three times more than that for C8O-β-
Glc. This ratio value is in accordance with the calculated
results for water by Silvestrelli and Parrinello [56].

Table 1 General characteristic
of the three major types of hy-
drogen bonding and important
structural parameters)
[18, 50, 51]

Interaction type Strong Moderate Weak
Partially
covalent

Mostly
electrostatic

Electrostatic /
dispersed

Bond lengths (Å) H∙∙∙Y 1.2–1.5 1.5–2.2 2.2–3.3

Lengthening of X-H (Å) 0.08–0.25 0.02–0.08 <0.02

X-H vs H∙∙∙Y X-H ≈ H∙∙∙Y X-H < H∙∙∙Y X-H < < H∙∙∙Y

X∙∙∙Y(Å) 2.2–2.5 2.5–3.2 >3.2

Directionality strong moderate Weak

Bond angles(°) 170–180 >130 >90

Bond energy(kcalmol−1) > 8 4–8 <4

Fig. 3 The optimized structure
at the level of theory B3LYP/
6-31G for a C8O-β-Glc and b
C8O-β-Gal. The IUPAC
naming convention for
carbohydrate is used for
labeling the atoms [53]

592 J Mol Model (2013) 19:589–599



Table 4 lists the electronic properties of C8O-β-Gal and
C8O-β-Glc, including energy of the highest occupied mo-
lecular orbital (εHOMO), and energy of the lowest unoccu-
pied molecular orbital (εLUMO), ionization energy (I),
electron affinity (A), chemical hardness (η), electronic
chemical potential (μ), electrophilicity index (ω), and soft-
ness (S). Parr et al. [57] have defined electrophilicity index
(ω), as a new descriptor to quantify the global electrophilic
nature of a molecule within a relative scale. This index
measures the stabilization in energy when the system
acquires an additional electronic charge from the environ-
ment. The small value of electrophilicity index (ω), indicates
that the molecule is stable. Chemical potential (μ), chemical
hardness (η), and softness (S), are known as global reactivity
descriptors [58–60]. Global hardness and softness are of
interest, since resistance to change of the electron cloud of
the chemical system can be understood from the values of
hardness (η), and softness (S). The stability of chemical
species can be associated with its hardness. Hard molecules
have a large energy gap between (εLUMO) and (εHOMO) and
soft molecules have a small one [61, 62]. It can be readily
seen from Fig. 4, that the gap for C8O-β-Glc is 0.49659 eV,
which is higher than that for C8O-β-Gal 0.47510 eV,

indicates C8O-β-Glc is hard specie and C8O-β-Gal is soft
specie. A comparison of reactivity descriptors in Table 4
also indicates that C8O-β-Glc is harder than C8O-β-Gal.
Because of the inverse relationship between the hardness
and stability, C8O-β-Gal is reactive specie when compared
to C8O-β-Glc. As shown in Table 4, the electronphilicity
values for C8O-β-Glc and C8O-β-Gal are 0.00138 and
0.00089, respectively. The smaller value of electrophi-
licity for C8O-β-Gal indicates that C8O-β-Gal is more
stable than C8O-β-Glc. This further implies that C8O-β-
Glc is less likely to associate itself with electrons from
the surroundings compared to C8O-β-Gal. After all, the
latter has two intramolecular hydrogen bonds, as seen from
AIM analysis.

Atoms in molecules analysis

Bader’s theory of atoms in molecules [63] is widely used as
a theoretical tool to understand and analyze hydrogen
bonds. The formation of HB is associated with the appear-
ance of a BCP between the hydrogen atom of donor group
and acceptor. This theory is based on the critical points
(CPs) of the molecular electronic charge density ρ(r). At
these points, where the density gradient ∇ρ(r), vanishes are
characterized by the three eignvalues (1i,i01,2,3), of the Hes-
sian matrix. 11 and 12 correspond to the perpendicular
curvatures, while 13 provides a curvature along the internu-
clear axis. The CPs are labeled (r,s), according to their rank r
(number of non-zero eignvalues), and signatures s, (the
algebraic sum of the signs). Four types (r,s) of CPs are
of interest in molecules and these are (3,+3), (3,+1), (3,−3),
(3,−1). In our case a (3,−1) point or bond critical point is
generally found between two neighboring nuclei indicating
the existence of a bond between them.

Popelier and Bader [64] employed the AIM analysis to
address several important chemical issues [65] where he
proposed a set of criteria for the existence of hydrogen
bonding within the AIM formalism. Two of these criteria
are related to electron density ρ(r), and the Laplacian of the
electron density ∇2 ρ(r), evaluated at the bond critical point
(BCP) of two hydrogen bonded atoms. In general, if hydro-
gen bond exists, the range of ρ(r) and ∇2 ρ(r) are 0.002–
0.035 and 0.024–0.139 a.u., respectively [64]. We have
tabulated the topological parameters collected in Table 5.
It is evident from this table that the values of ρ(r) and ∇2 ρ(r)
in the C8O-β-Glc, in HO6IIIO4 interaction are 0.0209 and
0.0730 a.u, respectively. However, in the C8O-β-Gal,
HO6IIIO4 and HO4IIIO3 interaction are 0.0332, 0.0217 and
0.1217, 0.0839 a. u, respectively. These characteristic elec-
tron densities at BCP imply the presence of hydrogen bond-
ing interaction.

The Laplacian of charge density at the bond critical point,
∇2 ρ(r), is the sum of the curvatures in the charge density

Table 2 The geometrical parameters for C8O-β-Glc and C8O-β-Gal (the
bonds in Ǻ and the angles in degree), at the B3LYP/6-31G by DFT
method. For the atom labels we usedMamony et al. [52] and IUPAC [53]

C8O-β-Glc C8O-β-Gal

Covalent bond length (Ǻ)
O2-HO2 0.97 0.97

O3-HO3 0.97 0.97

O4-HO4 0.98 0.98

O6-HO6 0.98 0.98

Hydrogen bond length (Ǻ)
HO4∙∙∙O3 – 2.09

HO6∙∙∙O4 2.11 1.85

Hydrogen bond angle (°)

O4-HO4∙∙∙O3 – 114

O6-HO6∙∙∙O4 127 140

Table 3 Electronic energy, E (a.u.) and dipole moment, μ(D), of
studied compounds at B3LYP/6-31 G level of theory in the gas and
solution phases

E (a.u.)a μ (D)b

Gas phase PCM Gas phase PCM

C8O-β-Glc −1001.36598 −1001.38236 4.011 4.231

C8O-β-Gal −1001.36851 −1001.38709 4.390 5.609

a in atomic unit. 1 a.u. is equal to 627.5095 kcalmol−1

b in Debye
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along any orthogonal coordinate axes at the BCP. The sign
of ∇2 ρ(r) indicates whether the charge density is locally
depleted ∇2 ρ(r)>0, or locally concentrated ∇2 ρ(r)<0.
Thus, when the curvatures are negative, i.e., 11 and 12
dominate at the BCP, the electronic charge is locally con-
centrated within the region inter atoms leading to an inter-
action named as covalent or polarized bonds and being

characterized by large ρ(r), values, ∇2 ρ(r)<0, and l1j j
l3

> 1

. On the other hand, if the curvature is positive, i.e., 13 is
dominant, the electronic density is locally concentrated in
each of the atomic basins. The interaction is now referred
to as a closed-shell and it is characteristic of highly ionic
bonds, hydrogen bonds or van der Waals interactions. It
is characterized by relatively low ρ(r), values ∇2 ρ(r)>0,

and l1j j
l3

< 1 [46].

The molecular graphs (indicating critical points and bond
paths) for these two molecules are shown in Fig. 5. The
position of the bond critical point strongly depends on
electronegativity.

The values of the electron density ρ(r), its Laplacian ∇2

ρ(r), total energy density H(r), electronic kinetic energy
density G(r) and electronic potential energy density V(r),
at BCP, are given in Table 5. For C8O-β-Glc, the molecular
graph represents one intramolecular hydrogen bond, while
for C8O-β-Gal, the molecular graph represents two intramo-
lecular hydrogen bonds. The signs of ∇2 ρ(r) and H(r) in the
C8O-β-Glc are positive and negative, respectively. There-
fore, this bond is classified as partially covalent–partially
electrostatic (Pc-Pe) [66]. In addition, the values of ∇2 ρ(r)
and H(r), in C8O-β-Gal for the HO6IIIO4 interaction are
positive and negative, respectively, but in the HO4IIIO3
interaction, they are positive. Therefore HO6IIIO4 interac-
tion is partially covalent-partially electrostatic, while the
HO4IIIO3 interaction is van der Waals. By comparing the
values of ∇2 ρ(r), and H(r), it can be concluded that the
partially covalent–partially electrostatic of HO6IIIO4 in
C8O-β-Gal is greater than in C8O-β-Glc, in good agreement
with the smaller HO6IIIO4 distance calculated in the C8O-β-
Gal. The density change is due to the charge transfer from
the proton acceptor to the proton donor (X-H) bond. The

process increases the O-H bond length, and decreases the
charge density in both C8O-β-Glc and C8O-β-Gal, causing
the bond to be weaker. Consequently, the electrons are
delocalized in the bond.

The total electron energy density H(r), and the Laplacian
∇2 ρ(r), at BCP are two topological parameters often applied
to classify and characterize hydrogen bonds. It should be
mentioned that hydrogen bond is characterized by H(r)<0
and ∇2 ρ(r)<0 for strong hydrogen bonds, while medium
hydrogen bonds with H(r)<0 and ∇2 ρ(r)>0, and H(r)>0,
and ∇2 ρ(r)>0 are established for weak ones [46]. From the
current work, the HO-6 O-4 interaction in the C8O-β-Glc
(ρ(r)00.0209, ∇2 ρ(r)00.0730, H(r)0−0.0003) and those of
the C8O-β-Gal (ρ(r)00.0332, ∇2 ρ(r)00.1217, H(r)0
−0.0005) are classified as medium hydrogen bonds. In ad-
dition, the HO4IIIO3 hydrogen bonds in the C8O-β-Gal
(ρ(r)00.0217,∇2 ρ(r)00.0839, H(r)0+0.00040) is placed
in the weak hydrogen bonds category. The values of ρ(r)
and ∇2 ρ(r) at HO6IIIO4 bond critical points in the C8O-β-
Gal are greater than the corresponding values in the C8O-β-
Glc. On the other hand, for the HO6IIIO4 in the C8O-β-Gal,
the bond length is shorter than the corresponding value in
the C8O-β-Glc (see Table 2). Thus, the HO6IIIO4 hydrogen
bond in the C8O-β-Gal is stronger than that in C8O-β-Glc.
Furthermore, comparing two hydrogen bonds in C8O-β-
Gal, we can say that the HO6IIIO4 hydrogen bond is stronger
than HO4IIIO3.

Another interesting parameter is ellipticity (ε), defined as
follows:

" ¼ l1
l2

� �
� 1

� �
; ð1Þ

in which 11 and 12 are the curvatures of the density with
respect to the two principal axes X’ and Y’. It is indicative
of the similarity between the perpendicular curvatures (11
and 12)at the BCP. In terms of the orbital model of electronic
structure, ellipticity provides a quantitative measure of the
π-bond character and delocalization of the electronic charge.
Also, ellipticity is a measure of bond stability, i.e., high
ellipticity values indicate instability of the bond [24, 47].

Table 4 Calculated highest oc-
cupied molecular orbital εHOMO

and lowest unoccupied molecular
orbital εLUMO, energies, ioniza-
tion energy (I), electron affinity
(A), chemical hardness (η), elec-
tronic chemical potential (μ),
electrophilicity index (ω), and
softness (S) of C8O-β-Glc and
C8O-β-Gal at the B3LYP/6-31G
level

Electronic properties Formula C8O-β-Glc C8O-β-Gal

Energy of LUMO (eV) "LUMOð Þ 0.22210 0.21689

Energy of HOMO (eV) "HOMOð Þ −0.27449 −0.25821

Ionization energy (eV) I ¼ � "HOMOð Þ 0.27449 0.25821

Electron affinity (eV) A ¼ � "LUMOð Þ −0.22210 −0.21689

Chemical hardness (eV) η ¼ I�Að Þ
2 0.24829 0.23755

Electronic chemical potential (eV) μ ¼ � IþAð Þ
2 −0.02619 −0.02066

Electrophilicity index (eV) w ¼ μ2

η 0.00138 0.00089

Softness (1/eV) S ¼ 1
η 4.27467 4.20964
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Fig. 4 The atomic orbital composition of the frontier molecular orbital for a C8O-β-Glc and b C8O-β-Gal
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As Table 5 shows, ellipticity (ε) in the C8O-β-Glc is 0.1538
a.u for the HO6IIIO4, while in the C8O-β-Gal, it is
0.0338 a.u. This means hydrogen bonding in the C8O-β-
Glc is more unstable than in the C8O-β-Gal. Ellipticity of
two positions (HO6IIIO4, HO4IIIO3) in the C8O-β-Gal is
0.0338 and 0.3886, respectively. These values show that
hydrogen bonding in the HO6IIIO4 interaction is more stable
than the bond in HO4IIIO3

Natural bond orbital analysis

In the NBO analysis [38], electronic wave functions are
interpreted in terms of a set of occupied Lewis and a set of
unoccupied non-Lewis localized orbitals. Delocalization
effects can be identified from the presence of off-diagonal

elements of the Fock matrix in the NBO basis. The strengths
of these delocalization interactions E(2) are estimated by
second order perturbation theory. In addition, the stabiliza-
tion energy E(2) associated with i → j delocalization is
explicitly estimated by the following equation:

E 2ð Þ ¼ ΔEij ¼ qi
F i; jð Þ2
sj � si

; ð2Þ

where qi is the ith donor orbital occupancy εj, εi is
diagonal elements (orbital energies) and F (i, j) is the off-
diagonal element, respectively, associated with the NBO
Fock matrix. Therefore, there is a direct relationship be-
tween F (i, j) off-diagonal elements and the orbital overlap.
NBO analysis is a sufficient approach to investigate the
effect of the stereoelctronic interactions on the reactivity

Table 5 Topological parameters (in a.u.), the electron densities ρ(r), at OIIIHBCPs, their Laplacians∇2 ρ(r) and energetic parameters V(r),G(r) andH(r)
(in kcalmol−1) in the C8O-β-Glc and C8O-β-Gal at the B3LYP/6-31G

Glycolipid HB-length (Å) ρ(r) ∇2 ρ(r) V(r) G(r) H(r) Ellipticity(ε)

C8O-β-Glc HO6∙∙∙O402.11 0.0209 0.0730 −0.0189 0.0186 −0.0003 0.1538

C8O-β-Gal HO6∙∙∙O401.85 0.0332 0.1217 −0.0315 0.0309 −0.0005 0.0338

HO4∙∙∙O302.09 0.0217 0.0839 −0.0202 0.0206 +0.0004 0.3886

Fig. 5 Molecular graph in the a
C8O-β-Glc and b C8O-β-Gal.
Small red spheres and lines
correspond to the bond critical
points (BCP) and the bond
paths, respectively
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and dynamic behaviors of chemical compounds. The larger
the E(2) value, the more [38] intensive is the interaction
between electron donors and electron acceptors [67].

The formation of hydrogen bonds in the C8O-β-Glc and
C8O-β-Gal implies that certain amounts of electronic charge
are transferred from the lone pair to the anti–bonding orbital.
Furthermore, some of the significant donor-acceptor inter-
actions and their second order perturbation stabilization
energies E(2), which are calculated at the B3LYP/6-31G
level of theory for studied compounds, are given in Table 6.
The orbital energies (ε), are reported in a.u., while the
second order perturbation energies E(2), are reported in
kcalmol−1. As can be seen from Table 6, electronic charge
is transferred from a lone pair orbital n(O) atom in donor
fragment to σ*(O-H) anti-bonding orbital of the acceptor
fragment. The lengthening of the O-H bond is a result of
such σ*(O-H) character (HO6IIIO402.11 for C8O-β-Glc and
HO6IIIO401.85, HO3IIIO3 02.09 for C8O-β-Gal).

The stabilization energies of E(2) n(O) → σ*(O-H), are
4.85, 0.73 and 11.55, 3.49 (kcalmol−1) in the C8O-β-Glc
and in the C8O-β-Gal, respectively. In the C8O-β-Glc, the
charge transfer energy is smaller than that in the C8O-β-Gal.
These E(2) must be higher than the mentioned threshold limit
for the other positions. A comparison between the NBO
analysis of C8O-β-Glc and C8O-β-Gal shows that the value
of second-order perturbation energy E(2) for (n2O4 →
σ*O6-HO6) is higher than the value of (n2O3 → σ*O4-
HO4). Hence, the strength of hydrogen bond in the C8O-β-
Gal is greater than that in the C8O-β-Glc. On the other hand,
we can see (Table 6) that the lowest E(2) value (0.73 kcal
mol-1) is observed for C8O-β-Glc in (n2O3 → σ*O4-HO4).
This means that the hydrogen bond in (n2O3→ σ*O4-HO4)
is weaker than that of (n2O4 → σ*O6-HO6). The data
clearly indicates that the bonds (HO6IIIO4) and (HO4IIIO3)
are favorably constructed in the C8O-β-Gal but are almost
impossible to be built in HO4IIIO3 in the C8O-β-Glc. Our
calculation shows that the energy gaps between HOMO and
LUMO in the C8O-β-Glc and C8O-β-Gal are 0.49659 and
0.47510 (a.u), respectively. The calculated data are shown in
Fig. 4.

In addition, the calculated wavelengths for the under-
studied compounds are 2497 and 2610 nm, respectively, thus
falling into the short–wavelength infrared region (1400–3000)

[68]. Therefore, as the results show, these materials absorb
infrared frequency, which may be exploited as an infrared
sensor material similar to that suggested previously for
carbohydrate [69].

Conclusions

A useful tool to characterize chemical bonds is the quantum
theory of atoms in molecules (QTAIM). The effects of
epimerization at the C4 position of C8O-β-Glc and C8O-
β-Gal were investigated using density functional theory. In
C8O-β-Glc, all the peripheral OH groups are equatorial,
while in C8O-β-Gal, OH4 is axial. In this current investiga-
tion, O-H distances, bond lengths, and the electronic densi-
ties at the bond critical points (BCP) were used to compare
the hydrogen bond strength in C8O-β-Glc and C8O-β-Gal.

The results of a detailed population analysis of C8O-β-
Glc and C8O-β-Gal by natural bond orbitals and the atoms
in molecules methods can conclude as follows: the higher
energy in C8O-β-Gal compared to C8O-β-Glc indicates that
C8O-β-Gal is more stable in forming one extra five-
membered ring. The BCP calculation shows the presence
of HB interaction while a further molecular graph represen-
tation shows that C8O-β-Gal has two hydrogen bonds, and
only one in C8O-β-Glc. Hydrogen bonding of type
HO6IIIO4 in C8O-β-Glc and C8O-β-Gal shows partially
covalent–partially electrostatic (Pc-Pe) in nature but hydro-
gen bond of type HO4IIIO3 shows van der Waals in nature in
C8O-β-Gal. Hydrogen bonding of type HO6IIIO4 in both
C8O-β-Glc and C8O-β-Gal is classified as medium and
hydrogen bond type HO4IIIO3 in C8O-β-Gal is classified
as weak. By comparison it is apparent that hydrogen bond
type HO6IIIO4 is much stronger than HO6IIIO4 in C8O-
β-Gal. IR frequencies of studied compounds fall into
the short-wavelength-infrared region (1400–3000 nm).
The interactions (n2O3 → σ*HO4-O4) and (n2O4 →
σ*HO6-O6) are the most important for intramolecular
interactions that play a key role in the stability of
studied compounds in this work. The lowest value
(0.73 kcalmol−1) for C8O-β-Glc in (n2O3 → σ*HO4-
O4), and highest value (11.55 kcalmol−1) for C8O-β-Gal
in (n2O4 → σ*HO6-O6) are observed.

Table 6 The second-order perturbation energies E(2), (kcalmol−1), corresponding to the most important charge transfer interaction (donor →
acceptor) in the C8O-β-Glc and C8O-β-Gal by using B3LYP/6-31G level

Donor NBO(i) n(O) Acceptor NBO(j) σ*(O-H) E(2) (kcalmol−1) (O)→σ*(O-H) εj-εi (a.u) F(i, j) (a.u)

C8O-β-Glc LP(2)O4 BD*(1)HO6-O6 4.85 0.79 0.055

LP(2)O3 BD*(1)HO4-O4 0.73 0.74 0.021

C8O-β-Gal LP(2)O4 BD*(1)HO6-O6 11.55 1.04 0.098

LP(2)O3 BD*(1)HO4-O4 3.49 0.78 0.047
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