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Abstract B3LYP/6–311++G** with dispersion correction
(DFT-D) was used to study local and global minimum energy
structures of water (H2O) or carbon dioxide (CO2) bonding
with a pair of cellobiose molecules. The calculations showed
that neither the H2O nor the CO2 prefer to be between the
cellobiose molecules, and that the minimum energy structures
occur when these molecules bond to the outer surface of the
cellobiose pair. The calculations also showed that the low
energy structures have a larger number of inter-cellobiose
hydrogen bonds than the high energy structures. These results
indicate that penetration of H2O or CO2 between adjacent
cellobiose pairs, which would assist steam or supercritical
CO2 (SC-CO2) explosion of cellulose, is not energetically
favored. Comparison of the energies obtained with DFT-D
and DFT (the same method but without dispersion correction)
show that both hydrogen bonds and van derWaals interactions
play an important role in cellobiose-cellobiose interactions.
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Introduction

Fossil fuel and natural gas reserves are limited and the use of
these energy sources has a large environmental impact. Hence,
alternative and preferably renewable sources need to be iden-
tified to support social and technological development. One

such source is lignocellulosic biomass which can, for exam-
ple, be converted to biofuel.

Lignocellulosic biomass, which stemsmainly from forestry
waste, agricultural residue, and some municipal waste, is
currently the largest source of biofuel [1, 2]. Due to this, there
has been increasing focus on the conversion of this biomass to
fuel, including improving the conversion efficiency. Different
methods and materials have been used to break down the
lignocellulosic structure, which is required for its conversion
into the smaller biofuel molecules (such as ethanol and meth-
ane) [3]. Although the presence of lignin and hemicelluloses
increases the recalcitrance of lignocellulosic material to hy-
drolysis, it is believed that it is the intermolecular bonding
between cellulose chains as well as its crystalline structure that
is the bottleneck for efficient conversion into biofuel [4, 5].

In order to improve the conversion efficiency of the cellu-
losic material into biofuels, a pretreatment step is usually
included in the production [3]. The aim of this step is to
remove lignin and hemicellulose, dissolve cellulose microfi-
brils and disrupt their crystallinity so that they are more
susceptible to, for example, biological attack. Numerous sol-
vents have been examined for the pretreatment, and several
physical, chemical, and physico-chemical methods have been
studied [3]. Steam explosion and supercritical CO2 (SC-CO2)
explosion are two physico-chemical methods that are com-
monly used. In these pretreatment processes the biomass is
exposed to H2O or CO2 at high temperatures and pressures,
before there is a sudden drop in pressure [6–19].

Computational studies complement experimental research
by offering easy control, manipulation and analysis at the
molecular level. It is expected that insights obtained at this
level can assist in understanding experimental results and
identifying improved or new experimental methods.
Molecular-level studies can be performed using accurate first
principles techniques or methods based on analytic force
fields. Although first principles techniques may yield reliable

F. Bazooyar (*) :M. Bohlén :K. Bolton
School of Engineering, University of Borås, 501 90 Borås, Sweden
e-mail: faranak.bazooyar@hb.se

F. Bazooyar
Department of Chemical Engineering, Chalmers University of
Technology, Gothenburg 412 96, Sweden

J Mol Model (2015) 21: 16
DOI 10.1007/s00894-014-2553-5

5



results, their computational expense limits them to studies of
small model systems. The methods based on force fields can
be used to study larger systems for longer times, but the
chemical relevance of the results depends, among other things,
on the validity of the force field [20, 21].

First principles studies of cellulose often use cellobiose as
the model system since it is the smallest repeat unit of cellu-
lose [22–32]. For example, Stortz et al. have shown that the
B3LYP functional with a basis set that includes diffuse terms
yields accurate structures and relative energies for cellobiose
[20]. Calculations performed with B3LYP/6–311++G**
yielded the correct anti conformer as the lowest energy struc-
ture for cellobiose in vacuum, and showed that the addition of
at least two H2O molecules that surround the conformer
change this lowest energy structure to the syn conformer.
Similar studies showed that the COMPASS force field capture
these properties, although the syn conformer is only obtained
in bulk water at temperatures above 298 K (when the pressure
is 1 bar). Since the COMPASS force field also predicts the
correct crystalline geometry [33], it was suggested that this
force field may be used in simulations of larger models of
steam explosion [34].

In a previous study [26] we used DFT with the B3LYP/6-
311G basis set to study the interaction of glucose and cellobi-
ose pairs with one water molecule. This method has the
limitation that mainly van der Waals interactions are not
included. Since intermolecular interactions such as hydrogen
bonds and van der Waals interactions are expected to hinder
dissolution of the cellulose crystal, the present contribution
extends this work by using the B3LYP/6–311++G** basis set
with Grimme’s dispersion correction (DFT-D) [35–37].

The present study, which yields information on cellobiose-
cellobiose bonding mechanisms and interactions between an
H2O or CO2 with the cellobiose pair, is a first step toward
using computational methods to gain a deeper understanding
of the far more complex steam and SC-CO2 explosion mech-
anisms. A more complete investigation of explosion may well
require molecular dynamics or Monte Carlo simulations at
high pressures and temperatures. To perform these calcula-
tions in a tractable computational time one needs a valid force
field. This is beyond the scope of the present contribution. The
first goal of this study is therefore to determine if the CO2

molecule yields significantly different low energy structures
compared to when the H2O interacts with the cellobiose pair.
If this is the case then different mechanisms may be expected
for steam and SC-CO2 explosion. Although the crystalline
structure present in the steam and SC-CO2 explosion is very
different from the cellobiose studied here, the types of inter-
molecular interactions — hydrogen and van der Waals bond-
ing — will be qualitatively the same. The second goal there-
fore is to investigate the relative importance of the inter-
cellobiose hydrogen and van der Waals bonding and how this
may differ between the H2O and CO2 complexes. This is

achieved by comparing the B3LYP/6–311++G** with disper-
sion correction and B3LYP/6–311++G** results.

Computational methods

First principles methods

First principles methods are expected to give reasonably ac-
curate data for disaccharides, including the glycosidic bond
strength, which may be affected by the electron pairs on the
oxygen atom that is involved in the bond as well as those of
nearby oxygen atoms [32]. Previous studies have shown that,
among different density functional theory (DFT) methods, the
B3LYP [38–42] functional combined with a basis set that
includes diffuse and polarization terms yields accurate relative
energies and structures of hydroxyl-containing compounds
like cellobiose [20, 31]. In addition, results that are obtained
from these large basis sets do not need to be corrected for basis
set superposition (BSSE) errors for the systems studied here
[43]. Hence, similar to those studies, the B3LYP/6–311++G**
method is used here.

Since DFT methods underestimate van der Waals energies,
which may be important between the cellobiose molecules
and between the H2O or CO2 and the cellobiose pair, we
consider the effect of including dispersion corrections to the
B3LYP/6–311++G** results. This was done by including
Grimme’s dispersion corrections to the B3LYP/6–311++G**
results. For the sake of brevity this method is called DFT-D
(DFT with dispersion corrections). To quantify the contribu-
tion of the dispersion to the total intermolecular energy we
also calculate the DFT energy (without dispersion) for the
DFT-D optimized geometries, i.e., we calculate the DFT//
DFT-D energies. The difference between the DFT-D and
DFT//DFT-D energies is the contribution from the dispersion,
which is a measure of the van der Waals interactions. These
can be compared to the non-dispersion contribution (mainly
hydrogen bonds) obtained by subtracting the dispersion con-
tribution from the total (DFT-D) interaction energy.

The first principles calculations, which are described be-
low, were done using the general atomic and molecular elec-
tronic structure system (GAMESS) program [44].

Molecular mechanics force field

The condensed-phase optimized molecular potentials for at-
omistic simulation studies (COMPASS) force field has been
discussed in detail by Sun [45] and is only briefly described
here for the sake of completeness. The intramolecular terms
are bond stretching, angle bending, cross-terms, and out-of-
plane torsions and wags, while intermolecular interactions
include electrostatic and van der Waals terms. The parameters
for the intramolecular terms as well as the atomic charges have
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been fit to ab initio data and those for the intermolecular terms
are fit to experimental data. The fitting was done for a variety
of materials including metals, metal oxides, some metal ions,
inorganic small molecules, most common organics, and poly-
mers [46]. This force field is also suitable for studies of
cellulose and cellobiose [26, 27, 47–52]. Calculations done
with this force field were performed using the Materials
Studio Software (Accelrys Software Inc.).

Simulation methods

As described below, the initial structures for most of the DFT-
D geometry optimizations were obtained from annealing sim-
ulations using the COMPASS force field. Since none of the
structures had the H2O or CO2 molecule between the cellobi-
ose molecules (since this was not a preferred structure accord-
ing to the COMPASS force field), six DFT-D geometry opti-
mizations were initialized with the H2O or CO2 between the
cellobiose molecules. These geometries were therefore con-
structed by hand. The cellobiose molecules, as well as the
H2O or CO2, were initially in their minimum energy structures
and the cellobiose molecules were parallel to each other. The
H2O or CO2 was placed between the center of masses of the
cellobiose molecules or between neighboring glucose units,
with the separation between the nearest atoms on the H2O/
CO2 and the nearest atom on cellobiose molecules ranging
from 1.6 to 4.7 Å (to avoid starting with a structure that was
too high in energy). All of these geometry optimizations
resulted in the H2O or CO2 moving from being between the
molecules to the outside of the cellobiose pair. That is, in the
geometry optimized structures the H2O or CO2 bonded to the
outer surface of the cellobiose pair (similar structures are
discussed below with reference to Figs. 3 and 5). The same
trends were observed when using the COMPASS force field.
Hence, the DFT-D and COMPASS methods predict that the
H2O or CO2 prefers to bond to the outer surface of the
cellobiose pair, and the COMPASS force field was used to
identify many H2O-cellobiose pair and CO2-cellobiose pair
local minimum energy structures, which were used as input
for the DFT-D geometry optimizations.

These structures were obtained using simulated annealing.
Since the goal was to obtain different high and low energy
local minimum energy structures, 50–100 cycles with 4–8mil-
lion simulation steps per cycle were simulated. The Verlet
integration algorithm, which has the advantage of being for-
mally time-reversible [53], was used with a step size of 1 fs.
The mid-cycle temperature for the H2O systems was between
300 and 340 K, and for the CO2 systems it was between 170
and 275 K. These temperatures were sufficiently high to allow
for sampling of large regions of configuration space while still
preventing excessive evaporation of the H2O or CO2molecule
from the cellobiose pair.

Ten geometries were used as input for the annealing to
further increase the configuration space that was sampled.
These geometries had different orientations of the cellobiose
molecules relative to each other (parallel, anti-parallel, per-
pendicular, and when one of the cellobiose was rotated so that
there was a 90° angle between the molecular planes of the
cellobiose molecules) and where the H2O or CO2 molecule
was placed between the cellobiose molecules or at different
sites on the surface of the cellobiose pair. These structures
were geometry optimized before being used as input for the
annealing simulations. The choice of the annealing parameters
enabled identification of local minimum energy structures
from all of these regions of configuration space, and many
of the annealed structures obtained from the different initial
structures were very similar (i.e., the annealing linked the
regions of configuration space spanned by the initial
structures).

Ten geometries were typically chosen from each of the ten
annealing simulations for further analysis. The selection was
done so that both high and low energy (including the lowest
energy) structures were included. These structures were ge-
ometry optimized with the COMPASS force field using a
combination of conjugate gradient [54], Newton [55], and
steepest descent [56] methods. The structures were considered
to be minimized once the change in energy between subse-
quent steps was less than 2.0×10−5 kcal mol−1. Since some of
these structures were the same, this procedure resulted in 90
unique structures for the H2O-cellobiose pair and 80 unique
structures for the CO2-cellobiose pair. These structures were
used as input for the DFT-D geometry optimizations. These
geometry optimizations were performed using a gradient con-
vergence tolerance of 6.28×10−3 kcal (mol×bohr)−1 and a
RMS gradient tolerance of 2.09×10−3 kcal (mol×bohr)−1.

Analysis

Several parameters were analyzed to ascertain whether H2O
and CO2 induced significantly different local minimum ener-
gy structures. These included the relative energies of the
cellobiose pair and the size of the dispersion correction for
the different structures. Several geometrical parameters were
analyzed (e.g., the relative orientation of the cellobiose mole-
cules, the relative positioning of the reducing and non-
reducing ends, the orientation of the carbonyl groups, the
positions of the H2O and CO2 molecules), but the clearest
difference between the high and low energy geometries was
the number of hydrogen-bonds (H-bonds) that linked the two
cellobiose molecules. Hence, this is discussed in detail below,
where the H-bond is defined by a maximum separation of
2.5 Å between the H and O atoms on the different molecules
and a minimum angle of 90° formed by the H–O bond on one
molecule and the H atom on the second molecule. The trends
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discussed below are not expected to be sensitive to this
definition.

The strength of the H2O/CO2–cellobiose pair interaction is:

E X−pairð Þ ¼ E Xþpairð Þ− Epair− EX; ð1Þ

where E(X+pair) is the energy of the geometry optimized
structure, Epair is the energy of the cellobiose pair and EX is the
energy of the H2O or CO2. The cellobiose pair structure (used
to obtain Epair) was subsequently used to obtain the intermo-
lecular energy between the cellobiose molecules, which is:

E inter−cellobð Þ ¼ Epair− ECellob:1− ECellob:2; ð2Þ

where ECellob.1 and ECellob.2 are the energies of the separat-
ed cellobiose molecules. Note that the structures used to
obtain Epair, ECellob.1, and ECellob.2 were the same as those
obtained from geometry optimization of H2O/CO2–cellobiose
pair system (i.e., there was no further optimization of the
individual cellobiose molecules or the cellobiose pair). This
was done since the aim was to analyze the strength of the
intermolecular interactions in the H2O/CO2–cellobiose pair
complex, and further geometry optimization would also have
included the contribution of the intramolecular energies. As
discussed below, comparison between the DFT-D and DFT//
DFT-D results reveals the relative importance of the non-
dispersion and dispersion interactions.

The conformation (anti or syn) of the cellobiose was also
analyzed since it is known that it is syn in the cellulose crystal
structure and anti in the cellobiose structure in vacuum. Pos-
sible changes from syn to anti will be important during steam
or SC-CO2 explosion since this would distort the crystal
structure and make the crystal more susceptible to biological
attack. The conformation is given byφH, which is the dihedral
angle defined by H1–C1–O1–C4′ as shown in Fig. 1. A φH

near 180° (or −180°) reveals the anti (flipped) conformer and

a φH near 60° (or −60°) reveals the syn (normal) conformer
[27, 40].

Results and discussion

H2O-cellobiose pair

Figure 2 shows the relative energies, ΔE, of the 90 unique
H2O-cellobiose pair local minimum energy structures, ordered
according to energies obtained from the DFT-D calculations.
The energies are relative to the DFT-D energy of the lowest
energy structure. Several aspects are revealed from the figure.
First the lowest energy structure obtained from DFT-D also
has the lowest DFT//DFT-D energy. This lowest energy struc-
ture is discussed in more detail below. Second, the energy
difference between the high and low energy structures is
∼25 kcal mol−1 within the DFT-D series and ∼15 kcal mol−1

within the DFT//DFT-D series. As discussed below, the dif-
ference between the change in DFT-D and DFT//DFT-D en-
ergies is due to the extra stability that the dispersion contrib-
utes to the low energy structure. Third, the dispersion correc-
tion yields DFT-D energies that are ∼50 kcal mol−1 lower in
energy than the DFT//DFT-D results.

The local minimum structures were analyzed to ascertain if
there are any general differences and similarities between the
high and low energy structures. There are no significant trends
regarding differences in the binding position of the H2O
molecule on the surface of the cellobiose pair, the relative
positions of the reducing and non-reducing ends of the cello-
biose molecules, the conformations of the cellobiose mole-
cules (which are typically anti) or the relative orientations of
the carbonyl groups on the cellobiose molecules. However, as
exemplified in Fig. 3, the low energy structures consist of
cellobiose molecules that are parallel to each other and where
the glucose units on one of the molecules lie directly above the
glucose units on the second molecule. This maximizes the

Fig. 1 Structure of the anti (flipped) conformer of β-cellobiose. The
atom numbering is used in the discussion of the H-bonding below, and the
dihedral angle φH is defined by H1–C1–O1–C4′. The non-reducing and
reducing ends are also shown

Fig. 2 Relative energies (in kcal mol−1) of local minimum H2O-
cellobiose pair structures obtained from DFT-D and DFT//DFT-D (i.e.,
DFT energies of the DFT-D optimized structures)
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number of hydrogen bonds (which is between 5 and 7 in the
low energy structures) and the van der Waals energy.

The structures with intermediate energies (∼structures 40–
85 in Fig. 2) also consist of cellobiose molecules that lie
parallel to each other, but the cellobiose molecules are shifted
relative to each other such that the two glucose units of the
first molecule are not directly above those on the second
molecule. This results in fewer hydrogen bonds (3–5) and
reduced van der Waals attraction. The cellobiose molecules
in the structures with the highest energies have almost no
overlap of the glucose units. There are only one or two
hydrogen bonds and the van der Waals interactions are far
weaker (as quantified below).

Table 1 lists bond lengths, angles and torsions of the two
cellobiose molecules in the minimum energy structure shown
in Fig. 3. The data in the table were chosen since they
represent different types of bonds, angles and torsions. It is
evident that the bond lengths and angles are similar for the two
cellobiose molecules. The torsion angles that are formed by
carbon and oxygen atoms are also similar, whereas torsion
angles that end with a hydrogen atom can show a significant
difference between the two molecules (e.g., C5′-C6′-O6′-H).
This is expected since the hydrogen atoms readily rotate
between local minimum structures that have similar energies
so that the intermolecular interactions— including H-bonding
— are strengthened. The separation between the cellobiose
centers of mass is 4.59 Å. Both cellobiose molecules have the
anti conformation, with φH=−173.7 and 179.2° for Cellob.1
and Cellob.2, respectively.

There are six hydrogen bonds in the lowest energy structure
(shown in Fig. 3) and these are between O3–H-O2′, O6–H-
O6′, H-O4–O1′, O4–H-O1′, O1′-H–O3, and O6′-H–O6,
where the first number in each bond is for Cellob.1 and the
second for Cellob.2. The atom numbers are given in Fig. 1.
The second column in Table 2 shows the DFT-D intermolec-
ular energy between the cellobiose molecules for this structure
and 11 other local minimum energy structures. The structures
were chosen to represent low, intermediate, and high energy

structures (the numbers in the table are the same as those in
Fig. 2). It is evident that the intermolecular energy decreases
with increasing structure number (increasing relative energy).
The difference between DFT-D and DFT//DFT-D energies for
each structure is shown in the third column in Table 2. These
are the dispersion contributions to the inter-cellobiose ener-
gies, and they also decrease with increasing structure number.
The difference between the values in the second and third
columns is the non-dispersion contribution, which also de-
creases with increasing structure number. Hence, both types of
inter-cellobiose interactions get weaker as the structures

Fig. 3 Lowest energy H2O-cellobiose pair structure obtained from DFT-
D. The H2O molecule is shown in blue. The reducing and non-reducing
ends of each cellobiose molecule are shown

Table 1 Representative bond lengths (Å), bond angles (°), and torsions
(°) in the cellobiose molecules (Cellob.1 and Cellob.2 in Fig. 3) of the
DFT-D minimum energy structure

Cellob.1 Cellob.2

Bond lengths O1-C4′ 1.436 1.435

C4′-C5′ 1.543 1.546

C5′- O5′ 1.432 1.436

O6′-C6′ 1.423 1.417

O1′-C1′ 1.389 1.401

Angles C1-O1-C4′ 120 118

O1-C4′-C5′ 110 108

C4′-C5′-O5′ 110 112

C4′-C5′-C6′ 114 114

O5′-C1′-O1′ 109 108

Torsions C1-O1-C4′-C5′ 118 123

O1-C4′-C5′-O5′ 173 169

C4′-C5′-O5′-C1′ 63 54

C4′-C5′-C6′-O6′ 57 56

C5′-O5′-C1′-O1′ 176 179

O5′-C1′-C2′-O2′ 174 176

C5′-C6′-O6′-H 102 60

O5′-C1′-O1′-H 75 64

C1′-C2′-O2′-H 61 93

Table 2 Cellobiose-
cellobiose intermolecular
energies (Einter-pair) and
the dispersion correction
energies (Edisp) in kcal
mol−1 for some
structures shown in
Fig. 2

Structure no. Einter-pair Edisp (%)

1 −51.5 −17.8 (35)

6 −46.8 −18.5 (40)

14 −51.2 −17.6 (34)

37 −42.2 −20.8 (49)

40 −27.4 −11.2 (41)

46 −38.2 −14.6 (38)

48 −33.0 −20.3 (62)

78 −34.6 −16.7 (48)

82 −29.4 −18.6 (63)

86 −12.6 −9.7 (77)

88 −13.8 −4.4 (32)

90 −17.3 −6.3 (36)
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become less stable (as their energy increases). The numbers in
parentheses in the third column are the percentage contribu-
tion of the dispersion interactions to the inter-cellobiose ener-
gies. There is no clear trend of this percentage contribution
increasing or decreasing with increasing structure number,
which indicates that the dispersion and non-dispersion contri-
butions decrease equally rapidly as the energy of the structure
increases.

The H2O molecule is attached to the cellobiose pair by two
hydrogen bonds in the minimum energy structure shown in
Fig. 1. The H-bonds are with the H-O3 and the O2 atoms of
Cellob.2 shown in Fig. 3, and the distance between the center
of masses of H2O and Cellob.2 is 5.63 Å. The intermolecular
energy between the H2O and the cellulose pair is −15.5 kcal
mol−1. As mentioned above, there are no clear trends of
changes in this energy as the total energy of the H2O-cellobi-
ose pair structure increases. For example, the energy between
the H2O and the cellulose pair is −14.1 kcal mol−1 for structure
46, and it is −18.2 kcal mol−1 for structure 88.

CO2-cellobiose pair

The trends observed for the H2O-cellobiose pair systems are
also seen for the CO2-cellobiose pair systems. Figure 4 shows
the relative energies of the 80 unique CO2-cellobiose pair
local minimum energy structures. The minimum energy struc-
ture obtained from the DFT-D calculations also has the lowest
DFT//DFT-D energy, and the trend of increasing relative
energies from structures 1 through 80 is the same for DFT-D
and DFT//DFT-D calculations. The difference in DFT-D en-
ergies between the highest and lowest energies structures is
∼25 kcal mol−1 (which was the same for the H2O-cellobiose
pair systems) and this difference in DFT//DFT-D energies is
∼15 kcal mol−1 (which was also the same for the H2O sys-
tems). Since DFT//DFT-D does not include the dispersion
contribution to the stabilization of the low energy structures,
the DFT//DFT-D energies are ∼60 kcal mol−1 higher than the
DFT-D energies.

Similar to the H2O-cellobiose pair systems, the lowest
energy CO2-cellobiose pair structures are parallel such that
the inter-cellobiose attraction is maximized (the minimum

energy CO2-cellobiose pair structure is discussed below with
reference to Fig. 5). There are 5–7 H-bonds in the structures
with the lowest energies (∼structures 1–15 in Fig. 4) and, as
discussed below, there are strong dispersion attractions. The
cellobiose molecules are shifted relative to each other in the
structures that have intermediate energies (∼structures 16–60)
which results in fewer (∼3–5) H-bonds and weaker dispersion
attractions. The structures with the highest relative energies
(∼structures 61–80) have even fewer H-bonds and weaker van
der Waals attraction.

The minimum energy structure for the CO2-cellobiose pair
system is shown in Fig. 5 and data for this structure is shown
in Table 3. The separation between the cellobiose centers of
mass is 4.10 Å. Both cellobiose molecules have the anti
conformation, with φH=177.5 and 177.0° for Cellob.1 and
Cellob.2, respectively. There are seven H-bonds, which are
located between O6–H-O3′, O3′–H-O6, O3-H–O3, O2′-H–
O6, O3′-H–O6′, O4′-H–O5′, and O6′-H–O4′, where the first
number in each bond refers to the Cellob.1 molecule and the
second number to Cellob.2. The atom numbers are those
given in Fig. 1.

It is evident from Table 3 that the structures of Cellob.1 and
Cellob.2 (Fig. 5) are very similar. The only large differences
are in some of the torsion angles that have hydrogen as an end
atom. As discussed above with reference to the H2O-cellobi-
ose pair system, this is because there is a small torsion barrier
between these local minima, and the energy difference be-
tween the minima is also small.

The second column in Table 4 shows that the inter-
cellobiose energy decreases with increasing structure number
(i.e., with increasing relative energy). The dispersion energy
and the non-dispersion contribution to the intermolecular en-
ergy (difference between columns two and three) also de-
crease. Similar to the H2O-cellobiose pair systems, there is
no clear evidence that the relative contribution of the disper-
sion energy (shown as percent in parenthesis in the table)
either increases or decreases with increasing structure number.

The distance between the center of mass of the CO2 mol-
ecule and the cellobiose pair in the minimum energy structure
shown in Fig. 5 is 7.51 Å. Neither this distance, nor the CO2-

Fig. 4 The same as Fig. 2 but for the CO2-cellobiose pair structures
Fig. 5 The same as Fig. 3 but for the CO2-cellobiose pair minimum
energy structure. The CO2 molecule is shown in brown
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cellobiose intermolecular energy, shows a systematic change
with increasing structure number. For example, this energy is
−8.2, −9.4, and −5.6 kcal mol−1 for structures 1, 21, and 72,
respectively. In the minimum energy structure (structure 1) the
dispersion between CO2 and cellobiose pair contributes
−3.7 kcal mol−1 to the total intermolecular energy (−8.2 kcal
mol−1). This can be compared to the DFT-D intermolecular
energy of −5.49 kcal mol−1 between CO2 and a single mole-
cule of cellobiose, of which −3.22 kcal mol−1 is due to
dispersion forces. The large interaction energy is due to the
fact that the CO2 molecule interacts with two –OH groups of
the cellobiose molecule. To put this into perspective, and to

compare with previous calculations, we note that the DFT-D
interaction energy (using the B3LYP/6–311++G**) between
CO2 and ethanol is −4.28 kcal mol−1 (of which −1.97 kcal
mol−1 is due to dispersion). This can be compared to an MP2/
6–311++G** intermolecular energy of −4.22 kcal mol−1. This
is slightly larger than the value of −2.96 kcal mol−1 that was
obtained previously using MP2 with a smaller (Dunning’s
aug-cc-pVDZ) basis set [57].

Comparison between the H2O-cellobiose pair
and CO2-cellobiose pair results

The results obtained from the H2O and CO2 systems are
similar, indicating that the intermolecular bonding between
the H2O or CO2 molecule and the cellobiose pair does not
significantly influence the minimum energy structures, or the
trends observed between structures with increasing relative
energies. For example, the structures with the lowest energies
have the largest number of H-bonds and strongest van der
Waals attractions, and are approximately 25 kcal mol−1 (DFT-
D) or 15 kcal mol−1 (DFT//DFT-D) lower in energy than the
high energy structures. Both non-dispersion and dispersion
interactions have large relative contributions to the cellobiose-
cellobiose intermolecular interactions for all of the structures.
Also, the H2O and CO2 molecules prefer to bind to the outer
surface of the cellobiose pair instead of being located between
the cellobiose molecules.

However, there are some differences. For example, the
distance between the centers of mass between the H2O and
the cellobiose pair (5.63 Å) in the lowest energy structure is
smaller than between the CO2 and the cellobiose pair (7.51 Å).
This is expected since the water is more strongly bound to the
cellobiose pair. It is also of interest that the distance between
the centers of mass of the two cellobiose molecules is larger
(4.59 Å) when they interact with the H2Omolecule than when
they interact with the CO2 molecule (4.10 Å). This is consis-
tent with the weaker cellobiose-cellobiose intermolecular en-
ergy for the pair that interacts with the H2O molecule (−51.1
compared to −56.6 kcal mol−1 for the CO2 complex). Hence,
the increase in intermolecular attraction to the water molecule
— which results in increased electron density being located
between the cellobiose pair and the water molecule — de-
creases the interaction strength (electron density) between the
cellobiose molecules.

Conclusions

Previous studies [26, 27] have shown that the B3LYP/6–
311++G** density functional method yields valid energies
and structures for cellobiose and H2O-cellobiose systems.
This method, including Grimme’s dispersion correction, was

Table 3 The same as Table 1 but for the CO2-cellobiose pair minimum
energy structure

Cellob.1 Cellob.2

Bond lengths O1-C4′ 1.429 1.432

C4′-C5′ 1.540 1.545

C5′- O5′ 1.432 1.438

O6′-C6′ 1.426 1.419

O1′-C1′ 1.394 1.388

Angles C1-O1-C4′ 117 118

O1-C4′-C5′ 109 109

C4′-C5′-O5′ 110 108

C4′-C5′-C6′ 115 116

O5′-C1′-O1′ 107 108

Torsions C1-O1-C4′-C5′ −123 −132
O1-C4′-C5′-O5′ −179 174

C4′-C5′-O5′-C1′ 57 67

C4′-C5′-C6′-O6′ 66 49

C5′-O5′-C1′-O1′ −173 −177
O5′-C1′-C2′-O2′ 174 171

C5′-C6′-O6′-H 46 −70
O5′-C1′-O1′-H 68 −64
C1′-C2′-O2′-H 80 106

Table 4 The same as
Table 2 but for CO2-
cellobiose pair systems

Structure no. Einter-pair Edisp (%)

1 −56.6 −23.3 (41)

3 −54.9 −22.4 (41)

11 −46.7 −19.1 (41)

19 −38.0 −20.7 (54)

21 −34.0 −13.4 (39)

22 −25.6 −17.8 (70)

28 −30.2 −20.0 (66)

34 −29.4 −19.2 (65)

46 −23.6 −12.2 (52)

54 −18.9 −6.0 (32)

65 −12.9 −11.2 (87)

72 −17.4 −6.1 (35)
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used to study the interactions between H2O and two cellobiose
molecules, as well as CO2 and two cellobiose molecules. The
results obtained with and without the dispersion corrections
are presented, since they enable an estimation of the relative
contributions of non-dispersion (mainly H-bonding) and dis-
persion (van der Waals bonding) terms to the intermolecular
energies.

Geometry optimization with the DFT-D method showed
that the H2O and CO2 molecules prefer to bond to the surface
of the cellobiose pair as opposed to being located between the
cellobiose molecules. Also, comparison of 90 unique H2O-
cellobiose pair and 80 unique CO2-cellobiose pair local min-
imum energy structures showed that the trends in relative
energies between the low and high energy structures were
the same with and without dispersion correction. The struc-
tures with lower energies typically have a larger number of H-
bonds and stronger van der Waals interactions.

Comparison of the DFT//DFT-D and DFT-D cellobiose-
cellobiose intermolecular energies showed that both the non-
dispersion and dispersion terms have large contributions to the
intermolecular energies. The contribution of the dispersion
(and non-dispersion) energies was typically between 30 and
70 %, and there was no clear trend in increasing or decreasing
this contribution with weaker intermolecular bonds.

The distance between the centers of mass of the two cello-
biose molecules is larger (4.59 Å) when they interact with the
H2O molecule than when they interact with the CO2 molecule
(4.10 Å). This is consistent with the weaker cellobiose-
cellobiose intermolecular energy for the pair that interacts
with the H2O molecule. Hence, the increase in intermolecular
attraction to the water molecule— which results in increased
electron density being located between the cellobiose pair and
the water molecule — decreases the interaction strength be-
tween the cellobiose molecules.
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