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Density functional theory (DFT) and molecular dynamics (MD) simulations were employed to investigate
the interaction of cellulose and lignin with acetic anhydride for explaining the wood modification
process. Cellulose was modelled with a cellobiose unit and dibenzodioxocin was used to represent the
lignin model. Results obtained from both methods revealed that acetic anhydride interacted substantially
more with the cellobiose model than the lignin model. The interaction energy of cellobiose—-acetic
anhydride was higher (about 20 kJ mol™) than that of lignin-acetic anhydride. DFT results on hydrogen

Received 30th September 2020, bonding indicated that the hydroxyl group from cellobiose and the aromatic hydroxyl group from lignin

Accepted 22nd October 2020 models have similar energy values, which explain the equal strength of hydrogen bond interaction. The
same trend was also obtained for the substitution of acetyl group in the hydroxyl group. MD results have
also predicted that acetic anhydride forms a stronger interaction with cellobiose than with the lignin

model, and these findings were in agreement with the DFT results.
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Introduction

Wood is a highly abundant and sustainable construction material
and one of the most common materials used in daily life. It is a
source for designing new building structures, facades, furnish-
ings, windows and interior finishes due to its remarkable
properties, which combine low density, and good mechanical
and insulation properties with high stiffness and strength.
Wood is an anisotropic material and consists of three main
components: cellulose, hemicellulose and lignin. These cell
wall polymers have a strong tendency for absorbing water from
the surroundings into wood’s hierarchical structure through
hydrogen bonding."* Absorption of water causes changes in
the mechanical properties, dimensional stability, and durabil-
ity and affects the physical and chemical properties of wood.
Consequently, intensive research is directed toward the devel-
opment of new methods that might overcome even more
intrinsic properties of wood.

Different modification processes are available for the
improvement of wood properties, including several industrial
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solutions.>”® Among the chemical treatments applied for wood
modification, acetylation with acetic anhydride is one of the
most effective methods to induce chemical changes in the
constitutive polymers at the cell wall level. This typical reaction
introduces a strong covalent bond between the wood substrate
and acetyl groups.”® Acetylation reduces wood shrinkage/
swelling and increases its durability against biotic agents.’
The reaction of acetic anhydride with wood polymers such as
cellulose, hemicellulose and lignin results in the esterification
of all accessible hydroxyl groups in the cell wall. The effective-
ness of the acetylation reaction can be calculated as the weight
gain percentage (WPG) of wood, and 20% WPG has a substan-
tial dimensional stability and is resistant to fungal attack.’™*?
The reaction rate can be increased by increasing the tempera-
ture or using catalysts. The reaction is also influenced by
the type of wood (its permeability and density) as well as its
moisture content.'® During the reaction, acetic acid is formed
as a by-product that can be converted into acetic anhydride
again.>®"?

Several authors have demonstrated that among wood poly-
mers, hydroxyl groups in the lignin polymer are the funda-
mental sites that involve the acetylation reaction, rather than
hemicellulose and cellulose (being the lowest). Furthermore,
the comprehensive analysis of Sadeghifar et al. investigated
the reactivity of these polymers within the native wood using a
quantitative *'P NMR technique and reported again that lignin
is highly reactive.'* About 79% of the lignin hydroxyl groups
were acetylated in low density samples compared to hemicellu-
lose (60%), however, the conversion was only about 10%
for cellulose. However, the results revealed that accessibility,
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swelling and chemical effects may also affect the acetylation
reaction. On the other hand, the recent quantum structure—
activity relationship (QSAR) study showed a reverse trend that
cellulose and hemicellulose exhibit higher reactivity than lignin
from their various wood polymer-based models."> Although
various studies showed the reactivity of wood polymers against
acetic anhydride to understand the conversion, the underlying
mechanism is still unclear. Experimental approach, following a
top-down approach, requires the use of expensive chemicals,
time-consuming reactions and are labor extensive. In contrast,
computational techniques can anticipate laboratory work and
optimize the studied wood modification process by implement-
ing the bottom-up paradigm. Therefore, in such context, the
use of density functional theory (DFT) and molecular dynamics
simulations (MD) have proved to be the most promising
methods, which allow understanding and complementing the
results obtained in laboratory experiments.

Based on the above considerations, the main aim of this study
is to provide a basic insight that can anticipate the reactivity and
provide an understanding of the key interaction between cellulose
and lignin with acetic anhydride (AA). We have employed a
combined quantum mechanical density functional theory (DFT)
and molecular dynamics (MD) simulation. Cellobiose and a
lignin-based model, dibenzodioxocin, to represent cellulose and
lignin polymers were considered. DFT calculations were employed
to find the most possible conformation of cellobiose-AA and
lignin model-AA. Atoms in molecules (AIM), reduced density
gradient (RDG) and non-covalent interaction (NCI) methods were
used to analyse hydrogen bonding and intermolecular interac-
tions. MD simulations were used to investigate the cellobiose and
lignin model interactions in the bulk AA environment.

Models and computational details
Density functional theory (DFT) calculations

Cellulose. The DFT study considers cellobiose® (a dimer of
the glucose monomer) units to describe the cellulose model, in
which three different lengths, from 2 to 4, have been examined to
account for the possibility of appearance of size effects. Trial runs
with larger cellobiose units, along with obtained interaction
energies with acetic anhydride, have confirmed that a single
cellobiose unit (Fig. 1a) is sufficient for the cellulose-acetic
anhydride interaction in order to reduce the computation cost.

Lignin. Lignin is a complex aromatic biopolymer and a
rather expensive one for performing quantum mechanical
DFT calculations. In such a case, a series of model compounds
containing various linkages (such as p-O-4, a-O-4, B-B, B-1 and
5-5') are utilized for DFT calculations."””?° In this work, a
typical model compound, dibenzodioxocin, is considered
(shown in Fig. 1b), which is more abundant in the secondary
wall of Norway spruce and silver birch xylem.>' The author has
employed DFT calculations to study the bond dissociation
phenomena of this typical model compound.*® Moreover, the
main motive of choosing the lignin model is to incorporate
linkages, as much as possible, to find the interaction. This
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Fig.1 Models considered in the present study: (a) the cellobiose unit and
(b) lignin model compound —dibenzodioxocin (DBD).

typical dibenzodioxocin (DBD) lignin model contains three
predominant linkages such as p-O-4, o-O-4 and 5-5’.

Quantum chemical DFT calculations have been employed
for the optimization of cellobiose, lignin model and acetic
anhydride at the wB97D-2 level of theory and the 6-311g(d,p)
basis set. It should be emphasized that the dispersion corrected
wB97D-2 level of theory has proven to be consistent for inter-
molecular interaction and reproducing H-bonding since these
interactions play a vital role between the molecules.>*** In
this work, the diffuse function is not taken into account in
the 6-311g(d,p) basis due to no significant influence on the
calculation of interaction energy, H-bonding and O-H stretch-
ing frequencies. There are 625 configurations created for each
model with AA for finding the best possible interaction of AA
with cellulose and lignin models. Afterwards, single-point
energy calculations were carried out for all different configura-
tions with the wB97X-D/6-31g(d) level to determine the lowest
energy configuration of four conformers, which then optimized
at wB97X-D/6-311g(d,p) to show the final geometry. Vibrational
analysis was carried out for all final investigated geometries
to ensure no imaginary frequencies were obtained, confirming
that each geometry has a minimum on the potential energy
surface. Zero-point energy corrections were also included,
and the energy of all systems was estimated at temperature
T =298.15 K.

The interaction energy (AE) of the different configurations
has been expressed as the energy difference of the most stable
conformer and the corresponding isolated geometries,

AE = 2625.5 x (Ea, — E, — Ep), k] mol™" (1)

where E,;, represents cellulose or lignin with acetic anhydride
and E, and E;, are the energies of isolated geometries of
cellulose or lignin and acetic anhydride, respectively.

Atoms in molecules (AIM) theory, reduced density gradient
analysis (RDG) and non-covalent interaction (NCI) analysis have
been performed using Multiwfn® and VMD?® packages at the same
level of theory to account for H-bonds and non-covalent interactions.

Molecular dynamics (MD) simulations

The MD simulations were carried out for two systems, such as
cellulose-acetic anhydride and lignin model compound (DBD)-
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acetic anhydride, using the GROMACS simulation package®”*®
to adopt the DFT model in the bulk phase of acetic anhydride.
In each case, cellobiose and lignin models were placed at the
center of the simulation box with 500 acetic anhydride mole-
cules and periodic boundary conditions were adopted during
simulations. The OPLS-AA force field was considered and the
doGlycans tool was utilized to construct the glucose dimer.>**°
Whereas, considering the lignin model, the LigParGen server
developed by W. L. Jorgensen was used to build the OPLS-AA
force field due to the fact that force field potential for this
typical lignin model is hardly available.?" Similarly, OPLS-AA
potential with the CM1 charge was employed as stated in
reference 32 for acetic anhydride molecules.

The equations of motion have been integrated with the
leapfrog algorithm and the temperature of the system was
controlled via a velocity rescaled Berendsen thermostat with
an integration step of 1 fs.>*** Each simulation starts with
minimization using the steepest-decent algorithm to minimize
the energy from unfavorable impacts, followed by equilibration
at a constant temperature of 298.15 K and a volume for 3 ns in
relaxing the system to the appropriate state. The bulk simula-
tions were continued by 10 ns NPT simulations at a constant
pressure of 1 bar prior to performing NVT ensemble for 40 ns.
The resulting periodic dimensions of the simulation box for
the cellulose model-AA and lignin model-AA were 42.274 X
42.274 x 42.274 A% and 42.324 x 42.324 x 42.324 A®, respec-
tively. Each NVT trajectory was saved every 1 ps and the final
30 ns were considered for post-simulation analysis. A cut off of
1.0 nm was employed for both Lennard-Jones and short-range
interactions. The particle-mesh Ewald summation method was
taken into account for long-range coulombic interactions.®® It
is pointed out that the position restrain was adopted for
cellulose and lignin models, and these models were rescaled
to the center of the box during the simulation. Such position
restrain can be used to avoid thermal fluctuations of the chain
and local concentration of the acetic anhydride molecule.*® The
LINCS algorithm®” was employed to constrain the hydrogen
bonds in cellobiose, lignin model and acetic anhydride.

Trial simulations have been performed with 500 molecules
each for pure cellobiose and lignin model to calculate the
density in order to evaluate the consistency of the employed
force field for the present study. The obtained results have
found pure densities of 1.471 g cm ™ and 1.202 g cm > for the
cellobiose (at 300 K) and lignin model (298.15 K), respectively.
The MD simulation system and the corresponding evolution
of density are illustrated in the ESIt (Fig. S1). It should be
emphasized that in our case, we consider cellulose in the
amorphous state, and the density value is in agreement with
references®®*® of 1.285 ¢ em ™ and 1.3762 g cm ™ (at 300 K).
However, the relative difference can be expected due to the fact
of degree of polymerization (DP), which is DP = 1 for the
present cellobiose model.

Although lignin is highly abundant, the inherent heterogeneity
of lignin exhibit a wide range of density values with respect to
biomass, softwood and hardwood, and the origin and geographi-
cal locations. In the case of lignin, there are numerous studies
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that have reported the experimental density values,**™** ranging
from 1.28 to 1.50 g cm™ >, and simulated values (at 298.15 K)**
appear to be around 6% lower than the experiments. The present
DBD lignin model is one of the moieties existing in the lignin
sources, and the simulated MD density value of 1.202 g cm ™" can
be compared to the reported values in the literature.

Results and discussion
Geometries and interaction energy of cations

The structures of isolated cellobiose, lignin model and acetic
anhydride are optimized at the wB97X-D/6-311g(d,p) level of
theory, and these initial geometries are used to construct
different configurations for cellobiose-AA and lignin-AA.
Fig. 2 shows the final configuration of cellulose and lignin with
AA in the gas phase, and the calculated interaction energy
values are presented in Table 1. It is clearly seen from the
geometries that the AA molecule predominantly approaches
the cellulose hydroxyl groups at positions H41, H24 and H7,
and the corresponding hydrogen-bond (H-bond) distances are
1.882 A, 2.501 A and 2.633 A, respectively. In the case of the
lignin model, different hydroxyl groups such as aliphatic and
aromatic hydroxyl are present. Comparing the hydrogen bond
distances, lignin-acetic anhydride configuration 2 (lignin-AA-
C2) has the shortest hydrogen bond distance than lignin-acetic
anhydride configurations 1 (lignin-AA-C1). However, the
H-bond distance is a little larger than that of cellobiose, and
the ~OH group of the aromatic ring D from the lignin-AA-C2
model substantially participates in H-bond interactions. The
obtained H-bond lengths are 1.911 A and 2.79 A for 068 - -H37
and O57---H44, respectively. The results have demonstrated
that the AA molecule favors the interaction with aromatic
hydroxyl groups rather than aliphatic hydroxyls, which can be
due to the higher acidity of lignin’s phenolic hydroxyl groups.**
In the case of the optimized lignin-AA configurations for both,
it is clearly seen (Fig. 2b and c) that the geometry of the AA
molecule undergoes conformational changes and the corres-
ponding dihedral angle of 057-058-068 is about 118.7°
and 112.8° for lignin-AA-C1 and lignin-AA-C2, respectively,
compared to 73.7° for cellulose-AA model (047-048-058). This
particular conformational change in AA is inevitable due to the
steric repulsion of aromatic rings from the lignin model.
Interaction energy from Table 1 shows that cellobiose has a
stronger interaction than both lignin conformers with around
20 kJ mol " of energy difference. It is interesting to see that in
both Fig. 2(b) and (c) lignin-AA configurations exhibit almost
similar interaction energies, which indicate that the two hydro-
xyl groups equally interact with AA for the acetylation reaction.

AIM analysis of cellobiose and lignin with acetic anhydride

The intermolecular interaction between molecules was studied
using AIM theory. AIM theory is used to account for the H-bond
characteristics such as nature of the H-bond and its strength
using electron density (pgcp) and the Laplacian of electron
density (V?ppcp).*>*® These parameters are calculated at the
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J 51
Fig. 2 Optimized configurations in the gas phase of (a) cellobiose—acetic
anhydride (cellobiose—AA) and (b) lignin—acetic anhydride configuration 1

(lignin-AA-C1) and (c) lignin—acetic anhydride configuration 2 (lignin-AA-C2),
respectively.

bond critical point (BCP) with the criteria of V’ppcp > 0 for
hydrogen bonds and ionic bonds and V2ppcp < 0 for
covalent bonds.

The intermolecular interaction parameters of ppcp and
V?pgcp (presented in Table 2) and AIM molecular bond critical
point (BCP) graphs for cellobiose-AA, lignin-AA-C1 and lignin-
AA-C2, representing important hydrogen bonds, are illustrated
in Fig. 3. In general, the typical criteria for pgcp and VZppcp to
account for H-bonds at BCP should be in the range of 0.002-
0.035 a.u. for electron density and 0.024-0.139 a.u. for its
Laplacian value.*” From Table 2, it is found that both cellu-
lose-AA and two lignin-AA configurations are situated in the
proposed range. It is interesting to see that the electron density
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Table 1 H-Bonds and interaction energies of cellobiose—acetic anhy-
dride (cellobiose—AA) and lignin—acetic anhydride (lignin—AA) conformers

Structure H-Bond Length (A) AE (k] mol™)

Fig. 2(a)  Cellobiose-AA  047---H41 1.882 —81.48
058---H24  2.501
048---H7 2.633

Fig. 2(b)  Lignin-AA-C1  H67---046  2.392 —61.69
H60---046  2.630
058---H42  2.631

Fig. 2(c) Lignin-AA-C2 068---H37 1.911 —61.56
0O57---H44  2.790

(pBcp) of lignin-AA-C2 showed a stronger H-bond, 068 --H37,
than the cellulose H-bond that corresponds to carbonyl oxygen
of AA and aromatic-OH. The higher acidic nature of hydrogen
in phenolic hydroxyl group present in the lignin model sub-
stantially contributes to a strong H-bond compared to the
cellobiose hydroxyl groups. In the case of the cellobiose-AA
model, the dominant H-bond forms for O47---H41 (ppcp =
0.256 a.u. and V?ppcp = 0.1027). The positive values of Laplacian
for electron density at BCP show that these investigated H-bonds
are non-covalent. Similarly, positive values of energy density
(Hpcp) in Table 2 reveal that these H-bonds have electrostatic
properties. The strength of the H-bond is significantly higher
for cellulose, O47---H41 (0.2481 a.u.), compared to lignin
model conformers, O68---H37 (0.1707 a.u.) and H67---046
(0.1310 a.u.), and this result confirmed that the cellulose
hydroxyl groups show a strong coordination to AA.

RDG analysis of cellobiose and lignin with acetic anhydride

Reduced density gradient (RDG) is another useful method to
account for non-covalent interaction like in the AIM method.
RDG scatter plots and non-covalent interaction (NCI) plots are
potentially used to illustrate non-covalent interactions between
the molecules.”®*® In this method, RDG is plotted against
electron density multiplied by the sign of the second eigenvalue
(sign(4,)p)*® and both inter- and intra-molecular weak interac-
tions can be seen in Fig. 4. RDG scattered points indicate
H-bonding interactions on the negative scale (blue color), and
the spikes (green color) and positive scale of sign(/1,)p represent
van der Waals interactions and steric repulsions, respectively.
Comparing Fig. 4(a) and (c) on the left, it can be seen that both
cellobiose—AA (—0.0256 a.u.) and lignin-AA-C2 (—0.0264 a.u.)
show stronger H-bonds than lignin-AA-C1 (—0.0108 a.u.); how-
ever, the energy difference of former cases is negligible. The

Table 2 AIM characteristics of selected H-bonds at bond critical points
(BCPs) for the interaction of cellobiose—AA and lignin—AA conformers

H-Bond pecp (2U.) Vppep (a.u.) Hpep (1072 au.)
Cellobiose-AA 047---H41 0.0256 0.1027 0.2481
058---H24 0.0860 0.0281 0.0913
048---H7 0.0075 0.0232 0.0598
Lignin-AA-Cl H67---046 0.0108 0.0370 0.1310
H60---046 0.0076 0.0243 0.0765
0O58---H42 0.0079 0.0253 0.0725
Ligl’lin—AA—CZ 068---H37 0.0264 0.0945 0.1707
O57---H44 0.0049 0.0151 0.0473

Phys. Chem. Chem. Phys., 2020, 22, 28448-28458 | 28451
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Fig. 3 Selected bond critical points (BCP) representing H-bonds between (a) cellobiose-AA, (b) lignin-AA-C1 and (c) lignin-AA-C2.

RDG points (marked with black circles) are corresponding to
047---H41 for cellulose—AA and H67---046 and 068---H37
for lignin-AA-C1 and lignin-AA-C2, respectively. Furthermore,
NCI plots are used to visualize the respective H-bonds strength,
and plots for studied systems are shown in Fig. 4 (right). As
can be seen, disk-shaped blocks that indicate non-covalent
interactions and the strongest H-bonds are marked with
black circles. In the case of cellobiose, two strong H-bonds
are indicated; however, one of the H-bonds is interpreted as
intra-molecular hydrogen within the cellobiose molecule and
another one shows the strongest inter-molecular H-bond. Simi-
larly, the dark blue color-based disk in lignin-AA-C2 indicated
strong intermolecular hydrogen bonds, whereas, lignin-AA-C1
exhibits lower H-bond strength and the corresponding region
(Fig. 4c right) of the disk-shaped marked block is green. It
is interesting to note that both lignin—AA model contains
aromatic moieties that apparently participate in the van der
Waals interaction with AA as seen from strong RDG spikes in
Fig. 4b and c.

Gibbs free energy calculations

In order to provide an additional insight into the preferable
reactive site for acetylation in the cellulose model and lignin
model, free energy changes can be determined to find the most
favorable path. In such context, the hydrogen atom of
the hydroxyl group was substituted by the acetyl group and
followed by the DFT optimization of acetylated cellulose and
acetylated lignin model in the gas phase to estimate the free
energy. It is emphasized that the calculated free energy changes
provide basic knowledge to compare the hydroxyl group sub-
stitution in different positions. Therefore, the calculated free
energy change of the reaction is presented in Table 3, and the
optimized structures are shown in the ESIT (Fig. S2). In the case
of the cellobiose model, three key substitutions of hydrogen
atoms are taken into account; for instance, the position of the
corresponding hydrogen in the hydroxyl groups are C2, C3 and
C6 positions. It is mentioned that the position C1/C4 is not
considered in the free energy calculation because the particular
“O” atom greatly involves cellulose -1 — 4 linkage polymer-
ization of cellulose. Considering the lignin model, aliphatic
and aromatic hydroxyl groups were examined. The calculated

28452 | Phys. Chem. Chem. Phys., 2020, 22, 28448-28458

Gibbs free energy values (Table 3) indicated that acetyl sub-
stitution at position C3 in the cellobiose is the most favorable,
followed by the substitution at C2, and the least favorable
occurred at C6. These obtained results are in good agreement
with experimental findings, where authors have shown that C3
and C2 are particularly acetylated using AA.>° However, it was
predicted that the aromatic site was the most predominant
for the lignin model compared to the aliphatic hydroxyl group.
It should be noted that both cellobiose C3 substitution and
lignin model aromatic substitution show similar energy values,
therefore, the acetylation reaction could occur at the same rate
in these cases. However, it is expected that primary hydroxyls
are the primary site for the acetylation reaction in the cellulose
model due to the acidic character and steric reasons, but our
obtained results show an opposite trend. The cellulose model
in the present study and intramolecular hydrogen bonds can
influence this particular trend. On the other hand, some mixed
reviews have been proposed for the reactivity of the hydroxyl
group in cellulose that all hydroxyl groups participate and
convert into cellulose acetate.” ™

Radial distribution functions (RDF)

Furthermore, to gain more insight for understanding the
influence of acetic anhydride in a bulk phase, MD simulations
were performed for both cellobiose and lignin models. The MD
trajectories were analyzed as described in the Computational
details section. Subsequently, the radial distribution functions
were calculated to evaluate the molecular arrangements and
distribution of AA molecules around the cellobiose and lignin
models. The obtained RDFs of the investigated model are
illustrated in Fig. 5. Hydrogen bonds play a crucial role in the
investigated systems; RDFs were mainly plotted for possible
hydrogen interactions sites. The description of the atom num-
ber can be found in Fig. 1. Therefore, in the case of cellobiose-
AA (Fig. 5(a) and (b)), three predominant hydrogen bonding
interactions with AA were investigated, and the results indicate
that the existence of sharp peaks at around 2.0 A are evident
for strong hydrogen bonds between cellobiose and carbonyl
group from AA. Comparing the amplitude of different RDFs,
the hydroxyl group of cellobiose at position 2, H2- - -OC, shows a
strong hydrogen bonding with a high intensity of around 1.88 A,

This journal is © the Owner Societies 2020
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Fig. 4 RDG scatter plots (left) and non-covalent interactions (NCI) plots (right) of (a) cellobiose—AA, (b) lignin-AA-C1 and (c) lignin-AA-C2. The
isosurfaces are coloured according to the values of sign(4,)p (a.u.), from —0.03 to 0.02 a.u. Colour online: blue represents strong attractive interactions,
green indicates van der Waals interactions and red indicates repulsive/steric interactions.

followed by position 3, H3-OC (1.9 A) and the least can be seen  Similarly, for the linking atom in cellobiose, OL, the sharp
for position 6, H6---OC (2.0 A). Although the relative intensity ~peaks are located at 3.24 A and 4.46 A with the carbonyl oxygen
varies for different positions, the associated distance for hydro- of AA, and these two peaks can be foreseen for two carbonyl
gen bonds is almost the same (the difference is <0.12 A). oxygens present in the AA molecule. It is obvious that the OL
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Table 3 Gibbs free energies of different substitutions of the acetyl group;
the energy values are given in kJ mol™*

Reaction AG (k] mol ™)

Cellobiose-OH, + AA — Cellobiose-OAc¢, + AcOH —82.34
Cellobiose-OH¢; + AA — Cellobiose-OAcc; + AcCOH —86.87
Cellobiose-OH¢g + AA — Cellobiose-OAcgg + AcCOH —80.57
Lignin model-OH, + AA — Lignin-OAc, + AcOH —84.14
Lignin model-OH,; + AA — Lignin-OAc,, + AcOH —86.83

atom with OE (center “O” atom in AA, the atoms labels can be
found in Fig. S3, ESI{) of the AA peak appears near 5.36 A.
These obtained values were in good agreement with DFT
hydrogen bond distances in Table 1 in the case of cellobiose-
AA, where DFT found the H-bond distance of around 1.882 A.

Lignin-AA RDFs of two possible hydrogen bonds such as
aromatic hydroxyl group and aliphatic hydroxyl groups are
compared in Fig. 5(c and d). It is interesting to see that the
strong peak appears at around 2.08 A for the aromatic hydroxyl
group rather than the large distance (4.86 A) that can be seen
for the aliphatic hydroxyl with the carbonyl oxygen of AA, which
can be due to the fact of steric hindrance of aromatic rings. A
similar trend has been expected in the case of C, with OE (AA)
because the side chain in the Cg position can hinder the interaction
of AA molecules, which eventually results in higher RDF distance.
The particular hydrogen bond, H,~OC, is well in agreement with
the distance obtained from DFT calculations (1.91 A). The obtained
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MD results confirmed the further accuracy of DFT results. However,
it is expected that the average bond length from MD simulation is
longer than the DFT results due to influence of many AA molecules
in the system.

Hydrogen bonding analysis

The hydrogen bond between the donor and acceptor of cello-
biose and lignin models with AA is implicitly calculated with
the criteria of cut-off distance of 3.5 A and a cut-off angle of 30°.
The lifetime of H-bond formation was also quantified using the
Luzar and Chandler method.>®*” The results of the hydrogen
bond correlation function for cellobiose-AA and lignin-AA
models are presented in Fig. 6(a). It is expected that the
autocorrelation function of cellobiose converges more slowly
than the lignin model due to more hydroxyl group content in
the cellobiose model. We observed from the MD simulations
that the hydrogen bond lifetimes for cellobiose-AA and lignin-
AA models are 3.17 ps and 1.62 ps, respectively. The total
number of hydrogen bonds in Fig. 6(b) (only first 5000 ps
shown) further explained that cellobiose forms hydrogen bonds
three fold higher than that in the lignin model with AA.
Furthermore, Fig. 6(c) describes the typical distance associated
with hydrogen bond interaction between cellobiose-AA and
lignin-AA models and that the donor-acceptor distance is
rather low for the cellobiose model than the lignin model. This
analysis again demonstrated that cellobiose primarily shows a
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Fig. 5 Calculated RDFs of cellobiose—AA (a and b) and lignin—AA (c and d) systems.
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Fig. 6 Hydrogen bonding characteristics of cellulose and lignin with the AA system: (a) hydrogen bonding auto-correlation function, (b) the number of
hydrogen bonds present in the system, and (c) the typical distance of hydrogen bond formation.

stronger coordination with the acetic anhydride molecule than
the lignin model.

Angle distribution of AA

As seen from DFT calculations, the linear conformation of acetic
anhydride has deviated in the cases of optimized lignin-AA
configurations. Therefore, we have calculated the angle between
OC-OE-OC atoms of the AA molecule from MD simulation
trajectories to understand the conformational changes. It is
emphasized that the angle of initial conformation of AA is about
78 degrees. Fig. 7 illustrates the angle between OC-OE-OC of AA.
The AA conformation in both cellobiose and lignin model simula-
tions was retained, which can clearly be seen in Fig. 7. The
resulting angles were found to be around 75.9 degrees. Therefore,
it is stressed that bulk MD simulations of cellobiose and lignin
models do not affect the geometry of the acetic anhydride
molecule, which can be due to the dominant concentration of
AA molecules in the simulation system.
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Fig. 7 Average distribution of angle between OC1-OE-OC2 of AA mole-
cules in cellobiose—AA and lignin—AA systems.
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It has been demonstrated in several studies that the reactiv-
ity of cell wall polymers toward acetic anhydride decreases in
the order of lignin > hemicellulose > cellulose.'®"*'* Sade-
ghifar et al. pointed out that acetylation reactions can be related
to swelling and accessibility of reactive sites (OH groups in this
case)." A swollen state of the wood material thus enhances the
accessibility of the hydroxyl group due to the fact that swelling
can lead the cell-wall micro-voids to open up for the diffusion
process and promote the reactions. Moreover, a higher degree
of substitution and diffusion are inevitable for acetylation of
cellulose in the case of prolonged reaction time.>® Considering
the diffusion process, the acetic anhydride reagent can access
only the surface of cellulose because of the strong crystalline
and structural arrangement of the cellulose polymer.
This peculiar phenomenon can be related to the current work
where a small molecular model of isolated cellobiose and
lignin represents the amorphous or surface-based system.
The examined system may affect the acetylation reaction trend,
and the reported work on isolated polysaccharide (hemicellu-
lose) exhibits higher efficiency of acetylation.>® In such context,
a cellobiose model may exhibit strong reactivity against acetic
anhydride. Similar results have been proposed by the authors,"?
who have investigated the chemical modification of wood using
various quantum chemical descriptors to evaluate the reactivity
and demonstrate that cellulose and hemicellulose are the most
affected by the acetylation reaction. Our findings were in good
agreement with this quantum chemical investigation where the
analysis showed that cellobiose-OH is a more pronounced site
for the acetylation of wood. Apparently, it can be due to a large
proportion of hydroxyl groups present in the cellobiose model,
and similar results were observed for cellulose polymers
without hemicellulose and lignin.®® In the case of the lignin
model, the lack of rigidity due to a- and p-O-4 linkages, steric
hindrance from aromatic rings and also small number of
hydroxyl groups drive the lignin model to lower interaction
energy with acetic anhydride. It should be pointed out here
that the present study considers a particular lignin model
(dibenzodioxocin) and, therefore, interaction energy and the
trend can be different for other lignins with more complex
model compounds. Consequently, the accessibility, structure,
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degree of polymerization and reactivity of isolated wood com-
ponents might be different from those present within native
wood (Sadeghifar et al. 2014).

Conclusions

In the present study, structural arrangements and hydrogen
bond analysis for determining the interaction of cellulose and
lignin model compounds with acetic anhydride (AA) are inves-
tigated using density functional theory (DFT) and molecular
dynamics (MD) simulations. The calculated interaction energy
values from DFT calculations of cellobiose-acetic anhydride
and lignin-acetic anhydride revealed that AA makes a strong
interaction with cellulose hydroxyls compared to lignin, and
the energy difference is about 20 k] mol . Hydrogen bond
analysis results demonstrated that cellobiose-AA exhibits a
shorter hydrogen bond than the lignin-AA model. However, it
should be mentioned that the electron density of a particular
interaction, the aromatic hydroxyl group of lignin with AA, is
higher electron than cellobiose-AA. On the other hand, the
strength of the hydrogen bond in the case of the aliphatic
hydroxyl group in lignin is lower than the aromatic hydroxyl of
lignin. The estimated Gibbs free energy values of substitution
of acetyl group in the hydroxyl revealed that both cellobiose and
lignin present similar values, which indicated equivalent reac-
tivity. MD results showed that the radial distribution function
of the selected atoms in bulk simulations was in good agree-
ment with the obtained DFT results. MD also showed a higher
hydrogen bond lifetime and number of hydrogen bonds for
cellobiose than lignin. Furthermore, no significant change in
the dihedral angle was observed for AA molecules in MD.
Although our results provide significant insight into reactivity
and key sites for wood modification process using AA, the
present DFT and MD results contrasted with experimental
findings, which demonstrated that lignin is highly reactive
towards acetylation of wood. This can be due to the fact that
cellulose polymer exists in the crystalline state in wood, and our
examined model can be linked either to the amorphous phase
of cellulose or cellulose molecules on the surface. In the case of
lignin, the obtained results were solely related to the investi-
gated lignin model, and the results can differ for other lignin
model compounds. Overall, the comprehensive analysis of
acetic anhydride interaction with cellulose and lignin using
combined DFT and MD provides a fundamental understanding
of acetylation of wood using acetic anhydride.
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