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Abstract We present a new hybrid molecular dynamics
model of chitosan oligomers which is constructed specifi-
cally for studying chitosan + carbon nanostructures compo-
sites, their structure and mechanical properties. The model
is derived for application within the modified molecular
mechanics force field AMBER. Method of virtual sites
mapping allowed to retain hexagonal rings of chitosan
backbone. Mass and structural disposition of virtual atoms
has been found as function of joined groups’ atoms masses
and coordinates. Geometrical parameters (e.g., bond length,
valence angles, torsional angles and van der Waals distan-
ces) were found using semi-empirical methods. Parameters
of interaction within the AMBER force field were estimated
according to structural and energy characteristics of chito-
san dimers and oligomers. Model has successfully passed
multilevel verification based on comparison of its behaviour
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with atomistic chitosan within the same force field. It
appeared that the model reproduces structural and energy
characteristics of chitosan and its composites with carbon
nanostructures. Moreover, it allows estimation of their
mechanical properties. Dynamical characteristics of com-
posite components are also well reproduced.
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Introduction

Recently the so-called biopolymers became extremely
popular in various spheres of production since nowadays
only they are applicable within the framework of eco-
logical requirements. In comparison with more cheap and
strong synthetic polymers, biopolymers are biodegradable
and biocompatible [1]. One of the most widely produced
biopolymers is polysaccharide chitosan. It is one of the most
unique substances, and novel materials, based on it, could be
applied in many areas of production [2] and medicine [3-5].

It is well-known that pure chitosan fibres and mem-
branes are not strong enough to be applied in production of,
for example, biodegradable packaging. In order to improve
their properties new nanostructured composites are being
developed [6]. It was demonstrated that the most efficient
way to construct strong and biodegradable composites is to
add reinforcing fillers based on carbon nanostructures [7].
For example, carbon nanotubes and graphene flakes have
significantly improved chitosan mechanical properties [7—
9]. It should be mentioned that structural characteristics of
chitosan composites affect their mechanical properties [10].
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Unfortunately, most of such composites are being con-
structed with help of experiments, and this increases the cost
of their production. In order to manage the properties of
newly developed materials, it is nowadays possible to pre-
dict their characteristics in silico with help of mathematical
modeling at various levels of their structure. Nanocom-
posites properties are primarily based on their atomistic
structure and interaction between components. One of the
most efficient ways to study such characteristics of compo-
sites are molecular modelling methods, such as molecular
dynamics. Here, a material is studied at a nano-level,
as molecules and atoms, interaction between the latter is
described through potential energy gradient within the so-
called atom-atomic potential force fields. In order to study
the real-time dynamical characteristics of a structure, the
classical Newtonian equations of motion are solved. Unfor-
tunately, when one needs to study a polymer or biological
macromolecules, there appears a complexity due to the
number of atoms in the structure and, therefore, a too large
number of equations to be solved. Recently, a way to sim-
plify the calculations and reduce the number of equations
was developed. It is based on replacement of typical groups
of atoms by a large virtual one with all the characteristics
of a real group. The so-called coarse-grained (CG) models
were constructed for biological macromolecules (phospho-
lipids, proteins, ets.) [11-14]. Polysaccharides, such as chi-
tosan, are not being modelled widely [15] although their
successful application in various areas of production and
medicine depends on molecular modelling of composites
and pure compounds. Unfortunately, although the coarse-
grained models of macromolecules are extremely efficient
in terms of structure and dynamical properties reproduction,
they usually do not allow estimation of mechanical proper-
ties of materials. In order to avoid such restrictions of CG
models, new methodology of hybrid multiscale molecular
dynamics was developed. It is based on all-atom (AA)
and CG modelling with various methods of coupling
between the latter [16—20]. Such models are constructed
to more accurately reproduce additional quantitive charac-
teristics of polymeric and biological structures under study
along with computational time and cost efficiency of CG

Fig. 1 Hybrid chitosan model
construction: a atomistic model;
b hybrid model
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Table 1 Masses of virtual sites of hybrid model

Type of virtual site Mass, amu
C20 44
(€0) 30
CN 29
CH 13

modelling. Unfortunately, such methodology has been more
often applied in simulations of biological macromolecules
[17, 21] rather than for polymeric structures. It should be
mentioned that nowadays the area of multiscale modelling
of polymers [22] widens because application of the afore-
mentioned methodology of studies may become a basis
of management of polymer and novel functional materials
mechanical properties. Therefore, the aim of the paper is to
construct a new hybrid multiscale model of “chitosan + car-
bon nanostructures” composites. The model should allow
studying structural, energy and mechanical properties of the
aforementioned compounds.

Hybrid CG+AA model of chitosan+carbon
nanostructurescomposites

In the current work we consider biocomposites based on
chitosan with carbon nanostructures fillers which usually
occupy 0.1-5% of the total product mass. Therefore, in
order to reduce number of equations and calculation time
(within the molecular dynamics method) we propose to
introduce virtual atoms only for chitosan oligomers involved
in composites.

It should be mentioned that structure of chitosan chains
is very important in terms of interaction with carbon nano-
tubes, their derivatives, and also graphene, since all of
them have hexagonal elements. It was found that chitosan
backbone rings tend to reproduce the shape of carbon nanos-
tructure when interacting with it, and this affects chitosan
mechanical structures [23]. Therefore, in order to reproduce
such behaviour of the polysaccharide, we need to take into
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Table 2 Bond parameters for a hybrid CG/atomistic model of chitosan

Bonded atoms K, kcal/(mol*A2?) Feg, A
0—C20 126.83 2.05
0—CO 136.06 1.83
O—CH 87.63 1.83
C20—CO 322.85 2.38
C20—CH 276.73 2.38
CO—CO 34591 2.23
CO—CN 161.42 2.25
CO—CH 34591 2.229
CN—CH 161.42 2.25

account structural characteristics of the macromolecules
such as backbone hexagon rings.

Model construction was divided into 3 steps: at first step
we chose geometrical structure and decided which groups
should be reduced to virtual atoms. Model consists of four
virtual atoms: C20, CO, CN and CH, as shown in Fig. 1.
Coordinates of virtual atoms are coordinates of mass cen-
tres for each of the joined groups. Mass of each virtual atom
was chosen to be a sum of grouped atom masses and is
presented in Table 1. In order to reproduce the hexagonal
backbone of chitosan, oxygen atoms were left to remain in
the ring and as a link atom between the monomers (Fig. 1b).
It should be mentioned that such a geometrical organiza-
tion allows reproducing interactions and structural features
between chitosan backbone and carbon hexagonal lattice,

Table 3 Angle parameters for a hybrid CG/atomistic model of
chitosan

Bonded atoms Ky, kcal/(mol*degz) Ocq, deg
C20—0—CO 88.32 180
C20—0—CH 65.26 180
CH—O—CH 67.33 120
0—C20—CO 253.66 122
O0—C20—CH 205.24 122
O—CO—CN 205.24 150
C20—C0O—CO 23291 150
CO—CO—CN 196.01 145
CN—CO—CH 149.89 145
CO—CN—CO 145.28 120
CO—CN—CH 32.97 120
O—CH—O 73.79 120
O—CH—CO 59.96 145
O—CH—C20 145.28 145
O—CH—CN 172.95 145
C20—CH—CO 145.28 145
CO—CH—CN 140.66 145
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Table 4 van der Waals interaction parameters

Type of virtual site rio, A &, kcal/mol
C20 1.81 0.24
CO 1.94 0.91
CN 1.82 1.27
CH 1.58 0.23

which is extremely important in estimation and managing
of chitosan mechanical properties [23].

The next step in hybrid model construction was to choice
of potential force field. In the current work we use the
AMBER force field [24]. This potential is widely applied
in modelling of biological molecules and takes into account
various levels of interatomic interactions. Note that in the
work we use a modified AMBER potential where we
neglect the Coulomb interaction term (see Eq. 1) in order to
reduce the computational costs. This is justified since car-
bon nanostructures are neutral molecules whereas the pos-
itively charged chitosan chains form a neutral electric field
interaction, which is mostly defined by van der Waals term.

Epotential = Z K, (” - req)z + Z Ky (9 - geq)z

bonds angles

+ Y %Vn(l—i-cos(nqﬁ—(beq))

torsions
N-1 N s\ 12 -\ 0
0ij roij
i=1 j=i+l Tij Tij
(1)

where rg;; = rl.o + r? is the equilibrium Van der Waals
distance between interacting atoms, defined as a sum of
Van der Waals radii of atoms, ¢;; = ,/e;¢€;.

b)

Fig. 2 Chitosan chain (4 links): a atomistic model, b hybrid model
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Fig. 3 Chitosan chain 0+
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Fig. 4 Non-bonded interaction
between chitosan dimers:

a atomistic model;

b hybrid model

Parameter set for the model within the framework of
AMBER force field was calculated on a basis of geome-
trical and energy characteristics of chitosan dimer. Such
characteristics were found using the DFT calculations by the
Gaussian 09 software [25]. We solved a minimax problem
similar to the one described in [26] for parameters set
estimation for carbon nanostructures. The methodology pre-
sented in [26] consists of the following steps:

1. We pick the parametrisation of the force field as a set
A={K,, Ko, Vy, &1, 10}

2. The parameter set was found by solving a minimax
problem in form

4
— mi . €q
S(A) = rrgnmax Z |r, -7

i=1

) @)

where {r;} is the set of all (dimensionless, normalized
by their equilibrium prototypes) geometrical parame-
ters of the structure (bond-length, angle, torsional angle,
Van der Waals distances) as function of atoms coordi-
nates, {r{?} is the set of equilibrium parameters found
by DFT calculations of the structure (also dimension-
less). The problem was solved for the whole molecules
considered in the model, the geometrical parameters
deviation was considered less or equal to 107°. Geo-
metrical parameters {r;} were found by Eq. 1 by
substitution of the set A and minimization of Eq. 1
over the total energy of the molecule. The set A =
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{Kr, Ko, V,, &i, rl.o} was constructed by building the
4D surface of the total energy (1) and estimation of local
profile maxima depending on A.

3. Modification of method presented in [26] was based
on one additional restriction of coincidence of poten-
tial energies of the molecules under study found by
atomistic modelling within AMBER force field without
Coulomb interaction and found by solving of problem

Q).

AT-AMBER
Epotential - Epotential <Eé, (3)

where ¢ < 0.001.

In order to achieve the best accuracy in our calculations
we considered chitosan dimers and chains consisting of 4, 6
and 8 backbone rings.

Table 5 Chitosan dimer adsorption on graphene nanoparticle

Graphene AE AE
nanoparticle (atomistic (hybrid
(height x width), model), model)
A kcal/mol kcal/mol
20.5x12.7 —20.75 —35.974
25%x 15 —21.216 —37.589
29.3x17.8 —21.216 —35.974
34x20 —20.524 —40.125
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Fig. 5 Placement of chitosan
dimer on graphene nanoparticle:
a atomistic model;

b hybrid model

The results of parameters estimation is presented below.
Table 2 defines the bond parameters for the hybrid model,
Table 3 is dedicated to angle parameters.

Torsional parameters were found to be equal for each of
the group: V,, = 0.415 kcal/mol, n = 2, ¢, = 180°.

Parameters for non-bonded van der Waals interaction are
presented in Table 4.

Such methodology of parameters estimation allowed
reduction of reparametrization of the AMBER force field
for non-bonded interactions between new virtual sites and
existing atomistic models, for example, for carbon nanos-
tructures. This will be shown below in verification section.

Model verification

We verified the constructed model by comparing its
behaviour with atomistic chitosan behaviour. To this end
we used a software LAMMPS [27, 28] which allows user-
defined parametrisation of force fields.

Chitosan dimer Geometrical characteristics of the models
(see Fig. 1) demonstrated that coordinate deviation between
the atomistic and hybrid model has not exceeded 5 %. Total
molecule energy for atomistic model was 404.021 kcal/mol
whereas for the hybrid model it is 406.788 kcal/mol, there-
fore, the difference is less than 1 %.

Fig. 6 Example of chitosan
dimer positioning when
interacting with carbon
nanotube: a atomistic model,
b hybrid model
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Chitosan chain formation We have studied the processes of
chain formation. Total free energy of, for example, chains
consisting of four monomers, was close: 805.274 kcal/mol
for atomistic and 802.507 kcal/mol for hybrid models (see
Fig. 2). Similar values were observed for structures consis-
ting of 4, 6, 8, 10, 16 and 20 links.

Values for enthalpy of chain formation were calculated
for standard conditions. Change of enthalpy of formation
A H was found according to the following law:

AH = AEpotential + AHpona + pAV, 4

where AE porential 1S a change of free energy between initial
and final structures, AHponqg is a heat of bond brea-
king/formation (calculated as a sum of bond breaking and
bond formation heats), p = 1 atm is a constant pressure of
the compounds and AV is a change of volumes between ini-
tial structures formed by chitosan monomers and the final
chain. The results are presented in Fig. 3. It is obvious
that the reaction characteristics are well-reproduced by the
constructed hybrid model. The results clearly demonstrate
the exothermic properties of reaction, although the absolute
values of enthalpy differ due to inaccuracy of volume
change term calculations based on the model.

Non-bonded interactions Next, we considered molecular
dynamics simulation of chitosan dimers non-bonded inter-
action. Simulation was performed for atomistic and hybrid

@ Springer
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Fig. 7 Youngs modulus of 5.00
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models in vacuum. Temperature was kept at the level of
300 K. In order to keep the temperature of simulation at the
aforementioned value, a Berendsen thermostate algorithm
was used. Time of simulation was 1 ns. Integration time step
was 1 fs because of atomistic representation of several ele-
ments of molecules. Therefore, the proposed model does not
allow enlarging of integration time steps.

Atomistic and hybrid models demonstrated the same
behaviour and formed a structure shown in Fig. 4.

Bulk density of space distribution of chitosan molecules
was also computed and compared with atomistic and expe-
rimental calculations. It appeared that the density found
by the hybrid model and atomistic model are average of
205kg/m> and 198 kg/m?, respectively. The experimental
estimations vary between 150 and 300 kg/m>, which proves
accuracy of the modeling.

We conclude that the constructed hybrid model of chi-
tosan is successfully reproducing its energy, structural and
dynamical characteristics.

Interaction with carbon nanostructures First we consi-
dered adsorption process of chitosan dimer on graphene
nanoparticles (graphene sheets which linear dimensions are
lower than 40 A). To this end we considered a non-bonded
interaction between the aforementioned molecules. Results
concerning stability of such compounds are presented in
Table 5. The molecular dynamics simulations were per-
formed at the same conditions as mentioned before for
chitosan-chitosan interaction. The adsorption energy pre-
sented in Table 5 was calculated as a difference of total
potential energies (1) of equilibrated complex E;ggiﬁ and

components located infinitely far away from each other as a
sum Echitosan—dimer + Egraphene (see Eq 5)

potential potential
__ g-complex chitosan-dimer graphene
AE = Epotential - (E potential + Epotemial) : o)

It should be noted that atomistic and hybrid models
demonstrate similar topological position of chitosan dimer
on graphene (see Fig. 5).
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Interaction of chitosan with carbon nanotubes demon-
strated a similar behaviour (see Fig. 6).

We conclude that the constructed hybrid model suc-
cessfully represents structural and energy characteristics of
composites ~’chitosan + carbon nanostructures”.

One of the most important characteristics of the com-
posites under study is their mechanical strength. The aim
of hybrid model construction is to develop a new simple
method of composites characteristics estimation. We found
Youngs modulus for various single chitosan chains (using
atomistic and hybrid models). Method of elastic modulus
calculation for various structures is described in paper [26]
and is based on estimation of potential energy gradient as a
result of deformation of the structure, and also on geomet-
rical parameters of the molecule under study. Results are
demonstrated in Fig. 7 and show that the hybrid model is
successfully reproducing mechanical behaviour of chitosan.

Finally, it should be mentioned that the methodology of
model construction allowed a significant decrease of calcu-
lation time within molecular dynamics method not less than
two times due to reduction of number of interacting cites.
This depends on the amount of atomistically represented
cites, for example, the size of carbon nanostructures within
the chitosan compound.

Conclusions

In the paper we demonstrate a new hybrid CG/atomistic
model of “chitosan + carbon nanostructures” composites.
The model represents structural, dynamical, energy and
mechanical properties of composites and chitosan itself
while 2 times reducing the number of atoms in system.

The main properties of the model are:

1. a well-known popular potential force field AMBER is
used to model the atom-atomic interaction;

2. model not only reproduces structural, dynamical,
energy and mechanical characteristics of composites
but also their stability.
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