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As a supplement to the widely used general AMBER force
field, a set of parameters is proposed for molecular dynamics
modeling of the structure and properties of polymer chains
in polyalkylsiloxane matrices of materials capable of self-
healing after stress loads.
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Polyorganosiloxanes are widely used in engineering due to their
chemical stability, biological inertness and wide range of operating
temperatures. Moreover, most polymeric materials capable of
spontaneously restoring their structure after stress loads are based
on a polydimethylsiloxane matrix.!> For example, Deriabin et al.
created such a material based on a copolymer of a,®-bis(3-amino-
propyl)polydimethylsiloxane with pyridine-2,6-dicarboxylic acid,
which coordinates nickel(IT) ions.>* Similar materials based on
polydimethylsiloxane chains modified with dibenzoylmethane
groups, which form complexes with metal ions, are also known.>°

Itis obvious that understanding how the structural organization
of polyorganosiloxane materials is related to their properties would
make it possible to improve them and predict their behavior under
various conditions. However, as is usually the case for polymeric
materials with only short-range order, the spatial structure of these
polyorganosiloxanes cannot be directly studied by diffraction
methods. Nevertheless, this is a feasible task for molecular
dynamics (MD) modeling, which has been successfully used to
study the structure of epoxy resin-based materials.”®

MD modeling of any macromolecule involves creating its
molecular mechanical model based on the appropriate force
field, i.e., the potential energy function of the modeled system in
combination with a set of its parameters. There are several force
fields that provide parameters for modeling compounds containing
the Si—C covalent bond. First of all, these are ReaxFF extensions
for solid SiC%!0 or an alkyl monolayer on a silicon surface,'!
which, however, are rather different substances from organo-
siloxanes. Organosilicon compounds can also be modeled using the
DREIDING!? force field, which, however, has a rather simplified
approach to assigning force constants, implying that the same values
are assigned to all bonds with the same order, to all bond angles
andto all torsion angles formed by atoms with the same hybridization,
i.e., the force constants are almost independent of the types of
atoms. An interesting example of a force field developed for
organosilicon molecules is PolCA,'3 which takes into account
explicit polarization. The PolCA force field was developed to better
predict the enthalpy of vaporization, free energy of solvation and
other phase and electronic properties. However, in this force field, the
aliphatic hydrogen atoms were not described explicitly, or in other
words, each CH, group was considered as a separate interaction site.
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The general AMBER force field'* (GAFF) is one of the widely
used force fields because it enables high-performance MD simula-
tions and covers a wide range of organic structures. The potential
energy Uy, is represented in it as the sum of classical potentials
that describe the vibration energy of interatomic bonds /, bond
angles 6, torsion angles ¢ and the energy of dispersion and
electrostatic interactions:
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In contrast to the above-mentioned force fields, GAFF allows one
to construct a full-atom molecular-mechanical model that thoroughly
considers the types of existing bonds, bond angles and torsion angles.
At the same time, the simple form of the potential energy function
of the simulated system, which does not take into account the polariza-
tion of atoms, ensures high simulation performance, which is
necessary when simulating large polymer systems. MD simulation
of such systems requires careful equilibration and multiple recalcula-
tions to average the influence of the starting structure, so high-
performance computing is needed. Thus, the extension of GAFF
to polyalkylsiloxane chains is necessary for conducting MD studies
of self-healing materials based on polyalkylsiloxanes.

The original GAFF did not include parameters for modeling
polyorganosiloxanes, but Dong et al. extended it with parameters
for modeling drug-like organosilicon compounds after performing
extremely demanding work ' to tune compatible (6-12)-potential
parameters for silicon atoms and their bonded oxygen and carbon
atoms (Table 1). Unfortunately, GAFF, as thus extended, does not
include parameters for some of the covalent interactions present in
the polyorganosiloxane chain. These include parameters for the
harmonic potentials that govern the vibrations of the bonds between
silicon atoms and the bridging oxygen atoms, or for the cosine
potentials that affect the conformation of the polysiloxane core.
We decided to calculate the missing GAFF parameters to be able
to perform high-throughput MD simulations of siloxane materials
using it. Thus, we introduced a new atom type ‘oss’ for the oxygen
atoms connecting the silicon atoms in the polysiloxane chain
(see Table 1).
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Table 1 GAFF atom types used in the work of Dong et al.'> to model
polyalkylsiloxanes and their (6—12)-potential parameters.

Table 2 Parameters of harmonic potentials for modeling bonds in polyalkyl-
siloxanes.

Atom type o/nm &/kJ mol™!

si sp3 silicon 3.16804x 107! 6.28020x 102
ci sp? carbon covalently bonded to silicon 3.56538 x 10! 4.73108x 10™!

ng sp3 nitrogen covalently bonded to silicon 3.15913x 10! 1.98036

oi Hydroxyl oxygen covalently bonded to 3.24287x 107! 2.09340
silicon

oss Oxygen covalently bonded to two 3.24287x 107! 2.09340

silicon atoms
hi Hydrogen covalently bonded to silicon 2.59430x 107! 3.97746x 107!

Atom types
ly/nm k/kJ mol~! nm~2

1 ]

si oi 0.16740¢ 252462.56%

oi ho 0.09730¢ 476641.28¢

ci he 0.10936 318363.69

si 0ss 0.16563 299464.63

si ci 0.18719 172708.63

ci c3 0.15412 263080.95

ci ci 0.15515 265617.03

To perform the calculations, we constructed two models,
1,5-bis(3-aminopropyl)-1,1,3,3,5,5-hexamethyltrisiloxane 1 and
1,1"-(ethane-1,2-diyl)bis(1,3,3,3-tetramethyldisiloxan-1-ol) 2,
simulating a segment of the polydimethylsiloxane chain (Figure 1),
and carried out a deep optimization of their potential energies using
the density functional theory (DFT) method with the M06-2X
functional. In this case, from one calculation to another, we gradually
increased the detailing of the basis set from 3-21G to 6-311++G(d,p),
achieving a complete absence of imaginary frequencies of eigen
vibrations. Quantum chemical calculations were performed using
the ORCA 5.0.3 package.'® For the optimized structure of the
model siloxane, the H matrix of the second derivatives of energy
with respect to the Cartesian coordinates x; was calculated. Then the
H matrix was projected into the space of redundant internal
coordinates ¢,,, i.e., bond lengths, bond and torsion angles:
_ E
- Bxiaxj’ S E
H,, = {kmn}’ kij: 3qm3qn'

The diagonal elements k,, = k, of the H;,, matrix are nothing
but the force constants of the corresponding harmonic potentials
for the potential energies associated with the changes in bond
lengths and bond angles [equation (1)]. The force constants and the
equilibrium values of bond lengths and bond angles are presented
in Tables 2 and 3. After that, the point charges were calculated for
the model siloxane using the RESP!” model, and then a molecular-
mechanical model was constructed, which was used to further
estimate the missing parameters k,, of the cosine potentials for
the torsion angles.

The search for missing k, was carried out using an approach
similar to the published one:'3 we generated a set of conformers
of the model siloxane 1 by changing those torsion angles for which
it was necessary to find the energy barrier k,. We calculated the

@

H={H;}, H;

H-H;

int>

3

(a)

(b)

Figure 1 Model siloxanes (a) 1 and (b) 2 used to calculate the missing
parameters of the force field. Silicon atoms are sand-colored, oxygen atoms
are red, carbon atoms are black, and hydrogen atoms are white.

@ The parameters are taken from Dong et al.'?

Table 3 Parameters of harmonic potentials for modeling bond angles in
polyalkylsiloxanes.

Atom types
0,/deg ko/kJ mol~! rad?

i j k

ci si oi 106.420¢ 25.19¢
si oi ho 116.370¢ 173.89¢
ci si ci 109.696 379.81
hc ci hc 107.039 332.65
si ci hc 108.978 267.31
ci si 0SS 107.558 553.71
0ss si 0SS 108.864 1033.58
0ss si oi 109.641 658.87
si 0ss si 146.139 287.63
c3 c3 ci 113.585 910.99
c3 ci hc 111.034 436.48
c3 ci si 116.660 634.06
ci c3 hc 110.133 528.62
ci ci si 112.581 412.35
ci ci hc 110.451 489.78

@ The parameters are taken from Dong et al.'>

energy for each conformer using the same DFT MO06-2X/6-
311++G(d,p) method and then sequentially adjusted the missing
parameters. To begin with, we calculated the change in the energy
of the molecule caused by the rotation of the methyl group around
the C—Si bond, which corresponds to a change in 6 torsion angles
of the oss—si—ci—hc type and 3 torsion angles of the ci—si—ci—hc
type and results in 72 conformations with a step of 5 degrees, while
the remaining torsion angles were fixed. We assumed that the k,,
value for the potentials of these two types is the same, so the
change in the potential energy U of the model siloxane can be
considered as a change in the sum of 9 cosine potentials of the same
type. Then the target parameter ,, for torsion angles of the X-si—
ci—hc type can be found by approximating the dependence U(¢p)
with the cosine potential from equation (1), as shown in Figure 2.

0 b
-180 -120 —-60 0 60 120 180

Torsion angle oss—si—ci—hc/deg

Figure 2 Approximation of the dependence of the energy of a molecule on
the value of the torsion angle oss—si—ci—hc by a cosine potential.
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Table 4 Parameters of cosine potentials for modeling torsion angles in
polyalkylsiloxanes.

Atom types

Po/deg ky/KJ mol™! n
i j k 1
X ci c3 X 0.04 2.41844 34
X si oi X 0.0¢ 1.14434 34
X si ci X 0.04 1.4749¢ 34
X ci ci X 0.0 8.2250 3
0ss si 0ss si 0.0 0.6839 3
ci si 0ss si 0.0 0.6839 3
oi si 0ss si 0.0 0.0000 3
ci si ci hc 0.0 0.2226 3
0ss si ci hc 0.0 0.2226 3
c3 ci si ci 0.0 0.7275 3
c3 ci si 0SS 0.0 0.7275 3

@The parameters are taken from Dong et al.'> X denotes an atom of any type.

Then, for the thus obtained 72 conformations, differing in the
0ss—si—0ss—si and si—o0ss—si—oss torsion angles with a step of
5 degrees, we calculated the potential energy values and combined
these conformations into sets. After that, we adjusted k(p of the
oss—si—oss—si and ci—si—o0ss—si types, sequentially applying the
genetic algorithm and the Nelder—-Mead algorithm'® in order to
minimize the root-mean-square deviation A between the potential
energies of model siloxanes calculated by quantum chemistry
methods (Uqy ;) and the potential energies calculated using the
molecular-mechanical model with the target values of k, (Ui )
as well as the values found for each i-th conformation out of N
conformations:

N
A= Z(UQM,i —Uym, 1)2‘ “

In this case, we assumed that the qu values for the 0ss—si—0ss—si
and ci—si—oss—si torsion angles are the same, since they describe
rotation around the same Si—O bond. Then, kq, was adjusted in
exactly the same way for the c3—ci—si—ci and c3—ci—si—oss torsion
angles.

The same procedures of generating the conformer and calculating
its energy using quantum chemical calculations followed by
Nelder—Mead fitting were performed with the model siloxane 2
to obtain k,, for the oi-si~0ss—si and X—ci—ci—X torsion angles.
The parameters of the cosine potentials found in this way are
presented in Table 4.

Thus, we have obtained a set of parameters for MD simulations of
polyalkylsiloxanes that is compatible with GAFF. We hope that
it will be useful to researchers interested in high-performance MD
simulations of polymeric materials based on polyalkylsiloxanes.

This research was funded by the Ministry of Science and Higher
Education of the Russian Federation (grant no. FENU 2024-0003).
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Supplementary data associated with this article can be found

in the online version at doi: 10.71267/mencom.7580.
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