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Elaboration of new self-healing polymer materials with improved properties such as room-
temperature healing and sufficient mechanical performance is a complicated task. In our study,
we present the groundwork for construction of multicomponent systems for polydimethylsiloxane-
based polymers via condensation in molecular dynamics resembling the simulated annealing pro-
tocol. Upon the self-organization according to the force field that model the intermolecular in-
teractions, all the compounds of the “siloxane equilibration” system reproducibly assembles in a
polydisperse structure with ionic and water-saturated aggregates. Around these aggregates, the
negatively charged polymer terminal groups are oriented, along with ions of initiators and residual
water. At the temperature of self-healing, the outer layers of the aggregates intensively exchange
with each other. Thus, the molecular dynamic simulations shed light on crucial structural and
dynamical properties on a molecular level that can influence the self-healing process, which would
be useful in further targeted development of these materials having a prospect in cable products.
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Introduction

Nowadays the requirement for high-tech polymer-contained devices in various areas perma-
nently increases, entailing the problems of labored reparation of them in case of mechanical or
electrical damage. This problem particularly manifests in electronic devices, when a breakdown
can distort the mechanical integrity of a dielectric material disabling thus a rather expensive
device. To overcome this problem, polymers with self-healing properties, i.e., able to heal the
occurring mechanical defects in it, have attracted significant interest as promising participants
of a sustainable development concept . Self-healing materials are comprised by various
types of polymers possessing exchangeable bonds or interactions with relatively low activation
energy threshold, which are able to reversibly cleavage and reform, providing mobility of the
chains and regaining mechanical strength and integrity after the damage. These exchangeable

bonds may be noncovalent (hydrogen bonds @ , ionic interactions etc.) or

covalent (for example, Diels—Alder reversible condensation @, donor-acceptor metal
coordination , imine bond , disulfide bond , dynamic urea bond ,
boron ester bond , oxime ester and many others), or the polymer can contain a
combination of both types.

Polysiloxane-based self-healing materials are comprised by chains of the Si-O- sequence
with the feature of recombination of Si—-O bonds between two different chains. High flexibility
and low rotation energy barrier of the polysiloxane chains , provide excellent mobility of the
chains and thus high efficacy of self-healing, however, along with low mechanical performance.
Nevertheless, in case of electronic devices including those in biomedicine, the effectiveness, rate
and autonomy of self-healing is a priority. Also, such peculiarities of self-healing polysiloxanes
as optical transparency, flexibility, high environmental and thermal stability provide their wide
potential application in electronics and wearable devices , soft robotics , microflu-
idics and special indispensability for biomedical devices due to their complete biocompatibil-
ity . Extremely low (about —120°C) glass transition temperature, T, of polysiloxanes
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makes them a very attractive object for modifications in order to approach the room temperature
effective self-healing via, for example, adding of a silicone exchange catalyst or additional
type of reversible bonds with lower activation energy . However, these methods may
significantly increase the material cost and, what is more important, decrease one of the most
valuable unique polysiloxane properties such as biocompatibility. Therefore, development of the
room temperature silicone self-healing materials with minimal chemical interventions is a chal-
lenging task. To find the pathway of such modification, a detailed picture of the self-healing
mechanism at the molecular level would be indispensable.

In all the available literature, the self-healing of polyorganosiloxanes is attributed to the
“siloxane equilibration” reaction, in which an electronegative terminus of one chain attacks a
middle of another chain by Sx2 mechanism, upon which the second chain is shortened, and
the first one is lengthened. The Sy2 mechanism of this reaction is confirmed both by quantum
chemical calculations using DFT methods and experimental methods . Indeed, it
is the presence of charged —Si(CH3)2O~ terminal groups that imparts self-healing properties
to siloxane materials, while neutralization of the charged chain ends deprives the materials
of this ability . However, detailed atomic and molecular structure of the multicomponent
polymeric system could provide crucial information for understanding the self-healing process
and its relation with desired mechanical performance.

In our study, for computational investigations, the “siloxane equilibration” compounds, pre-
viously obtained as follows , were selected as the most simple compounds of their class.
These polymers were synthesized by anionic polymerization of the D4 reagent (octamethylte-
tracyclosiloxane) with a small amount of its dimer, bis-D4 reagent, every molecule of which
contains C—C bond and, being included into the polymer, provides ethylene crosslinks between
two linear PDMS chains. The polymerization is initiated by an anion, typically OH™, and the
most common initiators are N(CH3)4sOH (TMAOH) or KOH. It was found that the quality
and type of the initiator can influence the self-healing temperature and other material proper-
ties. This and other features can hardly be explained without understanding of the PDMS-based
“siloxane equilibration” material organization at the molecular level. The reliable structural and
dynamical modeling could reveal some crutial heterogeneity in its structure and its role in the
self-healing processes.

Therefore, molecular dynamics (MD) simulations were performed for investigation of this
issue. Though this method does not imply rearrangements of covalent bonds, it is indispensable
to model the polymer organisation at the molecular level and assess the possibility of a certain
reaction according to the distance between the reaction centers. Task-oriented material design
with purpose properties, attempted to reach certain values by variation of chemical composition
and structure, is more efficient when it is based on a structure-property relationship model. The
MD simulation method has approved itself to be appropriate and conclusive for investigation
of irregular structure of polymer materials, including those with self-healing abilities . In
this research, we exploited it to obtain the three-dimensional dynamic picture of the “siloxane
equilibration” materials and to establish the processes guiding its self-healing.

Virtual simulation provides insights into systems with different parameters easily fine-tuning
in the model compared to the synthesis, such as the initiator effectiveness or a small water
impurity in the investigated polymer. To address this issue, we designed several theoretical
systems along with experimentally based varying parameters such as the counterion type, the
initiator effectiveness or an average chain length.
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To establish the detailed structure of the self-healing PDMS materials, a simulation protocol
that would chemically-friendly guide the system self-organization is required. If any initial guess
for the irregular multicomponent polymer structure is absent, it is possible to start from the cell
with randomly distributed components in it, which is anyway far from the real structure and
thus requires the surmounting of a lot of substantial energy barriers on the way to the potential
minimum with the most reliable structure of the material organization. The simulated annealing
protocol provides such kind of a global optimization strategy which at the beginning point
supplies the system with an energy sufficient to overcome barriers on its energetic landscape and
then gradually reduces the additional energy which steers the system towards the global energy
minimum. In our study, we adopted a similar strategy to the MD simulation of PDMS-based
“siloxane equilibration” systems containing ions of different initiators, N(CHs),OH or KOH, in
various concentration, and water molecules. The results of the proposed modelling protocol and
the influence of the concentration of different ions were thoroughly analyzed.

The present article is organized into three main sections. The " section is devoted
to computational protocol details, the {Results and discussion| section contains general descrip-
tion of MD simulation data and their interpretation. points out the significance of
the obtained results for understanding of the self-healing mechanism and potential directions of

material development for its improvement.

1. Methods

1.1. System Design and Construction of the Polymer MM Models

We assumed that upon polymerization, each initiator anion creates one unbranched PDMS
chain, while each bis-Dy4 crosslink consumes two initiator anions for every opening ring, creating
one cross-linked polymer molecule. Therefore, the average chain length in the system is defined by
the ratios between the initial components (Dy4, bis-D4 and the initiator, KOH or (CHj3);NOH)
and one more value — the initiator efficiency, i.e., the percentage of the initiator ions that
participated in the nucleophilic substitution reaction and created an “opened” —(CHgz),Si-OH
group. Modeling of the systems with M,, according to the NMR and GPC data (58 kDa and
66 kDa) implied certain KOH efficacy and thus the presence of a certain number of unreacted
OH™ in the system along with the initiator counterions. The corresponding amount of these
ions were added to the systems (Tab. . Also, systems with different initiator efficiencies and
calculated from it average chain lengths were similarly constructed.

The minimal number of chains was selected in order to provide the unfolded conformation
of them in the simulation. For systems with large M,, amount above 40 chains was sufficient for
this, while in the systems with a higher initiator efficiency we had opportunity to simulate a
larger number chains. The lengths of individual chains were generated according to the Poisson
distribution with a given mean, and these chains were arranged within a cubic cell at equal
distances from each other in each of the three dimensions. Crosslinks were introduced into some
of the chains according to the mass fraction of bis-D4. The chain and the location within it for
each crosslink were also chosen randomly, with the only assumption being that the crosslinks or
chain ends must be separated from each other by at least six DMS residues.

Though PDMS is a highly hydrophobic material, it was supposed to absorb some amount of
water. Thus, certain excess of water in the amount of 0.5% mass. was included into the models
as a preliminary upper bound of water content.
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Systems with (CH3)4NOH were constructed in a similar manner, but K* ions were replaced
with (CH3)4N* ions using an authoring Python script with the ¢md library, and are denoted
hereafter as PDMS-TMA systems (in names like PDMS-TMAOH-13 the last number means
initiator effectiveness, here 13%). Otherwise, systems with KOH as an initiator are denoted as
PDMS-KOH.

The full list of the constructed systems is the following:

e PDMS-K-100 with the initiator effectiveness of 100%;

e PDMS-K-30 with the initiator effectiveness of 30%;

e PDMS-K-13 (13.2% effectiveness, corresponding to the experimental M,, of 58 kDa);
PDMS-K-10 (10.4% effectiveness, corresponding to the experimental M,, of 66 kDa);
PDMS-TMA-13.

For them, the quantitative compound and other details are given in the Tab.|1| In it, M,, is

given in a number of DMS residues, while nOH™ denotes the number of free unreacted anions in
the system. After a number of chains and “=" its quantitative distribution along every dimension

is given.

Table 1. The quantitative (in a number of molecules) composition
of the “siloxane equilibration” material simulation cells

System name Polymer chains  Cell, nm M, Crosslinks nOH~ Cations Water
PDMS-KOH-100 216 =2 x6 x 18 39 53 12 0 228 222
PDMS-KOH-30 64 =1x2x32 58 197 12 177 253 248
PDMS-KOH-13 64 =1x4x16 46 782 47 732 843 986
PDMS-KOH-10 48 =1 x4 x 12 52 890 41 756 845 843
PDMS-TMAOH-13 64 =1x4x16 46 782 47 732 843 986

The construction of the systems was performed using a Python script with the ¢md module.
For systems with low initiator effectiveness (10 and 13%) long chains were folded into “rolls” from
an unfolded Dy structure with Si-O-Si-O and O-Si-O-Si torsion angles 176° — the minimal value
that allowed the chains to be folded without steric interference (Fig.). After this, the cell was
filled with water, and the required amount of randomly distributed ions and water molecules were
added using the gmz solvate and gmz genion instruments of GROMACS software, respectively.

The molecular mechanical models of the PDMS residues, both for the linear and branched
fragments, were prepared using the General Amber force field . Partial charges were evaluated
according to the RESP model . The lacking parameters of covalent bonds and angles for DMS
and crosslink residues were calculated by DFT method with M06-2X functional and 6-3117+TG**

basis set along with parameters from .

1.2. Molecular Dynamics Simulation Protocol

We began the simulation at high temperature (about 800-1000 K) which ensured an easy
overcoming of all the conformational barriers, and then linearly decreased it down to the room
temperature, providing thus the system movement towards the most energetically optimal struc-
ture guided by forces of intermolecular interactions from the forcefield.

The MD simulations were carried out using GROMACS 2019.4 software . The time
step of integration for equations of motion was 2 fs. The system coordinates were written to
the atc trajectory file every 20 ps. The lengths of all bonds were controlled using the LINCS
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algorithm . The temperature was maintained by the velocity rescaling thermostat with addi-
tional stochastic correction [4]| with 0.1 ps coupling time. The pressure in NPT simulations was
controlled by Berendsen barostat with the coupling time of 5 ps. Ewald particle mesh with
the sixth order of interpolation and a 0.1 nm grid step was used to threat long-range electrostatic
interactions .

Every MD simulation was preceded by a geometry optimisation by the Broyden—Fletcher—
Goldfarb—Shanno algorithm . The sequence of all calculation procedures upon the system
modelling is given in Tab.

1.2.1. Results and discussion

At the initial stage of the system modelling, initial unit cells with PDMS chains were con-
structed. We applied the software previously developed by us for modeling of lesser polymer
cells that was based on various probabilistic algorithms which essentially randomly dis-
tributed components in the cell, creating a system that reproduces the required ratios of initial
reagents and the average chain length (with the individual chain lengths distributed according
to the Poissons law). Thus constructed systems with PDMS chains, ions, residual water and Dy
reactant underwent a procedure of in silico condensation to achieve a deep equilibration during
the system self-organization.

In this procedure, after potential energy optimization, MD simulation is to be carried out
at constant volume and high temperature that is significantly higher than the physical polymer
could sustain (up to 1073K, see Tab. . During this simulation, the polymer chains and other
components intensively mix with each other, remaining distributed throughout the cell without
significant condensation in a confined region.

At this step, for systems with long PDMS chain a crutial problem arose: the polymer chains
began to “curl” folding on themselves (which would result into unnatural conformations upon
further condensation) rather then interact with each other due to large interchain distances.
Prevention of the curling by mere temperature increase entailed a high probability of triggering
the LINCS algorithm, aborting the simulation. A solution was found in reducing the free space
in the initial cell by folding the polymer chains into artificial helices as tightly as the PDMS
structure allowed without a steric clash of the van der Waals radii of the atoms (Fig.|14). The
dense PDMS chains packed into such kind of “rolls” did not inflict tense system conformation
in further simulations: the chains unrolled during the first tens of the NVT trajectory (Fig. ,
left). Therefore, this chain twisting was used to construct the systems with long polymer chains.

At the next step of the simulation protocol, the system was slowly cooled to ambient or 100°C
temperature. Upon this process, molecules and ions aggregated according to their interaction
forces, thus adopting the most natural conformation and mutual arrangement (see F ig., right).

At the final stage, the systems at 25 or 100°C were extracted from the condensation trajec-
tory after stabilization as starting systems for further simulations. After the geometry optimiza-
tion, final trajectories of 500 ns length were obtained for each type of the system (all kinds of
simulated systems are described in. The final density that the modeled systems reached
was about 0.95 (Fig., which falls within the range of 0.91-1.00 for PDMS materials .

In all the simulated systems we observed an aggregation of positively charged counter-ions
and the self-organization of charged and polar groups and molecules around these aggregates
(Fig. . These aggregates assembled reproducibly in various cells with different compositions
and in all the MD runs with different ratios of components (Tab..
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(b) General view of the starting system

(a) Initial compacted conformation of PDMS chains with “rolled” PDMS chains and ions

(c) Condensation of the polymer material cell after short NVT simulation

Figure 1. Construction and condensation of polymer material simulation cells

We observed that the size and distribution of the aggregates heavily depended on the initia-
tor effectiveness. For a system with 100% effectiveness (without free OH™ in the polymer), the
average ionic aggregate size was about 5—6 cations (Fig. ) As initiator efficiency decreased,
the aggregate size increased due to residual OH™ anions incorporating between cations, thereby
enhancing their retention (Fig.). The greater was the fraction of unreacted initiator remnants,
the larger was the average size of the aggregates, increasing up to more than 40 K* cations at
10-13% effectiveness (Tab. . With extremely low initiator effectiveness (10-13%), the number
of K™ and OH™ ions in the system was nearly equal, which provided formation of stable ionic
aggregates of many tens of ions (Fig. )

The aggregates in our systems had a more complex structure than any other ionic aggre-
gates previously described . All negatively charged termini of the polysiloxane chains were
“anchored” by cationic aggregates. All water molecules, as well as polar hydrophilic groups
at the beginning of the chains at the site of nucleophilic OH™ attachement, were also coor-
dinated around the ionic aggregates, so that the space between the aggregates was filled only
with low-polarity lipophilic PDMS chains. At larger aggregate sizes, they attracted even less
polar residues, such as forming ethylene crosslinks in the chains (Fig. , right). Thus, all the
negatively charged groups that initiate the siloxane exchange reaction appeared to be trapped
on the surface of the aggregates in our model. This should be taken into account for future
investigation of the siloxane equilibration kinetics.
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(a) Initiator effectiveness 100%, no OH™ ions in the system

(b) Initiator effectiveness 30%

(c) Initiator effectiveness 13%

Figure 2. Condensed simulation cells with ionic aggragates (on the left) and organization
of individual aggregates (on the right, the common color scheme is given on the top)
at different effectivenes of KOH polymerization initiator

In the obtained MD simulations trajectories integrity of K™ and OH~ aggregates and their
coupling with water molecules or terminal PDMS residues were investigated. It was expected
that the dynamics of inner layers (consisting of K* and OH™ ions) and outer layers (water,
PDMS residues) of the aggregates could provide an insight into how the structure determines

the materials properties, including the self-healing capacity.
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As it was mentioned above, an increase in the amount of unreacted OH™ at reduced initiator
effectiveness, enabled a formation of increasingly larger ionic clusters, where K™ and OH™ alter-
nate with each other. Thus, the considered decrease in initiator efficiency led to the formation
of increasingly larger and rarified ionic aggregates in the bulk of polymeric cell. Additionally,
significant differences in the dynamics of the aggregates were detected. During the simulation,
the aggregates and their environment underwent two types of dynamic changes. The first one
involved the aggregate “core” itself — the cluster of K and OH™~ ions — which could split into two
parts with their subsequent separation (however, they could further merge again). These fission
events were the more common, the higher the initiator efficiency was, i.e., the smaller were the
clusters themselves. For the systems without any free OH™, aggregates easily disintegrated, ex-
changed their core ions, or merged, as they were extremely small (with an average of 5 K ions)
and located close to each other (Tab.. As the ionic clusters grew with increasing of OH™ con-
tent, the aggregates became more stabilized. In particular, in systems with 10-13% efficiency, ion
exchange between aggregates was practically non-existent; however, another interesting process
prevailed.

The outer layer of such clusters, formed by water and chain end groups, proved to be even
more mobile. Individual groups in this layer could reversibly separate from the cluster, and if the
distance became large enough, return not to their own cluster, but to a neighbouring one. Thus,
during the simulations, an exchange of outer layer components occurred between clusters. Ex-
pectedly, this exchange became more intense with increasing temperature. For PDMS-KOH-13
at room temperature, no such exchange events were observed within 0.5 us of simulation, but as
the temperature increased up to 100°C, the “hopping” of the PDMS termini between aggregates
occurred many times within the same trajectory span (which is illustrated on Fig. . Since
self-healing is always related with the redistribution of reversible interactions in the material,
which provides the relative mobility of its chains, the redistribution of terminal PDMS groups
between the aggregates in the MD trajectory might influence the self-healing mechanism of the
PDMS-KOH material.

Water expectedly appeared to be the most mobile component of the outer layer of the
aggregates, so the water exchange between aggregates was the most frequent event (see Tab..
It is to be established in further modeling, whether water exchange alleviates the inter-aggregate
“hopping” of the PDMS residues and thus is an important active participant of the self-healing
process, or this is an independent process.

With substitution of the KOH initiator with N(CH3)4OH in the PDMS-TMAOH-13 systems,
the behaviour of the aggregates was completely different. The aggregates themselves became
unstable, when one part of them could shift and separate from another; however, such separations
of the aggregates were reversible. What is more important, no exchange of PDMS residues
between the outer aggregate layers was detected at either 25°C or 100°C. However, at all these
temperatures, the real PDMS-TMAOH system provides self-healing. Therefore, the self-healing
ability of PDMS-TMAOH systems should be mainly attributed to another physicochemical
processes: general mobility of the PDMS chains coupled with ionic aggregates and “siloxane
equilibration” reaction.

To the contrast, PDMS-KOH systems demonstrate a unique behaviour: rapid redistribution
of internal noncovalent interactions between stable “anchor” aggregates. This process presum-
ably can provide self-healing ability along with low viscosity, and thus could explain self-healing
of PDMS-KOH with relatively good mechanical performance.
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Conclusion

Molecular dynamic modelling of self-healing PDMS-based “siloxane equilibration” materi-
als enabled to obtain the details of polydisperse structure depending on their composition. The
main distinguishing feature of the systems with KOH or N(CH3),4OH initiators was that ini-
tiator counterions are concentrated into aggregates, surrounded by negatively charged groups
from the ends of the polymer chains. As initiator efficiency decreased, these aggregates became
increasingly larger due to the intercalation of residual OH™ between potassium ions, addition-
ally stabilizing these aggregates. They also coordinated the polar groups of the system around
themselves: water molecules, as well as the initial polymer residues that carried the attached
OH™ ion and the cross-linking residues. During the MD simulation of materials with KOH as
initiator with 10-13% effectiveness at 100°C, these polar groups extensively migrated between
stable ionic aggregates. Water was especially mobile in this regard, but the initial residues also
underwent several “switches” during the 500 ns trajectory. At 25°C, these groups had insuffi-
cient kinetic energy to switch from one aggregate and attach to another one. These simulation
data are in line with the experimental fact that the material with KOH as initiator undergoes
self-healing only at the temperature above 100°C.

Another noteworthy point following from the MD results deserves special attention for the
future study of self-healing properties. It is the balance between two interrelated processes: the
“siloxane equilibration” reaction and the dynamic of ionic particles in self-healing process. If
the reaction requires free —(CHg3)2SiO~ termini, which, according to the simulation data, are
preferably bound with ionic aggregates, then the siloxane equilibration should be considered
in the light of the aggregate structure. The aggregate itself, its size, compound and stability is
expected to impact the kinetics of the “siloxane equilibration” reaction, and it is a comprehensive
task for further investigations.

Thus, the structural models obtained via MD simulation condensation protocol discovered
the existence of stable ionic aggregates in the PDMS polymer bulk. It enatails that the self-
healing process can be determined by the structure and dynamics of these ionic aggregates,
which would open new perspectives of modifications by controlling the size, distribution or
kinetic parameters of group exchange of water-ionic aggregates in polydisperse multicomponent
system.
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