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Abstract

Mesoporous silica materials (MSMs) have unique features like large surface area and tunable pore
size, making them suitable for biomedical applications. For longer durability, the small pores in
MSMs are kept intact by filling them with carbon precursors, which are carbonized to prevent
them from interacting with unreacted silicic acid. In this study, we synthesize and heal MSMs
using a combination of non-reactive and reactive molecular dynamics (MD) simulations. We use
Pluronic® L64 polymers to form micelle assembly in water, which are interpreted from radial
distribution function and hydrogen bonding networks of water molecules with the
hydrophilic/hydrophobic segments of the polymers. Orthosilicic acid is condensed around the
micelle-water assembly using bond-boosted ReaxFF MD simulations. Then, the system is
calcinated to burn down the carbonaceous micelle structure with evaporation of water.
Subsequently, we perform the healing of MSM surface by carbonizing polymer precursors inside

an MSM pore. Polyethylene and lignite are rendered as the most suitable precursors due to their

https://doi.org/10.26434/chemrxiv-2023-vpldb ORCID: https://orcid.org/0000-0002-5262-6086 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


mailto:acv13@psu.edu
https://doi.org/10.26434/chemrxiv-2023-vpldb
https://orcid.org/0000-0002-5262-6086
https://creativecommons.org/licenses/by-nc/4.0/

ability to form a network of turbostratic graphene structures. To assess the performance of
turbostratic graphene structure-based coatings on the inner surface of the MSM nanopore, we

introduce silicic acid precursor inside the pore and monitor its movement.

1. Introduction

Mesoporous silica materials (MSMs) have gained tremendous success in various applications
recently, mainly due to their interesting and unique textural and structural features. These features
include high specific surface, pore volumes, and unique pore sizes, which allow their use in
processes such as catalysis, adsorption, separation of target molecules, drug delivery devices,
chemosensors, and biosensors [1,2]. They exhibit greater capacity for drugs loading and ensure a
controlled bio-active compound release if they are functionalized, in comparison with amorphous
colloidal silica [3]. They are usually prepared from the self-assembly of surfactants, such as
pluronic polymers in solvents, followed by rapid condensation of silica precursors around the
micelle. The silicate condenses and forms an outer shell around the self-assembly. The self-
assembly along with the solvent is then calcinated at high temperature which induces pore in the
system [4]. MSMs are prepared using either the cooperative template method [5], where the
silicates play a crucial role during formation of the mesostructure; or the liquid crystal templating
mechanism [6], where the structure of preformed surfactant liquid crystals determines the MSM
structure, while silicates simply condense around these preformed mesophases. The composition
and type of the surfactants, auxiliary chemicals, and the synthetic condition allows us to monitor
the desirable pore size, wall thickness, and pore shape. Understanding and controlling interfacial
interactions, association, and aggregation is vital to the goal-oriented use of MSMs. There are
several MSMs which have been reported in the past two decades [7]: MCM-41, MCM-48, SBA-

15 and SBA-16.
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Functionalization of ordered MSMs has been extensively studied over the years in an effort to
provide appropriate properties for specific applications [3]. Functionalization serves several
diverse purposes such as: (1) Enhancing the properties of the inner surface for better adsorption-
reaction processes [8-14], (2) Acting as an anti-corrosion agent to protect inner surface of
mesopores [15-21], and (3) serving as enhanced controlled drug release purposes [22-27].
Functionalization in the form of grafting leads to co-condensation of carbon precursors with the
silica of the inner pores, which can significantly alter the pore properties [12] leading to better
adsorption of gases. Carbon precursors can also act as corrosion inhibitors for hundreds of
industrial applications [15]. Polymeric coatings on materials provide a dense barrier against
corrosive species [16]. Types of coatings which serve the purpose of anticorrosion agents are: (1)
polymeric or sol-gel coatings [28,29]; (2) silane based coatings [30,31]; (3) carbon based coatings
[32,33]; and (4) smart nanocontainers [34,35], which, when dispersed into the system, can quickly
respond to the local environmental changes associated with changes in pH and ionic strength.
Corrosion inhibitors in the form of polymers are generally immobilized or encapsulated inside
polymeric micro-capsules and released inside meso- and nano-pores. These materials are required
to be carbonized at high temperature to obtain the solid residue or the coating which settles and

heals the inner surface of the mesopores [36].

In order to understand the formation mechanism and to develop new mesoporous materials,
tremendous efforts have been made in experimental studies for the synthesis and functionalization
of MSMs [5,20,37-42]. Although significant progress has been made in the experimental studies
of the synthesis process of these materials, having a thorough understanding of the atomic
structure, interactions, and formation mechanism is important. Due to the amorphous nature of

atomic distribution in MSMs, it remains challenging for current experimental techniques to
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provide detailed information about the atomic structures of silica mesopore walls. Atomistic
simulations offer the potential to provide microscopic insights into the molecular level mechanism
of the synthesis process. Simulating the formation of MSMs is a challenging task because of the
simultaneous interplay between electrostatic interactions, hydrophobic forces, and condensation
polymerization reactions. Building a molecular model which can capture all this broad range of
effects of the synthesis process can be complicated. Furthermore, factors related to large system
size and long-time scale simulations are required to observe self-assembly and polymerization. As

a result, there have been cases of molecular modeling reported to address these problems [43-48].

Early stages of MSM formation using molecular modeling encounter issues related to length and
timescale. Methods such as kinetic Monte Carlo [49] and Monte Carlo using coarse grained lattice
models [45,48,50] are some of the methods which have proven valuable for studying the synthesis
process. Coarse grained molecular dynamics (MD) using MARTINI force field has been effective
in reaching microseconds of simulations depicting the micelle self-assembly in the solution
[51,52]. Non-reactive force fields such as OPLS-AA [53], CMAS94 [54], and CLAYFF [55] along
with SPC/E or TIP3P water models [56] have been able to delineate the silica association within
the solution effectively. Simple algorithms such as pore-drilling [57,58] and cylindrical resist
[59,60] methods have been developed to create a silica nanopore, enabling MD simulations to
bypass the micellization step. Recent developments of rather complex algorithms such as poreMS
[61] have been productive in generating effective functionalized mesoporous silica structures for
atomistic simulations. Despite the significant amount of computational work which has gone into
the development of MSMs, there are limitations in understanding the atomic details and the

formation pathway of phases at each step of the atomistic simulations. This is restricted by the
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high complexity of the interactions and reactions occurring within the system along with the

system size effects.

Reactive force fields such as ReaxFF [62,63] have been able to address and elucidate the behavior
and dynamics of large complex chemical systems [64—68]. It can handle multi-atomic systems and
predict the correct kinetics and reaction mechanism of the system. For large chemical systems,
ReaxFF simulations are sometimes limited to a few nanoseconds due to the complexity of the
interatomic potential functions. Accelerated algorithms have therefore been developed and utilized
over the years in conjunction with MD simulations to study rare events [69—72]. Therefore, to
investigate the synthesis and post synthesis healing of MSMs, we use a combination of non-
reactive (OPLS-AA) and reactive (ReaxFF) force fields for our current study to process and
analyze each step accordingly. We report the formation of self-assembly of pluronic polymer in
water based on the interplay between the hydrophilic and hydrophobic parts of the polymer with
water, followed by the silicic acid condensation at ambient temperature and final calcination of the
carbonaceous self-assembly and water. The post synthesis healing of these materials is done by
carbonizing carbon precursors — lignite, cellulose, polyethylene (PE), polyethylene terephthalate
(PET), and sucrose inside the mesopores. We elucidate the functionality and behavior of each of
these precursors based on the products formed from carbonization. Lastly, we discuss the ability
of the carbonized precursors to block unreacted silicic acid from damaging the small pores during

the synthesis of MSMs.

2. Simulation Details

We consider L64 (PEO13PPO30PEO13) pluronic polymer as the basic unit for the formation of
micelle in water. PEO stands for Polyethylene Oxide, which forms the hydrophilic tail, and PPO

stands for Polypropylene Oxide, which forms the hydrophobic head. We performed atomistic MD
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simulation for the self-assembly of pluronic polymers in solution on the GROningen MAchine for
Chemical Simulations (GROMACS) [73] platform with the OPLS-AA force field. The initial
configuration of the polymer molecules is assembled from the monomer units, called residues. The
entire chain configuration was built by linking the residues along the z-direction. We used the
pdb2gmx tool in GROMACS, which is designed to generate the topology files for proteins. For
our system, we treat the linear block copolymer as a linear sequence of residues defined in the
residue topology file aminoacids.rtp. pdb2gmx treats this linear sequence of residues as a protein
sequence. New entries in the aminoacid.rtp file can generate molecule.itp files for any linear
polymer consisting of a sequence of residues. We used the extended simple point charge model
[74] (SPC/E) for water to solvate the pluronic polymers. This is a rigid 3-point water model with

a polarization correction term.

For the self-assembly simulations, we utilized 20 L64 molecules in a system consisting of 5000
water molecules. We equilibrated the system by performing NVT simulations at 298.15 K after
geometry energy minimization. We performed atomistic MD simulation for the self-assembly of
pluronic polymers in water on the GROMACS platform. NPT production runs were performed
using Nose-Hoover [75] thermostat at 298.15 K and a pressure of 1 bar by Parrinello-Rahman [76]
barostat for 300 ns. The equations of motion were integrated using the leapfrog algorithm [77]

with a timestep of 2 fs.

After obtaining self-assembly of the pluronic polymer in the solution, we extracted the final frame
of the simulation. Then, we introduced 1000 molecules of orthosilicic acid within the system
around the periphery of the micelle. For the healing simulations, we used the ReaxFF force field
developed by Pitman et al. [78], which is provided in the Supplementary Information (SI) file. We

minimized the system using the force field and then equilibrated it at 298.15 K with the NVT
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ensemble. For the NVT simulations, we employed the Berendsen [79] thermostat with a timestep
of 0.25 fs. To facilitate the condensation of the silica precursor around the self-assembly, we
conducted an accelerated ReaxFF MD simulation for 2 ns with the bond-boosting framework
[71,80]. The parameters for bond-boosting the system can be found in Table S1 of the Sl file. Each
cycle of bond-boosting lasted 3.75 fs. To test the temperature-dependent condensation rate, we
performed sample simulations by placing 60 molecules of silicic acid in a box. The condensation
of silicic acid was studied at two different temperatures: 300 K using a bond-boosting technique
and 1500 K to observe the rate difference. After achieving an early stage of silica condensation
around the polymer self-assembly, we proceeded to calcinate the system. This step involved
subjecting the system to an extremely high temperature, causing disruption to the micelle structure.
To illustrate the calcination process, we fixed the atoms of the micelle water system and allowed
the condensed and unreacted orthosilicic acid to interact and form a condensed phase within the
system. Subsequently, we heated the system from 298.15 K to 2000 K with a heating rate of 6.8

K/ps, followed by the calcination at this elevated temperature for 1 ns in the NVT ensemble.

To coat the mesopores of the MSMs, we constructed an amorphous silica nanoslab, which was
annealed at 1500 K and subsequently quenched to 300 K. A cylinder with a diameter of 4 nm was
carved along the z-direction of the amorphous silica nanoslab to create the mesopore. To account
for missing protons from the dangling oxygen within the inner pore walls, we introduced 1000
water molecules into the pore. The system was then subjected to minimization and equilibration
using the ReaxFF force field at 300 K for 100 ps. Next, we elevated the system temperature to
1400 K and equilibrated it using the NVT ensemble for 1 ns to establish hydrogen bonds with the
dangling oxygen on the inner pore walls. This procedure closely resembled the cylindrical resist

method described in reference [60]. The unreacted water molecules were removed from the
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system, and it was quenched back to 300 K. We utilized this silica nanopore for performing the

subsequent healing simulations using ReaxFF MD.

For the healing simulations, we considered five different polymer precursors: cellulose, lignite,
polyethylene (PE), polyethylene terephthalate (PET), and sucrose. The number of molecules of
polymers used for the carbonization process was determined by considering a density of 1 g/cm?,
which was calculated from the pore volume of the MSM. We minimized the geometries of
polymers and then equilibrated the systems at 300 K using the NVT ensemble. The systems were
heated from 300 K to 2200 K and 2600 K, with a heating rate of 3.8 K/ps and 4.6 K/ps respectively.
Final carbonization simulations were then performed at these two temperatures for 1 ns to
determine the optimal polymers as coating agents for the mesopores. For all the NVT simulations,
we employed the Berendsen [79] thermostat with a timestep of 0.25 fs. To determine the
effectiveness of these coatings as blocking agents, we introduced an unreacted silica precursor into
the pore space. Subsequently, we conducted MD simulations for 100 ps to monitor the movement

of the unreacted silicic acid within the pore.

All ReaxFF MD simulations were performed on the AMS platform [81]. In the subsequent
sections, we delve into the synthesis and healing processes, drawing upon our simulation results

for comprehensive analysis and discussion.

3. Results and Discussions

3.1.Self-assembly of polymers

We describe results of atomistic modeling of the early stages of the synthesis of MSMs using MD
simulations. Explicit MD simulations of silica condensation are not feasible at the condition

examined in this study due to the inability of the MD method to sample the timescales required for
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the complete reaction to take place. The surfactant assembly usually takes a very long time to self-
assemble compared to the silica condensation reactions. The NPT simulations for 200 ps first find
small clusters of surfactant molecules which are scattered over the system. Then an Ostwald
ripening process is followed leading to the formation of larger micelles. The initial stages of
micelle formation are slow and the growth proceeds mostly by collision between micelles. A
representation of the pluronic polymer containing a hydrophilic tail (green part of the polymer)
and a hydrophobic head (red part of the polymer at the center) is shown in Fig. 1a, followed by
the unit monomers of ethylene oxide (see Fig. 1b) and propylene oxide (see Fig. 1c) constituting
the polymer. The large micelle formed at the end of the NPT simulation is shown in Fig 2a. The
properties calculated for the self-assembly of polymers in water include the O-H pair radial
distribution function (RDF) as well as the solvent distribution represented by hydrogen bond
evolution, as depicted in Fig. 2b and Fig. 2c, respectively. To determine the hydrogen bond
distribution, we employ a bond distance cutoff of 3.5 A for the hydrogen bond donor and acceptor
atoms, along with an angle cutoff of 100° for the donor-acceptor-acceptor antecedent angle (H).
Fig. 2b reveals that the hydrophilic segment of the pluronic polymer exhibits a stronger interaction
with water in the solution compared with the hydrophobic segment, as evidenced by the higher
intensity of the characteristic peak for ethylene oxide at r = 0.18 nm. As the simulation proceeds,
ethylene oxide demonstrates an increasing number of hydrogen bonds, whereas propylene oxide
exhibits a decreasing trend of hydrogen bonding, as seen in Fig. 2c. The quantification of hydrogen
bonds serves as an indicator for solvent distribution in proximity to the polymers, revealing the
affinity of water for ethylene oxide over propylene oxide. Our results indicate that the segregation
of hydrophilic and hydrophobic segments is well obtained. Nearly 80 % of the hydrogen bonds are

observed to form near the hydrophilic section of the micelle (see Fig. 2¢). This phenomenon aligns
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with previous observations seen in TEM images during the self-assembly of F127 pluronic

polymers [82].

(a)

Figure 1: (a) Pluronic L64 polymer with its hydrophilic component in green (ethylene oxide) and
its hydrophobic component in red (propylene oxide), (b) structure of ethylene oxide, and (c)

structure of propylene oxide.
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Figure 2: (a) Formation of self-assembly of pluronic polymer in water, (b) O-H pair radial
distribution function (RDF) of hydrophilic and hydrophobic segments of pluronic polymer in
water, and (c) hydrogen bond formation of hydrophilic and hydrophobic segments of pluronic

polymer with water.

3.2.Effect of silica condensation

Once a micelle structure is formed, silica precursors in the form of orthosilicic acid are introduced
at the periphery of the micelle-water system. Subsequently, a gradual condensation process allows

them to bind and form a structure around the micelle. To parameterize the force constants of the

11

https://doi.org/10.26434/chemrxiv-2023-vpldb ORCID: https://orcid.org/0000-0002-5262-6086 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-vpldb
https://orcid.org/0000-0002-5262-6086
https://creativecommons.org/licenses/by-nc/4.0/

external potential, we optimize the activation energy barrier of the condensation reaction against
benchmarked DFT barrier energy calculations [83]. The reason for using an optimized sets of force
constant parameters is not to force the condensation reaction, which can damage the self-assembly
in the process. The comparisons of the energies obtained for silicic acid dimerization and
trimerization between ReaxFF and DFT are presented in Fig. 3, which suggests that the

transformation is primarily influenced by the dimerization due to its lower activation energy.

] si

\’ yﬂ s 1 H
ReaxFF Energy barrier = 31 kcal/mol ReaxFF Energy barrier = 58 kcal/mol
DFT energy Barrier = 33 kcal/mol DFT energy Barrier = 49 kcal/mol

Figure 3: Comparisons of ReaxFF and DFT energy barriers for silicic acid dimerization and

trimerization [83].

The association and agglomeration of silica precursors during the 2 ns simulation are outlined in
Fig. 4. The condensation shows that not all dimerization or trimerization reactions of silicic acid
are found to be successful in every cycle of bond-boosting. Consequently, some orthosilicic acid
remains unreacted at the end of the simulation. Experimentally, the underlying kinetics may be
balanced by the choice of solvent, colloid concentration, and by surfactant molecules to
temporarily hinder the ripening of the silanol groups [84-86]. Once the condensed mesoporous
phase of silica is obtained, we proceed to the final step, namely, the calcination of the carbonaceous

micelle. When comparing simulations to experiments, an additional challenge arises such that the
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former takes time to reach equilibrium. Simulations become trapped in a metastable state, and the
resulting outcome mainly depends on the starting configuration. Applying bond-boosting in
conjunction with molecular dynamics forces the atoms of interest to take part in the reaction once
a pre-transition state is obtained. This allows the system to escape from the metastable state from
being trapped. However, using abnormal values of force constants in bond-boosting might lead to
potentially detrimental effect on the system yielding undesired products and unwanted dynamics
of atoms. Therefore, optimized parameters needs to be obtained which yield the closest reaction
energy barrier compared to DFT barrier [80] which should then be applied for studying chemical

reactions in large systems.

Our results indicate the formation of condensed silica on the surface of the micelle (see Fig. 4b),
followed by dehydration resulting in the creation of periodic mesoporous silica within the system
(see Fig. 4d). This phenomenon aligns with the prior observation made by Jorge et al. [87] When
around 60 % of the silica precursors condense around the self-assembly using bond-boosting, we

proceed to calcinate the system at 2000 K.
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Figure 4: Molecular snapshots of (a) silica initial association around the self-assembly, (b) silica
condensation on the surface of micelle-water system, (c) silica condensation augmenting with
time, and (d) calcinating the system and removing the carbonaceous micelle and water from the

system.
3.3.Calcination of micelle water self-assembly

The final step of the synthesis process requires the calcination of the carbonaceous matter from the
system along with the evaporation of water. This keeps the mesoporous silica phase intact within
the system, resulting in the formation of pores from the calcination process. One of the phenomena
observed during the calcination process, which occurs at high temperature, is that silicic acid
aggregates much faster compared to that at ambient temperature. This observation has been

previously reported by both experimental studies [88] and simulations [89]. To substantiate this
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hypothesis, we conduct a small-scale simulation focusing on Si(OH)4 molecule condensation, as

outlined in Section 2.

Fig. 5a represents the condensation rate of silicic acid at 300 K and 1500 K. Fig. 5a reveals that
the dimerization rate of Si(OH)4 at room temperature is 0.5/ps, and it remains relatively stable
from 20 ps to 80 ps; while beyond 80 ps, it levels off and reaches a plateau. In contrast, for the
high temperature condensation at 1500 K, we observe a dimerization rate close to 1/ps, which
initiates around 20 ps and maintains stability until 80 ps. The computed condensation rate at 300
K with bond-boosting and at 1500 K without bond-boosting demonstrates that even in the absence
of bond-boosting, high temperatures significantly promote the polymerization of Si(OH)as, nearly
doubling the rate (see Fig. 5a), compared to ambient temperature. However, as noted previously
by Du et al. [89], the condensation of silicic acid increases only up to a specific temperature, which
should also be below the glass transition temperature. Another interesting observation is that we
find a small number of clusters of Si(OH)4 agglomerating within the system at high temperature,
which eventually dimerizes and creates a network. Fig. 5b displays a cluster showing
agglomeration of silicic acid precursors condensing at 1500 K. For our current system, the network
of condensed silica forms at 2000 K, as shown in Fig. 4d. Following the calcination process, the
carbonaceous micelle burns down, accompanied by the evaporation of water molecules, which, in
turn, induces the formation of pores. The final structure of the synthesized mesoporous silica is
illustrated in Fig. 4d. These pores play a crucial role in enabling transport and diffusion processes

of various molecules and substances, making these materials widely applicable.
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Figure 5: (a) Condensation of silicic acid at ambient and high temperature for a 100 ps simulation

and (b) agglomeration of silicic acid forming rapidly at high temperature.

3.4.Carbon ring formation analysis

Following the synthesis of an MSM, we create a 4 nm diameter silica pore structure, as detailed in
Section 2. Subsequently, we introduce various carbon precursors into this structure, as depicted in
Fig. 6. The carbonization reaction of precursors proceeds rapidly at the target temperatures, 2200
K and 2600 K. To assess the degree of carbonization for various precursors, we record the 5 to 7-
membered all-carbon rings at the two temperatures. Our analysis primarily centers on the
formation of 6-membered all-carbon rings, as they predominantly correspond to sp? hybridized
carbon structures within turbostratic graphene networks. The 5 and 7-membered rings, which are
the unstable aromatic rings formed from topological defects, are also of interest in this study. These
all-carbon rings (5, 6, 7-membered) account for more than 60 % of all-carbon atoms present in the
polymer. The all-carbon rings of interest are normalized to a ratio that denotes the carbon atom

conversion, with the unique number of carbon atoms forming the 5, 6, 7-membered all-carbon
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rings divided by the total number of carbon atoms for each case. As discussed in the previous
studies [90,91], we utilize the ratio instead of the percentage because the summation of the
percentages of 5, 6, 7-membered all-carbon rings can exceed 100 %, due to the possibility of one

carbon atom contributing to multiple types of all-carbon rings during carbonization.

Fig. S1 illustrates the absolute counts of 5, 6, and 7-membered rings formed during carbonization
simulations conducted over 1 ns. The ratios of carbon atom conversion into 5, 6, and 7-membered
all-carbon rings for each polymer precursor during carbonization are presented in Fig. 7. As
depicted in Fig. 7, lignite exhibits the highest carbon conversion ratio to 6-membered rings among
all the polymers, closely followed by PE. However, the precursors initially consist of 6-membered
heteroatom rings, which, upon carbonization, produce fragments as predominant gaseous products.
In comparison with 6-membered all-carbon rings, the conversion ratios to 5 and 7-membered all-
carbon rings show a gradual increase for most of the polymers. After t = 0.2 ns, we observe a
stabilization of 6-membered rings at 2600 K for both cellulose and sucrose, along with a minor
increase in the production of 6-membered all-carbon rings at 2200 K. During the carbonization of
PET, the production of 6-membered all-carbon rings stabilizes over time regardless of temperature.
Regarding the 5 and 7-membered all-carbon rings for PET, the observed range for carbon atom

conversion ratios falls between 0.05 and 0.20 at 2600 K and between 0.00 and 0.10 at 2200 K.
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Figure 6: Mesoporous silica pore of 4 nm diameter (a) before and (b) after filling with carbon

precursors.
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Figure 7: Formation of all-carbon rings during the carbonization process for various polymer
precursors. The carbon atom conversion ratios of (a) 5S-membered, (b) 6-membered, and (c) 7-

membered all-carbon rings are presented for cellulose, lignite, PE, PET, and sucrose carbonized
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at 2600 K. Additionally, the carbon atom conversion ratios of (d) 5-membered, (¢) 6-membered,
and (f) 7-membered all-carbon rings are displayed for cellulose, lignite, PE, PET, and sucrose

carbonized at 2200 K.

3.5.Gaseous product formation analysis

Carbonization leads to the significant release of gaseous products, and as a result, the mesoporous
silica pores need to be cleared intermittently. Here, we quantify the gaseous products mainly based
on Co, C1 and Cz carbon products. The Co products consist of gases without carbon, primarily
comprising water vapor and hydrogen. Ci consists of gases containing one carbon atom in
compounds such as CO and CHa, while C2 comprises gases containing two carbon atoms, as found
in compounds like C2H4. The quantification of the diverse gaseous products released by each of
the polymer precursors is conducted on a per-molecule basis, as the number of molecules of each
polymer used for the carbonization process are different. Fig. 8 and Fig. S2 represent the number
of gaseous molecules of products formed by carbonizing each polymer at 2200 K and 2600 K. The
performance of the polymer is evaluated based on the amount of gas released. A lower amount of
gas release indicates a higher carbon yield or a greater presence of condensed phase carbon, as it
increases the chances of formation of tar materials which are classified among the Cs, Cs and C~
aromatic structures. The tar components of the precursor settle on the inner surface of the silica
pore and are good blocking agents for unreacted silica precursors. We find that polymer precursors
containing oxygen in their structure yield a higher production of carbon monoxide and water vapor.
Among the five polymers examined, cellulose exhibits the highest production of CO and H20,
followed by PET. Polymers with O-containing groups like cellulose, PET, and sucrose decay faster
than those without O-containing groups like PE. Hydroxyl groups remain longer than bridging

ether links and carbonyl groups as the carbonization is initiated. This aligns with our earlier
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theoretical investigations on the transformation of carbon fibers from diverse precursors [90,91]
as well as the experimental findings [92,93] that the thermodynamic decomposition products
mostly contain hydroxyl groups, since bridging ether links and carbonyl groups are less thermally
stable. Apart from CO and Hz0, the gases released are saturated alcohols, methane, ethane, and
propane. The gaseous products formed by carbonizing PE are Hz, CH4, C2H4 and C3Hs mostly. At
2600 K, we find that the production of gases increases, which means that the precursors decay
faster. The production of gases like Hz increases (see Fig. S2d), which means that a significant
portion of the carbon has been converted into graphitic or turbostratic structures. At 2200 K, we
observe a significant portion of the carbon gets converted to CH4, C2H4 and C3Hs gaseous species.
We widely accept that 2600 K is a more optimal temperature for carbonization compared to 2200

K, as it promotes the formation of desired carbon structures.
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Figure 8: Production of gaseous species, normalized to number of gases per precursor molecule,

during the carbonization of carbon precursors, (a) cellulose, (b) lignite, (c) sucrose, (d) PE, and (e)

PET at 2200 K.

3.6.Hybridization

We calculate the hybridization of each carbon atom present within the polymer over the time
evolution of carbonization process. The hybridization is classified based on sp® and sp? carbon at
two different temperatures. Hybridization reveals whether a carbon atom lies on a plane with
neighboring carbon atoms or not. Generally, planar carbon atoms are part of the 6-membered all-
carbon rings, while curvature and the bridging sections of turbostratic graphene or graphitic

structures are attributed to the presence of 5- and 7-membered all-carbon rings. They comprise of

21

https://doi.org/10.26434/chemrxiv-2023-vpldb ORCID: https://orcid.org/0000-0002-5262-6086 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-vpldb
https://orcid.org/0000-0002-5262-6086
https://creativecommons.org/licenses/by-nc/4.0/

tar products formed from carbonization and are sp? hybridized. Other products formed during the
process typically consist of gases, which may or may not include sp® hybridized carbon.
Unsaturated char components like alcohol, aldehydes, and ketones, which are formed from further

degradation of materials, are sp* hybridized in nature.

We calculate the time evolution of sp® and sp? hybridized carbon atoms per molecule of each
polymer. The criteria whether a particular carbon atom is sp? is to find the neighboring atoms and
check whether all the atoms forming the connection are within 10 % of the same plane or not. Fig.
9 illustrates the evolution of carbon atom hybridization as five polymer precursors undergo
carbonization at both 2200 K and 2600 K. We observe that the evolution of sp? hybridized carbon
correlates with the ring analysis conducted earlier. Furthermore, we note that the decline in sp?
hybridized carbon stabilizes more rapidly at 2600 K than at 2200 K. This indicates that the
turbostratic graphene structures formed at 2600 K remain largely intact for an extended duration.
However, the char components formed eventually undergo further fragmentation, leading to the
generation of gaseous components that are unsuitable for carbonization. Substantial layers of
carbon fibers can be obtained through prolonged carbonization at high temperature. From the
hybridization analysis, carbonization of PE primarily leads to the formation of planar (sp?)
structures, while carbonization of sucrose yields structures that are the least planar. Fig. 10 shows
the snapshot of formation of turbostratic graphene structures within PE and sucrose which echoes
the hybridization analysis. Fig. S3 provides snapshots of formation of aromatic ring structures
from other carbon precursors. The graphitic structures inside the silica pore serve as thick layers

of tar which act as protective coatings against unreacted silicic acid.
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Figure 9: Evolution of hybridization for the five polymer precursors carbonized at 2200 K,

showing (a) sp® and (b) sp? carbon atoms; and carbonized at 2600 K, showing (c) sp® and (d) sp?

carbon atoms.
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Figure 10: Formation of turbostratic graphene structures during the carbonization for (a) sucrose

at 2200 K, (b) sucrose at 2600 K, (c) PE at 2200 K, and (d) PE at 2600 K.
3.7.Interaction of carbonaceous tar with unreacted silica precursors

To analyze the resistance of turbostratic graphene structures, we studied the dynamics of silicic
acid precursors inside the MSM nanopore. Upon quenching the silica nanopore along with
carbonized products back to ambient condition, we obtain the deposition of thick tar layers on the
inner surface of the silica pore, as shown in Fig. 11a. After removing the unwanted gaseous
products and char products from the silica nanopore, we find the deposition of tar products on the
surface of the silica pore. To assess the efficacy of these tar coatings in preventing unreacted silicic
acid from interacting with the small pore surfaces, we introduce an unreacted silicic acid molecule
into the pore space, as shown in Fig. 11b. We consider a PET turbostratic graphene structure in a
silica nanopore formed at 2600 K as the tar components to study the protective blocking of

unreacted silicic acid precursor. The trajectory of the unreacted silicic acid has been tracked at
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each timestep of the MD simulation at 300 K. We plot the trajectory of the unreacted silicic acid
precursor inside the pore space in Fig. 11c. The trajectory reveals that silicic acid never crosses
the barrier formed by the tar coating of the PET-derived carbon structures inside the pore (see Fig.
11c). As such, we can safely infer that the surface of the silica is adequately coated with PET tar
effectively preventing unreacted silicic acid from interacting with the inner silica pore surface. The
mesoporous silica structures are often coated with monodispersed protective layers of polymers to
form core shell particles [94]. The carbonized polymers provide protection for the inner surface of
the MSM nanopore, shielding it from exposure to silica precursors during the assembly step. This

precautionary measure prevents potential damage to the small pores in MSMs.

(a)

(c) w Silicic Acid trajectory

10 20 0 10 50 60

x (in A)

Figure 11: (a) Quenching and cleaning of gaseous compounds from silica mesopores, (b)
introduction of unreacted silicic acid precursor (colored in purple) inside the pore, and (c)

trajectory of silicic acid precursor inside the pore.
4. Conclusions

We develop a facile computational strategy combining non-reactive and reactive molecular
dynamics (MD) simulations to synthesize and heal mesoporous silica materials (MSMs). The early

stages of the self-assembly of pluronic polymers is delineated from MD simulations performed by
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non-reactive OPLS-AA force field. Our simulations indicate a distinct segregation between the
hydrophilic and hydrophobic part of the pluronic polymer. The condensation of silica precursors
around the micelle structure is studied using the accelerated bond-boosted ReaxFF simulations,
which yields the silica network on the micelle structure with subsequent dehydration. This step is
important for the templating of mesoporous silica structures. We observe that over 60 % of the
silicic acid precursors undergo condensation during our simulation, with higher temperatures
significantly accelerating the condensation rate. The post synthesis healing of silica mesopores is
performed by carbonizing five polymer precursors inside the pores using the ReaxFF MD
simulations. The formation of turbostratic graphene structures is observed mainly from linear chain
polyethylene and aromatic lignite. To test the protective efficacy of the carbonized polymer
coating on nanopore, we disperse a few silica precursors, effectively preventing them from
interacting with the surface. Our findings indicate that the coating successfully shields the pore

from the silica precursors.

Our investigation on the carbonization of polymers inside the silica nanopore opens door for new
methods of functionalization of MSMs. Mesoporous spherical particles can be modified with a
great variety of functionalities for sensing applications. Carbon coatings can enhance pore
properties, in addition to protecting the inner surface of the pores from damage. Remarkable
properties of carbon fibers such as high modulus and tensile strength can increase the durability of
MSMs when functionalized. Nitrogen containing polymers are good absorbers for gases, such as
carbon dioxide, making MSMs suitable materials for separation. Moreover, the integration of
carbon coatings into MSMs presents a promising avenue for future advancements in fields such as

anticorrosion, sensing, and biomedical applications.
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