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Abstract

Similar to macroscopic woven fabrics, molecularly woven polymers constructed from identical
molecular strands but different weaving architectures are anticipated to display diverse physical and
mechanical characteristics. Nonetheless, identifying these distinctions and comprehending the
underlying mechanisms poses a significant challenge. Herein, we evaluate the impacts of different
weaving patterns—plain, mix, and basket—on the characteristics of two-dimensional (2D) organic
woven polymers through systematic all-atom simulation. Three weaves, consisting of the same
molecular strands, are produced by adjusting the connections of the enantiomers of an inherently
chiral 2x2 interwoven grid. Among the tested patterns, the plain weave exhibits superior stability,
minimal structural deformation, and the most consistent pore size compared to others. The
maintenance of the weaves in kinetically stable high-energy states is attributed to both aromatic
stacking and hydrogen bonding interactions between warp and weft strands, while the alteration of
weaving patterns leads to variations in the type and strength of these weak interactions. Despite the
differences on the weaving pattern, the mechanical stress tends to localize at the contact field.
Further analysis on impact resistance and in-plane stretchability highlights how weaving
architectures influence the energy dissipation pathways and reinforce the mechanical properties of

individual molecular chains. Simulation outcomes indicate that the disparities resulting from various
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weave patterns primarily stem from the total number and density of entanglements, as well as the
interstrand non-covalent interactions. This research highlights the critical influence of weaving
architecture on molecularly interlacing material properties, providing valuable insights for future

invention and engineering of molecular-level weaving.

Introduction

Weaving is recognized as one of the most enduring and effective techniques for crafting intricate,
ordered materials with properties that fundamentally diverge from those of unorganized
components.! The weaving of fibers into a fabric structure enhances strength and stiffness to a
degree that significantly surpasses that of individual strands, making the woven fabrics highly
suitable materials for both military and civil protective applications.>? Among various woven factors,
such as fibril materials, areal mass and projectile sizes, that can influence the mechanical
performance of fabrics,>* the modulation of weaving pattern>S is identified as one of the most
efficient approaches to balance the strength, stiffness and toughness. Both experimental program
and mesoscale numerical models validate this low-cost manufacturing process impacts the
flexibility, durability and impact resistance of macroscopic fabrics by altering the mechanisms of

energy absorption and dissipation.”

Unlike macroscopic conventional textiles with well-established manufacturing processes, the
construction of 2D or 3D molecularly woven materials with long-range ordered entanglements by
from crystalline interlacing 1D flexible molecular strands presents a significant challenge.’!?
Expanding on the initial concept of ‘true’ molecular weaving proposed by Busch and Hubin in
2000,"3 creation of organic woven polymers has been achieved on several occasions by using
reticular chemistry,'*'®  supramolecular self-assembly,'”!® surface-templated MOF?° and
tessellation?! of pre-woven building blocks.?>2° The obtained polymers exhibit not only expected
mechanical properties, but also act as nets for adaptive guest inclusion?’ and fishing ions?! or
template polymer entanglements?®. Moreover, the few developed approaches with limited
availability of chemical components hinders the precise adjustment of the characteristics of
molecularly woven textiles. As a result, the performance of such materials is markedly inferior to
that of conventional polymers. Therefore, it appears that these interlaced molecular networks are
becoming increasingly accessible through synthesis, understanding the structure-property
relationship and manipulating material characteristics through molecular engineering of woven

factors, akin to what has been achieved in commercial textiles,>° remains undiscovered.



In contrast to weaving fibers on a millimeter scale, molecular weaves are kinetically stabilized in a
high-energy state by ordered entanglements and interstrand interactions.?>-** It is reasonable to infer
that the properties of woven polymers with identical chemical composition could be attributed to
the total number of entanglements. The preceding simulation on entangled polymers further verifies
that rheological®® and mechanical characteristics®>3> can be influenced by topological
entanglements, which impose physical restrictions on strand movement through the contact field.**
39 Therefore, we envisage that the modulation of weaving patterns at molecular level, which dictates
the density of entanglements in the woven network, should bring similar consequences to that of the
macroscopic weaves. Experimental realization of the effects of weaving architectures is currently
challenging due to the lack of suitable chemistry capable of linking selected tangles with the
required connectivity. Instead, we herein present an all-atom theoretical investigation, exploring the
implications of three different weaving patterns (Fig. 1) on the physical and mechanical

characteristics of two-dimensional molecularly woven fabrics.

Results and Discussion

Construction of woven fabrics with different patterns.
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Fig. 1 | Cartoon illustrations showcase three different weaves, all with identical chemical
compositions, made from a molecular 2x2 grid repeating unit. (a) Chemdraw and schematic
depiction of the repeating unit (a 2x2 molecular grid) used to generate the initial models (IS) of
three weaving patterns through imine-polymerization and demetallation processes. Due to the
inherent helical chirality (A and A) of the grid, altering the ratio and connectivity of its two
enantiomers results in the creation of three designed weaves; (b) 1/1 Plain weave consists of
enantiopure chiral grids, generating -over-under-over-under- (-O-U-O-U-) sequence in both warp
and weft directions; (¢) 2/1 Mix weave: Two warp threads cross over one weft thread, creating an
alternating sequence of over-under-under-over (-O-U-U-O-) along the weft and under-over-over-
under (-O-U-O-U-) along the warp; (d) 2/2 Basket weave: Two warp threads interlace with two weft
ribs as a group, resulting in an -over-under-under-over- (-O-U-U-O-) sequence in both directions.
Throughout the simulations, the weft (horizontal) direction is defined as the x-axis, and the warp
(vertical) direction is represented by the y-axis, with crossing points denoting locations where weft

and warp threads overlap. Our models comprise 100 grids arranged in a 10x10 array, resulting in a



total of 400 crossing points. A crossing point is deemed a genuine entanglement only when the
movement of the strand is mechanically impeded by its neighboring strands. As a result, the three
weaves exhibit different entanglement densities (400 in plain weave, 200 in mixed weave, and 100

in basket weave), directly determined by the patterns.

To investigate the influence of weaving patterns on fabric dynamics and mechanical properties without
regard to the chemical composition, a Leigh’s molecular 2 x2 bis(benzimidazolylpyridyl)thiazolo[5,4-
d]thiazole (TTZ) grid*® featuring a planner geometry and inherent helical chirality was choose as the
repeating unit for the construction of different woven polymers. The isopentyl groups on the
benzimidazole units are replaced by methyl to simplify the model. Terminal aldehyde groups are
introduced to facilitate desired network formation through imine condensation with 1,4-benzenediamine

linkers (Fig. 1a).*!

Three weaves, namely 1/1 plain weave (Fig. 1b); 2/1 mix weave (Fig. 1c¢) and 2/2 basket weave (Fig.
1d), are made up of 100 grids in a 10x10 array via a bottom-up strategy. In the plain weave, grids
of single-handedness were linked, with horizontal weft threads alternating over and under vertical
warp threads, creating a checkerboard-like pattern. Conversely, each grid connected to four
neighboring grids with opposite handedness, resulting in two warp threads alternately interlacing
with two weft ribs, forming an over-over-under-under (O-O-U-U) crossing arrangement in both
directions in the basket weave. In the mix weave, each grid is associated with two neighboring grids
of opposite chirality in the warp direction while connected to the grids with the same handedness in
the weft orientation, giving an O-O-U-U and O-U-O-U crossing sequences along the weft and warp

threads, respectively.

According to our established models, each of the three weaves comprises twenty weft threads
intersected by twenty warp threads, resulting in a combined total of 400 crossing points. However,
a crossing point is recognized as a genuine entanglement only when the movement of the strand is
mechanically impeded by its neighboring strands.’*® For instance, in both the 2/1 mixed weave and
the 2/2 basket weave, the four crossing points featuring the over-over-under-under (O-O-U-U)
pattern are counted as two valid entanglements. Although all weaves possess identical chemical
compositions, the total number and density of entanglements (400 in plain weave, 200 in mixed
weave and 100 in basket weave) vary directly with the weaving pattern. We envisage that these

differences would directly impact the dynamics and mechanical properties of the woven polymers.



Dynamics, Kinetics and Stability of woven fabrics.

Examination of the root-mean-square deviation (RMSD) values (Fig. 2a and Supplementary
Information, Figure S1) acquired over a temperature span from 300 to 400 K provides insights into
the stability of various woven polymers at equilibrium state (ES). The existence of densely-packed
entanglements hampers the dissociation of strands, maintaining all three weaves kinetically stable

for the time scale of the calculations, even under ambient temperature conditions.

At 300 K, the plain weave displays the smallest RMSD value, with an average oscillation factor of
0.38 nm. Following closely, the mixed weave and the basket weave exhibit values of 0.46 nm and
0.5 nm, respectively. Despite changes up to 400 K, the RMSD values for the plain weave
demonstrate minimal oscillation, indicating exceptional stability. Conversely, notably elevated
RMSD values at higher temperatures suggest a progressive decrease in stability for the other two
weaves. The mixed weave maintains comparable resistance between 320 K and 380 K, with the
RMSD value in the range of 0.5-0.6 nm, while the RMSD value of the basket weave increases to
0.78 nm at 380 K. These results highlight the direct correlation between the stability of woven
fabrics and their patterns, with the weave possessing the highest entanglement density exhibiting
superior stability (The schematic representation of changes of plain weave, mixed weave, and basket
weave at different temperatures were shown in Figure S2-S4). Consequently, the stability of the

three weaves can be ranked as follows: 1/1 plain weave, 2/1 mixed weave, and 2/2 basket weave.

Stability variance can also be assessed through measuring the crossing displacement (CD) of all 400
crossings in various weaves from the initial model (IS) to its equilibrium state (ES) (Fig. 2b, Box
1b). Given that all crossing points are regarded as real entanglements in the plain weave, it exhibits
the narrowest CD distribution, spanning from 0.1-0.6 nm, with a prominent peak at 0.3 nm. As the
entanglement density decreases in the mixed weave, half of the crossing points are no longer directly
constrained at their initial positions. This results in a broader distribution of crossing displacement
(CD) populations, with the strongest peak shifting to 0.35 nm. The basket weave, featuring the
lowest entanglement density, exhibits the widest CD distribution, characterized by two peaks at 0.35
nm and 0.5 nm, respectively. The CD of local crossings on three selected wefts and warps yarns (v1,
y4, y7 wrap strands and x1, x4, and x7 weft strands) is also evaluated (Supplementary Information,
Figure S6), revealing very similar distribution profiles compared to the global calculation. Several

minor peaks appearing in the 1 to 2.5 nm region are attributed to increasing background noise



resulting from the reduction in the number of crossings from 400 to 60.

With the alteration of weaving patterns, we anticipate that the space field (Box 1a) between the warp
and weft strands will also be affected. Changes in the space field can not only reflect the flexibility
of the weaves but also determine the ability of the molecular fabric to function as a net. Consequently,
we analyze the pore size distribution (PSD, Box 1b) using PoreBlazer*’ to assess the degree of
deformation between the IS and ES (Fig. 2c¢). Initially, all three weaving models exhibit similar pore
distributions, characterized by three distinct peaks at 0.7, 2.4, and 2.6 nm, suggesting the similarity
between their initial models. Upon reaching equilibrium, the plain weave demonstrates the least
variation in the space field, evident from the presence of two peaks at 2.7 and 2.8 nm. This outcome
suggests that the highest entanglement density in the plain weave imposes the most substantial
constraint on the reptation of the strands, thereby preserving a relatively regular pore structure. In
contrast, the absence of the primary peak and the appearance of a wide range of distribution of pores
with various sizes are observed in both mix (2~3 nm) and basket weaves (1.5~3.5 nm), indicating

considerable structural deformations.
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Fig. 2 | Analysis of stability of three weaves via equilibrium molecular dynamic (EMD)

simulation. (a) Root-mean-square deviation (RMSD) analysis of three weaves at 300 K and 400 K




to assess their stability at equilibrium states (ES). The RMSD values for the 1/1 Plain weave are
represented in navy and light blue at 300 K and 400 K, respectively; for the 2/1 Mix weave, they
are depicted in dark and light green at both temperatures; and for the 2/2 Basket weave, they are
coloured in pink and purple; the plain weave displays the least deformation across the temperature
range, while for mix and basket weave, notably elevated RMSD values at higher temperatures suggest
a progressive decrease in stability; (b) Distribution of crossing displacement (CD) across all 400
crossings in the three weaves from their initial models (IS) to equilibrium states (ES). Plain weave
shows the narrowest CD distribution, while mix and basket feature a wider distribution, the results are
in line with the RMSD simulation; (c¢) Pore size distribution analysis of the three weaves, illustrating
the degree of spatial deformation between their initial and equilibrium states. IS are denoted by
black dashed lines, while ES are represented by black solid lines. Three weaves exhibit similar pore
distributions in their models. Upon reaching equilibrium, the plain weave demonstrates the least
variation in the space field, evident from the presence of two peaks at 2.7 and 2.8 nm. These three
simulation results indicate the relative stability of the weaves is related to their entanglement density

and is as follows: 1/1 Plain weave, 2/1 Mix weave, and 2/2 Basket weave.

To provide a clearer understanding of the structural information contributing to the varying kinetic
stability of the three weaves, the first-principles calculation in CP2K package*® was carried out to
optimize one of the repeating grids in three weaves. In the plain weave, three types of weft-wrap
interactions were observed including the edge-to-face and face-to-face m-m interactions between
aromatic TTZ units on weft and warp strands, and C-H---N hydrogen bonding between methyl
hydrogen and the nitrogen atom on the benzimidazolylpyridyl unit (Fig. 3a). Calculations reveal
that the face-to-face configuration has a 4.8 kcal/mol lower interaction energy compared to the edge-
to-face configuration and the hydrogen-bond contributes ~3.4 kcal/mol interaction energy. Despite
three weaves consist identical chemical composition, the change of weaving patterns varies both the
type and strength of the interstrand interactions. Elaborately, while no discernible aromatic stacking
alterations are observed in the mixed weave, there is a significant reduction in hydrogen bonding (5
pairs in plain weave vs. 1 pair in mixed weave), resulting in lower stability than that of the plain
weave (Fig. 3b). Additionally, in the basket weave, we observe fewer face-to-face conformations (2
sets in both plain and mixed weaves vs. 1 set in basket weave), along with the absence of hydrogen
bonding interactions within the grid, indicating the lowest stability (Fig. 3c). Conversely, the
interlacing region lacks any significant weak interactions, resulting in a minimal contribution to the

total energy. The simulation unequivocally illustrates the pivotal role of interstrand weak



interactions in stabilizing the weave, ensuring the strands retain their association within the
material's pattern. Moreover, the strength of the weft-wrap interactions is directly correlated with

the weaving pattern.

Plain weave
Mix weave

Hydrogen Bond  Edge-to-face interaction

Basket weave

Face-to-face interaction
Plain weave: 5 HB, 2 face-to-face interactions;
Mix weave: 1 HB, 2 face-to-face interaction;

Basket weave: 1 face-to-face interaction.

Fig. 3 | Interstrand non-covalent interactions analysis based on the optimized structures of the
repeating grids in different weaves using first-principles calculations. Visualization of the
interstrand non-covalent interactions including hydrogen bonding, face-to-face and edge-to-face n-
© interactions of (a) 1/1 Plain weave; (b) 2/1 Mix weave; (¢) 2/2 Basket weave. 2 sets of face-to-
face m-m interactions along with 1 set of edge-to-face interaction and 5 pairs of C-H---N hydrogen
bonds are found in the grid of 1/1 Plain weave, the binding energy of face-to-face interaction is 4.8
kcal/mol lower than the edge-to-face interaction whereas the hydrogen-bond contributes ~3.4
kcal/mol interaction energy. The grid of 2/1 Mix weave exhibits 1 pair of C-H---N hydrogen bonds
and 2 sets of face-to-face - interactions which are not along a chain due to the lower entanglement

density. In contrast, the repeating unit in 2/2 Basket weave has no C-H---N hydrogen bonding



interaction and only 1 set of face-to-face n-m interaction. The result demonstrates that the change of
weaving pattern will significantly affect the interstrand interactions within the material networks,
these interactions play the key role in stabilizing the weaves and influencing their kinetics, which

are in agreement with the findings of their stability analysis.

As the entirely organic woven fabric represents a kinetically trapped high-energy state of ordered
entanglements,” examining the local stress distribution and inter-strand interactions can yield
valuable insights into its kinetics that are challenging to unveil through experimental methods.
Subjecting the weaves to an NVT ensemble (canonical ensemble) at 300 K using the OPLS force
field* gives the virial stress per atom®. Despite three weaves featuring different entanglement
density, the mechanical stress at the contact field (the crossing regions) is notably higher than that

of the free and interlacing fields (Fig. 4, Box 1a).
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Fig. 4 | Normalized virial stress field comparison among three weaves. Visualization of the virial
stress and a detailed zoom-in view of (a) 1/1 Plain weave; (b) 2/1 Mix weave; (c¢) 2/2 Basket weave.
In all three weaves, regions of red signify higher mechanical stress whereas blue areas indicate lower
stress levels. Despite the differences in the weaving patterns, mechanical stress is significantly
higher at the contact field across all three weaves, particularly in the crossing regions, compared to
the free and interlacing fields. The atomic stresses in the range of 0-3 bar have been normalized to
a scale of 0 to 0.1 which allows for a clearer comparison of stress distributions at different regions,

facilitating the identification of subtle variations in local stress profiles across the system

Mechanical performance of woven fabrics

Impact resistance of woven fabrics.

The significance of weaving architectures in determining the ballistic resistance and energy
absorption process for macroscopic fabrics is widely acknowledged.>® In order to explore the
evolution of energy transfer during impact for molecular weaving polymers, we conducted a
simulation of molecule-ballistic performance in a single-layer fabric structure using a non-
penetrating impact model. For this simulation, we utilized a 7.3 x 7.3 x 5.5 nm? iron cube as the
projectile. Instead of employing critical velocity in macroscopic ballistic tests, we adjusted the

contact pressures to the contact pressures at 0.3, 0.6, and 0.9 GPa (Fig. 5, Box Ic¢).

Variations in weaving patterns result in distinct stress distributions among the three weaves at
identical pressures, and these distinctions amplify with increasing pressure. Notably, the plain weave,
featuring the highest entanglement density, encounters substantially greater resistance while moving
through the strands. Consequently, stress concentrates more prominently at the strands neighboring
the impact center. With increasing pressure, the impact-induced chain sliding extended from the
impact center to the far-field region of the weave, yet it did not reach the network boundaries. The
minimal in-plane mechanical deformation in response to pressure indicates that thread-thread
friction relaxation is the primary mechanism for energy dissipation in the plain weave. In contrast,
the stress distribution in the basket weave appears to be the most dispersed among all three fabrics.
This is due to the highest freedom of the strands, facilitated by the lowest entanglement density in
the basket weave. Consequently, the cube can readily displace the strands away from its direction
of travel to dissipate impact energy, resulting in considerable structural deformation compared to its
initial configuration. The mixed weave, possessing a moderate number of entanglements, exhibits

mechanical behavior resembling that of the plain weave at low pressure but akin to the basket weave



at high pressure. Both thread-thread friction relaxation and strand slippage play roles in dissipating
energy in the mixed weave. The calculation of the crossing displacement (CD) profiles between ES
and mechanical state (MS) further supported the observation (Supplementary Information, Figure
S7). However, accurately quantifying the individual contributions of both pathways to the energy
dissipation process remains challenging. Nevertheless, the findings highlight the significance of
weaving pattern in determining the mechanical resistance of molecularly woven materials and the

mechanism behind energy dissipation.
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Fig. 5 | Mechanical response of three weave types under the different object intrusion. The
simulation employs a non-penetrating impact model with a 7.3 x 7.3 x 5.5 nm? iron cube as the
projectile, assessing molecule-ballistic performance in a single-layer fabric structure (including all
400 crossings). Normalized virial stress maps illustrate the response of the three weaves to the

impact of the iron slab at pressures of 0.3, 0.6, and 0.9 GPa. The atomic stresses in the range of 0 - 3



bar have been normalized to a scale of 0 to 0.1 for a clearer comparison. Stress concentration is observed
particularly at strands neighboring the impact centre. As pressure increases, impact-induced chain
sliding propagates from the impact centre to the far-field region of the weave, without reaching the
network boundaries. The plain weave encounters substantially greater resistance while moving through
the strands. The mixed weave, possessing a moderate number of entanglements, exhibits mechanical
behaviour resembling that of the plain weave at low pressure but akin to the basket weave at high pressure.
The degree of deformation of the three weaves under various pressures can be categorized as follows:

1/1 plain weave < 2/1 mix weave < 2/2 basket weave.

Additionally, the free energy profile, as a function of strand displacement during the sliding process
along with x (weft) direction, is calculated using the umbrella sampling method*® to assess the
kinetic barriers of various weaving architectures (Fig. 6). Notably, negligible energy changes occur
when strand displacement is below 1 nm, indicating the strands can move freely in a short interval
within the weaving network despite the existence of entanglements. However, a mechanical barrier
emerges between 1.5 to 2.5 nm, as evidenced by a sharp increase in free energy across different
weaves. Consistent with structural stability trends, the plain weave, with the highest entanglement
density and strongest interstrand interactions, exhibits the highest energy barrier (34 kJ/mol) for
strand sliding. Conversely, energy requirements for strand sliding decrease to 23 and 12 kJ/mol in
mix and basket weaves, respectively. These discoveries emphasize that strands in weaves with lower
entanglement density exhibit increased flexibility and reduced strand-strand friction, facilitating

easier sliding within the network (Supplementary Information, Figure S8).
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force (PMF) analysis*’ was conducted on the pulling process of the selected polymer chain (32)
along the x direction in 1/1 Plain weave (navy), 2/1 Mix weave (green), and 2/2 Basket weave (pink).
The initial position of y2 was depicted in light grey. Notable energy changes were observed when
strand displacement was below 1 nm, indicating the ability of strands to move freely within the
weaving network within a short interval despite entanglements. Mechanical barriers emerged
between 1.5 to 2.5 nm, marked by a sharp increase in free energy across the different weaves.
Consistent with structural stability trends, the plain weave exhibited the highest energy barrier (34
kJ/mol) when pulled along the x direction for 2.6 nm. In contrast, energy requirements for strand
sliding decreased to 23 (by 2.4 nm displacement) and 12 kJ/mol (by 1.7 nm displacement) in the

mix and basket weaves, respectively.

In-plane stretchability of woven fabrics.



In addition to the ballistic test, where force was applied vertically to the fabrics, the intra-ply
stretchability*® was explored using first-principles calculations (Supplementary Information, Figure
S9). In contrast to macroscopic textiles that allow force to be applied to individual yarns,
molecularly woven fabrics display a behavior where adjacent strands move in response when one
strand is subjected to an external force. As a result, we performed in-plane tensile testing on the
complete woven networks. The presence of the highest entanglement density in the plain weave has
the lowest energy among the three optimized weaves without stretching. Before the strain ratio is
up to 3%, the total energies of these woven patterns exhibit subtle change. When forces are further
applied in both weft and warp directions, stretched strands prompt a significant rise in total energy
(Box 1d). Certainly, the energy of the plain weave increases more rapidly than the other two weaves
at the same strain ratio, indicating that the plain weave possesses the lowest flexibility due to its
highest entanglement density. At a strain ratio of 9%, the total energy increase across the three
weaves follows this ranking: plain weave (22.5 eV) > mix weave (22.1 eV) > basket weave (16.8
eV), correlating positively with the number and density of entanglements and interstrand
interactions (Fig. 7a). The differential charge density (DCD) provides additional confirmation that
the stretching-induced breakage of hydrogen bonds (C-H:-N) and the weakening of aromatic mt-nt
stacking collectively contribute to the stretchability of weave, evidenced by the shift of electron
migration area from the interlacing field to the contact field (Fig. 7b). In contrast to the significant
energy increase observed in the entire weaving structure (around 20 eV), the energy changes induced
by stretching in free individual strands are 20-30 times lower (around 0.9 eV) (Fig. 7¢). This
substantial difference in energy disparity illustrates how the topology of woven structures can
greatly reinforce the mechanical properties of individual molecular chains. (Corresponding changes
of these weaves upon stretching at different ratios were illustrated in Supplementary Information,
Figure S10-27) Additionally, during the stretching test, while the bond length in the free chain
undergoes relatively uniform changes, in the weaves, it is concentrated in the entangled area
(Supplementary Information, Figure S28). This observation again confirms that mechanical stress

is primarily dissipated at the entanglements within the woven fabrics.



—a— Plain
2090, Mi .
Basket Interlacing
S g SR " field
< 15-
()
B
5 104
c
w
5
04
T T T T T ~
0% 1% 3% 5% 7% 9% 4 . ’
" Strain ratio Stretching by 9%
0.8 -«
Contact
0.64 —=— Nonwoven strand i
S
2 044
>
=2
2
w024 \
0.0- T

0% 1% 3% 5% 7% 9%
Strain ratio

Fig. 7 | Total energy and charge density analysis of strands stretching process in different
weaves using first-principles calculations. (a) Energy analysis of the stretching process on three
weaves reveals distinct energy profiles. The plain weave (navy) exhibits a notably rapid increase in
energy compared to the other two weaves at the same strain ratio, indicating its lowest flexibility
due to the highest entanglement density and strongest interstrand weak interactions. Beyond a strain
ratio of 1%, both the basket (pink) and mix weaves (green) demonstrate a similar energy trend. At
a strain ratio of 9%, the strands reach a fully stretched conformation, with the total energy increase
across the three weaves following this ranking: plain weave > mix weave > basket weave, reflecting
a positive correlation with the number and density of entanglements and interstrand interactions; (b)
Differential charge densities of contact field of plain weave in equilibrium state and strained by 9%.
Shadow blue and green shades in the panels represent the loss and gain of electrons, respectively.
Differential charge densities are visualized using isosurfaces of 0.0005 e/Bohr?, it is noteworthy that
electrons migrate from the interlacing field to the contact field upon stretching; (¢) Energy analysis
of a single strand in the stretching process shows significantly lower energy changes compared to
the weaves. Stretching induces energy changes in free individual strands that are approximately 20-

30 times lower, averaging around 0.9 eV.

Conclusion



Examining how weaving process and weaving patterns impact material properties at the molecular
level is essential for designing and synthesizing woven and entangled polymers with enhanced
physical and mechanical performance. Theoretical analysis of three distinct woven fabrics, all
featuring the same molecular strands, reveals that weaving architectures play a pivotal role in
shaping the dynamics, stability, and mesh structure of the weave. Additionally, the patterns influence
the pathway of energy dissipation against external forces, directly affecting the mechanical
behaviour of the materials. The effects stemming from weaving patterns can be attributed to the
total number and density of entanglements and the interstrand non-covalent interactions, which
physically restrict strand movement. This study not only establishes a clear correlation between
weaving architectures and material characteristics but also presents a theoretical model capable of

illustrating the implications of other weave’s factors, such as strand rigidity and weave defects.”*

Methods
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Box 1 | Fabric field notations and schematic representation of different processes in this study.
(a) Fabric field notations: Throughout the study, the weft (horizontal) direction is defined as the x-
axis, and the warp (vertical) direction is represented by the y-axis. The space field refers to areas of
the fabric where there is no direct interaction between warp and weft threads. The interlacing field

describes the regions between two contact fields, while the contact field refers to the area where



weft and warp threads come into direct contact with each other. These factors contribute to the
mechanical behaviour, strength, and stability of a weave; (b) Schematic representation of
equilibrium process: A schematic representation of the equilibrium process of the repeat unit
illustrates the differences between the initial state (IS) and the equilibrium state (ES). The pore
represents the area of the space field between weft and warp threads, which can be utilized to trace
changes in the weave between the initial and equilibrium state. ‘d’ refers to the crossing
displacement between the initial and equilibrium state; (¢) Schematic illustration of the woven
structure under different pressures: A schematic illustration depicts the alteration of a woven
structure under varying pressures over time, revealing the deformation of the weave pattern as
pressure increases; (d) Pulling process: In the pulling process, one of the wefts is selected to be
pulled over with force. (e) Stretching process: The stretching process involves stretching the grid or

object by applying force to both ends of the weft and warp threads.

Molecular Dynamic Simulations.

To gain a better understanding of its dynamic nature, three molecular weaves were simulated using
all-atom molecular dynamic (MD) first in equilibrium molecular dynamic (EMD) and latter impact
using a guest iron slab. Three molecular weaves were built in a cell with dimensions of 38 x 38 X
38 nm? using the Fortran code and parameterized within the OPLS forcefield,* while the particle
mesh Ewald (PME) method was employed to calculate long-range electrostatic interactions. Both
cutoff distances for the calculations were set at 10A, which is shorter than half the length of the
simulation cell. A time step of 2.0 fs was used, which could ensure good energy conservation. The
system was simulated for 50 ns to equilibrate the weaving grids. The simulation utilized periodic
boundary conditions, and a series system temperature of 300 K, 320 K, 340 K, 360 K, 380 K and
400 K was maintained for all weaving structures. To achieve this, V-rescale temperature coupling
was employed to set the system in an NVT ensemble. After obtaining an equilibrium system, a non-
equilibrium dynamic (NEMD) is performed for 20 ns to test the impact resistance of different
weaving structures. A lump of iron impact on the weaving grids with a series fixed pressure 0.3, 0.6
and 0.9 GPa and the deformation can be observed. The trajectories were saved every 10 steps for

further analysis. All simulations were performed by the GROMACS package.*®

First-principles Calculations.
First-principles calculations were employed within the CP2K package,*® utilizing a hybrid Gaussian

plane wave (GPW) scheme. Wave function optimization was performed using matrix



diagonalization, and self-consistent field (SCF) convergence was achieved with the aid of Fermi
smearing. The molecular orbitals of the valence electrons were expanded into DZVP-MOLOPT-
SR-GTH basis sets, whereas the core electrons were described through Goedecker-Teter-Hutter
(GTH)*' pseudopotentials, and the energy cutoff for the plane wave expansion was set to 400 Ry.
The exchange-correlation effects were described using the Perdew-Burke-Ernzerhof (PBE)

functionals,>

and dispersion corrections were applied using the Grimme D3 method>® in all
calculations. The single unit of weaving structures was comprised of 800 C atoms, 512 H atoms,
160 N atoms and 32 S atoms. All three weaving structures and single molecular chain were
optimized in periodic boundary condition and strained by 1%, 3%, 5%, 7% and 9%. The dimensions
of the simulation boxes are provided in Figure S9. Periodic boundary conditions are applied in the
x-, y-, and z-directions for all calculations. In the electronic calculation, the differential charge

density is defined as Ap = protal — Pweft — Pwarp, Where prorl is the total charge density of weaving

structures. pwert and pwarp represent the charge density of weft and warp chains, respectively.

Statistical Analysis.
To identify the stability of different structures, this study characterized the root-mean-square
deviation (RMSD) of the system, which can quantify differences in macromolecular structures and

dynamics. given by the formula:

RMSD = €Y

where o; is the distance between atom i in the two frames, and N is the total number of equivalent
atoms. Also, PSD function can reflect the deformation and quantify the distribution of diameters of
a collection of spheres that best fill the pores in the simulated grids. To calculate the PSD, the Monte
Carlo procedure was utilized.* The pore range of weaving structures was divided into small bins.
A set of points were randomly placed in vacant domain (i.e., the space defined as the pores). For
each point j, the porous space is probed to find the largest sphere that includes j and does not overlap
the atom of the structures. After identifying the largest sphere, the bin value corresponding to its
radius, along with those of all antecedent bins representing smaller radius, is augmented by one.
The normalized bin distribution is in correspondence with the monotonically decreasing cumulative
pore volume function V, (), which is the volume of the pore space capable of being enclosed by
spheres of radius r or smaller. The PSD is the derivation dV,(r)/dr. In this work we screen

weaving structures, mostly by using the PoreBlazer code developed for structural



characterization of porous materials.*> Furthermore, the crossing point displacement is
calculated to describe the slide of the polymer chains. We defined the mass centre of 10 closest pairs
of atoms between two intersecting molecular chains as the crossing point. The distance between the
mass centre in IS and ES is regarded as crossing point displacement. The schematic of definition of

crossing point is provided in Figure S5.

The umbrella sampling (US) method*® was used to calculate PMF for sliding of the molecular chains
from the initial state to the deform state, where the sliding chain is kept straight. (a reasonable
schematic is provided in Figure S8). All US simulations were 20 ns long, of which the initial 10 ns
were discarded as equilibration. Umbrella potentials with a force constant of 5000 kJ mol'-nm
were applied to the chain center of mass and distributed with 0.2 nm spacing along the sliding
direction. The pulling process of three architectures were presented in Figure S8. In all US
calculations, positional restraints were unbiased using the weighted histogram analysis method

(WHAM).55

To identity the simulated stress state in different weaving structures and impact condition, the virial

stress per atom* @ has been characterized in this paper, given as:

N
o= %(; m;v; @ v; + W) (2)

where m; and v; are the mass and instantaneous velocity of the ith particle. The symbol & indicates
the outer, dyadic, or direct tensor product. W is the global virial tensor, which depends only on the
instantaneous atom positions r¥ =r,r,, .., ry and the interactions between them. All the stress
analysis was performed by a custom version of Gromacs,*® implementing an algorithm for virial

stress calculation.

Data availability
The authors declare that the main data supporting the findings of this study are available within the
article and its Supplementary Information files. Extra data are available from the corresponding

author upon request.

Code availability
The computational codes used in the current study are available from the corresponding author on

reasonable request.
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