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Abstract While the effects of chain entanglement on the mechanical properties of polymer systems have been extensively studied, it remains a
major challenge to further clarify the deformation and motion of the entangled polymers at the molecular scale. Herein, one-dimensional and
two-dimensional long-range ordered entangled polymers, along with a non-entangled control, are constructed by exploiting the bonding and
extended conformations of dative B—N bonds in identical monomers to drive polymerization, thereby providing a powerful platform to investi-
gate the evolution mechanism of chain entanglements under stress stimuli and their impact on the mechanical properties of materials. Com-
bined mechanical measurements and density functional theory calculations reveal that polymer mechanics are not only profoundly influenced
by the presence of chain entanglements but also strongly dictated by the specific entanglement topology. Compared with one-dimensional en-
tangled polymers containing a limited number of intertwined chains, two-dimensional entangled polymers, in which numerous chains inter-
weave within a planar network, demonstrate markedly enhanced resistance to deformation. This study elucidates the role of entanglements in
the mechanical properties of polymers, providing new insights into the relationship between polymer entanglement structures and material per-
formance.
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INTRODUCTION

Chain entanglement is typically defined as the topological con-
straints formed by the interpenetration and interlacing of poly-
mer chains in space, which can manifest as transient or quasi-
permanent network junctions.! As a ubiquitous structural fea-
ture, chain entanglement plays a crucial role in enabling specif-
ic functions and applications in polymeric materials.’~ In re-
cent years, inspired by its complex topological characteristics
and the resulting mechanical adaptability, chain entanglement
has been widely exploited in the molecular design of high-per-
formance polymers to enhance their mechanical properties.
From a mechanical perspective, entanglement nodes not only

act as key topological constraints that maintain the structural in-
tegrity of the polymer network, but also serve as effective units
for stress transfer and dissipation, thereby alleviating local stress
concentrations under external loading. Meanwhile, chain slid-
ing and rearrangement endow the system with energy-dissipa-
tion capability, ultimately enhancing its toughness and resis-
tance to mechanical failure.”~"! Currently, studies on entangled
polymer systems are predominantly focused on amorphous
materials (such as gels and elastomers, Scheme 1a).*='2 Among
these disordered entangled polymers, a deeper investigation of
the molecular-scale deformation and motion of entangled poly-
mers is unfeasible, hindering the elucidation of the causal rela-
tionship between polymer entanglement and mechanical prop-
erties. Long-range-ordered crystalline entangled polymers hold
promise as unique molecular-scale platforms for investigating
polymer chain entanglement; however, this area remains large-
ly unexplored to date.

The primary challenge stems from the inherent difficulty in
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precisely constructing long-range-ordered crystalline poly-
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a Polymer entanglement

B Single crystals

Scheme 1 (a) Cartoon representation of disordered entanglements in amorphous polymer systems; (b) Ordered entanglements observed in the
crystal structures of crystalline polymers EP-1D and EP-2D investigated in this work. The insets present optical images of EP-1D and EP-2D crystals,

where the scale bars correspond to 20 um.

mers, particularly within pure organic polymer systems.[13-26]
This complexity is further exacerbated when attempting pre-
cise synthesis of crystalline polymer systems with ordered en-
tangled structures. Therefore, there is a pressing need to es-
tablish an appropriate research platform for crystalline entan-
gled polymers to enable precise synthesis and characteriza-
tion of polymer systems with highly ordered structures. Such
a platform would provide essential insights into the evolu-
tion mechanism of chain entanglements under stress stimuli
and their impact on the mechanical properties of crystalline
polymer materials. Dative B—N bonding exhibits favorable
dynamics in solution, facilitating adaptive self-correction dur-
ing the formation of crystalline polymers, thereby promoting
the establishment of long-range ordered structures.l27-40
Moreover, the high conformational flexibility of this bonding
allows the regulation of distinct chain entanglement forms
under varying crystallization conditions, making it an ideal
tool for investigating the mechanical properties of crystalline
entangled polymers.

Herein, dative B—N bonding is utilized to drive polymeriza-
tion, constructing one-dimensional (EP-1D) and two-dimen-
sional (EP-2D) entangled®8! polymers, as well as a control
sample (NEP) devoid of entanglements, by manipulating the
extension conformations of the dative B—N bonds using
identical monomers, thereby establishing a robust research

platform for investigating the entanglement mechanisms of
crystalline entangled polymers in terms of mechanical prop-
erties (Scheme 1b). Subsequent mechanical measurements
revealed that EP-2D exhibited the best elasticity, followed by
EP-1D, with NEP exhibiting the poorest elasticity. Additional-
ly, DFT calculations indicated that the differences in the me-
chanical properties of these polymers arise from their distinct
deformation pathways and the corresponding energy
changes under different entanglement configurations. Specif-
ically, compared to non-entangled polymers, one-dimension-
al entangled polymers can disperse and transfer stress
through the slippage of the entanglement points. However,
owing to the limited number of entangled chains (EP-1D con-
sists of only three chains) and the confinement of stress trans-
fer to a single dimension along the polymer chains, the me-
chanical properties were constrained when subjected to com-
plex loads. In contrast, 2D entangled polymers are composed
of numerous interwoven chains within a planar network, of-
fering superior structural stability. Under stress, the polymer
chains can adaptively slide, enabling stress to be effectively
dispersed and transferred across the entire two-dimensional
plane. Furthermore, the regulatory effects of solvents on the
structure of entanglement points and their dynamics under
applied stress were further investigated, aspects that have
been less considered in previous studies on amorphous en-
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tangled polymer systems. As a result, this structure can bet-
ter maintain its stability under stress, preventing failure, and
thus exhibiting superior mechanical performance. Therefore,
this study investigated the influence of entanglements on the
mechanical properties of polymers, providing a new observa-
tional perspective for understanding the relationship be-
tween polymer entanglement structures and material perfor-
mance.

EXPERIMENTAL
Experimental details are included in the electronic supplemen-
tary information (ESI).

RESULTS AND DISCUSSION

Originally, EP-1D was obtained by heating a mixture of 1,4-
bis(benzodioxaborole)benzene (BDBB) and 1,2-bis(4-pyridyl)-
ethylene (BPE) in toluene (Tol) at 70 °C for 24 h, followed by
slow cooling to room temperature (Fig. 1a and Figs. S1-54 in
ESI). During the solvothermal reaction, polymerization and crys-

QIQOE%}

BDBB

tallization occur simultaneously, giving rise to faint yellow sin-
gle crystals (Scheme 1b). Uniformly distributed B and N ele-
ments were observed throughout the crystals, as revealed by
energy-dispersive spectroscopy (EDS) mapping (Fig. S5 in ESI).
Subsequently, single-crystal X-ray diffraction (SCXRD) was em-
ployed to directly analyze the precise molecular structure of EP-
1D (Fig. 1b and Table S1 in ESI). The results revealed a triple-he-
lical polymer with a spacing of 14.0 A between the adjacent
chains. The polymer's difficulty in crystallization led to sponta-
neous symmetry breaking in EP-1D, which, in turn, induced a
helical conformation for each polymer chain. Remarkably, each
polymer chain was repeated in a R-Z-L (R: right-handed, Z:
Zigzag, and L: left-handed) manner, to ensure the chirality bal-
ance (Figs. S6 and S7 in ESI). Furthermore, given that in
supramolecular polymerization, temperature and solvent
served as pivotal factors in steering the polymerization path-
ways, we were inspired to delve deeply into the exploration of
other entangled polymers.

By applying thermodynamic control, a 2D entangled poly-
mer was obtained in Tol at an elevated temperature of 90 °C,
namely EP-2D (Fig. 1c, Figs. S8—510 and Table S2 in ESI). In

Solvothermal \Q: Dative bond \g
,@/v@ ﬁ -

@ BN polymer @

@/\/0

Fig. 1 (a) Chemical structures of monomers BPE and BDBB. Under solvothermal conditions, dative B—N bonds form to generate a polymer chain
(BN polymer), which is further used to construct crystalline polymers EP-1D, EP-2D, and NEP; (b) Crystal structure of EP-1D, featuring a triple helical
pattern. The interchain spacing of the triple helical structure is 14.0 A. (c) Crystal structure of EP-2D, featuring a 2D entangled polymer network. The
distance of the adjacent wefts (or warps) is 12.3 A. (d) Crystal structure of NEP, characterized by a non-entangled pattern. H atoms and catechol

groups have been omitted for the sake of clarity.
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particular, molecular chains were categorized into warps and
wefts (Fig. 1c), and chain entanglement occurred at the dou-
ble bond positions when both the warp and weft chains
shared the same chirality (Fig. S11 in ESI). Coincidentally, a
non-entangled polymer (NEP, Table S3 in ESI) was obtained
at 90 °C in o-dichlorobenzene (Fig. 1d), facilitating subse-
quent comparable mechanical studies. Overall, by adjusting
the solvent and temperature, we obtained diverse patterns of
chain entanglement using the same polymer threads.

As the core component responsible for the molecular chain
movement and energy dissipation of entangled polymers,
the configuration and stability of the entanglement nodes are
crucial to the mechanical properties of polymers. For EP-1D,
the 1D entangled polymers require internal solvents to main-
tain structural stability, thereby forming sandwich-like entan-
glement nodes that correspond to the kinetic species (Fig.
2a). Notably, the entanglement nodes in EP-1D were non-
centrosymmetric, as evidenced by the pyridine-Tol distances
of 6.11, 6.07, 3.68, and 3.67 A, which may be due to the ab-
sence of inversion symmetry in interior Tol molecules. In EP-
2D which exhibited a 2D entangled architecture, the solvent
molecules adaptively moved from the interior to the exterior
of the two polymer chains (Fig. 2b). This indicated the greater
stability of the entanglement nodes in EP-2D compared to
those in EP-1D, as a result of the stronger -7 interactions di-
rectly provided by the polymer chains, corresponding to the
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thermodynamic species. To visually observe the intermolecu-
lar interactions, the non-covalent interactions (NCI) and re-
duced density gradient (RDG) distributions were calculated.
Van der Waals interactions were found to be the majority NCI
in the entanglement nodes of EP-1D and EP-2D (Figs. 2a and
2b), as revealed by the green spikes located around zero in
the RDG analyses (Fig. S12 in ESI). Furthermore, larger areas of
the green patterns were found in EP-2D, suggesting stronger
intermolecular interactions. Specifically, when the solvent
molecules migrated from the interior to the exterior of the
two chains, the zero-point energy decreased by 23 kcal/mol
(Fig. S13 in ESI). In the case of NEP, the polymer chains were
fully solvated. This solvation was primarily driven by halogen
interactions (38.3%), as quantified by the Hirshfeld surface
analysis (Fig. S14 in ESI). Consequently, these solvent-poly-
mer interactions hinder direct interaction and entanglement
between the polymer chains themselves, leading to a zigzag
configuration (Fig. 2c).

After the structures were established, these well-defined
entangled polymers provided an ideal platform for elucidat-
ing the causal relationship between the polymer entangle-
ment and mechanical properties. Subsequently, the mechani-
cal performance of the three polymers was comparatively an-
alyzed, and their respective characteristics were examined in
detail. Owing to the intrinsic non-stretchability of these poly-
mer crystals, nanoindentation tests remain the only viable al-

(38.3%)
NEP Halogen interactions

Fig. 2 (a) An entanglement node in the crystal structure of EP-1D. It is non-centrosymmetric, with pyridine-toluene distances of 6.11, 6.07, 3.68,
and 3.67 A. (b) An entanglement node in the crystal structure of EP-2D. The entanglement nodes in EP-2D exhibit higher stability than those in EP-
1D. (c) A non-entangled part in the crystal structure of NEP. The polymer chains were fully solvated, primarily driven by halogen interactions.
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ternative approach for evaluating their mechanical proper-
ties. Specifically, PeakForce quantitative nanomechanical
(QNM) mapping of the three polymers was performed to
thoroughly investigate the influence of the entanglement
topologies on the mechanical response. The compressed ax-
es were determined as a, b, and ¢ axes for NEP, EP-1D, and
EP-2D, respectively (Figs. S15-S17 in ESI). As shown in Figs.
3(a)-3(c), the average Derjaguin—-Muller-Toporov (DMT)
moduli of NEP, EP-1D, and EP-2D were 6.3, 2.3, and 2.1 GPa,
respectively. Typical force versus separation curves are shown
in Fig. S18 (in ESI). The results demonstrated enhanced elas-
ticity by entangling polymer chains, and 2D entanglement
further improved the elasticity compared to 1D entangle-
ment. Furthermore, we calculated the Young’s moduli in all

a 97GPa D

& 8 1.5, 420 25

Moduluas (Glsa)

« Modulus (GPa) .+,

directions and simulated the crystal deformation of the three
polymers under 15% uniaxial compression.[*1:42 First, the spa-
tial dependence of Young's modulus was visualized by
ELATE!“3] by calculating the second-order elastic constants
(SOECs, Tables S4-S6 in ESI). As shown in Figs. 3(d) and 3(e),
polymer entanglement leads to a more anisotropic 3D modu-
lus pattern and a smaller average modulus value (E,). Addi-
tionally, entangling the polymer chains into a 2D plane led to
a 2D modulus distribution, as the warp-and-weft entangle-
ment enabled a more uniform stress distribution within the
2D plane (Fig. 3f). Subsequently, structural deformations un-
der a 15% compressive load were simulated using DFT calcu-
lations, to thoroughly investigate the entanglement effect
from a kinematic perspective. The simulated structures under

34GPa  ©

15 20 25 3.0
Modulus (GRa)

1.4 GPa

EP-1D 15% compression

EP-2D 15% compression

Fig. 3 Mappings of the DMT moduli of (a) NEP, (b) EP-1D, and (c) EP-2D. The scale bars are 0.5 pm. Calculated spatial-dependent Young's
modulus plots for (d) NEP, (¢) EP-1D, and (f) EP-2D. (g) Simulated deformed structures of the three polymers under 15% uniaxial compression.
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15% compression are shown in Fig. 3(g) and Tables S7-S9 (in
ESI), in comparison with the original pattern exhibited in Figs.
1(b)-1(d). Specifically, without entanglement, the polymer
chains in NEP were found to be brought closer upon com-
pression (highlighted by dashed boxes). Furthermore, the
overall triple-helical topology of EP-1D remained, with dis-
torted and uniaxially extended entanglement nodes. Subse-
quently, by increasing the number of entangled polymer
chains to EP-2D, the topology structure remained almost un-
changed under 15% compression. These results offer prelimi-
nary insights into the effects of entanglement patterns on
structural stability.

Subsequently, to further investigate the molecular mecha-
nisms of chain entanglement, the detailed deformation be-
haviors of unit cells and entanglement nodes were studied
under progressive compression ranging from 0% to 15%.
First, the variations in the crystallographic axes (Aa, Ab, and
Ac) of the three polymers are depicted in Fig. 4(a), with the
corresponding values at 15% compression summarized in Fig.
4(b). Notably, the compressed axes, Aa for NEP, Ab for EP-1D,
and Ac for EP-2D were excluded as they were fixed at 15%.
The results demonstrated that NEP exhibited maximum de-
formation (20.9%), followed by EP-1D (15.1%), and EP-2D
(10.9%), confirming the superior structural stability of EP-2D.
Second, the deformation characteristics of the entanglement

a
20 NEP: EP-1D: Q9
— b
S 15 @b OC @c Oa ° (%)
g EP-2D: o
2ol 9
£ "9boa 02,08 93
g | 980229
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-5 L L L L L L L L
0 2 4 6 8 10 12 14
Compression (%)
C
339A 5 3.17A
—_—
> —=
15% compression
NEP
e

15% compression

EP-2D

nodes and the associated energy changes were analyzed us-
ing DFT calculations (Figs. 4c—4f and Table S10 in ESI). For
NEP (Fig. 4c), although the 7-17 stacking distances between o-
dichlorobenzene molecules and polymer chains shortened
under compression, the intermolecular interactions were at-
tenuated due to the misalignment of the aromatic ring (Fig.
4f). Such weakened -7 interactions may account for the
facile chain sliding observed in NEP. As for EP-1D (Fig. 4d),
the sandwich-like entanglement nodes underwent signifi-
cant structural distortion, leading to the progressive exclu-
sion of the encapsulated solvent molecules with adaptive en-
ergy adjustments (Fig. 4f). This oscillatory energy profile re-
flects the dynamic equilibrium between solvent molecule ex-
pulsion and polymer chain reorganization, thereby imparting
enhanced structural stability to EP-1D. In the case of EP-2D
(Fig. 4e), the strong 7-m interactions derived from the direct
entanglement of polymer segments preserved nearly intact
topological configurations under compression, with only a
marginal displacement of solvent molecules. After compres-
sion, the entanglement nodes were strengthened (Fig. 4f) as
the pyridine-pyridine distance decreased from 3.83 A to 3.57
A, endowing EP-2D with the optimal structural stability. Col-
lectively, these findings elucidate how chain entanglement
modulates the mechanical properties of polymers on the
molecular scale.

20.9%
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Fig.4 (a) Variations in crystallographic axes of NEP, EP-1D and EP-2D under stepwise compression from 0% to 15%; (b) Summarized deformation
rates of the three polymers under 15% compression. Detailed structures of (c) a non-entangled part of NEP, (d) an entanglement node of EP-1D,
and (e) an entanglement node of EP-2D before compression and under 15% compression and their respective energy profiles (f) under stepwise
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compression from 0% to 15%.
CONCLUSIONS

In summary, we have successfully constructed non-entangled,
one-dimensional entangled, and two-dimensional entangled
crystalline polymers by exploiting the bonding of dative B—N
bonds and controlling their extended conformations, thereby
providing a robust platform to investigate the role of entangle-
ments in the mechanical behavior of polymers. By combining
atomic force microscopy and density functional theory calcula-
tions, we have demonstrated that polymers with different en-
tanglement topologies exhibit distinct structural stability and
deformation mechanisms under applied stress. Specifically,
compared to one-dimensional polymers containing a limited
number of intertwined chains, two-dimensional entangled
polymers, in which numerous chains are interwoven within a
planar network, have shown superior resistance to deformation.
Moreover, the modulation of entanglement point structures
and their stress-responsive dynamics by solvents was investi-
gated in this study, a factor that has largely been overlooked in
previous studies of amorphous entangled polymers. Hence, this
study provides a unique methodological approach and a novel
perspective for investigating the influence of polymer entangle-
ments on the ultimate material properties. By integrating struc-
tural control, advanced characterization techniques, and theo-
retical analysis, a new framework that is highly complementary
to conventional dynamic polymer systems was established to
elucidate the relationship between entanglement architecture
and mechanical performance, thereby further advancing our
fundamental understanding of the structure—property relation-
ships in polymer materials. Furthermore, the investigation of en-
tanglement—property relationships in crystalline polymers pre-
sented here represents only an initial step. It has the potential to
inspire further studies using crystalline platforms to probe poly-
mer properties or structure—property correlations that are chal-
lenging to access in conventional amorphous polymer systems,
thereby offering valuable insights for future research.
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