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Topology isomerizable networks (TINs) can be programmed into numerous polymers exhibiting unique
and spatially defined (thermo-) mechanical properties. However, capturing the dynamics in topological
transformations and revealing the intrinsic mechanisms of mechanical property modulation at the
microscopic level is a significant challenge. Here, we use a combination of coarse-grained molecular
dynamics simulations and reaction kinetic theory to reveal the impact of dynamic bond exchange reactions
on the topology of branched chains. We find that, the grafted units follow a geometric distribution with a
converged uniformity, which depends solely on the average grafted units of branched chains. Furthermore,
we demonstrate that the topological structure can lead to spontaneous modulation of mechanical properties.
The theoretical framework provides a research paradigm for studying the topology and mechanical

properties of TINs.
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While cross-linked thermoset polymers boast remarkable
properties, their utility is often hampered by the irreversible
nature of covalent bonds. A promising strategy involves
integrating dynamic bond exchange reactions (BERs) into
their molecular frameworks [1-5], namely, vitrimers, ena-
bling the formation and reformation of dynamic covalent
bonds in response to external stimuli [6—11]. This adapta-
tion allows the polymers to topologically rearrange their
network without compromising their three-dimensional
integrity. Consequently, dynamic covalent polymeric net-
works demonstrate unique adaptive capabilities not present
in traditional covalent networks, including self-healing,
reprocessability, thermoresponsive gelling, and permanent
shape reconfiguration [12-24].

In conventional vitrimer materials, dynamic covalent
bonds facilitate structural modifications through BERs.
However, this mechanism does not address the intrinsic
topological heterogeneity of these materials, which is
characterized by a nonuniform distribution of chain lengths
within the polymer network. As a result, the properties of
these materials remain nonprogrammable. While it can
induce topological heterogeneity by incorporating external
molecules, this approach has restricted applicability and is
limited to non-cross-linked polymer solutions or melts [25].
Contrarily, topology isomerizable networks (TINs) offer a
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paradigm shift, allowing for topological transitions within a
“fully enclosed” material without external agents [26,27].
This isomerization mechanism typically requires designing
materials to initially possess network heterogeneity. For
example, TINs with long grafted chains can transform into
a brush network upon light activation using a photolatent
catalyst. Halting light exposure can lock intermediate
topological states, preventing complete uniformity and
illustrating the capacity of TINs for programmable material
properties through topological control [26].

Despite the execution of experimental studies on topo-
logical isomerizable networks, the precise experimental
capture of topology presents significant challenges. This
difficulty introduces ambiguity concerning the ideal reac-
tion endpoint needed to attain the desired network top-
ology, thereby hindering the establishment of a clear
connection between topology and material properties. In
this Letter, we seek to close this gap by combining
molecular dynamics simulations and reaction kinetics
theory. Our research delves into the temporal evolution
and equilibrium distribution of branched chain lengths,
further investigating how the uniformity of branching
impacts mechanical properties.

Model—We consider a coarse-grained system consisting
of 100 polymer chains, each comprising 31 backbone
beads. As shown in Fig. 1(a), the ends of each polymer
backbone (depicted in green) are irreversibly cross-linked
by tetrafunctional cross-linker molecules to form rubberlike
networks, achieving 99% cross-linkage (see Supplemental
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FIG. 1. Coarse-grained model for topology isomerizable net-
works. Schematic diagrams of (a) polymer and cross-linker
models for the long branched chain (LBC) state, (b) bond
exchange reaction (BER), and (c) topological changes after
BERs starting from the LBC or HBC state.

Material [28]). Distributed uniformly along each polymer
backbone are five branched chains, each terminated by an
end-type active unit (depicted in purple) to initiate BERs. In
the branched chains, every four beads are considered as one
repeating unit. As shown in Fig. 1(b), we replicate the BER
dynamics described in the topology isomerizable network,
where the end-type units attack and exchange bonds with
the middle repeated units (depicted in blue) on the branched
chains, thereby acquiring the rest length of the attacked
branched chains [26]. The red beads can prevent the BERs
inconsistent with the experiment (Fig. S1). The BER
incorporates an activation energy AE,,, aligning with
experimental conditions [3,4].

For our simulations, we utilize coarse-grained molecular
dynamics (CGMD) with BERs to explore various system
topologies, employing the large-scale atomic/molecular
massively parallel simulator (LAMMPS) [29]. All non-
bonded interactions are modeled using a Lennard-Jones
(LJ) potential [30], characterized by the dimensionless LJ
units ¢ and . The harmonic potential models the bond
stretching energy between adjacent beads [31,32]. We
simulate BERs using the fix bond/react command
in LAMMPS [33,34]. Specifically, as shown in Fig. 1(b), if
the distance between beads B and D falls below o, the
covalent bonds A — B and C — D break, and two new
covalent bonds, A — D and B — C, form with a specific
probability py, = e PAFw, where f = 1/(kgT) with kg and
T as the Boltzmann constant and the temperature of the
system, respectively. This process ensures that the total
number of covalent bonds in the system remains constant.
The simulations commence with all beads arranged in a
nonoverlapping configuration within a simulation box,
with periodic boundary conditions in three dimensions.
We employ the NPT MD simulations to equilibrate the

systems with the Nosé-Hoover temperature thermostat and
pressure barostat to 7 = 1.0 and P = 1.0, respectively. At
equilibrium, we observe the total number density p =~ 0.85,
akin to the density of a polymer melt [35]. Detailed
simulation information and parameters are available in
the Supplemental Material [28] and Refs. [36-42]).

With reference to the polydispersity index of polymer
chains [43], we introduce the branched chain uniformity «
to quantify the topology of branched chains:

a=((I+1))/{1+1)% (1)

where [/ represents the number of middle repeated units on
branched chains, and 1 signifies the end repeated unit. (- - -)
computes the average over the distribution of the length
of branched chains, with the mathematical estimate
(I) = s = m/n, where m represents the number of middle
repeated units, and n denotes the number of end repeated
units, which also corresponds to the number of branched
chains. We examine the system starting from two different
initial states: the long branched chain (LBC) state and the
homogeneously branched chain (HBC) state. In the LBC
state, all middle repeated units of a polymer chain are
concentrated in one branched chain, representing the most
inhomogeneous initial state with @ = 4.16. Conversely, the
HBC state represents the most homogeneous distribution of
branched chain lengths with @ = 1.00, where each chain
consists of s middle repeated units. In our simulations, s
was set to 8, except in cases where s was varied as a
parameter under discussion. Figure 1(c) demonstrates the
change in topology, illustrating that the two initial states
can reach the same exponentially distributed state
after BERs.

Dynamical analysis of a—We plot the simulation results
of the probability of the i-units branched chain at time ¢,
denoted as P(i,t), from both LBC and HBC states with
various AE, in Fig. 2(a). With increasing time, the
branched chain uniformity a from both states gradually
approaches and fluctuates around a constant value. The
effect of temperature on the time evolution of a exhibits a
similar phenomenon (Fig. S2). Besides, Fig. 2(b) further
illustrates the dependence of the constant value on s. These
suggest that various states of topological heterogeneity
characterized by « can be kinetically trapped by deactivat-
ing the BERs. Hence, determining the time when BERs are
deactivated to achieve the targeted « is critical. By
neglecting the dissociative rings formed by self-attacking
reactions and assuming that the diffusion timescale of
active beads is far quicker than that of BERs, we write the
master equation of the probability of i middle units of
branched chains with 0 < i < m:

dP(i,1) & -
Kdt = ZO[ j—>lP( ) Wl—>JP< )]

+ Y WiPU) =Wl PG (2)
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where the influx of i-units chains can be achieved by two
paths: (i) the end of a shorter j-units chain (j < i) attacks
one middle unit on other chains which are longer than i — j;
and (ii) the longer j-units chain (j > i) is attacked by the
end of other chains. The transition probabilities of the
two paths are given by w;, =3,  P(k)/m and
wi_,; = 1/m, respectively. We note that the superscript
* indicates the growth of the chain while ~ indicates
shrinkage. Similarly, two paths are associated with the
outflux of i-units chains: (iii) the i-units chain is attacked
by the end of other chains and leaves j units with the
transition probability w;_,; = 1/m, and (iv) the end of the i-
units chain attacks the other chain to form j units with the
transition probability w;_,; = Y1 ., P(k)/m.

The BER rate K = kone #2Fs quantifies the frequency
of BERs, with k signifying the pre-exponential factor. To
determine k(, we analyze the normalized bond autocorre-

lation function Cg, (1) = (Ny(ty) - Ny(t9 + 1)), where
Ny(to) represents the count of active bonds initially present
at time ¢, and Ny (¢, + t) corresponds to the count at a
subsequent time 7, + ¢. The lifetime of the BER 7, is
defined as the time when Cg, is decayed to 1/e, i.e.,
Cow(7sw) = 1/e. Figures S3a and S3c show the C,(¢) for
different AE, at T systems, and Figs. S3b and S3d show
the corresponding 7. The Arrhenius equation is found to
be fully compatible with the Cy, (z) for different AE,,, at T
systems with 7y, = 7,e#2Fs. For the system with n grafted
sites, the BER rate K can be obtained from the 7, as
K = n/ty, = kone PAEsw where ky = 1/7,. These results
also indicate that lower AE, and higher T result in
higher K.

The excellent agreement between theoretical and simu-
lation results at higher AE,, validates the accuracy of our
theory. This theoretical framework offers a pathway to
precisely regulate the level of topological heterogeneity. It
achieves this by dictating the deactivation timing of the
BERs, thereby enabling the determination of distinct
structural configurations. At lower AE,, discrepancies
arise between the theoretical and simulation results, pre-
dominantly due to the diffusion dynamics of the branched
chains. In scenarios where branched chains have inad-
equate time to diffuse, “ineffective reactions” may ensue,
i.e., multiple BERs occur between two dynamic bonds
without resulting in structural alterations of the branched
chains, as shown in Fig. 2(c). A reduction in SAE,
elevates the BER rate, leading to ineffective reactions
increasing. Consequently, this discrepancy causes the
simulation results to trail behind the theoretical predictions,
as shown in Fig. 2(a).

Next, we provide an intuitive theoretical description to
analytically derive the equilibrium distribution of the length
of branched chains ag. At the thermodynamic limit m, n > 1,
we examine the detailed balance condition between i- and
(i + 1)-unit branched chains, expressed as Pg(i)w;,, | =
Pg(i + 1)wi,,_,;. We have Pg(i + 1)/Pg(i) = 1 = Pg(0),
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FIG. 2. Dynamical analysis of a. (a) Time evolution of a from
initial states of LBC and HBC for various AE, under s = 8.
(b) Time evolution of a from the LBC initial state for various s
under AE, = 0. (c) Schematic diagram of “ineffective reac-
tions.” After two rounds of BERs, the length of the branched
chains remained unchanged.

indicating that Py follows a geometric distribution Pg(i) =
Pg(0)[1 — Pg(0)], with the probability of zero-unit chains
given by Pg(0) = 1/(s + 1). Remarkably, this analytical
solution for the distribution quantitatively agrees with sim-
ulation results without any fitting parameters [Fig. 3(a)].
Furthermore, for the systems with the same s, Pg(i) collapse
to a master curve regardless of the variations in parameters
such as activation energy AE,,, temperature 7, strength of
interbranch interaction ¢y, and stiffness of the branched
chains kygn (Fig. S4). We note that the mean and the
variance of the distribution are given by (/) = s and () =
s(s + 1), respectively. Thus, the equilibrium branched chain
uniformity can be expressed as ag =2 — 1/(s + 1), which
also closely corresponds with simulation results across
various s systems [Fig. 3(b)]. We ascertain that the maximum
ag at the limit of long branched chains with ag (s — o) = 2.
Experimentally, the number of middle units per branched
chain significantly exceeds that in the simulation models
currently constructed. Therefore, it is inferred that after
enduring extensive BERs, the a value converges to 2.
Mechanical properties modulation—To investigate the
mechanical properties of different topologies in TINs, we
perform uniaxial extension and measure the tension where
BERs are inactivated under various a. As shown in
Fig. 4(a), we measure the stress under a fixed strain
et = 5 at different average branched chain lengths s and
starting from HBC and LBC, respectively. We find that as
the reaction time evolves, corresponding to the branched
uniformity converges to ap, the mechanical properties
characterized by o increase. We select six configurations
to display their complete stress-strain curves [Fig. 4(b)],
and we find that when the strain is sufficiently large, the
mechanical properties of the configurations closer to ap are
better. This implies a spontaneous regulation of the
mechanical properties by the topology, i.e., the mechanical
properties are optimal near the equilibrium state.
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FIG. 3. Equilibrium distributions and uniformity. (a) Middle
unit distribution of branched chains at equilibrium Pg(i) for a
different average number of middle unit s systems. Solid lines are
from theoretical derivation. (b) Branched chain uniformity in
equilibrium ag as a function of s. Solids line is calculated from
ag =2 —1/(s + 1), while dashed line indicates the maximum
value of ag under the large-s limit with ag(s - o) = 2. In all
figures, symbols are obtained from the simulations.

To further understand the spontaneous regulation be-
havior, we examined the entanglement behavior for the
selected configurations with an entanglement degree
A= L,/ > L, where ) L, and ) L. represent the

total primitive path lengths [44] and contour lengths of all
polymer chains when the polymers are relaxed, respec-
tively, as shown in the inset of Fig. 4(c). We note that higher
A indicates a greater degree of entanglement. As shown in
Fig. 4(c), the entanglement degree peaks around the
configuration closest to ag, which indicates that the
maximum entanglement is achieved under the geometric
distribution of the branched chain length.

The contribution of the entanglement primarily occurs
between branched chains, as well as between branched
chains and the backbone chains (Fig. S5). Moreover, higher
entanglement degrees facilitate polymer chain orientation
during stretching (Fig. S6a), enhancing stress contributions
from covalent bonds along the stretching direction (man-
ifested as larger bond energy, Fig. S6b). The system with ag
presents the highest molecular chain orientation due to the
greatest entanglement degree, which leads to optimal
mechanical properties.

Discussion—In conclusion, we used CGMD simulations
to study a polymeric system allowing bond-exchange
reactions and exhibiting topological isomerization. We
investigate the dynamics of branch uniformity, character-
ized by a, by constructing a reaction kinetic theory.
Moreover, the theory effectively guides how to achieve
the desired topology experimentally by adjusting the initial
configuration and reaction rate. In our models, we deter-
mined that ag depends solely on average branch chain
length, which aligns well with simulation results across
different system variables. Additionally, contrary to the
common belief that branching chain lengths are uniformly
distributed at equilibrium [26], our simulation and theo-
retical results reveal the branched chain lengths at equi-
librium follow a geometric distribution. This theoretical
framework is applicable to analyze the topology of polymer
systems such as star [45] and bottle brush [46] polymers.
Besides, we propose a mechanism explaining the influence
of topology on mechanical properties. Optimal properties
are achieved when a reaches equilibrium, indicating an
intelligent regulation of mechanical performance through

(a) 14 * 100 (b) 15 (C) 0.24
J HBC LBC _
13 Eo [ ] o s=4 A - (ZLP)/(ZLc)
A A 5=6 80 124 0.22 4
124 ° o s=8
* % Selected systems 60 9 0.20 4
& 117 § & <
* 40 6 Zo— =100 0187
- o=1.1
10 * —o— ¢=1.55
i —o— ¢=1.85
0l 20 3 —o— a=2.20 0.16
—o— a=3.27
—o— a=4.16 Normal conformation Primitive path
8+ — T T T T T 0 0 T T T T 1 0.14 - T T T T T
1.0 15 20 25 30 35 40 45 0 1 2 3 4 5 1.00 155 1.85 220 327 4.16
a ér a

FIG. 4. Mechanical properties modulation. (a) Stresses ot at ey = 5 for 120 different a systems. (b) Stress-strain curves for selected
different @ marked by the black symbol in (a). The inset shows the stress as a function of « at different strains. (c) Entanglement degree as
a function of a. The inset shows a schematic representation of the calculation of entanglement degree 4, as well as a comparison of

snapshots between the normal conformation and the primitive path.
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BERs. This intrinsic mechanism of mechanical pro-
perty modulation guides the versatile design of TINs,
greatly broadening their applications in areas such as
flexible electronics [47] and soft robotics [48,49].
Moreover, in some randomly cross-linked networks,
molecular chain lengths also exhibit a geometric distribu-
tion, suggesting this regulation might be applicable in such
systems [50,51].
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