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ABSTRACT: By means of Langevin dynamics simulations, we E@ N a e intramolecular K intermolecular ¢ unreacted
investigate the gel formation of randomly functionalized polymers \9% I -~ —F
in solution, with the ability to form both intra- and intermolecular I~ - N, cuncem_rauun\”t\ p/p;\‘;
reversible bonds. Under highly dilute conditions, these polymers %Dé) B N ovrapdensity N ]
form soft nano-objects (so-called single-chain nanoparticles, £ N linkedto
SCNPs), resulting from the purely intramolecular cross-linking of % \ Pater
the reactive functional groups. Here, we show that the competition %3,? £ oip" 3 ‘
between intra- and intermolecular bonds at finite concentration is - 7 : ntermon lf\
governed by a delicate balance of various entropic contributions éﬁ% : ona 3”~\__
and leads to a density-dependent effective valence. System- 0 imeunis 100 10°

spanning networks are formed at relatively low monomer densities

and their stability is mediated by just a small number of intermolecular connections per chain. The formation of intermolecular
bonds furthermore can induce a nonmonotonic dependence of the polymer size on the density for long bond lifetimes.
Concomitantly, the polymers in the percolating cluster adopt an intramolecular structure characteristic for self-avoiding chains,
which constitutes a strong contrast to the fractal globular behavior of intramolecularly cross-linked SCNPs in crowded solutions with
purely topological interactions (no intermolecular bonds). Finally, we study the dynamics of the system, which displays signatures
expected for reversible gel-forming systems. An interesting behavior emerges in the reorganization dynamics of the percolating
cluster: the relaxation is mostly mediated by the diffusion over long distances, through breaking and formation of bonds, of chains
that do not leave the percolating cluster. Regarding the few chains that are transiently free, the time they spend until they reattach to
the cluster is solely governed by the bond strength.

1. INTRODUCTION bonds,'”*® helical®"** or 7—7x stacking,23 host—guest inter-
actions,”**> jonic attraction,”® and metal complex forma-
tion.”””® In contrast to noncovalent bonds, dynamic covalent
bonds are very robust and their formation, breaking, or
exchange can be induced rapidly by very specific external
stimuli. These can be pH, photons, redox potentials, or a
catalyst. The classical example of a dynamic covalent bond is
the disulfide bridge, which plays a prominent role in the
stabilization of the native folded state of proteins. It served as
inspiration for including not only disulfide bonds™ but also
hydrazone,30 enamine,”” coumarine,*” and anthrazene®® bonds
in the SCNP chemistry toolbox.

The advantage of dynamic covalent bonds is that the need
for an external stimulus to catalyze their formation and
breakage opens up the possibility of kinetically trapping the
system. Furthermore, reversibility means that synthesis is never
“complete” and individual SCNPs of this kind can form
intermolecular bonds in addition to their intramolecular bonds

Single-chain nanoparticles (SCNPs) are soft nano-objects
synthesized from a linear polymer precursor, which is
functionalized with reactive groups capable of forming
intramolecular bonds. They are typically a few nanometers
(<20 nm) in size and possess a large surface-to-volume ratio.
The necessary technological ingredients for their synthesis
include controlled polymerization, monomer functionalization,
and cross-linking protocols that ensure their purely intra-
molecular collapse. Design and function of SCNPs is a rapidly
growing area of research due to their promising applications as
catalysts, drug-delivery vehicles, biosensors, or rheology-
modifying agents.'”'* Since its beginning at the start of the
21st century, the synthesis of SCNPs has been dominated by
polymer chemistries involving irreversibly cross-linking mono-
mers. In the past years, however, the possibility of exploiting
reversible interactions to produce stimuli-responsive SCNPs
has gained increased interest."”*>'>™'® Separate classes of
reversible interactions with distinct advantages have emerged
in the field of single-chain technology: noncovalent and the so- Received: December 1, 2020
called dynamic covalent bonds. Noncovalent bonds are Revised:  June 20, 2021
characterized by their relatively low energy (typically a few Published: July 7, 2021
kyT), which is modulated smoothly by external variables such

as temperature, pH, and solvent. Prominent examples of

noncovalent interactions used in SCNPs are hydrogen
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if their concentration is increased above the limit of high
dilution. Such intermolecular bonds could potentially lead not
only to aggregation or phase separation but also to the
formation of a physical gel. The interplay between intra- and
intermolecular bond formation has been exploited recently by
Fulton et al. in thermoresponsive polymers to produce a
system that reversibly crosses between an SCNP solution and a
hydrogel.”* The thermoresponsive nature of the oligoethyle-
neglycol methyl ether branches causes the polymers to
aggregate upon an increase in temperature, while a mildly
acidic pH allows the acylhydrazone bonds to undergo
component exchange processes. The combination of these
two orthogonal triggers leads to the reversible reorganization
of intramolecularly folded SCNPs into a robustly cross-linked
hydrogel. The response of this material to multiple external
stimuli could be exploited in situations where the behavior of
the material should depend on the specific makeup of the
environment, for example, the specific release of drugs in target
tissues.

While the advances in synthesis of such reversible gels made
from dynamic covalent SCNPs are promising, investigations of
the structure of such materials has been lacking until now.
Moreover, the theoretical description of physical gels, in
general (as opposed to permanently cross-linked chemical
gels), has come into focus in the soft matter community in
relatively recent years. This is due in part to the difficulty of
precisely defining the meaning of “gel” (systems exhibiting
both dynamical arrest and network formation are generally
considered as gels). A common working definition of a gel is a
low-density disordered state with solid-like properties such as a
yield stress. It combines properties of a liquid (through its
disordered structure) and a solid (it does not flow). What
distinguishes them from glasses is not only their typical low
volume fraction but also their retention of quasi-ergodicity on
all but the largest length scales dictated by the infinite
percolating network.>>~” A second obstacle for the establish-
ment of a unifying theoretical framework of gel formation is
the lack of an ideal model system that incorporates the
minimal, necessary ingredients to reproduce the universal
features of a gelling system.

In Hill's formalism of liquid condensation in terms of
physical clusters, phase separation induced by strong attractive
interactions can be avoided by either complementing the
attraction by a long-range repulsion*’™** or by modifying the
attraction by limiting the valence of the interacting
molecules.” The former can be induced by excessive surface
charges on colloids,** while the latter can be achieved, for
example, by decorating colloidal particles with a small number
of well-defined attractive patches** or the engineering of
specific DNA sequences designed to form star-shaped
architectures with sticky ends.””*® An advantage of such
limited-valence particles lies in the possibility of theoretically
calculating their free energy within the formalism of Wertheim
theory,”>” which allows one to determine the phase diagram
of the system.”’ Furthermore, the increased experimental
control over such patchy particles achieved in the past decade
has paved the way for their use as highly tunable building
blocks for the design of self-assembled materials.>>>

SCNPs with reversible bonds may display characteristics of
both microphase separating colloids and patchy particles due
to the competition between intra- and intermolecular bonds.
At very high dilution, intermolecular bonds should be
disfavored by the long intermolecular distances. Upon
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increasing the volume fraction, some of the intramolecular
bonds will be exchanged for connections with other chains for
entropic reasons, possibly forming a system-spanning network
for the right combination of system parameters. We expect
phase separation of the system to be confined to very small
densities through the combination of excluded volume
interactions and the inherently limited “valence” of the
polymers that originates from the locally small number of
(monovalent) monomers capable of forming bonds. With
these ideas in mind, in this article, we present Langevin
dynamics simulations of solutions of a bead-spring model for
SCNPs with reversible bonds, exploring concentrations from
high dilution to far beyond the overlap density. We
characterize the structural and dynamic changes produced by
the competition between intra- and intermolecular bonding as
the concentration increases. We find that the number of
intramolecular bonds is not constant but decreases with the
concentration, which complicates the possibility of considering
the SCNPs as objects with a characteristic valence, and thus of
straightforwardly applying Wertheim’s formalism. A system-
spanning cluster is formed above the overlap concentration.
The scaling of the cluster size distribution is consistent with
nonmean field critical percolation. The connectivity of the
percolating cluster is mediated by a few intermolecular
connections per chain. In contrast with the fractal
(“crumpled”) globular conformations adopted by purely
intramolecularly cross-linked SCNPs (no intermolecular
bonds) under purely steric crowding and topological
constraints,”* intermolecular bonding in the dense solutions
just leads to weak perturbations with respect to the limit of
high dilution. The analysis of the dynamics reveals that, in
analogy to the case of colloids with limited valence, the system
forms a reversible gel with no apparent signatures of phase
separation in the broad range of investigated densities.
Relaxation of the dynamic network is mostly mediated by
diffusion, through breaking and formation of bonds, of chains
that, without detaching from the percolating cluster, are able to
explore distances of several times their size. The article is
organized as follows. Section 2 presents the model and
simulation details. Section 3 shows and discusses structure and
dynamics in the scenario emerging as the concentration
increases and the system changes from a dilute solution of
SCNPs to a reversible gel. Conclusions are given in Section 4.

2. SIMULATION DETAILS

The polymers are simulated as chains of beads and springs
according to the model of Kremer and Grest.”> As such, they
represent uncrossable flexible chains with excluded volume
interactions under implicit good solvent conditions, and the
bead size ¢ qualitatively corresponds to a Kuhn length® (¢ < 1
nm). The chains consist of N = 200 bead (“monomers”),
consecutively linked together by irreversible backbone bonds
modeled via the FENE potential®

2
U™™NE(r) = —eKiR,* In|1 — (L]
0

(1

with Kg 15 and R, = 1.5. Monomer excluded-volume
interactions are given by a purely repulsive Lennard-Jones

potential (Weeks—Chandler—Andersen potential)
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Figure 1. Sum of the bonding ( Ubend = UFENE for jrreversible bonds or U™ for reversible ones) and monomer excluded-volume (UY) potentials.
Data are shown for different bond strengths K and for the irreversible (FENE) case.

12 6

U(r) = 4¢ (5) - (g) +=
r r 4 (2)

with a cutoft distance r; = 266, at which both the potential
and the corresponding forces are continuous. The sum of both
potentials leads to a deep minimum at r,;;, = 0.96¢ for the total
interaction between two bonded beads, which limits the bond
fluctuations and guarantees uncrossability. The units of energy,
length, mass, and time are, respectively, & o, m, and

7 = +Jo’m/e. In the rest of the article, all numerical values
will be given in reduced units e =6 =m=7=1.

A fraction f = N,/N of the monomers is randomly chosen to
be of the reactive type, which can form, as in the standard
experimental routes, monofunctional reversible bonds with
other reactive monomers, that is, if a reversible bond connects
two reactive monomers, such monomers are not allowed to
form new bonds until the former breaks. A bond is formed
whenever two unbonded reactive monomers approach each
other in space and are separated by less than the capture radius
r. = 1.3. If there are several candidates within the capture
radius, a random choice is made. To avoid trivial bonding, the
random distribution of reactive monomers along the chain
backbone is made with the constraint that any two consecutive
reactive monomers are separated by at least one nonreactive
monomer. This bond formation is identical to the cross-linking
process in the case of irreversibly intramolecularly cross-linked
SCNPs employed in previous studies.””*” " Once a bond is
formed, the two participating monomers interact via a Morse
potential

Urev(r) — Kg[ze(ro—r) _ e2(r0—r)] (3)

with adjustable parameters K and r;, In the case of the
irreversible cross-linking, if two reactive monomers form a
bond, they interact for the rest of the simulation via the same
FENE potential (eq 1) as the permanent backbone bonds.
Reversible bonds can be broken again if, at any given time
step, the participating monomers are separated by a distance r
> r,, upon which their interaction via the Morse potential
terminates. The parameter K governs the bond strength
through modulating the energy barrier that has to be overcome
in order to break the bond. Since r. > r{; and hence UY(r,) =0,
the barrier is given by the energy difference U*'(r.) — Uy
where U_,, is the minimum of UY + U™. As such, bond

min
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formation is independent of K, while bond breakage depends
on K. Thus, varying K does not only change the average bond
lifetime but also change the average probability of any reactive
monomer being bonded at equilibrium. The remaining free
parameter r is chosen such that the minimum U,;, of the sum
of the nonbonded and bonded interactions is, with respect to
the irreversible case, the same in the energy and as close as
possible in the distance. Just a slight variation in the range 0.93
< Fin < 0.98 is obtained, see Figure 1. This leads to a slight
difference in the effective monomer excluded volume. For the
range of investigated monomer concentrations (much lower
than melt densities, see below) such a slight difference is
irrelevant and does not affect the qualitative physical scenario
(see Supporting Information). Still, one should note that small
differences in r,,;,, would be important in a melt (specially if it
is close to dynamic arrest), where excluded volume would
compete with the bonding dynamics.

Contrary to patchy particle models, in which the
monofunctionality of the bonds is encoded in the geometry
of the interaction,"*"*"* we enforce monofunctionality by
keeping a list of bonded pairs. Reactive monomers that are
mutually bonded cannot form other bonds until their mutual
bond is broken (i.e., until their mutual distance becomes r >
r.). We perform Langevin dynamics simulations at a fixed
temperature T = &/ky = 1 (with ky being the Boltzmann
constant). We use a time step At = 0.01 and a friction
coefficient y = 0.05 (which achieves good thermalization
without delaying the dynamics significantly). The equations of
motion are integrated following the scheme of ref 63. Before
simulating reversibly cross-linking chains at various densities,
we perform exploratory simulations of isolated single chains
(mimicking the limit of infinite dilution), for various values of f
(fraction of reactive groups) and K (bond strength). We
calculate, for such isolated chains, the bond probability pg,
which is defined as the ratio between the average number of
formed bonds and the maximum number of bonds
(corresponding to the fully cross-linked SCNP). We also
characterize the size and shape of the isolated SCNPs by
determining the gyration ellipsoid and, from it, the radius of
gyration (Rgo), asphericity (a,), and prolateness (p,)
parameters.”* The asphericity 0 < a < 1 quantifies deviations
of the gyration ellipsoid from the spherical shape (correspond-
ing to a = 0). The prolateness varies between the limits of
perfectly prolate (p = 1) and oblate (p = —1) ellipsoid. The
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results are summarized in Table 1. Increasing the bonding
probability through the increase in K or fleads to smaller, more

Table 1. Radius of Gyration Ry, Asphericity ay, Prolateness
Po, and Bonding Probability pg,, as a Function of the Bond
Strength K and the Fraction of Reactive Groups f, under
Highly Dilute Conditions (p — 0)“

f K "o Ry o Po Pso p*
0.0 linear chains 11.4 0.446 0.740 0 0.017
0.1 246 1.380 11.3 0.444 0.739 0.27 0.017

27.0 1.420 109 0.443 0.735 0.47 0.019
29.6 1.448 10.4 0.43S 0.727 0.70 0.022
31.6 1.464 9.9 0.426 0.726 0.83 0.026
33.7 1.477 9.3 0411 0.720 091 0.031
irreversible 8.0 0.338 0.634 1 0.049
02 246 1.380 11.0 0.445 0.739 0.48 0.019
27.0 1.420 104 0.438 0.733 0.68 0.022
29.6 1.448 9.8 0.432 0.728 0.84 0.027
31.6 1.464 9.4 0.423 0.718 0.92 0.030
33.7 1.477 8.8 0.406 0.658 0.96 0.037
irreversible 7.7 0.347 0.658 1 0.055
03 246 1.380 10.7 0.444 0.727 0.60 0.020
27.0 1.420 10.2 0.440 0.752 0.78 0.024
29.6 1.448 9.7 0.440 0.744 0.90 0.027
31.6 1.464 9.2 0.423 0.733 0.95 0.032
33.7 1.477 8.5 0411 0.719 0.97 0.041
irreversible 7.5 0.352 0.659 1 0.059

“The overlap density p* (in number of monomers per volume) is
included. The values of all the former quantities for irreversibly cross-
linked SCNPs and for simple unbonded linear chains are included for
comparison.

spherical and less prolate SCNPs. In all cases, g, is far from
zero and the obtained SCNPs have, on average, sparse
topologies, as will be confirmed by the analysis of the form
factors (see below).

Since, in the crowded solutions, we are interested in
exploring the possibility of forming gels from the reversibly
cross-linking chains, the bonding probability needs to be high
enough for a system-spanning cluster to form and give the
material the ability to propagate stress throughout the whole
system. On this basis, we choose two fractions of reactive
monomers f = 0.1 and 0.3 that guarantee a high number of
potential sites for forming intermolecular bonds, and values of
the bond strength parameters that are high enough to stabilize
the percolating network (K = 29.6 and 33.7, corresponding to
activation energies of about 9k;T and 13kT, see Figure 1).
Moreover, the choice of different values of the bond activation
energy and fraction of reactive groups allows us to test the
consistency of the emerging qualitative physical scenario. The
number of reactive groups in the chain of N = 200 monomers
for the former values of f is even so that in the limit of fully
intramolecularly cross-linked SCNPs, there are no unbonded
reactive groups.

In the solutions of reversible chains, we keep the total
number of polymers N, = 108, and thus, the total number of
monomers N, = N,N = 21,600, fixed for all systems. We vary
the side Ly, of the cubic simulation box to obtain the desired
values of the monomer density p = N,,/Ly..>. The behavior of
these systems will be compared with previous simulations of
solutions of irreversible SCNPs.**> For these simulations, N,

P
= 200 topologically polydisperse, purely intramolecularly cross-
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linked SCNPs with permanent bonds were first generated.
Solutions of such 200 SCNPs were prepared by placing them
in the simulation box, preventing concatenations, and slowly
compressing the box to different target concentrations,
followed by equilibration. Since, by construction, the intra-
molecular bonds in the irreversible SCNPs were permanent
and no intermolecular bonds were allowed, the intermolecular
interactions in these solutions were just given by excluded
volume and noncrossability of the chain segments (topological
constraints). These interactions are at the origin of the collapse
of the irreversible SCNPs to crumpled globular conformations
in crowded solutions,”* instead of the milder transition from
self-avoiding to Gaussian conformations adopted by simple
unbonded linear chains. In what follows, data sets for these
systems will be denoted as “intramolecular” to stress that all
bonds are intramolecular by construction and intermolecular
bonds are absent. For comparison, we also simulated solutions
of simple linear chains without reactive groups and with the
same N = 200. Further details of the simulations of the
intramolecularly cross-linked SCNPs and the linear chains can
be found in refs 54and.®® Their gyration radii and shape
parameters at p — 0 are included in Table 1.

For the remainder of the article, the reversible systems will
be denoted by their values of K and f. The density of the
system will be given in reduced units p/p*, where p* is the
overlap concentration. We define this quantity as (p* = —
2Rg0)_3, with Ry being the radius of gyration of the isolated
polymer (p — 0, see Table 1). We expect intermolecular cross-
links to begin forming significantly around the overlap
concentration, when monomers of different chains start to
enter the same space. Our definition of p* is pragmatic: it
describes the concentration at which simple (nonreactive)
linear chains start to shrink better than the usual definition
based on a sphere of radius R, containing the monomers of a
single macromolecule.>*

We explore densities in the range 0 < p/p* < 4.4. This
corresponds to monomer densities up to p = 0.14, far below
the melt density (p» = 1). The investigated densities are also
below the entanglement density for linear chains of the same
polymerization degree, p. 2 0.42. The latter is calculated as™®
pe = (N/N)*~! where v = 0.588 is the Flory exponent and
N, is the entanglement length of linear chains in the melt state.
For the simulated bead-spring model, a value N, 2 65 is
found.”® For each combination (K, f) and each density, eight
independent simulation runs were carried out, each consisting
of 1 X 107 equilibration steps and 4 X 107 production steps.
The total CPU time used in the simulations was about 400,000
h.

3. RESULTS AND DISCUSSION

Competition between Intra- and Intermolecular
Bonds. Ideally, one would wish to derive a thermodynamic
description of the system, for example, according to Wertheim
theory,””" using inputs from computer simulations, which
would allow us to evaluate the complete K — p phase diagram
of these reversibly cross-linking polymers and to find the
regions in which gel formation is possible. Wertheim
thermodynamic perturbation theory (TPT) was originally
developed for associating liquids but has also been successfully
employed to elucidate the phase behavior of gel-forming
systems of limited valence qualitatively and sometimes even
quantitatively reproducing numerical results.”7%%

https://doi.org/10.1021/acs.macromol.0c02670
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A few fundamental assumptions of TPT have to be satisfied
in order to be able to describe the system according to its
predictions: (i) bonds are strictly monofunctional, (ii) two
molecules cannot share more than one bond, and (iii)
molecules cannot form bonds with themselves. While the
assumption (ii) might be problematic at very high densities,
(iii) is inherently violated in a flexible polymeric molecule with
many functional groups along its backbone. However, if the
number of intramolecular bonds stays approximately constant
at different densities, we can neglect intramolecular bonds and
view the polymers as having an “effective” valence of M = [1 —
pu]NFf. If this is the case, the polymers might behave similar to
patchy particles but with the distinction that the “patches” are
not located at specific points on their surface, but randomly
distributed, and fluctuate due to the inherent softness of the
polymer and the rearrangement of the intramolecular bonds
along the chain backbone. In this view, the intramolecular
bonds solely affect the reference free energy.

We test whether the assumption of the intramolecular bonds
being unaffected by interactions with other polymers holds
over a certain range of densities. Figure 2a displays the loss of

K=29.6,f=0.1
K=29.6,f=03 1

oo K=337f=0.1
| 38K=337,f=03

0.9 -

r K=296,f=0.1 |
=) K=29.6,f=0.3
[=9) 0K=3371=0.1

0.8 EF8K=337,f=03

0.7 -
S U I I SO N

(b) 0 0.5 1 1.5 2 2.5 3 35 4 45
p/p

Figure 2. (a) Average number (B,,,) of intramolecular bonds per
molecule normalized by its value at infinite dilution (B,), for
different values of the energy constant K and reactive monomer
fraction f, as a function of the density. (b) Total (sum of intra- and
intermolecular) bonding probability py, for different values of (K, f), as
a function of the density.

intramolecular bonds per chain as a function of density. For all
(K, f) parameter combinations, increasing the density of the
system leads to a competition between intra- and intermo-
lecular bonds, instead of a simple addition of intermolecular
bonds to the SCNP. The effect is the strongest for K = 33.7
and f = 0.1, which shows a loss of about 30% of the
intramolecular bonds by going from infinite dilution to high
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concentration p/p* ~ 4. Figure 2b shows the total (intra- and
intermolecular) bonding probability, ps, as a function of the
density. The parameter combination with the lowest bonding
probability at high dilution, K = 29.6 and f = 0.1, exhibits the
strongest increase in pp. Here, the loss in entropy stemming
from crowding of the surrounding molecules can be largely
compensated by the enthalpic gain of forming new additional
intermolecular bonds. On the other hand, for K = 33.7 and f =
0.3, the bonding probability is already saturated at low density
and stays almost constant upon crowding the system.

Since systems with K = 33.7 form bonds more easily than
those with K = 29.6, it is not surprising that at the same
reduced density p/p*, they also form more intermolecular
bonds and hence show a higher loss of intramolecular bonds. A
less intuitive finding is that at fixed K and p/p¥, increasing the
fraction of reactive groups f leads to a lower loss of
intramolecular bonds. Although having more available reactive
groups facilitates, in absolute terms, the formation of more
intermolecular bonds (as shown later in Figure S), in relative
terms, the loss of intramolecular bonds is lower. This occurs
because by increasing f, reactive groups become closer along
the backbone, which leads to frequent exchange events that do
not alter the number of intramolecular bonds. Finally, since
Figure 2a demonstrates that the number of intramolecular
bonds is not constant but strongly decays as the density grows,
we conclude that a straightforward application of Wertheim’s
theory is not possible in the present case.

The competition between intra- and intermolecular bonds
when the system is highly bonded has to be understood in
terms of a delicate interplay between various entropic and
energetic contributions to the free energy of the system. One
might expect that the formation of intramolecular bonds is
favorable over the formation of connections with other
molecules, as the latter reduces the translational entropy of
both molecules without a compensating energetic gain (the
bonds are energetically equivalent). On the other hand,
depending on the contour length separating the monomers
whose intramolecular bond is exchanged for an intermolecular
bond, it might be that the breakage of the former could
potentially increase the conformational entropy of the
molecule that loses the intramolecular link. Figure 3 presents
an example of two possible bond recombination events. In
scenario (a), two intramolecular bonds between monomers
separated by short contour distances are exchanged for an
intermolecular bond (and a different intramolecular bond to
keep the number of free reactive groups constant). The
conformational entropy is thus only mildly affected by the
breakage of the intramolecular bonds, while the translational
entropy is decreased significantly, as the two molecules now
have to diffuse together. In scenario (b), each separate
molecule contains a long-range loop formed by the connection
of its two backbone ends. The opening of this loop via the
exchange for an intramolecular bond increases the conforma-
tional entropy of both molecules, as one of their ends (the one
not participating in the newly formed intermolecular bond)
becomes floppier and acquires increased freedom to explore
different conformations. Apart from the entropic contributions
of increasing or decreasing conformational and translational
degrees of freedom, one has to consider the purely
combinatorial increase in entrogy due to the possibility of
forming intermolecular bonds.””’® This delicate interplay
between the various entropic contributions should be at the
origin of the loss of intramolecular bonds in favor of
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(b

Figure 3. Schematic examples of two possible recombinations
between intramolecular (orange stars) and intermolecular (red
stars) bonds. Both the number of free reactive monomers (green
stars) and the total number of bonds remain unchanged in both
events. (a) Two short intramolecular loops are exchanged for an
intermolecular bond; (b) two long intramolecular loops break
through the formation of an intermolecular bond. The total number
of bonds remains unchanged in both (a) and (b) through the

additional formation of a small intramolecular loop.

energetically equivalent intermolecular bonds when the
concentration increases and renders a treatment within
Wertheim theory impossible without significant modifications
of the theory.

Intermolecular Bonding and Percolation. A necessary,
albeit not suflicient, prerequisite for gelation is the emergence
of a network of bonds spanning the whole system in all three
directions. In chemical gels, where intermolecular bonds are
irreversible, the onset of this percolation coincides with the
system acquiring a finite shear modulus and an infinite zero-
shear viscosity (the gel stops flowing). In physical gels, where
bonds are transient, clusters can break and reform over time,
which strongly affects the viscoelastic properties of the system.
Thus, the transient appearance, or even the persistence in time,
of a system-spanning cluster in physical gels does not
guarantee the propagation of external stresses throughout the
whole system for all time scales or the occurrence of dynamical
arrest, which takes place at concentrations/temperatures
beyond the percolation point.

We explore the formation of a spanning cluster in our
system. Figure 4 displays the distribution of cluster sizes for the
whole range of densities and all the combinations of the
parameters K and f. Here, two chains belong to the same
cluster if they are mutually connected by at least one
intermolecular bond. The maximum cluster size Niix., is
108, that is, the total number of polymers in the simulation
box, which has been kept fixed for all the concentrations.
Irreversible gelation processes are well-described by the Flory—
Stockmayer (FS) mean-field theory of percolation if two
conditions are met: the bonds are independent from each
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other and loops are not present in the system.”'~”® Under
these assumptions, if the functionality of the monomers is
known, the percolation threshold can be calculated in terms of
a critical bond probability pg, which depends on the
temperature or attraction strength and on the volume
fraction.”””* Close to this critical point, the cluster size
distribution follows a power law p(Nyyger) ~ Naugter - Where
for real (nonmean-field systems), 7 &~ 2.18. As can be seen in
Figure 4, each combination of K and f has a concentration
range for which the initial part of the cluster size distribution is
well-described by a power law with the expected exponent 7 &
2.18.

Since the “effective valence” of these reversibly cross-linking
polymers is dependent on the density, reactive monomer
fraction, and bond strength, we are interested to know in how
many intermolecular bonds a chain forms on average as the
system starts to percolate. One has to keep in mind, however,
that multiple bonds are possible between two specific
polymers, and every additional bond shared between two
given chains does not add to the overall connectivity of the
network. In Figure Sa, we thus display both the average
number of intermolecular bonds per chain as well as the
average connectivity C (i.e.,, to how many different chains is a
given chain connected through interchain bonds, irrespective
of the number of bonds mediating the connection between
each pair of chains). The values at which a pronounced peak at
large cluster sizes first appears in P(N,.) (see Figure 4) are
marked by ellipses in Figure S5a. These values provide an
estimation of the percolation line and, as can be seen, this
occurs at densities above and even far above the overlap
concentration. The general trend is that the percolation
transition approaches the overlap concentration from above by
increasing the fraction of reactive groups and the bond
strength.

Figure Sa shows that the average connectivity is C ~ 2
around the percolation transition. We calculate the ratio B,/
C, that is, how many intermolecular bonds are formed on
average between two mutually connected chains (Figure Sb).
Interestingly, increasing the concentration does not lead to a
higher number of bonds per pair of connected chains. The
number of interchain connections increases but the average
number of bonds mediating a connection, By,/C, stays
approximately constant across the whole range of densities for

https://doi.org/10.1021/acs.macromol.0c02670
Macromolecules 2021, 54, 6613—6627


https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.0c02670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

10
,(a) 4
\ A}
sl K =29.6,f=0.1 ;]
K=29.6,f=03 /
o | eeK=337f=01 P
Z G-aK=337f=03 /
~
L o
-
Z
., 4b
Q
E
o |
2
% 1 2, 3 4
p/p

2 .
) ,
K=29.6,f=0.1
1.8~ K=29.6,f=0.3 —
ee0K=337,1=0.1
r BBK=337,f=03 q
L 16 _
~
5 I ]
g
e 1.47MW ]
1.2 -
1 | | | |
0 1 2 « 3 4

Figure 5. (a) Average number of intermolecular bonds (B, solid lines) and connectivity (C, dashed lines) per molecule for different values of the
energy constant K and reactive monomer fraction f, as a function of the density. The values at which a pronounced peak at large cluster sizes first
appears in P(N,q.:) (see Figure 4) are marked by ellipses. (b) Average number of intermolecular bonds By, per connection with a different
molecule, for different values of the energy constant K and reactive monomer fraction f, as a function of the density.

T T T T T T T T T T T T
(@A) K=29.6,f=0.3 T T T T T T T
04F 05k (b)K=29.6,f=0.1 | 4

——
(©K=337,f=03 0.4 —

T T T
K=337,f=0.1 4 4 N
@ 7 0 plp =05

plp =10
plp =12
- p/p* =15

plp =18
— plp =20
— plp =24
0 2 4 6 8 10 127 _ g
1 —plp'=32
— plp =36
- — plp =40

— plp =44

0.3
0.2 p

0.15

. N
inter p

inter p

Figure 6. Distribution of intermolecular bonds per chain for K = 29.6 (a,b) and K = 33.7 (c,d) for various densities. The main panels depict the
case f = 0.3 (a,c), while the insets represent the case f = 0.1 (b,d). The arrows indicate the direction of increasing density (also see legend).

all the (K, f) parameter combinations. Higher fractions of
reactive monomers f lead to higher values of By,,/C, as
expected. In all cases, an average of about 1.2-1.4
intermolecular bonds mediating an interchain connection is
sufficient to mantain the spanning network.

To gain a deeper understanding of the formation of
intermolecular bonds, we next investigate the distribution of
intermolecular bonds at specific densities. Figure 6 displays the
distributions for K = 29.6 and K = 33.7, the main panels
presenting the case f = 0.3 and the insets presenting the case f
= 0.1. The distributions reveal a difference between the energy
landscapes of the systems for both bond strengths, whereas for
K = 29.6, the distributions are smooth with a clear maximum,
the data for K = 33.7 exhibit a characteristic zig-zag pattern,
with even values of By, being more favorable than their
closest odd values. This feature can be understood as follows.
Since, as mentioned in Section 2, the total number of reactive
groups in the chain is even, forming an odd number of
intermolecular bonds meaning that at least one reactive
monomer of the chain remains unbonded. On the other
hand, the number of unreacted monomers is very low for K =
33.7 since indeed py is very close to the full-bonding limit py =
1 (Figure 2). In this limit of saturation, the penalty in energy
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and combinatorial entropy is high enough to disfavor odd
numbers of intermolecular bonds per chain over even ones.
Structural Properties. In the previous section, we have
shown that the intramolecular bonds are not unaffected by the
presence of other molecules, but rather that intra- and
intermolecular bonds compete with each other, the outcome
of which depends on a delicate interplay of various entropic
contributions. We expect this exchange of intra- for
intermolecular bonds to be accompanied by structural changes
in the polymers. The partial unfolding induced by the opening
of intramolecular loops might to some degree counteract the
collapse found above the overlap concentration in the case of
the irreversibly intramolecularly cross-linked SCNPs. A first
measure of structural changes upon increasing the density is
the size of the polymers, given by the radius of gyration
depicted in Figure 7a. We find that the competition between
steric repulsion and partial unfolding leads to qualitatively
different density dependences of the molecular size. For K =
29.6, shrinking due to macromolecular crowding dominates,
whereas for the strong association energy K = 33.7, the
polymers swell slightly with respect to their conformations at
high dilution. At high densities, however, a re-entrance of R,
for K = 33.7 can be observed. For comparison, we include the
corresponding data for linear chains without reactive groups
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linked SCNPs (no intermolecular bonds) and simple linear chains
without reactive groups, as a function of the density.

and for the intramolecularly cross-linked SCNPs (no
intermolecular bonds). In both cases, shrinking is stronger
than in the reversible systems. The effect is especially
pronounced in the intramolecularly cross-linked SCNPs,
resembling the observation of rjng polymers collapsing to
crumpled globular structures.”**>”> Panels (b) and (c) of
Figure 7 show the corresponding results for the asphericity and
prolateness parameters, respectively. The observed trends are
qualitatively similar to those of the radius of gyration.

A more detailed description of the intramolecular structure
of the polymers is given by their isotropic form factors

sin(qry.)

9k

)

w(q) = ( —
j.k

(4)
where r; is the distance between monomers j and k and the
sum only includes pairs of monomers belonging to the same
molecule. Being fractal objects, the form factors of polymers
typically follow a scaling law w(q) ~ g% for wave vectors
corresponding to length scales bigger than the bond length b
but smaller than the radius of gyration, thatis, 1/R, S q S 1/b.
Figure 8 displays the form factors for all (K, f) parameter
combinations at a low density (p/p* = 0.1, panel (a)) and a
high density beyond the percolation threshold (p/p* = 4.0,
panel (b)). Results for the intramolecularly cross-linked
SCNPs are included for comparison. Far below the overlap
concentration, the scaling exponents adopted by the chains
with a higher bonding probability pg, at p — 0 (higher K and
f) are systematically lower than for those with lower pg, (lower
K and f). At such concentrations, the intramolecular bonds are
clearly dominant and a higher number of bonds (higher pg)
lead to a stronger compaction (lower v) of the polymers,
although the effect is moderate (changing from v = 0.59 for the
weakest bonds to v = 0.46 for the permanent ones). This trend
is consistent with experimental scaling exponents for reversible
and irreversible SCNPs at high dilution.”®

Far beyond the percolation threshold, the form factors of the
reversible polymers of different bond strength and reactive
fraction are nearly indistinguishable. Their scaling exponent v
~ 0.58 is very close to the Flory exponent for self-avoiding
conformations and clearly distinct from the exponent v ~ 1/3
characterizing the crumpling globular conformations of the
intramolecularly cross-linked SCNPs in dense solutions. Such a
big difference suggests that when concentrating the solution,
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the percolation threshold for all parameters, respectively. Dot-dashed lines are data for intramolecularly cross-linked SCNPs. Solid black lines are
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6620

https://doi.org/10.1021/acs.macromol.0c02670
Macromolecules 2021, 54, 6613—6627


https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig8&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.0c02670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

the long-range intramolecular loops of the intramolecularly
bonded SCNPs are more likely to be exchanged for
intermolecular bonds than the short-range ones (as discussed
earlier, this exchange can be explained by a gain in
conformational entropy via the opening of the long-range
loops, see Figure 3). Moreover, the formation of new long
intramolecular loops will involve concatenations with neigh-
boring similar loops. Both mechanisms reduce the presence of
the nonconcatenated long loops that are at the origin of the
crumpled globular conformations of the intramolecularly cross-
linked SCNPs in dense solutions.”**°

The large-scale structure of the system can be probed by
calculating correlations between the macromolecular centers-
of-mass through the structure factor

1 .
SCM(q) = _Z eXP[l‘l'(l‘CM,; - l'(:M,k)]
P jk

©)

where rcy; denotes the position of the center-of-mass of the
macromolecule j. Figure 9 shows Scy(q) for reversible chains
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Figure 9. Structure factors of the macromolecular centers-of-mass for
reversible chains (solid lines) with K = 33.7 and f = 0.3. Dashed lines
represent data for the intramolecularly cross-linked SCNP counter-
parts. The same colors correspond to the same absolute values (p) of
the monomer density. The legend also indicates the normalized

density (p/p*).

with K = 33.7 and f = 0.3 at various monomer densities. The
polymers with other values of (K, f) exhibit qualitatively the
same behavior (not shown). For comparison, we include the
corresponding data for intramolecularly cross-linked SCNPs at
the same monomer densities. In the limit of ¢ — 0, the
structure factor of the macromolecular centers-of-mass is
proportional to the compressibility y of the material

lim S = xpkgT

b om(q) = xpks 6)

At the same monomer density, the low-q limit of Scy(g) is
significantly and consistently lower for the solution formed by
intramolecularly cross-linked SCNPs than for the network
made up of reversibly bonded chains. The permanent cross-
links in the former prevent concatenation of loops and lead to
less interpenetration of different SCNPs, rendering the system
less compressible (lower S(q = 0) and y) than the reversible
network at the same density. This difference in the degree of
interpenetration is illustrated in Figure 10, which shows typical
snapshots of a molecule and its 10 closest ones (in distance
between centers-of-mass), at the same reduced density p/p* =
4, in the reversible case K = 33, f = 0.3 and in the purely
intramolecularly cross-linked system.
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(@ (b)

Figure 10. Snapshots of a molecule and its 10 closest ones (in
distance between centers-of-mass), at the same reduced density p/p*
= 4, in the reversible case K = 33, f = 0.3 (a) and in the purely
intramolecularly cross-linked system (b). Different molecules are
represented with different colors.

Furthermore, in the investigated range of concentrations 0.1
< p/p* < 44, the structure factor shows no sign of phase
separation or growing inhomogeneities (which would be
manifested by a diverging or strongly growing S(q) as g — 0).
To assure that no phase separation is indeed intervening with
gelation, we investigate density fluctuations in the system. To
this end, the box is divided into sub-boxes of side L, and the
“local” monomer density ¢ is calculated within each of them.
Density fluctuations are then defined by the parameter 5¢* =
((¢ — ($))*), where the average is both taken over all sub-
boxes and over various realizations (therefore the mean value
of ¢ is identical to the macroscopic monomer density, (¢) =
p). In the absence of correlations, fluctuations just behave as”’
5¢* ~ p. Figure 11 shows the normalized quantity 5¢p*/p as a
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Figure 11. Average monomer density fluctuation, normalized by (¢)
= p (see text) for a bin size of L, = S, for different values of the energy
constant K and reactive monomer fraction f. Results for the
intramolecularly cross-linked SCNPs and for linear chains are
included. Data in the main panel and in the inset are represented
vs the absolute and the normalized (p/p*) monomer densities,
respectively.

function of the concentration so that the effect of the
correlations is reflected by deviations from a plateau. The
data in the main panel are shown as a function of the absolute
monomer density p. In order to higlight the different trends
found below and above the overlap concentration, the inset
shows the data as a function of p/p*. The choice of the sub-
box size L, influences the values of 6¢p*/p. If L, is too small,
fluctuations are inherently limited, while if it is too big, the
phase occupying less volume might not be properly sampled.
We varied L, in a reasonable range 3 < L, < 20 and the
fluctation size showed the same dependence on the
concentration irrespective of the specific L, the numerical
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Figure 12. (a) Monomer mean-squared displacement for K = 33.7 and f = 0.3 at various densities. (b) As panel (a) for the molecular centers-of-
mass. Data are normalized by 6t to show that the diffusive regime (horizontal plateau in this representation) has been reached. Dashed lines in both

panels indicate approximate power laws.

values just changing by a scaling factor. Data in Figure 11 were
obtained using L, = 5.

At high dilution, p/p* < 1, 5¢*/p for the linear chains and
the intramolecularly cross-linked SCNPs shows a plateau. As
aforementioned, this result reflects vanishing correlations and
is fully expected in such systems, due to both high dilution and
the absence of bonding and aggregation. Above the overlap
concentration (p/p* > 1), under semidilute conditions, the
low-g limit of the structure factor of linear chains is expected to
follow the relation®® S(0)/p ~ 8¢*/p ~ &, where & is the
correlation length. The portion of the linear chain within this
length scale keeps its high-dilution scaling, that is, £ ~ g%, with
g being the number of monomers of the chain in the
correlation volume. Combining the former relations, we obtain

p~ g/§3 ~ 51—3111:/1/}; (7)
and the concentration dependence of the fluctuations follows
the power law

5¢2/p ~ 52 ~ p—ZUF/3I/F—l (8)

Since vg = 0.588, the fluctations in the solutions of linear
chains are expected to decrease with the concentration as 5¢*/
p ~ p~"* This is confirmed in Figure 11. Similar results are
found for the intramolecularly cross-linked SCNPs.

Remarkably, the solutions of reversibly cross-linking
polymers show the same qualitative trends as the solutions
of nonaggregating linear chains or intramolecularly cross-
linked SCNPs, in particular, the plateau at low concentrations.
Quantitative differences are found in the relative amplitudes of
the fluctuations, which can be easily rationalized. For the same
values of L and p, the amplitude of 5¢*/p is systematically
higher as the molecular size decreases (see values of Ry in
Table 1). Since all systems have the same molecular weight,
smaller macromolecular sizes correspond to more compact
objects, which at the same macroscopic density p lead to
higher values of ¢ when they are distributed over the
simulation box. In summary, data in Figure 11 are consistent
with the results for the structure factors of Figure 9 and no
signs of phase separation are found (otherwise consistently
growing values of 6¢)*/p with decreasing p would be found
instead of the plateau). Still, phase separation cannot be fully
discarded—one should have in mind that fluctuations are
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limited by the simulation box. Unfortunately, the evaluation of
the phase diagram for small densities is quite challenging and
we cannot give a fully conclusive answer to this issue.
Dynamic Properties. After having discussed in detail, the
structural properties of the networks formed through the
reversible intermolecular bonds, we now shift our focus to the
dynamics of the system. First, we calculate the mean-squared
displacement of the individual monomers, MSD(t) = {(r,(t) —
r,(0))*). Panel (a) of Figure 12 displays the MSD for the
polymers with K = 33.7 and f = 0.3 at various densities. The
panel (b) shows the corresponding results for the molecular
centers-of-mass, divided by 6t to show that the diffusive regime
(horizontal asymptote in this representation) is reached. The
other investigated reversible polymers display qualitatively the
same trends (not shown). At short time scales, monomers
diffuse freely without a density dependence. Upon increasing
the density, a “soft” plateau appears in the MSD, marking a
slowing down of the dynamics.”® The plateau can be described
by a subdiffusive power law, MSD ~ t, with an exponent that
decays with increasing the density (x &~ 0.2 at the highest
simulated concentration). At high concentrations, when
localization of the polymers is stronger, the square root of
the value of the MSD in the plateau regime, which gives a

measure of the localization length, is A = VMSD = 5-8, that
is, of the order of the radius of gyration of the polymer. This is
quite large, given that on average every third monomer along
the chain (since f = 0.3) is reactive and can potentially be
engaged in a bond that strongly limits fluctuations. There are
no significant dynamic heterogeneities in the system, as
revealed by the close-to-Gaussian shape of the van Hove
self-correlation functions (G,(r, t)) of the monomers (see
representative data in Figure 13 for K = 33.7, f = 0.3 at the
density p/p* = 4.0).

The large localization length and the progressive slowing
down reflected in Figure 12 are clear signatures of approaching
a gel transition. The values of D, obtained as MSD/6t of the
molecular centers-of-mass at the end of the simulation time
window, are presented in Figure 14 for different parameters (K,
f). Not surprisingly, the diffusivity shows a sharp decay when
the concentration is increased beyond the overlap density and
at every time, most of the polymers are bonded to the
percolating cluster. For the highest K and f, the decay can be

~
~
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Figure 14. Density dependence of the diffusivity, calculated from the
long-time limit of the mean-squared displacement of the molecular
centers-of-mass, for different combinations of K and f.

approximately described by a power law D ~ p~>% This is
much higher than the exponents for, for example, concentrated
solutions of entangled linear chains®® (x = 2.33), highlighting
the effect of the gelation process in the polymer dynamics.

Finally, we investigate the bond dynamics and the
reorganization of the percolating cluster once it is formed.
We first analyze whether the lifetime of intermolecular bonds is
affected by gelation and whether cooperativity plays a role in
the formation of intermolecular bonds. To this end, we
calculate the intermolecular bond self-correlation

<Bij(t)Bij(O)>

Siier(£) =

mter( ) <Bl](0)>2 (9)
where B;(t) = 1 if the reactive monomers i and j (belonging to
different chains) form a bond at time ¢ and this has never been
broken since t = 0. If the bond has been broken at least once,
then Bij(t) = 0. Furthermore, we calculate the self-correlation
of the cluster

(M,(t)M;(0))
(M,(0)y (10)

where M;(t) = 1 if polymer i has been a member of the
percolating cluster at all times 0 < # < t and Mi(t) = 0
otherwise. As such, the relaxation of S..(tf) provides a
measure for the average dissociation time from the cluster.
Figure 15 displays the intermolecular bond self-correlation as
well as the cluster self-correlation for f = 0.3 and for the two
investigated bond strengths. In both cases, the intermolecular
bond self-correlation is not affected by changes in the density
and can be well-described by an exponential decay, S;,..(t) ~
e™"?. This exponential relaxation is also found for the
intramolecular bonds (not shown), demonstrating that bond
breaking is purely governed by temperature (as the bond
strength is akin to an inverse temperature) and bonding is not
cooperative (stretched exponentials would be otherwise
observed).

On the other hand, the cluster self-correlation (weakly
nonexponential) is strongly affected by density. For K = 33.7,
at high densities, the percolating cluster becomes so stable that
almost no polymers leave it within the simulation time
window. This, however, does not mean that the cluster does
not rearrange. Indeed, within the simulation time scale, the
polymers are able to diffuse distances of more than 3R, ~ 26
even at p/p* = 4.0 (see Figure 12). An average of 6
intermolecular connections per chain at this concentration (see
Figure S) allows the polymers to move through the cluster,
breaking and reforming bonds, without ever detaching from it.

Scluster(t) =
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L RS r
0.8 ar
~ I L
N L L
206 —plp =25 HF plp =18 \
[ —op'=27 [ —plp'=20 W ]
L — =29 [ — pp =21 ‘\\\:‘ 1
- * *
S04 —pp'=32 ro—ee =28 ‘3& ]
mfé Fo p/p* =3.6 S p/p* =32 \$§ 1
L — p/p* =4.0 [ — p/p* =3.6 % ]
02F  — pip'=44 C— plp =40 % ]
[ [ N ]
L EN L %\’ i
[ @K=296,f=03 AN [ b)K=337,f=03 1
0 L M| L o]l S I | L ool L ol L Lo
10' 10° 10t3 10* 10 10 10° . 10* 10°

Figure 15. Intermolecular bond (S;,.(t), dashed lines) and cluster (S, (t), solid lines) self-correlation function for f = 0.3 and (a) K = 29.6, (b)
K = 33.7. Only densities in which a percolating cluster is at least transiently present are considered.
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This stability of the cluster along with its potential to rearrange
could lead to an interesting behavior under external stresses,
which should be investigated in future work. Furthermore, it is
not clear whether intermolecular or intramolecular bonds
would break first under shear, potentially leading to an
interesting viscoelastic response.

At intermediate densities, a significant number of chains (see
Figure 15b) detach from the infinite cluster from time to time
and moves through the system before getting reabsorbed in the
cluster again. We monitor each polymer that leaves the
percolating cluster at some time during the simulation and
compute the time it spends since it leaves it until it is
reattached. The results of this analysis are shown in Figure 16.
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Figure 16. Distribution of times a polymer spends outside the system-
spanning cluster for K = 29.6 (green symbols) and K = 33.7 (purple
symbols). Data correspond to both f = 0.1 (squares) and f = 0.3
(circles) at various densities above the percolation threshold. Darker
colors correspond to higher densities. Solid lines are fits to stretched
exponential functions. Data are shown for the following ranges of
densities: 3.2 < p/p* < 44 (K =296, f = 0.1); 2.8 < p/p* < 4.4 (K
=29.6,f=03); 1.5 < p/p* <32 (K=33.7,f=0.1); and 1.2 < p/p*
<2.0 (K =33.7,f=0.3). As shown in other figures, for K = 33.7, we
have performed simulations at higher concentrations. However, at
such concentrations, the number of chains that performed excursions
out of the percolating cluster was not large enough to have reasonable
statistics, and the corresponding distributions p(t.) are not displayed.

Surprisingly, the distributions of times spent outside the
percolating cluster are essentially independent of the number
of reactive monomers and of the density of the solution. We
find a universal distribution solely dependent on the bond
strength K that follows a stretched exponential p(t.) ~ e~/
with = 0.55 for K =29.6 and ff = 0.40 for K = 33.7. As shown
in Figure 14, the diffusivity strongly depends on the density,
for example, for the case K = 33.7 and f = 0.1, the diffusivity
decays by an order of magnitude in the range 1.5 < p/p* <
3.2, while in that same range, p(t.) is at most marginally
dependent on the concentration with no systematic trend.

As can be seen in Figure 16, for K = 33.7, most of the free
motions between detachment and reattachment occur within
time scales t. < 10* (p(t.) has decayed 2 orders of magnitude at
that time), which as seen in the analysis of the MSD
correspond to displacements of at most the polymer size. At
the relaxation time 7, = 150, the MSD is still in the soft plateau
regime, that is, in that time scale, the typical free chain is still
localized in the region of its last detachment. In other words,
free chains do not perform long flights until they find an
unbonded reactive group in the percolating cluster and are
reattached to it. This result suggests that the reattachment time
is not controlled by the characteristic diffusivity over large
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scales (which indeed is strongly affected by crowding) but
rather by the time it takes to break a bond (essentially
controlled by the energy scale Ke) so that the new unbonded
monomers in the free chain can explore their counterparts in
the percolating cluster through conformational fluctuations.

4. CONCLUSIONS

We have investigated the gel formation of linear polymer
chains decorated with functional groups with the ability to
form reversible bonds. For this purpose, we have employed
Langevin dynamics simulations and a bond potential that
mimics reversible covalent bonds for the synthesis of reversible
SCNPs. We have studied in detail the competition between
intra- and intermolecular bonding as a function of the
concentration, finding that the replacement of intramolecular
links by intermolecular ones prohibits a straightforward
treatment of the system via Wertheim’s theory and its use
for elucidating the complete phase diagram. The formation of a
system-spanning cluster takes place above the overlap
concentration and seems to converge to it by increasing the
bond strength and fraction of reactive groups.

Surprisingly, the introduction of intermolecular bonds
induces a nonmonotonic dependence of the radius of gyration
on the density for high bond strengths, while the polymers
shrink monotonically for lower bond strengths. In all the cases,
the variation of the polymer size with respect to high dilution
conditions is at most 5%, even at 4 times the overlap
concentration. Concomitantly, the scaling properties of the
polymer conformations are weakly perturbed, and beyond the
percolation transition, they can be approximately described by
self-avoiding random walk statistics irrespective of the bond
strength. These results for the intramolecular conformations in
the reversible systems are rather different from those in
crowded solutions and melts of intramolecularly cross-linked
SCNPs with no intermolecular bonds. In such systems, the
purely intramolecular permanent cross-links prevent concate-
nation of loops, leading to a collapse of purely entropic origin
to crumpled globular conformations, in order to optimize
packing in the solution. In the reversible case, the intra-
molecular loops, creating topological interactions between two
chains, can be broken and concatenated later with other loops
when a new intramolecular bond is formed. Under such
conditions, the SCNPs become more open and penetrable, and
the microsegregration seen in intramolecularly cross-linked
SCNPs is circumvented, making the system significantly more
compressible.

Finally, we have demonstrated that the dynamics of the
system display the soft caging regime expected for gel-forming
materials. The reorganization dynamics of the percolating
cluster is mostly mediated by the diffusion, through breaking
and formation of bonds, of chains that, without detaching from
the percolating cluster, are able to explore distances of several
times their size. A remarkable universal behavior is found: the
time a polymer spends out of the percolating cluster is
independent of the density and solely depends on the bond
lifetime, which suggests that reattachment to the percolating
cluster is limited by the availability of free reactive groups and
not by the diffusion of the free chain.

In conclusion, our results present valuable preliminary
insights into the gelling process of reversibly cross-linking
polymers with randomly distributed functional groups. The
competition between intra- and intermolecular bonds leads to
complex structural rearrangements purely governed by

https://doi.org/10.1021/acs.macromol.0c02670
Macromolecules 2021, 54, 6613—6627


https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02670?fig=fig16&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.0c02670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

entropical contributions. Systems in which such a competition
is present have not been studied extensively in the literature to
this date. We hope that our results will motivate further
research efforts in this direction. On the other hand, the
possibility of combining advanced functions (catalysis,
luminescence, etc.), polymer flexibility, dynamic bonds, and
assembly into equilibrium gels make reversible SCNPs
potentially attractive systems as building blocks for the design
of smart materials with self-healing properties.
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