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Vitrimers—a recently invented new class of polymers—consist of covalent networks that can rearrange
their topology via a bond shuffling mechanism, preserving the total number of network links. We
introduce a patchy particle model whose dynamics directly mimic the bond exchange mechanism and
reproduce the observed glass-forming ability. We calculate the free energy of this model in the limit of
strong (chemical) bonds between the particles, both via the Wertheim thermodynamic perturbation theory

and using computer simulations. The system exhibits an entropy-driven phase separation between a
network phase and a dilute cluster gas, bringing new insight into the swelling behavior of vitrimers

in solvents.

DOI: 10.1103/PhysRevLett.111.188002

Vitrimers [1] are a recently invented new class of
polymer materials with highly desirable properties, com-
bining malleability and reperability at high temperatures
with insolubility. They behave very differently from
thermoplastics and thermosets, the two hitherto identified
classes of polymers. Thermoplastics made of polymer
chains can be reshaped at will, but are soluble, whereas
thermosets (or elastomers) made of permanently cross-
linked polymers are insoluble and cannot be reshaped
once synthesized (cross linked). A vitrimer consists of a
covalent organic network that can rearrange its topology
via reversible exchange reactions that preserve the total
number of network bonds and the average functionality of
the nodes. Thanks to network topology rearrangements,
stresses in a deformed vitrimer can relax, causing the
deformation to become permanent. By the same mecha-
nism, a vitrimer can flow when mechanical stress is
applied. On cooling, the exchange reactions slow down
and the network topology appears to be fixed on experi-
mental time scales. Thus, a vitrimer behaves like an elastic
thermoset (elastomer). On heating, exchange reactions
become faster and the viscosity decreases, causing the
vitrimer to become malleable. The temperature of this
reversible glass transition can be tuned with the aid of a
catalyst that controls the exchange reaction rate and
activation energy [1-3]. Interestingly, the slowing down of
the dynamics near the glass transition closely mimics that
of other networked, strong glass-forming liquids, such as
germanium dioxide and silica [1-3]. Vitrimers that are
based on epoxy resins cured with acids or anhydrides
have been shown to be malleable, reparable, recyclable,
and insoluble, in addition to being easy to produce from
common industrially available ingredients [1,3]. These prop-
erties make vitrimers an excellent candidate for applications
in, e.g., the aviation, automobile, electronic, and sporting
goods industries. Moreover, different exchange reactions and
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monomers can be employed to synthesize vitrimers [4-6].
Recently, a continuum model was developed to describe
the macroscopic viscoelastic properties of vitrimer networks
in terms of the bond exchange reactions [7].

Vitrimers typically consist of two types of monomers
with different functionality that can form covalent bonds
via a limited number of interaction sites, and as such can be
seen as an example of patchy particles. Patchy particle
models have been widely used as model systems for par-
ticles interacting with specific directional interactions,
including water [8,9] and proteins [10-13], and have
been studied extensively in recent years, using theory
[14,15] and simulations [16—19] as well as experiments
[20-26].

In this work, we propose a simple patchy particle model
system to study the phase behavior and dynamics of
vitrimers. We study it, in the limit of strong (chemical)
bonds between the particles, using event-driven molecular
dynamics (EDMD) simulations [27], free energy calcula-
tions, and the thermodynamic perturbation theory intro-
duced by Wertheim [28,29]. The dynamics of the model
directly mimic the bond exchange mechanism present
in vitrimers, and reproduce their strong glass-forming
ability. We show that the behavior of the material can
be quantitatively understood based on a purely entropic
model. Our calculations, supported by the simulation
results, predict the existence, at low densities, of a region
of thermodynamic instability in which the vitrimers phase
separate. This phase separation, into a more connected
viscoelastic phase coexisting with a gas of small clusters,
is the analog of the gas-liquid phase separation in limited
valence colloids. The model thus brings a new insight into
the behavior of polymer vitrimers in the presence of a
solvent and allows us to make interesting predictions con-
cerning the network structure and topology change during
swelling.
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To design a model system for vitrimers, several require-
ments have to be satisfied. First, it should be a binary
system, which allows for bond formation between the
two different species only, with a limited valence for
each particle. Second, the bonds between the particles
should be highly flexible, and bond switching should
be possible without breaking bonds, in order to mimic
exchange reactions. In the model proposed here, the mono-
mers in the vitrimer network are represented by the widely
used Kern-Frenkel model for patchy particles [30]: inter-
actions between the particles are the combination of a
spherical hard-core repulsion with diameter o and an
attraction between the f attractive patches on the particles.
In our case, the system is a mixture of two species of
patchy particles, labeled A and B, with f, =4 and
fp = 2 attractive patches, arranged in tetrahedral and polar
geometry, respectively. Two patches can bond (with bond-
ing energy €) if (i) the center-to-center distance between
the particles is smaller than the maximum interaction range
o + 6 = 1.20, and (ii) the vector connecting the centers of
the two particles passes through one of the patches on the
surface of each of the two particles. The size of the circular
patches (and therefore the flexibility of the bonds) is
defined by an opening angle 6,,, with cosé,, = 0.8. Note
that A particles can only bond with B particles, and vice
versa. Finally, we impose the restriction that each patch can
only be involved in one bond. Whenever a patch has two
potential bonding partners available for bonding, our simu-
lations allow for bond switching to mimic bond exchange
reactions in the vitrimer system (see Fig. 1) [27]. We denote
the number of particles of species i with N;, the volume with
V, and the composition with x = N, /(N, + Np). Time is

measured in units of 7 = 4/Bmo?, with m the mass of a
particle, and 8 = 1/kgT, with kg Boltzmann’s constant and
T the temperature. In the vitrimer system, after mixing the
two components, all possible covalent bonds allowed by
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FIG. 1 (color online). Cartoon of the bond-switching mecha-
nism in vitrimers (top, reproduced from Ref. [1]) and the
corresponding patchy particle model (bottom). In both cases,
network reorganization can take place by a bonding site switch-
ing from its current bonding partner to another nearby free
interaction site of the right species. Note that bonds are only
possible between particles of different types (denoted by color).

the stoichiometry of the mixture form. The subsequent
switching of covalent bonds between monomers occurs
via bond exchange reactions. Thus, it is this bond switching
that controls the dynamics of the system. In order to mimic
the convalent nature of the A-B bonds, we perform our
EDMD simulations at 7 = 0, where bonds never break.
Starting from a randomly chosen configuration, the system
quickly evolves toward a fully bonded state, where all
possible bonds are formed [i.e., when the total number of
bonds n; in the system is equal to min(f4N,, fzNp)].
Subsequently, network rearrangement only occurs via
bond switching. Thus, after equilibration, the number of
bonds in the system is maximized at all times. The bond
switching rate can be externally adjusted to model the
dynamics of the network at different temperatures, or
(equivalently) different degrees of catalyst effectiveness.
The wide bonding angle in the model and the corresponding
large entropy associated with the formation of a bond is
instrumental in reaching the fully bonded state, preventing
entropic bottlenecks.

Following Wertheim [28,29], to calculate the Helmholtz
free energy F) of the system, we break it down into three
parts: the free energies associated with the hard-sphere
reference system (fyg), forming the bonds (fy.ng), and
mixing the two species (f ;). Thus,

BFiot/N = Bfoona + Bfus T Bfmix (1)

where
Bfoona = x[41og(l — ps) +2ps] + (1 — x)
X [21og(1 = pg) + psl (2)
4¢p — 3¢?
Bfus = log(pA®) — 1 + T=ep" (3)
Bfmix = xlog(x) + (1 — x)log(1 — x), “4)

with 7 the hard-sphere packing fraction and p, (pp) the
probability that a patch on a particle of type A (B) is
bonded.

The bonding free energy (f},,nq) can be calculated from
the total number 7, of bonds in the system, which can be
calculated using the law of mass action describing a
chemical equilibrium between bonded and unbonded sites:

nb A3 _
= ¢ BT, (5)
(faNs — np)(fgNg —n,)  V

where F, is the free energy of the formation of a bond, and
A3 is the thermal wavelength of a particle.

Wertheim theory [28,29] provides an expression for F,
calculated by integrating over the bonding volume for two
specific wells on two particles. For the Kern-Frenkel
model, this can be written as
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where the bonding volume v,(p) is determined via an
integral of the hard-sphere radial distribution function
over the bonding volume [see Supplementary Material
(SM) [31]]. The number of bonds directly provides the
potential energy, which is given by U = —n, €. In the limit
of chemical bonds (e > kzT), the number of bonds n,, is
always maximized:

n, = min(f,Ny, fgNp). )

This fully bonded case, appropriate for the description of
(covalently bonded) vitrimers, is particularly interesting,
since the entire transition is driven by entropy, analogous to
hard spheres. In this specific case, the bonding free energy
is given by (see SM [31] for details)

_ TScornb(4NAr 2NB) _ @
N N

f bond —

A3
(For0e7) ®
where

kglogn!/(n —m)!) ifn>m

S n,m)=
comb( ) |kB log(m!/(m —n)!) otherwise

corresponds to the entropy associated with the number of
ways a number of (distinguishable) bonds can be distrib-
uted over a larger number of patches, and is therefore
associated with the configurational entropy in the system.
The last term in Eq. (8) represents the change in vibrational
free energy from creating a bond, multiplied by the number
of bonds n,. Therefore, F,, can be written as the (fixed)
total energy U associated with the bonds (U = —ny¢€) plus
a remaining purely entropic —7'S,, term:

Sio Seomb . kpn v,(p)
#ZsstLsmix%- Nb ‘jvblog bv . (10)
where syg = —kgBfus and sy = —kpBfmix- In fact,

because the system always maximizes n,, the deciding
factor in the phase behavior is entropy, rather than energy,
despite the low temperature. While the Wertheim expres-
sion for S, in Eq. (10) is very simple, Fig. 2 shows that it
agrees very well with the “exact” entropy calculated from
simulations.

Knowing the free energy of the system at arbitrary x, p,
and 7, we can calculate phase coexistences in the binary
mixture. To do this, we calculate the Gibbs free energy
G = F + PV per particle at constant pressure P =
—aF/aV| NN, and temperature 7, as a function of the
composition, and obtain coexisting points by using a stan-
dard common-tangent construction [32].

In addition to the theoretical calculations, we use com-
puter simulations and thermodynamic integration to deter-
mine the free energy of the fluid phase in the patchy
particle model system in the zero-T limit, where the num-
ber of bonds is fixed to its maximum value. To calculate the

1 T T T T
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FIG. 2 (color online). Entropy S = (F,,; — U)/T per particle
at T =0 and po?® = 0.35. The red points indicate simulation
results (thermodynamic integration) and the blue line theoretical
predictions (Wertheim). The fitted red dashed line is used to
calculate free energies for drawing the phase diagram.

free energy at each state point, we measure the derivatives
of the free energy (U and P) directly in EDMD simulations
[27] in the canonical (NVT) ensemble and integrate the
results [33]. As reference free energies we use the hard-
sphere Carnahan-Starling equation of state for the denser
fluids and the Wertheim theory described in the previous
section in the dilute gas limit (po® < 1073), where the
approximations made are accurate. While no crystal phases
were explored, we do not expect any crystal phase to be
relevant at these densities: earlier work [27] has shown that
combining large bond flexibility (as is present here)
with limited valence strongly suppresses the stability of
low-density crystal structures.

The phase diagrams obtained from the simulations
(points) and theory (dashed line) are shown in Fig. 3, as
a function of p and x. We observe remarkable agreement
with the theoretical predictions. The main difference is a
slight underestimation of the theory for the coexistence
density of the high-density fluid, as is common for
Wertheim theory [14]. The phase diagram shows a large
coexistence region, where the system—retaining the same
number of bonds—phase separates into two phases, as
indicated by the tie lines.

Since solvents are not explicitly taken into account in
our model, the phase diagram represents the behavior of
vitrimers in a good solvent: lowering the density in the
model system is equivalent to the addition of solvent to the
vitrimer system, and favors the formation of a dilute phase
consisting of small clusters. The calculated phase diagram
demonstrates that vitrimers can never be fully dissolved.
While dilution will allow some material to escape from the
network to a gaslike phase, the tie lines in Fig. 3 show that
the remaining network is always closer to the optimal
composition x;y, while the escaped material consists
mainly of the “excess” species. Thus, diluting the network
phase (i.e., putting it into contact with a good solvent) will
always push the system towards a more fully bonded
network, while monomers and small clusters escape into
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the solvent. However, as also seen in experiments [1], the
network phase never fully dissolves: as the network
approaches x4, less and less material will be able to escape
the network.

We reemphasize here that the phase separation is driven
purely by entropy, under the constraint of a maximized
number of bonds. The phase separation arises essentially
from the possibility of forming bonds inside the percolat-
ing network, generating one additional free cluster in the
dilute phase that gains a significant fraction of translational
entropy. Indeed, consider the case where x < x;4, so that all
clusters are ‘‘terminated” by B particles. Joining two
clusters via bond exchange expels a B particle, leaving
the total number of clusters constant, with no translational
entropic gain. However, forming an intracluster bond
(a ring) also expels a B particle, but this time increases
the total number of clusters by one, increasing the transla-
tional entropy in the system. This is balanced by an
decrease of configurational entropy in the network [i.e.,
Smix and Scomp in Eq. (10)]. However, at low density, where
the translational entropy of a free cluster is large, max-
imization of entropy favors the phase separation seen in
Fig. 3. For the same reason, our simulations show the
spontaneous merging of fully bonded clusters at high
bond switching rates, demonstrating not only that separate
pieces of material can be joined together but also that even
in the ground state, coalescence is thermodynamically
favorable (see movie in SM [31]). After two clusters
link, the number of bonds between the two clusters gradu-
ally increases via bond exchange reactions, until a single,
homogeneous cluster remains. This directly parallels the
observed ability of vitrimers to resolve breaks and other
damage when the bond switching rate is high, as well as the
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FIG. 3 (color online). Comparison between the phase diagram
obtained from simulations (points and tie lines) and the one
obtained from Wertheim theory (dashed line) at 7 = 0. The solid
line is a fit to the coexistence points, indicating the instability
region. The blue and red lines (colored to improve
visibility) indicate tie lines, i.e., the set of p — x values that
phase separate in the same two coexisting states. The shaded
region denotes the region where percolation is expected (i.e.,
where theory predicts that p, pg = 1/3 [38]). The black crosses
indicate the approximate critical points for the simulation data.

possibility to recycle the material by breaking up the
material into small pieces and melting them together at a
high temperature [1].

We now turn to the dynamics in the system. The key
ingredient for the material properties of the vitrimer system
is the bond switching mechanic [7], which allows the
network to rearrange its topology despite the covalent
nature of the bonds. The rate of bond switching (vy)
is controlled by T. Effectively, vy is proportional to
exp(—e€,/kgT) for an activation energy €,. €, and the
prefactor can be tuned by modifying the catalyst and its
concentration [2,7]. Since the bond switching mechanic is
the limiting factor for the dynamics at low 7' [27], the shear
viscosity 7 increases exponentially (Arrhenius-like) with
decreasing T (1 « y~ 1) so that vitrimers can be classified
as strong glass formers [34,35]. In the simulations of the
patchy particle model, the bond switching rate 7 is explic-
itly imposed. For a given vy, each patch will attempt on
average 7yt switches over a time ¢ [27]. It should be noted
that the phase diagram is independent of y. To compare the
dynamics in our model system to experimental results, we
calculate 7 by measuring correlations in the off-diagonal
components of the stress tensor (see SM [31]) [36,37].
Figure 4 shows 7 as a function of y~!. While the dynamics
become independent of y when the time between bond
switching events is short compared to the motion of the
particles [(y7)~! < 1], the viscosity shows a clear linear
behavior for long bond switching times (y7)~! = 1. As
proposed for vitrimers [3], the observed behavior for large
(y7)~! confirms that the dynamics become slaved to the
switching microscopic time scale, offering a possible inter-
pretation for the origin of the strong behavior of molecular
glass formers.

In short, the system proposed in this paper provides a
simple model for vitrimers, providing direct insight into
the physics involved in their qualitative behavior. The
model faithfully captures the bond exchange mechanism,
which allows the system to rearrange its network topology
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FIG. 4 (color online). Dimensionless shear viscosity 8no°/7
as a function of the average time interval between bond switch-
ing events (y7)~'. The dashed line indicates an Arrhenius law
(slope 1). The viscosities were calculated at x = 0.25 and po”> =
0.35, well away from the area where phase separation occurs.
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at high bond-switching rates (corresponding to high 7 and
catalyst concentrations), without ever leaving the energetic
ground state, where the maximum number of bonds are
formed. By reproducing the bond switching mechanism,
the model system not only mimics the possibility to repair
or recycle vitrimers at high temperatures but also directly
captures the strong glass-forming ability shown in vitri-
mers. The phase behavior is well described by Wertheim
theory, providing predictions for the phase coexistences
and cluster size distributions in the experimental vitrimer
system. Interestingly, the model predicts that in contact
with a solvent reservoir, the vitrimer network does not
dissolve but instead expels particles and changes its
composition, approaching a defect-free state.
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