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ABSTRACT: Associative polymers are a class of polymers containing attractive
stickers that can reversibly bind to each other. Their fully bonded state gives rise,
in dilute conditions, to a fluid phase of so-called single-chain nanoparticles
(SCNPs). These constructs have been used in a wide range of applications, from
the design of new materials (e.g., biomolecular condensates) to drug delivery
vectors. The thermodynamic properties of SCNPs sensitively depend on the
number of different sticker types, since numerical simulations show that a
continuous transition to a network of chains upon increase of polymer
concentration in the single sticker-type case can be replaced by an abrupt network
formation (via a first-order phase transition) in the multiple sticker-type case. We
present here a theory that, using the SCNP fluid as the reference system, quantifies the free energy change associated with
transferring an intramolecular bond to an intermolecular bond, elucidating the impact on the phase separation process of the sticker
topology. Despite its simplicity, the theory highlights which microscopic assumptions (loop statistics, chain-level excluded volume)
are most relevant for accurately capturing the thermodynamics of these systems. Our results match available numerical predictions
obtained via coarse-grained simulations of these systems, highlighting in particular the sensitivity of the phase behavior on the
sequence of the stickers along the chain.

I. INTRODUCTION
Polymers are a class of macromolecules with unique proper-
ties: their large conformational freedom, combined with their
periodic chemical structure, make them an interesting subject
of study in many contexts, from statistical mechanics to
materials science and biophysics. Relevant applications include,
among others, their use in the design of new synthetic
materials,1−5 as drug delivery vectors,6,7 or as models for many
biological phenomena.8−10

While extensive research has been dedicated to the
description of regular (i.e., so-called athermal) polymer
solutions, especially with respect to their equilibrium proper-
ties and thermodynamic behavior,11,12 comparatively less effort
has been devoted to the study of associative polymers, i.e.,
chains in which special reactive monomers (named stickers) are
distributed along the chain, separated by a number of
chemically inert (spacer) monomers.8,13−19 Usually, spacer
monomers are modeled as particles interacting solely through
steric repulsion, whereas the much less abundant stickers are
relatively small, strongly aggregating functional groups of
potentially different types. When stickers are close enough,
they are able to form bonds with other stickers through a wide
range of interactions, ranging from metal complexation20 and
ionic or hydrophobic interactions21 to hydrogen22,23 and even
covalent24,25 bonds. In many cases, each sticker can be
involved in no more than a single bond and, in the case of
multiple sticker types, only with a sticker of a compatible type.

Throughout the years, these foregoing ingredients have been
used to develop models that have been successfully applied to
several contexts, from biomolecular condensates26 and RNA-
protein mixtures,27 to vitrimers28−30 and single-chain nano-
particles (SCNPs), which are self-folding macromolecules that
are of potential interest in a wide range of applications.31−34

When a bond between two stickers forms, the interacting
pair of monomers is constrained to move together, thus
reducing the conformational entropy of the system to an extent
that depends on whether the bond is intermolecular (i.e.,
between stickers belonging to different chains) or intra-
molecular (i.e., between stickers within the same chain).13 This
entropic term, intrinsic to the polymeric nature of the particles,
plays a major role in determining the thermodynamics of
associative polymers. The dependence on the number and type
of attractive sites of this conformational entropy contribution is
complex,33 yet crucial to correctly predict the thermodynamic
properties of the system.
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For associative polymers with a single type of stickers in a
good solvent, theory (in the limit of strongly aggregating
stickers) and experiments have shown that, upon increasing the
concentration, a solution of chains in a good solvent forms a
network continuously, without signs of a thermodynamic phase
transition.13,27,35−37 By contrast, it was shown by computer
simulations that, if the stickers of the SCNPs along the chain
are of two or more different and alternating types, in the fully
bonded limit (i.e., large monomer−monomer attraction
strength compared to the thermal energy) a significant
entropic contribution induces a first-order phase transition:
the network forms abruptly at a certain concentration.37,38

Indeed, changing the number of types of reactive monomers
affects the ratio of intra- to intermolecular bonds and thus the
overall interpolymer large-scale connectivity. This behavior has
been recently confirmed by realistic simulations of all-DNA-
based SCNPs.39

The appearance of such a phase transition can be
understood by noting that, starting from a chain decorated
by stickers of the same type and everything else being equal,
converting some of them to a different type de facto increases
the average distance between identical stickers, i.e., the contour
length of the loop between bonded stickers. The resulting fully
bonded SCNP will have a smaller gyration radius. As a further
consequence, we envision that there will be a greater entropic
gain from swapping intramolecular for intermolecular bonds.
We show here that if such a gain is large enough, the system
will phase-separate even in a good solvent. To quantify these
expectations, we introduce a mean-field expression for the free
energy cost of swapping intramolecular to intermolecular
bonds, estimating how such a cost depends on the number of
different sticker types. Adding such free-energy cost of
swapping to the reference system free energy (which is
estimated up to the second term of the SCNP virial expansion)
provides predictions for the phase behavior that recapitulate
the numerical results, providing support to the idea of
leveraging the sticker sequence to manipulate the thermody-
namics of associative polymers.

II. A MEAN-FIELD THEORY FOR STICKER
ASSOCIATION

We consider a solution of associative polymers consisting of
chains made by N monomers of size a, which in the following
will be used as unit of length. Each chain bears N
equally spaced associative groups of m different types (the
stickers) which alternate along the backbone. Two consecutive
stickers are separated by l N= inert monomers, so that two
consecutive stickers of the same type are separated by
L m mlN = such monomers, as shown in Figure 1a. Inert
monomers interact solely through steric repulsion, while each
sticker is able to form a single reversible bond with another
sticker of the same type. We are interested in developing a
theoretical characterization of the thermodynamic behavior of
the system in the limit in which essentially all the stickers are
involved in a bond. Such a fully bonded state can be achieved
by either considering the low-temperature limit, or the large
bond-strength limit. Since all possible bonds are formed, the
total number of bonds is fixed, with individual bonds switching
from interchain to intrachain and vice versa. Under these
conditions, to a first approximation the system internal energy
(which is dominated by the bond contribution) remains

constant regardless of the way bonds are distributed among the
polymers, so that the equilibrium properties of the system are
controlled by the maximization of the total entropy.
In the fully bonded limit, under highly diluted conditions, all

bonds are intrachain. Each polymer constitutes an independent
entity, which we call a SCNP. For fully flexible polymers, the
entropic cost of binding (which forces the inert monomers
between the bonded sites to form a closed loop) scales with
the size of the loop, and therefore intramolecular bonds tend to
occur between consecutive stickers of the same kind.13 If we let
the number of stickers of each type be even, the chains fold on
themselves in closed, cactus-like structures. On increasing the
number of different stickers, the fully bonded structure
becomes increasingly compact, as shown in panels (b) and
(c) of Figure 1. This solution of weakly interacting fully
bonded SCNPs constitutes the reference system with respect to
which interchain bonding contributions are considered.
We write the Helmholtz free energy density βf (here

k T
1

B
= , with T indicating the temperature of the system and

kB the Boltzmann constant) of the system using a mean-field
perturbative approach as

f c f c f c( ) ( ) ( )ref bond= + (1)

where c is the number density of monomers. The first term
βf ref is the free energy of a system of independent SCNPs and
constitutes the sum of an ideal-gas-of-chains term

f c( ) logc
N

c
Neig = (note that e is Napier’s number and c

N
is

the number density of chains) and a purely repulsive, steric
contribution βfex. The latter is modeled as a first correction to
the ideal gas, i.e.

Figure 1. (a) Segment of an associative polymer chain with l = 10, m
= 2 and L = ml = 20. (b, c) Fully bonded configurations of (b) m = 1
and (c) m = 2 associative polymers with 24= stickers and l = 10
inert monomers between stickers. The m = 2 polymer presents a more
compact structure because of the alternating looping scheme. Note
that in the (a-b-c) panels, for clarity, inert monomers and stickers are
shown with smaller and larger diameters, respectively, than their
actual physical size. (d) Cartoon of the “chemical reaction” between
two Ai1 units (forming two intrapolymer bonds) and one Ai2 unit
(forming two interpolymer bonds).
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f c B
c
N

( )ex 2

2

2=
(2)

where B2 is the (purely repulsive) second virial coefficient of
the fully bonded SCNP.
To assess the quality of the approximated reference free

energy (eq 2), we perform simulations of a system of fully
intrabonded SCNPs with one (m = 1) or two (m = 2) types of
stickers in the limit of large binding strength. Figure 2

compares the equation of state (EOS) of fully intrabonded
SCNPs with the analytical second-order virial expansion in the
chain number density, c/N, using the B2 value extracted from
independent two-body effective interaction simulations (see
the Methods). Up to ca3 ≈ 0.04, a value rather close to the
critical density of these systems,38 the virial expression properly
reproduces the EOS. By contrast, a second-order virial
expansion at the monomer level (i.e., in the monomer density
c), which is what has been often used in the past,13 appears to
overestimate (in the case of a good solvent) the excess
contribution to the pressure of the system. It is worth noting
that alternative approaches, based on choosing the optimal
value of the monomer excluded volume to maximize the
agreement between theoretical predictions and simulation-
derived phase diagrams, can also be employed.19

The second term in eq 1 expresses the change in the system
when intrapolymer bonds are swapped for interpolymer bonds.
We thus focus on the interpolymer bonds and on the
association phenomenon resulting from the swap between
intra- and inter- bonds.
Specifically, we envision two bonded stickers of the same

type i on the same polymer as a chemical species Ai1, or
equivalently a complex of inert monomers separated by two
identical stickers. By a bond-swapping process, two Ai1 units,
each on a different polymer, can react to form a Ai2
intermolecular complex, as illustrated schematically in Figure
1d. Therefore, the process can be formally modeled as a
chemical reaction

A A Ai i i1 1 2+ F (3)

In a more precise thermodynamic formalism, the chemical
equilibrium can be written as (indicating with NA di1

and NA di2
the

number of Ai1 and Ai2 units and with QA di1
and QA di2

their
partition functions, respectively40,41)

N Q
N

QA A
A

A

2

i i

i

i

2 2

1

1

=
i

k
jjjjjjj

y

{
zzzzzzz (4)

The expressions for QA di1
and QA di2

are reported in Appendix A.

In terms of the degree of conversion qi

N

N / 4
Ai

i

2= (the fraction of

Ai2 units formed from the total number of stickers of type i,
Ni), the law of mass action corresponding to the chemical
reaction of eq 3 is

q

q
cv

L(1 )
4

2
i

i

L
2 3 1= +

(5)

where vL is the volume accessible to the chain of length L
separating two consecutive stickers, which we assume to scale
as vL = a3L3ν, and ν is a scaling exponent which will be
discussed further below. Since the right-hand side of the
previous equation is actually independent of i, we can consider
all the {qi} to be the same and set them to q. Resolving with
respect to q, we obtain

q 1
1 1 cv

L
cv

L

16
2

8
2

L

L

3 1

3 1

=
+ + +

+ (6)

It is necessary to point out that this approach assumes an
uncorrelated degree of conversion q, i.e., it neglects
correlations and cooperative behavior in sticker−sticker
interactions, coherently with a mean-field hypothesis. More
sophisticated theories incorporating bonding correlations (see
e.g., ref42) have to be used when investigating systems
dominated by such effects, which can be brought about by e.g.,
electrostatic interactions involving charged groups in poly-
ampholytes.43

To check the accuracy of the estimate of the partition
functions of the Ai1 and Ai2 units, we carry out MD simulations
of two Ai1 units (modeled as polymers of 20 monomers with
sticky sites at both ends) and compute q

q(1 )2 (defined in this

case as the fraction of interchain-bonded configurations out of
all the fully bonded configurations obtained) as a function of
the monomer concentration c. We calculate q

q(1 )2 both

including and excluding the repulsive interactions between
nonadjacent monomers, to test the relation for ideal and self-
avoiding polymers. A thorough explanation on how these
simulations were carried out can be found in the Methods. The
results of these computations are presented in Figure 3 as
symbols. The line through the data is a power-law fit,
consistent with eq 5. The best-fit critical exponent ∼ L3ν is
close to the expectation values from standard polymer theory
for both ideal (3νideal* = 1.5) and self-avoiding (3νreal* = 2.225)
chains, confirming the reliability of our estimate of the
interchain bonding contribution. It is worth noting that here
the expected real chain exponent is higher than the standard
Flory estimate νflory* = 0.588 because it takes into account the
enhancing effect that excluded volume interactions have on the

Figure 2. Compressibility factor of fully bonded systems made of m =
1 and m = 2 chains, when only intrachain bonding is allowed (dashed
lines). The solid lines have been drawn by considering a second-order
virial expansion, fixing the value of the B2 to that extracted from
independent two-body effective interaction simulations (black and red
lines, see text for details), or to the second virial coefficient of single
monomers, B2mon ≈ 2.2 a3.
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interchain bonding (see e.g., ref13), which makes the entropic
gain upon intrachain bond breaking even larger.
We can now finalize the bonding contribution to the free-

energy, based on the expressions derived to model associating
network forming liquids by Wertheim,44 as (see Appendix B
for a simple derivation based on thermodynamic perturbation
theory (TPT)45)

f
N
V

q
q

2 2
log(1 )

i

m
i i

ibond
1

= +
=

i
k
jjj y

{
zzz

(7)

Since qi = q ∀ i, such a bonding contribution to the free
energy density simplifies to

f m
c
L

q
q

2 2
log(1 )bond = +i

k
jjj y

{
zzz (8)

This expression, combined with the reference free-energy,
provides the total free energy density of the model

f c
c
N

c
eN

f c m
c
L

q
q( ) log ( )

2 2
log(1 )ex= + + +i

k
jjj y

{
zzz
(9)

We now note that βf(c) takes, barring a different expression
for βfex(c) and q and a factor 1/2 in βf bond(c), the same
structure as the extension of equation (4.29) in the
renormalized theory by Semenov and Rubinstein of ref13 to
the case of multiple sticker types m > 1, obtained by leveraging
a polymer-physics based approach (for a complete derivation
see Appendix C). Since the prefactor m/L = 1/l in the bonding
contribution is independent of m, the enhancing effect on
phase separation due to the number of different types of
stickers m is solely linked to the larger average length between
alike stickers in vL, i.e., to the higher entropy unfrozen upon
intramolecular loop breaking.

III. PHASE DIAGRAM
The proposed free energy expression, derived in the limit of
fully bonded polymers, depends on the two parameters c and
B2. In such a plane, it is possible to calculate the binodal line
(similar to the liquid−gas phase separation) and the critical
point. More detailed explanations on the phase diagram
calculation procedure are reported in the Methods.
After numerically solving the relevant systems of equations,

eqs 14 and 15, we find that, for a given set of , l and m, there
is a critical value of the chain−chain second virial coefficient,
B2,mcrit , above which the system never phase-separates. Figure 4

shows examples for two systems (respectively with m = 1 and
2) previously investigated numerically, for both ideal, Figure
4a, and real, Figure 4b, chains. In the latter case, we also show
the values of the B2 evaluated in simulations for the two types
of chains as horizontal dashed lines. The figure shows that,
consistently with the numerical findings,37 the theory predicts
that the system with m = 1 does not phase-separate, while m =
2 real chains do.
Notably, for the case in which phase separation is present (m

= 2) the theory predicts a value for the concentration of the

Figure 3. Mass action laws from MD simulations of a polymeric
sequence with l = 18 inert monomers and two additional stickers, one
at each end. To reproduce the ideal chain behavior, the nonbonded
monomer−monomer interaction has been set to zero. The values
shown have been computed running 8 simulations for each state point
and calculating the average value ⟨q/(1−q)2 ⟩ for each state point.
The error bars correspond to the standard error. Dashed lines are one-
parameter fits to eq 5, which yield 3νreal = 2.25 and 3νideal = 1.56,
while solid lines are parameter-free curves obtained by plugging the
theoretical values 3νreal* = 2.225 and 3νideal* = 1.5 in eq 5. In these
calculations we have chosen βϵ = 6 (ϵ indicates the attractive
potential depth). Only fully bonded configurations have been
included in the analysis.

Figure 4. (a) Binodal lines for the m = 1 and 2 system of a solution of
ideal SCNPs. Here 24= , a = 1, l = 10 and N l 240= = . (b)
Binodal lines for the m = 1 and 2 system of a solution of real SCNPs,
for the same parameter values. The dashed lines, which match the
corresponding system color, indicate the value of the chain−chain
second virial coefficient, as extracted from simulations (see the
Methods). In both panels the coexistence and critical points have
been computed numerically by solving eqs 14 and 15, respectively.
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dense phase cdensea3 √N ≈ 1 which is in reasonable agreement
with the numerical value of ≈ 1.6.38

IV. SCALING OF THE CRITICAL PARAMETERS
In order to analytically characterize the scaling properties of
the critical parameters of the system, we simplify eq 6 by
assuming that c 1v

L
L for c close to ccrit, which, as we will show

a posteriori, is true if is sufficiently large. Since vL ∼ a3L3ν,
the former assumption implies ca3L3ν−1 ≪ 1. We can now
write

q
cv

L
4

2
L

3 1+ (10)

with q ≪ 1. As a result, only few stickers are involved in
intermolecular bonds, which confirms that the bonding part of
the free energy can be treated as a perturbation of the reference
state, where only intramolecular bonds are present. This is
coherent with numerical results, which show that close to the
critical point the fraction of stickers involved in intermolecular
bonds in the high-density phase is ≈ 0.12.38 Because such a
small fraction of stickers forms intermolecular bonds, the vast
majority of stickers on each chain are engaged in intrachain
bonding and thus unavailable for interchain interactions. This
suppresses correlations between stickers belonging to the same
chain: a free sticker is essentially equally (un)likely to
encounter another free sticker from its own chain as from a
different one. Consequently, all available stickers become
effectively indistinguishable, thereby justifying the use of a
mean-field description.
In the aforementioned low q approximation, the criticality

conditions become

B
N cN

m
a L

m
a L

c

c N
m

a L

2 1 4
2

3
16

2
0

1
3

16
2

0

2
2

3 3 2

3 2

6 6 3

6 3

2

6 6 3

6 3

+ + =

+ =

+ +

+

l

m
oooooooo

n
oooooooo (11)

which can be solved to yield

c
m N a

2
4 3m

crit
3 3/2 3 3/2

3 1 3 1 3=
+

(12)

B
m a N
2 2

3
2m2,

crit
3 1 3 3

3 3/2

1/2

2 1/2= i
k
jjj y

{
zzz

i
k
jjjjj

y
{
zzzzz (13)

By using eq 12 we can check that the assumption

1c v
L

1/2m L
crit

holds near the critical point at fixed
values of and L when 1, confirming that, in this limit,
q ≪ 1. Panels (a) and (b) of Figure 5 show the agreement
between the numerical solutions of system (15) and the
approximated expressions of the critical point from eqs 12−13
at low q, as a function of the number of stickers . For both
cmcrit and B2,mcrit the agreement increases with .
Equation 13 can be used to rationalize the available

numerical data,37,38 since it shows that increasing m explicitly
increases the tendency to phase-separate. Indeed, at fixed l, ,
and N = , the critical second virial coefficient scales as B2,mcrit
∼ m3ν−1.
It is also interesting to look at how B2,mcrit scales when and

m are kept fixed, i.e., when l (and therefore N) changes. In this
case, for Gaussian chains B Nm2,

crit 3/2, while for real chains

B2,mcrit ∼ N2.225. If we assume that in both cases the second virial
coefficients scale with the gyration radius Rg as
B R Nm g2,

3 3/2 (as demonstrated for real SCNPs in a
good solvent in both experiments36 and simulations33), we find

that B

B
m

m

2,
crit

2,
is independent of l for Gaussian chains, while scales as

∼ l0.725 for real chains. Therefore, for Gaussian chains the
theory predicts that the phase behavior of a system of
associative polymers with stickers of m types is not affected
by l. By contrast, for real chains the driving force for phase
separation increases with l, so that a given system will
eventually phase-separate, provided that l is large enough. For
instance, for the m = 1 case with 24= , which does not
separate in numerical simulations when l = 10, our theory

predicts that 1
B

B
m2,

crit

2
, and therefore the system can undergo

phase separation, for l ≳ 45, a value for which simulations are

currently unfeasible. For m = 2, we find that 1
B

B
m

m

2,
crit

2,
for l ≳ 9,

a value coherent with available numerical simulations and with
our theory, while systems with m = 4 (which have a strong
tendency to phase separate and for which numerical data to

Figure 5. (a) Comparison between the numerical estimates of the
critical monomer density (obtained solving system (15)) and their
low q approximation from eq 12, as a function of the number of
stickers at l = 10 and m = 1, for both ideal and real chains. (b)
Comparison between the numerical estimates of the critical excluded
volume (obtained solving system (15)) and their low q approximation
from eq 13, as a function of at l = 10 and m = 1, for both ideal and
real chains. In both cases the low-q approximation improves as
increases.
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compute B2,m is also available, see Figure 6) display phase
separation for l ≳ 3. In the future, it would be interesting to

test which version of the theory better describes the behavior
of SCNPs in a good solvent, both via simulations and
experiments.

V. CONCLUSIONS
In conclusion, we have constructed a mean-field theory able to
capture the physics of phase separation in associative polymers
decorated with alternating stickers of m different types,
corroborating numerical results showing how increasing m
enhances the driving force for phase separation. We have
shown that a virial expansion at the chain level (i.e., which uses
the full-chain excluded volume instead of the monomer
excluded volume) for the repulsive term in the free energy is
effective at reproducing the equation of state obtained from
numerical simulations of SCNPs. Indeed, notwithstanding the
approximations, the theory matches numerical results at least
semiquantitatively, correctly predicting the presence of phase
separation when m = 2.
Overall, our results provide a compact, yet physically

transparent framework for understanding how the number
and type of stickers control the phase behavior of SCNP
solutions. Forming bonds between different polymers un-
freezes some of the entropy captured in the isolated fully
bonded SCNP. The amount of this entropic gain may (or may
not, depending on the number of sticker types) be sufficient to
drive a macroscopic phase separation process. Despite its
simplicity, the theory identifies the dominant entropic
mechanisms and highlights which microscopic assumptions
(looping statistics, chain-level excluded volume) are most
relevant for accurately capturing the thermodynamics of these
systems.
We note that our approach can be extended to more general

systems, such as polymer chains decorated with nonequispaced
stickers along the backbone. Since such systems play important

roles in e.g., biological settings,46,47 we plan to tackle the
investigation of such disordered systems with theory and
simulation in the future.

VI. METHODS

VI. A. Phase Diagram Calculation
To compute the binodal lines in Figure 4, we have numerically solved
the following system of equations enforcing chemical and mechanical
equilibrium between the polymer-poor (gas) and polymer-rich
(liquid) phases for a given value of the second virial coefficient B2

c B c B

P c B P c B

( , ) ( , )

( , ) ( , )

liquid
2

gas
2

liquid
2

gas
2

=

=

l
m
ooo
n
ooo (14)

where c B( , ) f c B
c2

( , )2= i s the chemical potent ia l and

P c B c f c B( , ) ( , )f c B
c2

( , )
2

2= is the associated pressure.
The critical point (ccrit, B2crit) has been estimated by numerically

finding the maximum of the spinodal line 0f c B
c

( , )2
2

2 = , for which the
following conditions hold

f c B
c

f c B
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0
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2
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VI. B. Molecular Simulations
We have simulated polymer chains in the NVT ensemble by coupling
the system to an Andersen-like stochastic thermostat.48 The
interaction between two monomers sharing a covalent bond, i.e.,
between two bonded neighbors, is given by the Kremer-Grest
potential:49

U r U r U r( ) ( ) ( )bond FENE WCA= + (16)

with r the distance between the two interacting monomers. The
attractive, finitely extensible nonlinear elastic term is

U r
K r r

r
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(17)

with K 300
LJ
2= the bond stiffness and r0 = 1.5σ the maximum

extension (where σ and ϵLJ define the length and energy units). The
excluded volume contribution is given by the purely repulsive WCA
potential:50

U r r r
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We adopt reduced units and set σ = m = ϵLJ = 1. The potential is
truncated at 21/6σ to remove the attractive contribution.
The interaction between nonbonded neighbors is given by a WCA

repulsion (present only for nonideal chains), eq 18, and by an
additional short-range attractive term that acts only between stickers
of the same type. The latter potential is modeled after the Stillinger-
Weber potential,51 widely adopted in soft-matter models of short-
range attraction:52,53

Figure 6. Dashed lines are the effective interactions between fully
bonded SCNPs with 24= , l = 10, and three types of sticker
sequence, m = 1, 2 and 4, as a function of the chain−chain center of
mass separation distance R, when only intrachain bonding is allowed.
Solid lines are best fits to Gaussian functions, which are then used in
eq 22 to compute the second virial coefficients, yielding B2 = 8200 a3,
5900 a3 and 5500 a3 for the m = 1, 2 and 4 systems, respectively. We
note that the discrepancy between the numerical data and the fit for
the m = 4 case has a tiny effect on the value of the B2 (a few percent,
which is smaller than the statistical uncertainty due to the numerical
sampling).
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with σs = 1.05σ, rc = 1.68σ, C = 8.97, D = 0.41. The attraction depth
(the energy scale of the bond interaction) is ϵ.
To enforce the one-bond-per-sticker condition, we include a three-

body potential U3b that suppresses the formation of bonded triplets.
54

Specifically, U3b introduces a repulsive contribution that compensates
the energy gained upon forming a second bond. Thus, when
monomer i approaches a bonded pair (j, k), it moves along an almost
flat energy hypersurface, meaning that configurations where i binds to
either j or k (while the third monomer is free to detach) are not
separated by any energy barrier.
The three-body potential reads

U r r U r U r( , ) ( ) ( )ij ik
i j k

ij ik3b
, ,

3 3=
(20)

where the sum runs over all bonded triplets, defined as configurations
in which particle i is within rc from both j and k.
The two-body factor U3(r) is
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l
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where σs is the position of the minimum of Usticker.
We have performed the following types of simulations:
• Simulations of two Ai1 units: two sequences of 20 monomers

each (both ideal-chain and real-chain conditions) to
reconstruct the mass−action law of Figure 3. Each chain
contains 2 stickers of the same type separated by 18 inert
monomers. Identifying q with the fraction of fully bonded
configurations in which the two chains are connected to each
other via interchain bonds, we have computed ⟨q/(1−q)2⟩ at
βϵ = 6 and different values of the monomer concentration c by
varying the simulation box size.

• B2 calculation: two fully bonded chains of valence 24=
and sticker−sticker spacing l = 10, used to compute the
excluded volume B2 for a pair of SCNPs. These simulations
have been run at βϵ = 14. To calculate the second virial
coefficient, we start computing the effective interaction
between the two fully bonded chains, with the constraint
that only intramolecular bonding is possible. Using the same
methodology described in ref,37 we have evaluated the effective
potential Veff(R), where R is the distance between the two
centers of mass, for the m = 1, 2 and 4 cases. Figure 6 shows
that the resulting effective potential can be fitted to a Gaussian,
from which we compute the second virial coefficient, defined
as

B V R R dR2 exp( ( )) 12
0

eff
2= [ ]

(22)

whence we obtain B2 ≈ 8200 a3 for m = 1, B2 ≈ 5900 a3 for m
= 2 and B2 ≈ 5500 a3 for m = 4.

• Bulk simulations: 100 SCNPs with 24= and l = 10 and m
= 1 or 2, used to compute the equation of state at different
values of the monomer concentration c in Figure 2.

Throughout all simulations, the integration time step was set to Δt
= 0.003, expressed in natural units m

LJ
.

■ APPENDIX A: MASS ACTION LAW DERIVATION
We remind here that QA di1

and NA di1
in eq 4 indicate the partition

function and the number of segments of inert monomers
forced to loop by the presence of a bond between two i-type

stickers (see Figure 1). Similarly, QAdi2
and NAdi2

indicate the
canonical partition function and the number of two
interpolymer bonded Ai1 units. The quantity NA di1

ranges

between 0 and N
2

i , where the latter is the maximum number of
possible Ai units, corresponding to half of the total number of
stickers of type i. Similarly, N0 A

N
4i

i

2
< < . Then

N
N

q N
N

q
2

(1 )
4A

i
A

i
i i1 2

= =
(A1)

For the Ai1 unit we can write

Q V
VA

0
i1

=
(A2)

where we have explicitly highlighted the center of mass
contribution given by the volume of the system, V. The term
V0 is a volume term encoding the contribution to the Ai1
partition function from all other internal degrees of freedom.
To work out QA di2

, we start from QAdi1
and compute the total

entropy variation ΔStot arising from breaking the intra-
molecular bonds of the two interacting units and forming the
new intermolecular bonds.
This entropy difference can be decomposed in three

different terms, following the steps depicted in Figure 7:

• the entropy increase ΔS1 associated with breaking the
intramolecular bond between the stickers in a Ai1 unit to
open it. It is such that e S k v

v
/ L

b

1 B = ;

• the entropy decrease ΔS2 associated with the formation
of a bond between two open chains of length L, which
generates an open chain of length 2L. It is such that
e S k v

V
/ 4 b2 B = , where the factor 4 accounts for the

different ways in which two free chains can bond to
each other;

• the entropy decrease ΔS3 due to the formation of a
closed complex of size 2L . It is such that
e S k v

v
v

v
/

2
b

L

b

L

3 B

2
3= = . Here the factor 23ν has been

added assuming a generic power scaling law vL ∼ a3
L3ν for SCNPs (for some references on the effective
scaling behavior of SCNPs, see33,36).

Overall, the total entropy contribution due to moving from
two intramolecular Ai1 units to a dimer is

Figure 7. Reaction steps connecting the formation of an Ai2 complex
starting from two Ai1 units, and associated entropy variations. The
entire process is separated in three independent steps, whose entropy
contribution is calculated in the text.
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This means that the final expression for the dimer partition
function amounts to
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where the factor 2! counts the number of indistinguishable
states of the system: the two Ai1 in the first step of the
transformation in Figure 7 are identical.
Plugging these expressions in eq 4, one gets
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where NA
N N

L2 2i

i
tot

= = , with Ntot total number of monomers.
Plugging this expression in eq A5, we obtain
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q
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with c N
V

tot

= .

■ APPENDIX B: THE FREE ENERGY OF AN IDEAL
GAS OF CLUSTERS

We review here the expression for the bonding contribution to
the Helmholtz free energy,40,44 following the derivation
proposed in ref.45 We focus on the free energy F of an ideal
gas of N particles in a volume V which can dimerize (particles
with only one binding site). We will generalize this to a
mixture of different particles later on. For the one-component
case, in the ideal gas limit, if we call q the probability that one
bond is formed, the number of particles in monomeric state is
N(1−q) and the number of dimers is Nq

2
. In the ideal gas,

pressure counts the number of clusters , g iv ing
PV N q N(1 ) Nq Nq

2 2
= + = . Similarly, the chemical

potential coincides with the logarithm of the monomer
concentration βμ = ln(N(1−q)V0/V), where the term V0 is a
reference volume encoding the contribution from all other
internal degrees of freedom.
Since the Gibbs free energy is Nμ, we have

F PV N+ = (B1)

and thus

F N
NV
V

N N q
Nq

ln ln(1 )
2

0= + +
(B2)

which can be rewritten as the ideal gas contribution

( )N ln 1NV
V

0 plus a bonding contribution Fbond with

F N q
Nq

ln(1 )
2bond = +

(B3)

For an ideal gas of different particles, the reference free
energy includes the mixing term, but the bonding contribution
remains identical and needs only to be summed over the
different species. As commonly done,44 the ideal gas free
energy is substituted by more accurate reference free energies.
We do the same here, using as reference free energy the virial

expression for SCNP. For our case, the bonding contribution
can then be expresses as in eq 7.

■ APPENDIX C: THE GENERALIZATION OF THE
SEMENOV-RUBINSTEIN THEORY TO M > 1

We are interested in extending the theory by Semenov and
Rubinstein in ref 13. to the case of polymer chains with
multiple sticker types m > 1.
We start from the original renormalized version of the

Semenov-Rubinstein theory, in which the reference state is a
solution of SCNPs with steric interactions encoded in βfex(c)
happening at the monomer−monomer level.13 Using a third-
order virial expansion in c, we get for the reference part of the
free energy density

f c c
N

c
eN

f c( ) log ( )ref ex= +i
k
jjj y

{
zzz (C1)

with βfex(c) = B2c2 + B3c3. Here B2 indicates the excluded
volume between two monomers and B3 is the third virial
coefficient.
To compute the interchain bonding contribution βf bond(c),

we leverage the same mean-field, polymer-science based
approach Semenov and Rubinstein use in their theory.
Following their original derivation, we first write the interchain
bonding partition function

Q Q
i

m
i

bond
1

bond
( )=

= (C2)

where Qbond
(i) indicates the partition function due to the

interaction between stickers of type i, of the form
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for each i ∈ {1,···, m}. Since each sticker can only bond with
one other sticker (provided they are of the same type), we have
the same partition function for each sticker type as the m = 1
case. To be more precise, Pcomb(i) is the number of ways of
pairing 2Np

(i) stickers out of their total number Nst
(i), Wi is the

probability that, in the absence of attractive interactions, all
Np
(i) stickers can be found close enough to the partner with

which they share a bond, and ( )exp S
k

v
v

i L

bB
= is the Boltzmann

factor linked to the entropy variation due to the breaking of an
intrachain bond. Then
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for each type of sticker. Keeping in mind that

f
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The next step is to minimize the total free energy density of the
system with respect to each degree of conversion qi to find the
equilibrium state. Such a minimization yields m equations that
provide the conditions for a minimum free energy

q

q
cv
L(1 )

i

i

L
2 =

(C7)

We note that the attractive volume of a bond is the same as
that of the m = 1 system, since it does not depend on the type
of the stickers. Solving these equations gives the value of the
degree of conversion q
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Substituting in eq C6, we finally get
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The full expression of the free energy density in this framework
is then

f c c
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which bears a significant similarity with the free energy density
of eq 9 in the main text. We note that, using the excess free
energy of ref13 in a good solvent, this extension of the theory
predicts the absence of phase separation for physically
reasonable values of m.

■ AUTHOR INFORMATION
Corresponding Author

Marco Cappa − Dipartimento di Fisica, Sapienza Universita ̀
di Roma, 00185 Rome, Italy; orcid.org/0009-0004-
6731-9523; Email: marco.cappa@uniroma1.it

Authors

Stefano Chiani − Department of Physics, University of
Ioannina, 451 10 Ioannina, Greece

Francesco Sciortino − Dipartimento di Fisica, Sapienza
Universita ̀ di Roma, 00185 Rome, Italy; orcid.org/0000-
0002-2418-2713

Lorenzo Rovigatti − Dipartimento di Fisica, Sapienza
Universita ̀ di Roma, 00185 Rome, Italy; orcid.org/0000-
0001-5017-2829

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.5c03522

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Sanat K. Kumar for helpful discussions. We
acknowledge support from Cineca-ISCRA for HPC resources.
L.R. acknowledges support from MUR-PRIN Grants No.
20225NPY8P and P2022JZEJR, funded by European Union
“NextGenerationEU”, Missione 4 Componente 2-CUP
B53D23028570001.

■ REFERENCES
(1) Fattah-Alhosseini, A.; Chaharmahali, R.; Alizad, S.; Kaseem, M.;
Dikici, B. A review of smart polymeric materials: Recent develop-
ments and prospects for medicine applications. Hybrid Adv. 2024, 5,
No. 100178.
(2) Wang, Y.; Meng, H.-M.; Song, G.; Li, Z.; Zhang, X.-B.
Conjugated-Polymer-Based Nanomaterials for Photothermal Ther-
apy. ACS Appl. Polym. Mater. 2020, 2, 4258.
(3) Das, P.; Ganguly, S.; Ahmed, S. R.; Sherazee, M.; Margel, S.;
Gedanken, A.; Srinivasan, S.; Rajabzadeh, A. R. Carbon Dot
Biopolymer-Based Flexible Functional Films for Antioxidant and
Food Monitoring Applications. ACS Appl. Polym. Mater. 2022, 4,
9323.
(4) Criado-Gonzalez, M.; Dominguez-Alfaro, A.; Lopez-Larrea, N.;
Alegret, N.; Mecerreyes, D. Additive Manufacturing of Conducting
Polymers: Recent Advances, Challenges, and Opportunities. ACS
Appl. Polym. Mater. 2021, 3, 2865.
(5) Xiao, L.; Chen, X.; Yang, X.; Sun, J.; Geng, J. Recent Advances in
Polymer-Based Photothermal Materials for Biological Applications.
ACS Appl. Polym. Mater. 2020, 2, 4273.
(6) Bailey, M. H.; Wilson, M. Self assembly of model polymers into
biological random networks. Comput. Struct. Biotechnol. J. 2021, 19,
1253.
(7) Matange, K.; Marland, E.; Frenkel-Pinter, M.; Williams, L. D.
Biological Polymers: Evolution, Function, and Significance. Acc.
Chem. Res. 2025, 58, 659.
(8) Ranganathan, S.; Shakhnovich, E. I. Dynamic metastable long-
living droplets formed by sticker-spacer proteins. eLife 2020, 9,
No. e56159.
(9) Borandeh, S.; van Bochove, B.; Teotia, A.; Seppälä, J. Polymeric
drug delivery systems by additive manufacturing. Adv. Drug Delivery
Rev. 2021, 173, 349.
(10) Salari, N.; Faraji, F.; Mansouri Torghabeh, F.; Faraji, F.;
Mansouri, K.; Farzaneh, A.; Shohaimi, S.; Akbari, H.; Mohammadi,
M. Polymer-based drug delivery systems for anticancer drugs: A
systematic review. Cancer Treat. Res. Commun. 2022, 32, No. 100605,
DOI: 10.1016/j.ctarc.2022.100605.
(11) Flory, P. J. Thermodynamics of High Polymer Solutions. J.
Chem. Phys. 1941, 9, 660.
(12) Huggins, M. L. Theory of Solutions of High Polymers1. J. Am.
Chem. Soc. 1942, 64, 1712.
(13) Semenov, A. N.; Rubinstein, M. Thermoreversible Gelation in
Solutions of Associative Polymers. 1. Statics.Macromolecules 1998, 31,
1373.
(14) Hoy, R. S.; Fredrickson, G. H. Thermoreversible associating
polymer networks. I. Interplay of thermodynamics, chemical kinetics,
and polymer physics. J. Chem. Phys. 2009, 131, No. 224902.
(15) Choi, J.-M.; Hyman, A. A.; Pappu, R. V. Generalized models for
bond percolation transitions of associative polymers. Phys. Rev. E
2020, 102, No. 042403.
(16) Danielsen, S. P. O.; Semenov, A. N.; Rubinstein, M. Phase
Separation and Gelation in Solutions and Blends of Heteroassociative
Polymers. Macromolecules 2023, 56, 5661.
(17) Xia, J.; Olvera de la Cruz, M. Dynamics and Structure of
Unentangled Associative Polymers. Macromolecules 2024, 57, 8793.
(18) Jedlinska, Z. M.; Riggleman, R. A. Orthogonal Phase Separation
through Associative Interactions in Polymer Blends. Macromolecules
2025, 58, 12693.
(19) Chen, X.; Vishnu, J. A.; Besenius, P.; König, J.; Schmid, F.
Dilute but Dense − Reversible Crosslinking Enables Water-Rich
(Bio)polymer Condensates Adv. Sci.e19636.
(20) Mahmad Rasid, I.; Ramirez, J.; Olsen, B. D.; Holten-Andersen,
N. Understanding the molecular origin of shear thinning in associative
polymers through quantification of bond dissociation under shear.
Phys. Rev. Mater. 2020, 4, No. 055602.
(21) Abdala, A. A.; Tonelli, A. E.; Khan, S. A. Modulation of
Hydrophobic Interactions in Associative Polymers Using Inclusion
Compounds and Surfactants. Macromolecules 2003, 36, 7833.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c03522
Macromolecules 2026, 59, 6006−6015

6014

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Cappa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-6731-9523
https://orcid.org/0009-0004-6731-9523
mailto:marco.cappa@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Chiani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Sciortino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2418-2713
https://orcid.org/0000-0002-2418-2713
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Rovigatti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5017-2829
https://orcid.org/0000-0001-5017-2829
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03522?ref=pdf
https://doi.org/10.1016/j.hybadv.2024.100178
https://doi.org/10.1016/j.hybadv.2024.100178
https://doi.org/10.1021/acsapm.0c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c01579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c01579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c01579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.1c00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.csbj.2021.02.001
https://doi.org/10.1016/j.csbj.2021.02.001
https://doi.org/10.1021/acs.accounts.4c00546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.7554/eLife.56159
https://doi.org/10.7554/eLife.56159
https://doi.org/10.1016/j.addr.2021.03.022
https://doi.org/10.1016/j.addr.2021.03.022
https://doi.org/10.1016/j.ctarc.2022.100605
https://doi.org/10.1016/j.ctarc.2022.100605
https://doi.org/10.1016/j.ctarc.2022.100605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1750971
https://doi.org/10.1021/ja01259a068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma970616h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma970616h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3268777
https://doi.org/10.1063/1.3268777
https://doi.org/10.1063/1.3268777
https://doi.org/10.1103/PhysRevE.102.042403
https://doi.org/10.1103/PhysRevE.102.042403
https://doi.org/10.1021/acs.macromol.3c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c01235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c01235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c02149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c02149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202519636
https://doi.org/10.1002/advs.202519636
https://doi.org/10.1103/PhysRevMaterials.4.055602
https://doi.org/10.1103/PhysRevMaterials.4.055602
https://doi.org/10.1021/ma034173v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma034173v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma034173v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c03522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Feldman, K. E.; Kade, M. J.; Meijer, E. W.; Hawker, C. J.;
Kramer, E. J. Model Transient Networks from Strongly Hydrogen-
Bonded Polymers. Macromolecules 2009, 42, 9072.
(23) Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Self-
healing and thermoreversible rubber from supramolecular assembly.
Nature 2008, 451, 977.
(24) Denissen, W.; Winne, J. M.; Du Prez, F. E. Vitrimers:
permanent organic networks with glass-like fluidity. Chem. Sci. 2016,
7, 30.
(25) Montarnal, D.; Capelot, M.; Tournilhac, F.; Leibler, L. Silica-
Like Malleable Materials from Permanent Organic Networks. Science
2011, 334, 965.
(26) Choi, J. M.; Holehouse, A. S.; Pappu, R. V. Physical Principles
Underlying the Complex Biology of Intracellular Phase Transitions.
Annu. Rev. Biophys. 2020, 49, 107−133, DOI: 10.1146/annurev-
biophys-121219-081629.
(27) Chen, X.; Vishnu, J. A.; Besenius, P.; König, J.; Schmid, F. Sol-
Gel Transition in Heteroassociative RNA-Protein Solutions: A
Quantitative Comparison of Coarse-Grained Simulations and the
Semenov-Rubinstein Theory. Macromolecules 2025, 58, 3331.
(28) Smallenburg, F.; Leibler, L.; Sciortino, F. Patchy particle model
for vitrimers. Phys. Rev. Lett. 2013, 111, No. 188002.
(29) Rovigatti, L.; Nava, G.; Bellini, T.; Sciortino, F. Self-dynamics
and collective swap-driven dynamics in a particle model for vitrimers.
Macromolecules 2018, 51, 1232.
(30) Xia, J.; Kalow, J. A.; Olvera de la Cruz, M. Structure, Dynamics,
and Rheology of Vitrimers. Macromolecules 2023, 56, 8080
DOI: 10.1021/ACS.MACROMOL.3C01366.
(31) Gonzalez-Burgos, M.; Latorre-Sanchez, A.; Pomposo, J. A.
Advances in Single Chain Technology. Chem. Soc. Rev. 2015, 44,
6122−6142, DOI: 10.1039/C5CS00209E.
(32) Rothfuss, H.; Knöfel, N.; Roesky, P.; Barner-Kowollik, C.
Single-Chain Nanoparticles as Catalytic Nanoreactors. J. Am. Chem.
Soc. 2018, 140, 5875 DOI: 10.1021/jacs.8b02135.
(33) Moreno, A. J.; Bacova, P.; Lo Verso, F.; Arbe, A.; Colmenero,
J.; Pomposo, J. A. Effect of chain stiffness on the structure of single-
chain polymer nanoparticles. J. Phys.:Condens. Matter 2018, 30,
No. 034001.
(34) Verde-Sesto, E.; Arbe, A.; Moreno, A. J.; Cangialosi, D.; Alegría,
A.; Colmenero, J.; Pomposo, J. A. Single-chain nanoparticles:
opportunities provided by internal and external confinement. Mater.
Horiz. 2020, 7, 2292.
(35) Whitaker, D. E.; Mahon, C. S.; Fulton, D. A. Thermoresponsive
Dynamic Covalent Single-Chain Polymer Nanoparticles Reversibly
Transform into a Hydrogel. Angew. Chem., Int. Ed. 2013, 52, 956.
(36) Ruiz-Bardillo, A.; Asenjo-Sanz, I.; Verde-Sesto, E.; Porcar, L.;
Kohlbrecher, J.; Pomposo, J. A.; Moreno, A. J.; Arbe, A.; Colmenero,
J. Bond-Reversibility Effects on Self-Crowding of Unimacromolecular
Nano-Objects. ACS Macro Lett. 2025, 14, 1389.
(37) Rovigatti, L.; Sciortino, F. Designing enhanced entropy binding
in single-chain nanoparticles. Phys. Rev. Lett. 2022, 129, No. 047801.
(38) Rovigatti, L.; Sciortino, F. Entropy-driven phase behavior of
associative polymer networks. SciPost Phys. 2023, 15, No. 163,
DOI: 10.21468/SciPostPhys.15.4.163.
(39) Tosti Guerra, F.; Marini, F.; Sciortino, F.; Rovigatti, L. Entropy-
driven phase behavior of all-DNA associative polymers. J. Chem. Phys.
2025, 163, No. 094902.
(40) Hill, T. L. An Introduction to Statistical Thermodynamics;
Courier Corporation, 2012.
(41) Sciortino, F.Proceedings of the International School of Physics
Enrico Fermi. 2016; Vol. 193, pp 1−17.
(42) Choi, J.-M.; Hyman, A. A.; Pappu, R. V. Generalized models for
bond percolation transitions of associative polymers. Phys. Rev. E
2020, 102, No. 042403.
(43) McCarty, J.; Delaney, K. T.; Danielsen, S. P. O.; Fredrickson,
G. H.; Shea, J.-E. Complete Phase Diagram for Liquid-Liquid Phase
Separation of Intrinsically Disordered Proteins. J. Phys. Chem. Lett.
2019, 10, 1644.

(44) Wertheim, M. S. Fluids with highly directional attractive forces.
I. Statistical thermodynamics. J. Stat. Phys. 1984, 35, 19.
(45) Chapman, W. G.; Jackson, G.; Gubbins, K. E. Phase equilibria
of associating fluids: chain molecules with multiple bonding sites.Mol.
Phys. 1988, 65, 1057.
(46) Mahmad Rasid, I.; Do, C.; Holten-Andersen, N.; Olsen, B. D.
Effect of sticker clustering on the dynamics of associative networks.
Soft Matter 2021, 17, 8960.
(47) Feldman, K. E.; Kade, M. J.; Meijer, E. W.; Hawker, C. J.;
Kramer, E. J. Model Transient Networks from Strongly Hydrogen-
Bonded Polymers. Macromolecules 2009, 42, 9072.
(48) Russo, J.; Tartaglia, P.; Sciortino, F. Reversible gels of patchy
particles: Role of the valence. J. Chem. Phys. 2009, 131, No. 014504.
(49) Kremer, K.; Grest, G. S. Dynamics of entangled linear polymer
melts: A molecular-dynamics simulation. J. Chem. Phys. 1990, 92,
5057.
(50) Weeks, J. D.; Chandler, D.; Andersen, H. C. Role of Repulsive
Forces in Determining the Equilibrium Structure of Simple Liquids. J.
Chem. Phys. 1971, 54, 5237.
(51) Stillinger, F. H.; Weber, T. A. Computer simulation of local
order in condensed phases of silicon. Phys. Rev. B 1985, 31, No. 5262.
(52) Gado, E. D.; Kob, W. Length-Scale-Dependent Relaxation in
Colloidal Gels. Phys. Rev. Lett. 2007, 98, No. 028303.
(53) Saw, S.; Ellegaard, N. L.; Kob, W.; Sastry, S. Structural
Relaxation of a Gel Modeled by Three Body Interactions. Phys. Rev.
Lett. 2009, 103, No. 248305.
(54) Sciortino, F. Three-body potential for simulating bond swaps in
molecular dynamics. Eur. Phys. J. E 2017, 40, No. 3, DOI: 10.1140/
epje/i2017-11496-5.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c03522
Macromolecules 2026, 59, 6006−6015

6015

https://doi.org/10.1021/ma901668w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma901668w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature06669
https://doi.org/10.1038/nature06669
https://doi.org/10.1039/C5SC02223A
https://doi.org/10.1039/C5SC02223A
https://doi.org/10.1126/science.1212648
https://doi.org/10.1126/science.1212648
https://doi.org/10.1146/annurev-biophys-121219-081629
https://doi.org/10.1146/annurev-biophys-121219-081629
https://doi.org/10.1146/annurev-biophys-121219-081629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-biophys-121219-081629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c03065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c03065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c03065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c03065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.111.188002
https://doi.org/10.1103/PhysRevLett.111.188002
https://doi.org/10.1021/acs.macromol.7b02186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b02186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ACS.MACROMOL.3C01366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ACS.MACROMOL.3C01366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ACS.MACROMOL.3C01366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CS00209E
https://doi.org/10.1039/C5CS00209E?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-648X/aa9f5c
https://doi.org/10.1088/1361-648X/aa9f5c
https://doi.org/10.1039/D0MH00846J
https://doi.org/10.1039/D0MH00846J
https://doi.org/10.1002/anie.201207953
https://doi.org/10.1002/anie.201207953
https://doi.org/10.1002/anie.201207953
https://doi.org/10.1021/acsmacrolett.5c00512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5c00512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.129.047801
https://doi.org/10.1103/PhysRevLett.129.047801
https://doi.org/10.21468/SciPostPhys.15.4.163
https://doi.org/10.21468/SciPostPhys.15.4.163
https://doi.org/10.21468/SciPostPhys.15.4.163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0279969
https://doi.org/10.1063/5.0279969
https://doi.org/10.1103/PhysRevE.102.042403
https://doi.org/10.1103/PhysRevE.102.042403
https://doi.org/10.1021/acs.jpclett.9b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF01017362
https://doi.org/10.1007/BF01017362
https://doi.org/10.1080/00268978800101601
https://doi.org/10.1080/00268978800101601
https://doi.org/10.1039/D1SM00392E
https://doi.org/10.1021/ma901668w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma901668w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3153843
https://doi.org/10.1063/1.3153843
https://doi.org/10.1063/1.458541
https://doi.org/10.1063/1.458541
https://doi.org/10.1063/1.1674820
https://doi.org/10.1063/1.1674820
https://doi.org/10.1103/PhysRevB.31.5262
https://doi.org/10.1103/PhysRevB.31.5262
https://doi.org/10.1103/PhysRevLett.98.028303
https://doi.org/10.1103/PhysRevLett.98.028303
https://doi.org/10.1103/PhysRevLett.103.248305
https://doi.org/10.1103/PhysRevLett.103.248305
https://doi.org/10.1140/epje/i2017-11496-5
https://doi.org/10.1140/epje/i2017-11496-5
https://doi.org/10.1140/epje/i2017-11496-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1140/epje/i2017-11496-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c03522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

