
PHYSICAL REVIEW E 106, 044403 (2022)

Dynamics of protein condensates in weak-binding regime
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Weak complementary interactions between proteins and nucleic acids are the main driving forces of in-
tracellular liquid-liquid phase separation. The sticker-spacer model has emerged as a unifying principle for
understanding the phase behavior of these multivalent molecules. It remains elusive how specific interactions
mediated by stickers contribute to the rheological properties of the liquid condensates. Previous studies have
revealed that for strong binding strength εb, the bulk diffusivity D depends on the effective bond lifetime τ ,
viz., D ∝ τ−1. Consequently, equal concentrations of the complementary stickers induce a slow down in the
dynamics of the condensates D ∝ e−1.5εb . However, for weak-binding strength, it is expected that the resulting
condensates are dynamic, loose network liquids rather than kinetically arrested, compact clusters. We develop
a mean-field theory using the thermodynamics of the associative polymers and perform molecular-dynamics
simulations based on the sticker-spacer model to study the controlling factors in the structure and dynamics
of such condensates in the weak-binding regime. Through scaling analysis, we delineate how the free sticker
fraction Wf and the bulk diffusivity D decrease with increasing binding energy and find that the internal dynamics
of such network liquids are controlled by the free sticker fraction D ∝ Wf ∝ e−0.5εb rather than the effective bond
lifetime. Referred to as the free-sticker-dominated diffusivity, the microscopic slowdown due to a gradual loss
of the free stickers affects the viscosity of the condensates as well, with the scaling of the zero-shear viscosity
η ∝ e0.5εb . Therefore, the way of controlling the structure, diffusivity, and viscosity of the condensates through
the binding energy can be tested experimentally.
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I. INTRODUCTION

Liquid-liquid phase separation (LLPS) driven by multi-
valent proteins and nucleic acids has emerged as a general
solution utilized by cells to realize intracellular spatiotem-
poral organization [1–5]. Depending on factors such as pH,
ATP, chaperones, and salt concentrations, these protein-rich
condensates exhibit tunable liquidity [2,6–15] and can mature
over time [16–19]. Loss of internal dynamics and subsequent
solidification are often implicated in diseases [8,20–23]. De-
spite the crucial significance of condensates dynamics, its
molecular origins remain unclear. A recent experimental study
suggests that protein condensates are viscoelastic Maxwell
fluids with age-dependent material properties [16]. Questions
have arisen regarding the molecular underpinnings of the
macroscopic rheologic properties.

Recent studies have established that proteins harboring
intrinsically disordered regions are the main drivers of intra-
cellular LLPS [11,24–26], whose phase behaviors have been
analyzed based on the sticker-spacer model for associative
polymers [26–31]. This coarse-grained model is based on the
dichotomy between domains involved in specific interactions

*These authors contributed equally to this work.
†Corresponding author: chunlair@nju.edu.cn
‡Corresponding author: myqiang@nju.edu.cn

(stickers) and those involved in nonspecific interactions (spac-
ers) [28]. The composition of the condensates is dictated by
the sequence encoded interactions as well. For example, many
protein-RNA condensates are reported to form via the process
of complex coacervation [7,18].

Associative polymers can form network liquids (physical
gels) through specific noncovalent interactions among the
stickers. Crucially, such network fluids bear some resem-
blance to the phenomenological Maxwell fluids, in that both
possess viscoelastic properties and characteristic time scales
(relaxation times). The sticker-spacer paradigm can thus be
developed to uncover the invisible microscopic processes
dictating the macroscopic relaxation times. Although the sol-
ubility of the spacers affects both the compactness of such
network liquids and lower threshold concentrations for phase
separation as well [29,32], one can expect that for dilute pro-
tein condensates [10,33], the dynamics of such bond network
is controlled by stickers. Ronceray et al. recently showed that
in systems driven by strong, complementary interactions, the
bulk diffusivity decreases significantly at balanced stoichiom-
etry, due to a substantial increase in the bond lifetime as free
stickers become sparse [34]. We refer to the mechanism as the
bond-breakage-limited diffusivity.

While much emphasis has been put on the strong-binding
regime, the weak-binding regime receives less attention.
Does the bond-breakage-limited diffusivity hold in the weak-
binding regime? What is the leading factor that controls
the structure and dynamics of the liquid condensates in this
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FIG. 1. (a) Schematic of multivalent proteins with associative
domains (A colored in blue and B in orange). (b) Depiction of
liquid network within dense phase stabilized by transient intermolec-
ular bonds, where the weak-binding energy allows coexistence of
bound (dashed black circle) with free (dashed purple circles) stickers.
(c) MD model for multivalent proteins. (d) A simulation snapshot of
dense phase as an open network, with many free stickers (as shown
in its enlargement).

regime? In this work, we try to answer these questions. We
develop a mean-field theory to relate the free sticker frac-
tion to the diffusivity and disscuss the the rationale behind
the free-sticker-dominated diffusivity. We then study the dy-
namics of associative polymers with complementary stickers
via molecular-dynamics simulations, from which we esti-
mate bond relaxation times, self-diffusivity, viscosity, and
free sticker fraction. We find that the ability of stoichiom-
etry to control bond fraction is compromised by the weak
binding strength, as we observe the coexistence of free and
bound stickers at equal valences and balanced stoichiome-
try. The bulk diffusivity is proportional to the free sticker
fraction, rather than the reciprocal of the bond lifetime, in
agreement with the expected scaling behavior of the free-
sticker-dominated mechanism of dynamics slowdown.

II. MEAN-FIELD THEORY

We consider a system consisting of two types of chains,
each composed of either mA sticker A or mB sticker B, as
schematized in Fig. 1(a), where mA, mB are referred to as
valences. Each sticker can form one and only one bond with
its partner of binding energy −εb (in the unit of kBT ). In
the weak-binding regime, free stickers coexist with bound
stickers, as highlighted in the purple and black circle(s) in
Fig. 1(b), respectively. In addition to binding energy, there
are three control parameters, namely the difference in valence
between two kinds of chains �m = mA − mB, sticker total
concentration n = nA + nB, and stoichiometry δ = nA − nB,
where nA and nB is the number density of A and B.

Let V be the volume of the box. The partition function of
forming Nb bonds out of V nA A stickers and V nB B stickers is
[32]

Z (Nb) = PWBonds, (1)

where WBonds is the number of different ways to select Nb pairs
of stickers, which reads

WBonds =
(

V nA

Nb

)(
V nB

Nb

)
Nb!. (2)

P is the probability that Nb stickers are close to their partners
and form Nb bonds, assuming that formation of bonds is
independent of one another:

P =
(v0

V

)Nb

eNbεb, (3)

where the volume of sticker v0 = 4πr3
0/3, and V is the volume

of the box.
The free energy density is

β f = − 1

V
ln(Z )

= φB[(1 − pB) ln(1 − pB) + pB ln(pB)]

+φA

[
(1 − pA)ln(1 − pA) − pA ln

(
φA

e

)
− pAεb

]
,

(4)

where pi = Nb/Ni, φi = niv0, i = A, B is the bond fraction
and the volume fraction of sticker i, respectively.

The number of bound A equals the number of bound B :

pAφA = pBφB. (5)

Minimization of the free energy density with respect to the
bond fraction pA, pB yields the detailed balance condition

e−εb pBφB = (1 − pB)(1 − pA)φAφB. (6)

We express bond fraction as a function of the difference
in concentration between the two components δv0 = φA − φB

and their total concentration φ = φA + φB as

pA = φ + e−εb

φ + δv0
−

√(
φ + e−εb

φ + δv0

)2

− φ − δv0

φ + δv0
, (7)

pB = φ + e−εb

φ − δv0
−

√(
φ + e−εb

φ − δv0

)2

− φ + δv0

φ − δv0
. (8)

The free sticker concentration is written:

Wf = (1 − pA)
φA

φ
+ (1 − pB)

φB

φ

= 2
√

nAB

n
v−0.5

0 e−0.5εb

(
1 + v0δ

2

4nABe−εb

)0.5

, (9)

where nAB = Nb/V is the density of bonds. We can infer from
Eq. (9) that extremely imbalanced stoichiometry is sufficient
to fluidify condensates, in which case the effect of binding
strength is screened out and the fraction of free stickers is that
of the sticker in excess. On the contrary, at nearly balanced
stoichiometry, the free sticker fraction shows a strong depen-
dence on the binding energy, viz.,

Wf ≈
{ |δ|

n , v0δ
2 � nABe−εb

2
√

nAB

n v−0.5
0 e−0.5εb, v0δ

2 � nABe−εb .
(10)

The probability P(n f ) that a chain mA = m has n f free
stickers is given by the binomial distribution, which is the
most probable distribution given the average bond fraction:

P(n f ) =
(

m

n f

)
(1 − pA)n f p

m−n f

A . (11)
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Substation of pA in Eq. (11) for its equilibrium value given
in Eq. (7) yields the theoretical predictions.

To relate the equilibrium structure to the dynamics of the
condensates, we assume that the free and bound stickers con-
tribute independently to the diffusivity and decompose the
diffusion coefficient D into two parts accordingly. There are
only intermolecular bonds in such systems and thus all bonds
contribute equally to the macroscopic dynamics. Namely, we
propose the following expression for the diffusivity:

D = D0

[
Wf + (1 − Wf )

τ0

τ

]
, (12)

where D0 is the diffusivity of a free sticker given by D0 =
r2

0/τ0 and τ0 is a microscopic time and the free sticker fraction
Wf given in Eq. (9) and (10). The effective bond lifetime τ can
be expressed as [34]

τ = τ0eεb

[
1 + 1

vcageWf

]
. (13)

The denominator of the second addend Wf vcage � 1 in the
weak-binding regime, due to the fast internal dynamics and
an abundance of free stickers. Dropping the second addend in
Eq. (13) yields

τ ≈ τ0eεb . (14)

In the strong-binding regime, the former two partners may
rebind to each other many times, until either of them finds
a new partner, thus the diffusion coefficient approaches the
inverse effective bond lifetime D ≈ τ−1.

In the weak-binding regime, however, the probability that
either of the two former partners binds to another nearby
partner immediately after a bond-breaking event is small,
(1 − Wf )τ−1 � Wf τ

−1
0 ; the scaling of the diffusion coeffi-

cient echoes that of the free sticker fraction. We refer to the
microscopic mechanism as the free-sticker-dominated diffu-
sivity, which predicts that

D ∝ Wf . (15)

Under the condition of nearly balanced stoichiometry, the
prefactor in Eq. (10) varies relatively slowly, hence the free
sticker fraction decreases with the binding energy as

Wf ∝ e−0.5εb . (16)

Combining Eq. (16) with Eq. (15), we obtain

D ∝ e−0.5εb . (17)

The scaling behavior given by Eqs. (15)–(17) is our central
prediction.

III. MOLECULAR-DYNAMICS SIMULATION

To validate our predictions within a more realistic multi-
valent protein framework, we adopt the model used in [34]
and perform molecular-dynamics (MD) simulations of a two-
component mixture of bead-spring polymers, where each bead
represents a sticker, as sketched in Fig. 1(c).

The beads are connected by finite extensible nonlinear
elastic (FENE) bonds described by the following potential:

Eb(r) = −KR2
0

2
ln

[
1 −

( r

R0

)2]
. (18)

We set the stiffness coefficient K = 3, and the maximum
extent of the bond R0 = 3.

To enable association between a pair of stickers, an attrac-
tive potential is applied to them, which reads

Ea(r) =
⎧⎨
⎩

E0

[
1 + cos

(πr

rc

)]
, r < rc

0, r � rc

, (19)

where the interaction strength E0 is negative, indicating a well
between the complementary stickers of width rc. We set the
cutoff to rc = 0.3.

The binding energy εb is related to the interaction strength
E0, via

εb = ln

(∫ rc

0 4πr2e−Ea (r)dr

4πr3
c /3

)
, (20)

with E0 being negative, the Boltzmann factor of forming a
bond if the distance between a sticker and its partner is smaller
than rc is greater than one, e−Ea (r) > 1. Thus, the integral εb is
positive, and the binding energy −εb is negative.

To ensure that a bond forms only between a pair of com-
plementary stickers, we simulate the repulsive interactions
between stickers of the same type through the truncated
Lennard-Jones potential which reads

Er (r) =
{

4ε
[(

σ
r

)12 − (
σ
r

)6]
, r < rc

0, r � rc
. (21)

We set rc = 21/6σ , and ε = 1, σ = 0.6. The equilibrium
linker length r0 is determined by the force balance condition
∂rEb = −∂rEr , which yields r0 ≈ 1.12σ .

We simulate systems with either unequal valences or im-
balanced stoichiometry at fixed concentrations, and systems
with different concentrations at equal valences and stoichiom-
etry. In each case, we systematically vary the binding energy.
We use normalized energy kBT = 1 and set the bead mass
m = 1. Simulations are performed on an NVT ensemble with
Langevin thermostat at T = 1.0 in a cubic box of volume
V = 103 with the periodic boundary conditions in all direc-
tions. We set the damping parameter to 0.5 and the time step
to 0.005. We first anneal the systems via varying E0 from zero
to its final value in 108 time steps, and then simulate again
for 106 time steps for relaxation. We repeat the simulation
10 times for each binding energy. For each replica, we av-
erage the results over 104 data points. Statistical error bars
are smaller than the symbol size. Simulations were performed
using the LAMMPS software package [35].

IV. RESULTS

We first deploy MD simulations to query the impacts
of binding energy on condensates structure. In the weak-
binding regime, equal valences (�m = 0) and balanced
stoichiometry (δ = 0) cannot ensure exhaustion of free stick-
ers [Fig. 1(d)]. According to the Flory-Stockmayer theory
[36,37], a system-spanning network emerges from a solution
of dispersed monomers and oligomers as the average bond
fraction achieves a threshold value, known as the gel point.
We measure the average bond fraction of the two components
and determine their relative distance to the gel point, which is
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FIG. 2. (a) Relative distance to the gel point for A (filled symbols) and B (open symbols) as a function of binding energy. (b) Probability
distribution of a chain (mA = 6) carrying nf free stickers. Symbols are MD simulations and dashed lines are binomial distributions predicted by
theory [Eq. (11) ]. (c) The free sticker fraction as a function of the binding energy. Parameters for all plots read: For stars, mA = mB = 6, n =
1.73, δ = 0; for triangles, mA = 6, mB = 4, n = 1.73, δ = 1.4; for pentagons, mA = mB = 6, n = 1.2, δ = 0; and for circles, mA = 6, mB =
4, n = 1.73, δ = 0. Different colors correspond to different binding energy.

given by

�i = nAB

ni pgi
− 1, (22)

where pgi = 1/(mi − 1), i = A, B is the gel point based on the
Flory-Stockmayer theory [36,37] and nAB is the density of
bonds. We plot the results in Fig. 2(a), from which we find
that the bond fraction of the two components is above the gel
point �A,B > 0 in all systems, indicating that a condensate-
spanning network occurs.

Due to the rapid internal dynamics, physical gels in the
weak-binding regime are equilibrium structures as opposed
to the metastable clusters in the strong-binding regime [38]. It
then follows that for a given chain, the probability distribution
of the number of bonds it forms confirms to a binomial distri-
bution. We then determine the probability distribution P(n f )
of a single chain (mA = 6) with n f free stickers from the MD
simulations [symbols in Fig. 2(b), the length of errorbar is
smaller than the symbol size], which is in good agreement
with the theoretically predicted binomial distributions [dashed
lines in Fig. 2(b), explicit expression given by Eq. (11)]. Thus,
the mean-field treatment relates the structure features to the
molecular interactions in the weak-binding regime.

For network liquids, there is an effective mesh size that
dictates the size-scale dependent molecular permeability, vi-
sualized by the size dependent viscosity of probe particles
[33], as is the case for other complex fluids [39,40]. Probes
that are much smaller than the effective mesh size are blind
to the presence of the polymer networks. The viscosity due
to the surrounding networks increases with increasing probe
radius and approaches a plateau value. The effective mesh
size ξ can be characterized by the average distance between
bonds, analogous to that between the points of entangle-
ment in semidilute polymer solutions [39]. Assume that a
typical section of a chain between interchain bonds is much
larger than correlation blob strand, a scaling picture yields
ξi ≈ Ri

g(mi pi )−1/2. Above the gel point, there is (mi pi )−1/2 <

(mi pgi )−1/2 < 1, i = A, B, implying that the effective mesh
size is smaller than the size of the polymer coil Ri

g and de-
creases as the relative distance of the bond fraction to the gel
point increases. Decreasing binding energy leads to a looser

network, as indicated by the right shift of P(n f ) and smaller
relative distance to the gel point �A,B.

The degree of looseness is also reflected in the free sticker
fraction Wf = 1 − 2nAB/n. Under the condition of nearly bal-
anced stoichiometry, we expect that the free sticker fraction
decreases with the binding energy as Wf ∝ e−0.5εb [dashed
line in Fig. 2(c)]. Simulation results confirm the scaling [sym-
bols in Fig. 2(c)].

We then characterize the dynamics of condensates. To aid
comparison, we take the time τ0 took for a sticker to diffuse
a distance of the equilibrium linker length r0 as the unit of
time τ0 = 1. We quantify the bond relaxation process through
estimation of the average bond lifetime τ via [34]

τ =
∫ ∞

0

C(�t )

C(0)
d�t, (23)

where �t is the lag time and C(�t ) the autocorrelation func-
tions given by

C(�t ) =
〈∑

i, j

Ai j (t )Ai j (t + �t )

〉
t

. (24)

The bond adjacency matrix Ai j (t ) vanishes except that at
time t , the distance between sticker i and j is less than the
attractive range rc. The probability that a bond formed at
t = 0 does not break at t = �t can be approximated by the
normalized autocorrelation function

c(�t ) = C(�t )

C(0)
. (25)

We can infer from Fig. 3(a) that, as binding strength in-
creases, bonds are reversible since all curves decay to zero,
while harder to break, as c(�t ) becomes greater. Prior studies
reported that equal valences and balanced stoichiometry lead
to a sizable increase in bond lifetime τ � eεb [34,38]. In
contrast, we find that τ ∝ eεb , indicating that the effect of both
factors on bond lifetime is negligible [Fig. 3(b)].

To characterize the liquidity of the condensates, we first
record the average mean squared displacement (MSD) of
stickers as a function of the lag time. The results are shown
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FIG. 3. (a) Normalized average autocorrelation plotted against lag time. (b) Bond lifetime as a function of binding energy. (c) Mean
squared displacement (MSD) of all stickers as a function of lag time, where the dotted line indicates the normal diffusive scaling MSD(t ) ∝ t .
(d) Correlation between diffusion coefficient and free sticker fraction, where dashed line indicates a linear relation. (e) Diffusion coefficient
as a function of binding energy. (f) Viscosity obtained via the Green-Kubo relation and long-time diffusion coefficient of stickers confirm
the Einstein relation, D ∝ η−1. Parameters for symbols read as follows: for stars, mA = mB = 6, n = 1.73, δ = 0; for triangles, mA = 6, mB =
4, n = 1.73, δ = 1.4; for pentagons, mA = mB = 6, n = 1.2, δ = 0; and for circles, mA = 6, mB = 4, n = 1.73, δ = 0. Colors code for the
binding energy. Parameters for (a) and (c): mA = mB = 6, n = 1.73, δ = 0.

in Fig. 3(c), where the short-time MSD represents vibra-
tion of stickers. The longtime MSD increases linearly with
lag time, confirming the diffusive scaling [dotted line in
Fig. 3(c)], suggesting that the condensates behave like liq-
uids, unlike elastic solids, where the atoms can only vibrate
about their equilibrium position. The width of the plateau in
between indicates the relaxation time. As the binding energy
increases, the plateau becomes wider, and the time scale on
which the condensates exhibit liquidlike behavior becomes
longer.

We extract the long-time diffusion coefficient D from MSD
by linear fitting. We find that the long-time diffusion coeffi-
cient correlates with the free sticker fraction [Fig. 3(d)] and
that as the binding energy increases, the diffusivity decreases
as D ∝ e−0.5εb [dash-dot line in Fig. 3(e)], which echo our
theoretical predictions that the diffusivity is controlled by
the fraction of the free stickers [Eqs. (15) and (17)]. Fur-
thermore, our data deviate from the reciprocal relation D ∝
τ−1 ∝ e−εb [dotted line in Fig. 3(e)], which is the signature of
the bond-breakage-limited diffusivity [34]. Besides, slightly
imbalanced stoichiometry [triangles in Fig. 3(e)] and lower
concentration [pentagons in Fig. 3(e)] lead to a slight increase
in diffusivity without altering the aforementioned scaling. The
difference between equal and unequal valences [stars and cir-
cles in Fig. 3(e), respectively] in the diffusivity is negligible.
Taken together, in the weak-binding regime, there is a novel
route to slowing dictated by the free sticker fraction rather
than the bond lifetime.

We then estimate the zero-shear viscosity from pressure
fluctuations from equilibrium simulations. The Green-Kubo
relation for the equilibrium shear viscosity reads [41]

η = V

kBT

∫ ∞

0
〈Pi j (t )Pi j (t + t ′)〉t dt ′, (26)

where i and j = x, y, z, and Pi j is one of the three compo-
nents of the traceless symmetric part of of the pressure tensor,
Pxy, Pyz, Pxz. The equation for Pi j is given by [41]

Pi j = 1

V

N∑
α=1

mαvαivα j + 1

V

N∑
α=1

rαiFα j, (27)

where N is the number of atoms, and rαi and Fαi are the i
component of the position and force vector of atom α.

We plot the viscosity against the long-time diffusion co-
efficient in Fig. 3(f), from which we observe that as binding
energy increases, viscosity increases in a manner that confirms
D ∝ η−1 [dotted line in Fig. 3(f)], consistent with the long-
time diffusivity being related to the zero-shear viscosity via
the Einstein relation. Theoretically, we can estimate the vis-
cosity due to the relaxation of the stickers via η ∝ τm, where
τm is the corresponding macroscopic relaxation time given by
τm = r2

0D−1. Then it follows that the viscosity changes with
the binding energy as η ∝ e0.5εb , which is also verified by the
simulations (Fig. 4).
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FIG. 4. The zero-shear viscosity increases with the binding en-
ergy. Parameters for symbols read as follows: for stars, mA = mB =
6, n = 1.73, δ = 0; for triangles, mA = 6, mB = 4, n = 1.73, δ =
1.4; for pentagons, mA = mB = 6, n = 1.2, δ = 0; and for cir-
cles, mA = 6, mB = 4, n = 1.73, δ = 0. Colors code for the binding
energy.

V. SUMMARY AND DISCUSSION

In this manuscript, we have proposed a way of controlling
the dynamics of the liquid condensates in the weak-binding
regime. By combining the MD simulations and mean-field
theory based on the sticker-spacer model, we reveal that the
long-time diffusivity and the macroscopic viscosity of the net-
work liquids correlate with the free sticker fraction, whereby
the internal dynamics slows down as the binding strength
increases due to the gradual loss of free stickers, i.e., D ∝
Wf ∝ e−0.5εb and η ∝ D−1 ∝ e0.5εb . We term the mechanism
as the free-sticker-dominated diffusivity. At first glance, the
mechanism might seem odd, as it indicates that the macro-
scopic relaxation time is dictated by the shortest microscopic
time τ0 rather than the longer bond relaxation time τ . In
the weak-binding regime, thermodynamic equilibrium is en-
sured by the fast internal dynamics, thus making the average
free sticker fraction relevant to the macroscopic dynamics.
In contrast, in the strong-binding regime, breakage of old
bonds is correlated to forming of new ones, the diffusivity
thus depends strongly on the effective bond lifetime [34], viz.,
D ∝ τ−1.

The difference in the underlying mechanisms between the
weak- and strong-binding regime deepens our understanding
of the dynamics of the liquid condensates. Our predictions are
relevant to condensates with fast internal dynamics. For exam-
ple, the molecular interactions among intrinsically disordered
proteins (IDPs) are transient and dynamic, allowing for rapid
exchange of binding partners [42] and thus local thermody-
namic equilibrium. In addition, IDPs are typically enriched
in charged and polar residues and can form liquid conden-
sates through complex coacervation, wherein the pairwise
association condition can be met by controlling the salt con-
centration [24,42,43]. Weak specific interactions are sufficient

to drive LLPS (see Appendix A), whereas strongly asso-
ciative interactions result in dynamically metastable dimers,
oligomers, and microgels [38,44]. In our work, we delineate
how the structure and dynamics of the liquid condensates
are mediated by the sticker-sticker interactions. Proteins that
drive intracellular LLPS encompass both weakly associative
low-complexity domains and specific RNA-binding domains
[3,24,45], of which the interaction strength is also modified
by salt concentration, pH, mutations, and post-translational
modifications [11,22,46,47]. Besides, there are interplays be-
tween inter- and intramolecular associations controlled by
factors like RNA [48] and the high concentrations in the dense
phase and the high degree of polymerization might induce
entanglements, which lead to slowing independent of bonds
(see Appendix B).

Despite that, the binding energy and valence are unknown
a priori; instead, they can be estimated in the framework
of phase separation of associative polymers. The associative
interactions mediated by complementary stickers are het-
erotypic interactions that induce complex coacervation. The
concentrations of the coexisting phases are determined by
the shape of the multidimentional phase diagram and the
total concentrations of the components [14]. Accordingly, one
can determine the apparent intersticker binding strength and
the effective stoichiometries either theoretically [49] or from
simulations [50]. The longtime diffusion coefficient and the
zero-shear viscosity of the condensates can be measured via
the passive and active microrheology [16].
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APPENDIX A: LIQUID-LIQUID PHASE SEPARATION
DRIVEN BY WEAK SPECIFIC INTERACTIONS

Molecular interactions that drive liquid-liquid phase sep-
aration include both specific interactions between comple-
mentary stickers and nonspecific interactions between spacers
and solvents [24]. In our article, however, we only con-
sider the interactions among stickers that engage in physical
crosslinks. Chances are that the phase-separated conden-
sates can result from solely specific interactions. Thus, we
perform new MD simulations and use the slab method
[44] to determine the concentrations of the coexisting
phases.

The equilibrium configuration for mA,B = 30, δ = 0, εb =
3.1 is shown in Fig. 5(a), of which the total concentration of
the dense and dilute phase are n1 = 0.45, n2 = 0.17, respec-
tively, and the relative concentration of the two components in
both phases vanishes.
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FIG. 5. (a) Snapshot of a simulation with mA = mB = 30, δ = 0, εb = 3.1. (b) Normalized average autocorrelation as a function of lag
time. (c) Bond lifetime, (d) free sticker fraction, and (e) the diffusion coefficient as a function of the binding energy. Parameters for (b)–(e):
For pentagons, mA = mB = 6, n = 1.2, δ = 0; for left triangles, mA = mB = 30, n = 1.2, δ = 0. Colors code for the binding energy.

APPENDIX B: EFFECTS OF CHAIN LENGTH
ON DYNAMICS OF CONDENSATES

We also perform MD simulations at density nA = nB = 0.6
with mA = mB = 30 and varying binding energy to study
the effects of large chain length on the bulk dynamics. We
find that there is no difference in the relaxation of bonds
between the systems with small chain length [mA = mB = 6,
pentagons in Fig. 5(b)] and large chain length [left triangles
in Fig. 5(b)]. In concordance with that, the bond relaxation

time estimated via Eq. (23) is almost the same for both cases
[Fig. 5(c)]. Besides, the effect of chain length on the free
sticker fraction is negligible [Fig. 5(d)]. However, the average
diffusivity of stickers becomes smaller than the free-sticker-
dominated diffusivity and deviates from our prediction given
by Eq. (17) [indicated by the dash-dotted line in Fig. 5(e)].
Such slowdown in bulk dynamics independent of bonds might
correspond to entanglements. On the contrary, the bulk diffu-
sivity confirms the free-sticker-dominated diffusivity if lack
thereof [stars and circles in Fig. 3(e)].
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