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We investigate the collapse and expansion dynamics of a linear polyelectrolyte (PE) with hydrodynamic

interactions.

Using dissipative particle dynamics with a bead-spring PE model, long-range electrostatics

and explicit ions we examine how the timescales of collapse t., and expansion .., depend on the chain
length N, and obtain scaling relationships tco1 ~ N and texp ~ N . For neutral polymers, we derive values
of @« =0.94 +0.01 and 8 = 1.97 4+ 0.10. Interestingly, the introduction of electrostatic interaction markedly
shifts o to & ~ 1.440.1 for salt concentrations within ¢ = 107* M to 1072 M. A reduction in ion-to-monomer
size ratio noticeably reduces c. On the other hand, the expansion scaling remains approximately constant,
B = 2, regardless of salt concentration or ion size considered. We find g > « for all conditions considered,
implying that expansion is always slower than collapse in the limit of long polymers. This asymmetry is
explained by distinct kinetic pathways of collapse and expansion processes.

Polyelectrolytes (PE) are charged polymers that con-
stitute a class of materials with profound significance in
biological systems (such as proteins, DNA, and RNA)
and diverse industrial applications ¥ A substantial body
of theoretical and computational research has been ded-
icated to unraveling the structural attributes of these
polymers*¥ and gaining insights into their expansion-
collapse transition % In particular, the non-equilibrium
kinetics governing the PE expansion-collapse transition
holds vital implications for elucidating the folding dy-
namics of biomolecules™  and for designing responsive
smart materials 101

The non-equilibrium phase ordering kinetics of soft
materials can be significantly influenced by hydrody-
namic interactions (HI) induced by solvent flow 1210
For a neutral polymer in a solvent a collapse can be
induced by a change in the solvent quality, in which
case HI were shown to accelerate the collapse kinetics
compared to Brownian dynamics (BD) simulations -2V
Starting from the fully expanded chain Kikuchi et al.
provided an analytical prediction asserting that the col-
lapse timescale t., follows a power-law relationship,
teol ~ N*3, with N representing the chain length1?
Guo et al. employed dissipative particle dynamics (DPD)
simulations and reported a different scaling behavior,
teol ~ NO-98£0.09 'if the initial condition is an equilibrated
polymer.

However, it is not clear how the presence of electro-
static interactions impacts the scaling relationship of
PE collapse. The full hydrodynamic simulation of the
expansion—collapse kinetics of charged PE is complex due
to the necessity of properly accounting for long-range and
many-body electrostatic interactions as well as HI. Such
investigations are relatively rare with only one recent
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computational study?! delving into PE collapse kinetics
using fluid particle dynamics method 22 which revealed
that HI significantly speeds up PE collapse but did not
explore how HI changes the scaling behavior. Moreover,
the dependence of expansion timescale tcxp, the reverse
process of collapse, on the chain length N has to our
knowledge not been investigated.

In this work, we conduct DPD simulations of a coarse-
grained (CG) bead-spring PE##24 to investigate how the
collapse time ., and expansion time tey, scales with
the chain length N. Our CG model comprises an an-
ionic PE, monovalent counterions, and additional mono-
valent salt at concentration ¢ contained in a cubic three-
dimensional periodic box of size L. The PE is represented
as a bead-spring chain?#24 composed of N monomers,
each carrying a charge of —e. The PE monomers and
ions are treated as spherical particles with diameter o
and og, respectively. We primarily focus on the case of
o = o0g, but we also explore the impact of a smaller
ion size (05 = 0.50). The particles interact through
a standard 12-6 Lennard-Jones (LJ) potential charac-
terized by an energy coupling constant € and a cutoff

distance rqu;. We choose reyy = 30 to represent the
short-range hydrophobic attraction between monomers,
whereas reys = 2/%(0 + 0s)/2 and 7oy = 264, are

set for purely repulsive monomer—ion and ion—ion LJ
interaction. The electrostatic coupling is controlled by
the Bjerrum length Ig given by I = e?/(4nkpTes01)
where £, represents the permittivity of the solvent, kg
is Boltzmann’s constant, and T is the absolute tem-
perature. We set ¢ = Ig = 0.72 nm to represent a
typical monomer size and electrostatic coupling in an
aqueous electrolyte at room temperature 2423 Neighbor-
ing monomers along a chain are connected through har-
monic potential Upona(rij) = (K/2)(ri; — Ro)? with
spring constant K = 400kgT/0? and bond length Ry =
21/65 . where r;; represents the center-to-center distance
between monomer ¢ and j. Electrostatic interactions
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are calculated using the particle-particle-particle-mesh
(PPPM) algorithm with a relative force accuracy of
10732827 Fach simulation contains a single polymer
chain in a box size of L = 1200 for N < 100 and
L = 1800 for N = 200, which is sufficiently large to
avoid polymer—polymer interaction through periodic im-
ages (see Table S1 and Fig. S1 in Supplemental Informa-
tion (SI) for details).

To account for hydrodynamic interactions, we employ
the computational method based on dissipative particle
dynamics (DPD)4® that couples the polymers to the DPD
solvent (DPDS)*? The monomers and ions are immersed
in a DPD solvent characterized by parameters typical
for an aqueous solution: particle density p = 3r;3, cut-
off distance r. = A = 0.646 nm, friction parameter
v = 4.5kgTT/r2, with 7 = X\\/m/(kgT) the standard
molecular dynamics simulation time unit, m the mass of
the particles, and interaction prefactor a;; = 78kgT’; see
Ref. 29 for more details). The coupling between the so-
lute particles (monomers and ions) and the DPD solvent
is achieved by friction parameter s = 5y and cutoff dis-
tance s = r.. This setting captures the hydrodynamic
interactions and yields the typical diffusion constant of
ions and monomers D =~ 0.07A?/7 ~ 1.1 nm?/ns (7 ~
0.027ns). The system is evolved using the velocity-Verlet
integrator with a time step of At = 0.0057. When plot-
ting the results, we scale the time in terms of the Brow-
nian time for a free particle Tpp = 02/(24D) ~ 0.74r.

We first perform equilibrium simulations to prepare
initial equilibrated configurations of the polymer. When
investigating the collapse process, we initially employ
purely repulsive LJ interactions between the polymer
segments (reyy = 2/%0 and ¢ = 3kgT) while incor-
porating full electrostatic interactions. To initiate the
collapse, we introduce an attractive LJ interaction be-
tween the monomers by setting r.,t+ = 30 and keeping
e = 3kpT. This attractive interaction is activated in-
stantaneously, leading to a sudden quench that drives
the polymer collapse. Conversely, when studying expan-
sion, we follow the opposite protocol. The equilibrium
structures are generated using attractive LJ interactions
(reat = 30) with e = 3kgT. Subsequently, we change the
monomer—monomer LJ interaction to a purely repulsive
(Feut = 2/ b0) to investigate the expansion kinetics.

Using this setup, we examine the collapse and expan-
sion dynamics of both neutral polymer and charged PE
at different salt concentrations ¢ = 10~ M (Debye length
Ip ~ 30.4nm), 1073 M (Ip ~ 9.6lnm), and 1072 M
(Ip =~ 3.04nm). The temporal change of R, as a function
of elapsed time ¢ for the collapse and expansion of a single
neutral polymer and a charged PE at salt concentration
¢ =1073M are shown in Fig. [1] and Fig. |2 respectively.
The raw data of PE collapse and expansion at different
salt concentrations ¢ = 1074 M and ¢ = 1072 M are pro-
vided in Fig. S2 in SI. Comparing PE with a neutral poly-
mer, we observe that the electrostatic repulsion between
monomers significantly slows the collapse kinetics, while
expansion is accelerated. This effect becomes particu-

larly important when the salt concentration is low since
electrostatic repulsion is not effectively screened. More-
over, the equilibrium configurations depend sensitively
on the electrostatic repulsion and salt concentrations c:
neutral polymer forms a globule, but the PE forms an
elongated rod or a bead-spring configuration with larger
R, at lower ¢, in agreement with previous studies#"!
This change in equilibrium R, significantly affects the
collapse and expansion timescales in addition to direct
electrostatic interactions.

For these simulations (Fig. [2) we employed the stan-
dard choice with salt ions of the same size as the
monomers, o = o. However, ion size can impact ion
binding, as it determines the closest distance between
ions and monomers. In Fig. we explore the influ-
ence of ion size. It is evident that a smaller ion size
(05 = 0.50) yields more compact structures in the col-
lapsed PE due to stronger electrostatic attraction be-
tween ions and monomers, consistent with previous sim-
ulations of PE 31133 Compared to PE collapse where ions
and monomers have identical sizes (Fig. S1(b)), smaller
ion size substantially accelerates the collapse since elec-
trostatic repulsion between monomers is screened more
effectively. Moreover, smaller ions can more easily incor-
porate into the globular polymer thus yielding compact
equilibrium globular structures that are similar to neu-
tral polymer configurations (compare configurations in
Fig. Bp with Fig. S1(d)and Fig. [Ip)

Based on the time evolution of R, in Fig. [[}-Fig. [ we
calculate how the collapse and expansion timescale de-
pend on the chain length N. The collapse and expansion
timescale to1 and texp are defined by the time ¢* required
for the change in the radius of gyration Rg(t) to reach a
fraction f. of the maximum change ™

Rg (t*) = Rg,init - fc (Rg,init - Rg,ﬁnal) ) (1)

where Rg init and Rg anal are, respectively, the initial and
the final equilibrated values of R,. In the present work,
we set f. = 0.9 and fit the obtained timescales to a power-
law scaling (tcor ~ N and texp ~ N #) using the non-
linear Levenberg-Marquardt algorithm®* that takes into
account the error bars when fitting the data. We employ
the implementation of this algorithm in Gnuplot.? For
the collapse process, we conduct 15 independent simula-
tions. Conversely, for the expansion process, owing to the
absence of driving force and larger variance, we conduct
a range of 25 to 35 independent runs. This enables us
to acquire high-resolution data concerning R, (¢) and its
associated timescale. Note the choice of f. = 0.9 ensures
the extracted timescales are not affected by the slow local
arrangements of the collapsed globule in the late stage 2

The scaling behaviors of collapse and expansion
timescales are summarized in Fig. For a neutral
polymer we obtain o = 0.94 + 0.01 (Fig. [{a)) and
B = 1.97 + 0.10 (Fig. [e)). This agrees with previ-
ous reported simulation results®® of neutral polymer col-

lapse starting from an initially equilibrated conformation,
too) ~ N0-98£0.09,
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FIG. 1. The temporal change of R; as a function of elapsed time ¢ for a single neutral polymer of different chain lengths N
undergoing (a) collapse and (b) expansion. The dashed lines show the equilibrium collapsed (a) and expanded (b) R,. The
insets in (b) show the equilibrium collapsed and expanded polymer configurations for N = 100. Error bars denote standard
errors obtained from 10 independent simulations. Error bars in (a) are smaller than the symbol size.
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FIG. 2. The temporal change of R, for a single PE of various chain lengths N undergoing collapse (a) and expansion (b) at salt
concentration ¢ = 1073 M. The insets in (b) show the representative equilibrated collapsed and expanded PE configurations for
N =100. Salt ions are not shown for clarity. The monomer size and ion size are identical (o5 = o). Error bars show standard
errors, for most points they are smaller than the symbol size.

(a) ¢=102M (small ion size) (b) ¢=102M (small ion size)
100 T T T 100 T T T
© N=10 . N=40
N=2.... N=100
1oF N=200 4 10
) )
' o '
1 1
0.1 v L L 0.1 1 1 1
1 10 100 1000 10000 1 10 100 1000 10000
t[tgpl t[tgpl

FIG. 3. The temporal change of R, for a single PE undergoing (a) collapse and (b) expansion at ¢ = 1072M and smaller ion
size (05 = 0.50). The insets in (b) show the collapsed and expanded PE for N = 100.



Notably, we find the collapse scaling for PE is a =~
1.4£0.1 (Fig.[dp—d) for different salt concentrations, indi-
cating that the incorporation of electrostatic interactions
not only shifts the absolute values of timescales but also
markedly changes the scaling behavior compared to the
neutral polymer case. We speculate that o =~ 1.4 £ 0.1
scaling may be a result of the initial state resembling a
fully expanded polymer with R, ~ N due to electrostatic
repulsion between segments. Consequently, o =~ 1.440.1
is close to the theoretical prediction of @ = 4/3 for
neutral polymer collapse starting from a fully expanded
state ) We speculate that scaling could change to lower
values of « for very long polymers N > 200 and high salt
concentration ¢ > 1072 M. Conversely, the expansion
scaling does not change appreciably with the introduc-
tion of electrostatics and we find 3 ~ 2 (Fig. [#f-h) for
the charged PE under different salt concentrations.

In the case of smaller ion-to-monomer size ratio,
os/o = 0.5, we obtain & = 1.15 £ 0.04 at ¢ = 1072 M
(Fig. ), which is closer to the corresponding values
for neutral polymers, while the expansion scaling re-
mains unaffected within statistical accuracy of our re-
sults, 8 =1.9440.09 (Fig. ) We attribute the reduced
« to enhanced screening and the ability of small ions to be
incorporated into the globule, enabling a charge-neutral
globule configuration. In contrast, with larger ion-to-
monomer size ratio (os/c = 1), the ions cannot incorpo-
rate into a collapsed globule, leading to more expanded,
pearl-necklace-like equilibrium structures. These find-
ings suggests that the collapse scaling is sensitive to the
short-range ion—polymer interaction and whether ions
can incorporate in, or are excluded from, the collapsed
polymer globule. We anticipate that the scaling exponent
« varies continuously with the size ratio o5 /o and that by
further decreasing the size ratio, the strengthened screen-
ing would result in « closer to that of a neutral polymer
(a=1).

Interestingly, we find 8 > « for all conditions inves-
tigated, implying that expansion is always slower than
collapse for long polymers. This intriguing observation
can be understood by considering the kinetic pathways
for collapse and expansion (Fig. ) The pathway is
quantified by a R,—n. parametric plot where n. is the
number of contacts per monomer defined as the average
number of neighbors within a distance 1.50 (Fig. [Bp).
Notably, we find that a closed circle emerges confirming
that collapse and expansion follow distinct kinetic path-
ways. The collapse behavior resembles a shrinking pro-
cess along the backbone where small pearls form whose
hydrodynamic drag is proportional to the pearl diameter
(N'/3) and in addition HI induce directional flow acceler-
ating the merging of local pearls 122l Conversely, during
expansion the coil expands isotropically where the total
drag scales as the sum over monomers (N) and there is no
directional flow along the backbone, resulting in a longer
timescale compared to the collapse.

Furthermore, while collapse scaling is substantially af-
fected by electrostatics and ion—polymer interaction, the

expansion scaling remains S = 2 regardless of polymer
charge, salt concentration and ion size (Fig. [fe-h). This
suggests that the expansion scaling is governed by the
diffusive expansion of the polymer and electrostatic re-
pulsion does not appear to noticeably alter this scaling,
even at very low salt concentrations. We analyze the
R,—n. plot for the collapse and expansion of PE under
salt concentrations of ¢ = 10~* M (Fig. , top) and
c=10"? M (Fig. , top). For expansion, we observe
a two-step process: initially, the coil experiences slight
swelling, during which the number of contacts per par-
ticle n. is significantly reduced. Subsequently, diffusion-
driven expansion occurs, constituting the rate-limiting
stage, which is only weakly influenced by electrostatics
due to the relatively small monomer contacts n.. Con-
versely, n. continues to rise during the entire collapse
process, which underscores the critical role of electro-
statics on the collapse. The structural analysis of radial
density distribution for polymer and charged PE during
collapse and expansion collectively support the above sce-
nario (Fig. S3 in SI). These findings also align with the
evolution of electrostatic energy Veie (Fig. [fk-d, bottom)
where Ve reaches saturation much earlier in the expan-
sion compared to the collapse. Note V). is defined for
the entire system encompassing monomers, counterions,
and salt ions and its value depends on the relative num-
ber of ions to monomers in the system. Vg is positive
in the low-salt regime, which is dominated by monomer—
monomer repulsion, but it becomes negative in the high
salt case where electrostatics is dominated by ion—ion at-
tractive interactions. The meaningful aspect lies in the
temporal change of Vg, during the collapse/expansion
process, which is related to the conformational change
of the PE. The different kinetic pathways of collapse and
expansion can explain why the collapse scaling « is sensi-
tive to electrostatics, while the expansion scaling, 8 ~ 2,
is not.

Following previous works on polymer collapse,
we immediately quench the system to initiate collapse
or expansion. For a typical real PE with chain length
N =~ 10%, based on the predicted scaling relationships
teol ~ N and texp ~ N B , we infer that the timescales
for collapse and expansion under the salt concentration of
¢ =1072M are teo &~ 13us and tex, ~ 1350us. Thus, our
work should be relevant to experimental conditions where
the rapid quenching into a new regime can be achieved
within microseconds.

To summarize, we systematically examined the col-
lapse and expansion timescales of neutral polymers and
charged polyelectrolytes with long-range electrostatics,
explicit salt ions and hydrodynamic interactions. Our
findings illustrate that the inclusion of electrostatic in-
teractions alters the scaling behaviors t.o) ~ N of col-
lapse, while it does not noticeably affect the expansion
scaling texp, ~ N?. Specifically, in neutral polymer sys-
tems, we obtain o = 0.94 £ 0.01, consistent with the
previous prediction®% and 8 = 1.97 4 0.10. The inclusion
of electrostatic interactions significantly shifts the value
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FIG. 5. Characterization of kinetic pathways in collapse and expansion processes for a polymer and PE with N = 100. (a)
Snapshots from simulations depicting polymer collapse and expansion kinetic pathways for a neutral polymer. (b) Relationship
between the radius of gyration R; and the number of contacts per monomer n. during collapse and expansion of a neutral
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c=10"* M (bottom left) and ¢ = 1072 M (bottom right).



of collapse scaling to o =~ 1.4. Interestingly, changes
in salt concentration ranging from 10=* M to 10=2 M do
not have a substantial impact on the scaling relationships
of both collapse and expansion timescales. However, re-
ducing ion-to-monomer size ratio changes the scaling to
a ~ 1.15 at ¢ = 1072 M, which we mainly attribute to
the ability of small ions to incorporate into the collapsed
polymer globule. This highlights that non-electrostatic
short-range ion—polymer interaction can substantially in-
fluence the collapse scaling. The expansion scaling, how-
ever, remains constant with 8 & 2 regardless of the
charge, salt concentration or ion size. We find that 5 > «
for all conditions considered implying that expansion is
always slower than collapse for long polymers. We eluci-
date these observations by contrasting the distinct kinetic
pathways of collapse and expansion (Fig. , highlighting
that these two processes are not simply opposites of each
other. Our study provides fundamental insights into the
collapse and expansion kinetics of linear polyelectrolytes,
useful for rationalizing the dynamics of polyelectrolytes
in solution and understanding the folding and unfolding
process of charged biopolymers.

I. SUPPLEMENTARY MATERIAL

Supplemental material provides the raw R, (t) data
used to calculate the collapse and expansion timescales,
system-size comparison and simulation details.
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