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ABSTRACT: We use a coarse-grained molecular dynamics method to study the behavior of a flexible
polyelectrolyte (PE) chain in an explicit salt solution with varied valence under an ac electric field. Simulations
in the absence of electric field and under dc electric field are used to determine the critical field strength and
intrinsic chain relaxation frequency. Our results show that the PE chain breathes with applied ac frequency
and becomes dynamically stretched, only when the applied field strength exceeds the critical field strength and
the applied ac frequency is comparable to or less than the intrinsic relaxation frequency of the PE chain.

I. Introduction

Polyelectrolytes (PEs) are polymers that contain charge groups
along their backbone or side groups, including many biopolymers
suchas DNA, RNA, and proteins. They possess broad applications
from energy to medical diagnosis. Electrophoresis is widely used to
separate PEs."? A molecular understanding of the complex beha-
vior of PEs in an applied electric field will greatly advance current
eletrophoretic applications. Analytical theory can well describe the
free-draining behavior for longer chains, yet fails to explain a
nonmonotonic behavior for oligomers.” Computer simulation
provides insight to bridge this gap. Two recent publications using
mesoscopic simulations have investigated the transition from
oligomers to long chains in detail,** in which the importance of
hydrodynamic interactions (HI) in PE electrophoresis is empha-
sized. Without HI, the mobility of PE decreases with chain length
and saturates at a constant value for long chains. In contrast,
simulation with HI can accurately reproduce the experimentally
observed nonmonotonic behavior of mobility, whereby mobility
increases for oligomers, reaches a maximum for intermediate chain
lengths, and slowly decreases toward a plateau for long chains.

The hydrodynamic screening length depends on the ion con-
centration in the vicinity of a PE chain. The more salt is added to
the system, the higher is the ion density around the chain and the
shorter length scale is the HI. On a length scale comparable to the
Debye length, cooperative dynamics in PE chain segments
become decoupled. For instance, the effective friction per mono-
mer in a long PE chain becomes independent of chain length.o™®
When screening eliminates the need to explicitly account for HI,
the implicit fluid method (Langevin dynamics) provides a good
physical description of PEs in electric fields. Langevin dynamics
has been extensively applied to study PEs in salt-free solution,’ in
monovalent salt,lo_12 and in multivalent salt'>~ !> as well as in
electric fields.'® 2! Netz demonstrated that a collapsed PE can be
unfolded when the electric field strength is stronger than a critical
value.'”? The critical field strength exhibits a power-law depen-
dence on chain length with a negative exponent. Therefore, in an
electrophoresis experiment, long chains are expected to be
unfolded and separate out earlier than short chains when the
applied electric field strength slowly increases. The static and
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dynamic properties of the PE remain unaffected below the critical
field strength. Hsiao also suggested a similar scaling for PEs in
multivalent salt solutions and showed that the scaling exponent
depends sensitively on the salt valence.'®!”

Recently, there is an increasing interest in using ac electric
fields to manipulate biopolymers in solution.”? 2’ Dielectrophor-
esis under an ac field instead of a dc field has been explored to
avoid ionic screening, electrochemical reactions, and other un-
desirable electrokinetic effects. Several theories have suggested
that ac polarization of PEs is largely due to motions of counter-
ions, including condensed counterions and diffuse counterions.
The polarizability and radius of ggration of PE chains are
maximized along the field direction.” Walti et al. suggested that
the major contribution to chain stretching is from the ac-field-
induced torque, supplemented by a small bias force provided by
ac-field-induced flow.”” However, Cohen pointed out that a
sufficiently strong ac field can cause the polymer to extend
spontaneously to almost its full contour length without a bias.*
Kaji et al. have experimentally found that low-frequency ac
electric fields induce a drastic conformational change in double-
stranded long DNA, from a random-coiled conformation to a
stretched conformation in polymer solution,"** and in an
agarose gel.*>** Although an empirical range of ac frequencies
and a mechanism behind chain stretching have been suggested, an
understanding of the underlying physics remain far from com-
plete, and a detailed molecular picture is highly needed.

In this article, we study the structural dynamics of a single
linear PE in different valence salt solutions under an applied ac
electric field. To examine ac-field-induced PE chain stretching, we
use a collapsed PE chain in a multivalent solution as a model
system. Our results show that a nonequilibrium unfolding transi-
tion occurs at sufficiently high ac field strength and sufficiently
low frequency. To our best knowledge, it is the first molecular
simulation of a PE system in an ac electric field. The rest of the
paper is organized as follows. In the next section we introduce the
employed simulation model. In section III, the main results of this
study are presented and discussed. We give our final remarks in
section IV.

II. Model and Simulation Method

We employ Langevin dynamics simulations using the LAMMPS
package3 to study the behavior of linear flexible PEs of different
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chain lengths. Our model system consists of a single PE chain and
explicit counterions and salt. The PE is modeled by a flexible
bead—spring chain with N monomers. The adjacent monomers
are connected to each other by finitely extensible nonlinear elastic
(FENE) bonds

1 9 2
UFENE(V) = — ikbmm{ Inl1-— Pa—) (1)

A

where the stiffness parameter is k£ = 7¢ and the maximum
extension is hyqx = 20.'* Our set of FENE parameters belongs
to the semiflexible category. The average bond length is 1.1 in
the absence of electric field and at weak field strengths. At strong
field strengths, the bond length is extended under dc field and
oscillates at a range of 1.09 o and 1.18 ¢ under ac field. Each
monomer with a mass m and a diameter o carries a negative
charge —e. N counterions each with a charge +e are used to
neutralize the system. Additional salt is added to system to
collapse the PE chain. All ions are modeled by charged spheres
with the same mass m and diameter . A purely repulsive
Lennard-Jones potential of the Weeks—Chandler—Andersen
(WCA) form*®

4el(o/r)? = (/1)) +e r=2Y%
Uwealr) =4 g r> 25

is used for excluded volume interactions between all particles
(including monomers and ions), where ¢ is the energy well depth
and o is the diameter of the spheres. Here ¢ and o define the
energy and length scale of simulations. All observables are
expressed in reduced units. The solvent is treated as a uniform
dielectric medium with a dielectric constant ¢,. The electrostatic
interactions between charged particles

_ 49iq;l8ksT
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3)
are calculated with particle—particle particle—mesh (P>M) sol-
ver. The Bjerrum length /g = ¢ /4meqe kT is set to 2.50.

The simulations are carried out under periodic boundary
condition in a rectangular parallelepiped box. The dimension
of the box is varied to reach a constant monomer concentration
cpe = 0.0001 according to 1.6N x 79.06 x 79.06. The added
salt concentration is set to be the equivalence point. The salt
concentration is ¢; = cpg/qs, Where ¢ is the valence of the salt. Tt
has been shown that the chain obtains the most compact structure
at this salt concentration in the absence of an electric field. We
use the Langevin equation of motion with dissipative and random
forces in addition to the conservative force. Dissipative and
random forces implicitly model the solvent effect and are coupled
to satisfy the fluctuation dissipation theorem. We ignore the
hydrodynamics interaction at this stage. Electric force Fg = ¢;E
comes into the equation of motion as a conservative force.
Langevin dynamics simulations with a damping constant of
0.4 are carried out with integration time step 0.01. After an
equilibration time of 10° steps, 107 steps are used to accumulate
data for analysis. The ac electric field feature is an in-house
extension to the standard LAMMPS package. The applied
electric field in our study is well beyond the linear response
regime in order to observe the conformational transition. For
the PSS (polystyrenesulfonate) system with 2.5 A between
charges, a reduced electric field of £ = 0.1 translates to an
experimental field of Eq, ~ 5 x 10° V/m, while a reduced fre-
quency of f=1/7000 corresponds to an experimental frequency of
Jexp ~ 143 MHz.
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Figure 1. Scaling of the radius of gyration R,, the end-to-end distance
R., and the hydrodynamic radius Ry, for the PE chain at an equivalent
concentration of salt solutions without the electric field added with
(a) monovalent salt, (b) divalent salt, and (c) trivalent salt.

II1. Results and Discussion

In the next two subsections, the results of benchmark calcula-
tions are reported for a PE in the absence of an electric field and
under an external dc electric field, respectively. Following this,
results are presented for the conformational dynamics of the PE
system in the presence of an ac electric field.

Chain Scaling and Relaxation. The PE chain conformation
can be characterized by the average end-to-end distance RZ,
the radius of gyration Rgz, and the hydrodynamic radius Ry,
where 1/Ry=(1/N)>_;.A1/(I7; — 7 ;|)). All three quantities are



Article

expected to exhibit a power law scaling, R ~ (N — 1)”, where
the scaling exponent v depends on the system. For a neutral
polymer with a self-avoiding walk behavior, v =0.588, while
for a fully charged PE without electrostatic screening (no
counterions and no salt), v = 1% and v = 0.74'° reported for
the salt-free solution. Adding salt to a PE solution screens the
electrostatic interactions between the PE monomers on the
Debye length scale and thus reduces the scaling exponent.
Hsiao studied the tetravalent salt concentration dependence
of the swelling exponent v and found that v shows a
V-shaped curve, that is, v decreases and then increases with
increasing salt concentration. A minimum (v ~ 0.34) smaller
than the self-avoiding walk value occurs near the equivalent
concentration.'® Figure la—c shows the scaling for a PE
chain in the absence of an electric field and in the presence of
the equivalent monovalent, divalent, and trivalent counter-
ions, respectively. For all three salts, R, and R, give similar
effective scaling exponents, while R}, exhibits a lower scaling
exponent. Our v estimation for the monovalent salt is around
0.76, which is consistent with that reported by Grass and
Holm.?” They plotted the scaling exponent as a function of
the Debye length that is varied by adjusting the monovalent
salt concentration and found that v = 0.85 for the salt-free
solution and v=0.68 for ¢;=100c¢pg. Itis noted that ¢;=cpg is
for our monovalent salt system. Scaling exponents from our
simulation are v =0.75 for the divalent salt and v=0.4 for the
trivalent salt. Wei and Hsiao reported v = 0.32 for the tri-
valent salt,'® which is comparable to our result. The Debye

length is defined by
eoerkpT
Ip={/—s 4
P\ 2Nsetn )

where Ny is the Avogadro number and 7 o ¢ is the ionic
strength of the electrolyte. With the consideration of the
equivalent salt concentration, the higher valence of salt or
higher ionic strength results in a smaller Debye length and
thus a smaller scaling exponent. With respect to v versus the
valence of salt, our trend is monotonically decreasing, con-
sistent with the simple theoretical analysis above: v = 0.76,
0.75, and 0.4 for the monovalent, divalent, and trivalent salt,
respectively. The addition of multivalent salt into the PE
solution is a simple, feasible way to collapse the PE chain.
The higher valence of salt, the stronger condensation on
the chain, which results in a more compact conformation of
the PE chain. The results in Figure 1 are consistent with this
trend of decreasing R,, R., and Rj, with increasing salt
valence. This result is also consistent with previous simula-
tions'> and experiments.*>

The chain end-to-end vector autocorrelation function is
calculated and fit to an exponential function exp(—t/ty),
where 7, gives an estimation for the longest relaxation time
of the PE chain. The resulting 7, can help us narrow down
the frequency range of applied ac electric fields. Figure 2
shows the chain length dependence of 7, for three different
salts. The relaxation time is related to the time for the chain
to diffuse over a distance on the order of its own size: Ty ~
R?/D. In the Rouse model, we expect that 7y ~ N' 2", while
the Zimm model gives 7y ~ N°”. Our results demonstrate
that the higher the salt valence, the shorter the relaxation
time for the same chain length. The PE chain in the triva-
lent salt solution relaxes the fastest. Moreover, the scaling
exponent of 7y increases as the salt valence increases. Yet, the
trend due to the Rouse model is completely the opposite.
Using v estimates from the chain conformations, we expect
to obtain 2.52, 2.5, and 1.8 for the scaling exponent of the
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Figure 2. Chain length dependence of the longest relaxation time, 7, of
PE chains at an equivalent concentration of different valence salt
solutions.

monovalent, divalent, and trivalent salt, respectively. The
discrepancy could be due to the complex behavior of PE and
counterion condensation.

Chain Stretching under dc Electric Field. Next we study the
chain conformation under an applied dc electric field. Pre-
vious simulations'®!® have shown that an external electric
field can stretch the PE chain, if the field strength exceeds a
critical value, E.. E. depends on the strength of electro-
static coupling, chain length, and counterion valence. By
equating the polarization energy and thermal energy and
using scaling arguments, Netz’s approximation E . ~ (/g/
N)'? gives a reasonable estimate in comparison to our
simulation results.

The ratio of the end-to-end distance over the chain con-
tour length, R./L, which measures the chain extension, is
plotted in Figure 3 as a function of dc field strength for three
different valence salt solutions. When the dc electric field is
weak, R./L is small, indicating the chain is kept in a collapsed
conformation. The increase in R./L with increasing field
strength indicates that the PE chain becomes more extended.
We also calculate the 2prmcipal moments of the gyration
tensor R,?, R»%, and Ry°. At small field strength Eq. < Eyq,
the chain behaves as though there were no electric ﬁeld and
the conformatlon is rodlike with R;> ~ N? and R,> ~ R3
N'332 Under strong electric fields, an increase in R, at the
expense of R>? and R;’ is observed. The dc electric field
actually extends the PE conformation along the field direc-
tion (for our case the z direction) and compresses the chain
perpendicular to the field direction.

The chain length dependence of critical field strength has
been mvestlgated in salt-free,' tetravalent salt,'” and triva-
lent salt'® solutlons All studies showed that E_;; scales
roughly with N~"/? to unfold a condensed chain. We follow
Hsiao’s suggestion using the inflection point in the plot of R,/
L vs Eg4. to define E_;.. The obtained E.; as reported in
Figure 4 show that E,; decreases as chain length increases
for all three salts, but the rate of decrease is different, and the
scaling exponent increases as the salt valence increases.
Monovalent salt has the steepest drop with increasing chain
length. Using multivalent salt as the condensing agent, it is
easier to collapse a long PE chain but more difficult to unfold
it under dc electric fields. Netz proposed that E..i~ N~ "?for
the collapsed PE and E.., ~ N "2 for the noncollapsed
one.'” Our monovalent case belongs to the noncollapsed
category and gives E.ii ~ N - 0, in good agreement with the
estimated value of —1.1 by Netz. For the multivalent salt
case, the exponent is smaller than Netz’s estimate of —0.5.
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0.8

Figure 3. Field strength, Eg4., dependence of R./L at an equivalent
concentration of (a) monovalent salt, (b) divalent salt, and (c) trivalent
salt for various chain lengths under dc electric field. Cross symbols
denote the inflection point, which determines the critical field strength.

This underestimate has also been reported by Wei and
Hsiao,'® yet our exponent for the trivalent salt of —0.64 is
a little bigger than their estimate of —0.77.

Collapsed Chain Breathing and Stretching under AC Elec-
tric Field. We start with the PE of N =96 in the equivalent
concentration of trivalent salt to examine how a collapsed PE
can be stretched under an ac electric field. A PE in the
equivalent trivalent salt solution exhibits the most compact
conformation. Most ac field strengths applied here are too
large to keep the system in the linear response regime, so that
the process is nonequilibrium. From the above sections we
have shown that for our system the intrinsic frequency
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Figure 4. Chain length dependence of critical field strength, Ej, at an
equivalent concentration of different valent salt solutions. Netz’s
theoretical estimates are included for comparison. The solid lines are
power-law regression to the simulation data shown in symbols.
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Figure 5. R./L evolution of a PE chain of N = 96 in the trivalent salt
solution under an applied ac electric field at varied frequency and E,. =
0.3 > E;. Chain conformational breathing can be observed at f < 1/
700, which is comparable to fi,yinsic = 1/1300. The initial time period is
a nonequilibrium process where the system responds to the applied ac
field from the original collapsed state. Note that the breathing R./L
curves have a cosine format with a period equal to one-halfcycle of the
ac field.

Sfintrinsic ~ 1/1300 and E; ~ 0.22 for N =96. Here we define
fintrinsic as the inverse of the longest relaxation time, 7, of the
chain. We first check the ac frequency dependence of chain
extension by setting E,. = 0.3. Three frequency regimes can
be identified in Figure 5. First, the chain breathes and is
stretched in the low-frequency regime at f=1/14000 and f=1/
7000, where the PE and associated ions have enough time to
respond to the oscillating electric field. The R./L curve
develops three peaks and two valleys that perfectly match
two positive E maxima, one negative £ maximum, and two
E =0 points in one ac cycle. For the lowest ac frequency (f=
1/14000), the PE chain breathes, dynamically changing its
conformation from the compact structure with R./L ~ 0.1 to
the extended one where R, is as large as 80% of its contour
length. Second, the middle frequency regime at /= 1/700 is
near the intrinsic frequency. In this regime, the PE chain
also oscillates, but at a much narrower R./L range, which
indicates that the chain does not have enough time to fully
respond to the variation of the ac electric field. Third, no
chain extension is observed in the high-frequency regime at
f=1/70. In this case, the ac frequency is so high that the PE
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Figure 6. Representative snapshots at different phases (¢) of the ac

cycle for N = 96, f = 1/14000, and E,. = 0.3 at (a) ¢ = 7/2, showing a
collapsed conformation, (b) ¢ = 47/5, showing an intermediate con-
formation, (¢) ¢ = m, showing a fully stretched state with the trivalent
counterions condensed on the “down” end, and (d)¢ = 2, showing a
fully stretched state with the trivalent counterions condensed on the

up” end. The green, blue, white, and orange spheres represent mono-
mers, trivalent counterions, monovalent counterions, and salt co-ions,
respectively. Blue arrows show the z direction, along which the ac
electric field is applied.

chain cannot respond to the applied electric field even
though the field strength is sufficiently high. The chain
conformation is thus kept similar to the one without electric
fields.

Figure 6 shows some representative snapshots at different
phases of the ac cycle for the chain of N=96 at the applied ac
field of f/=1/14000 and E,.=0.3. The ac cycle phase values of
/2,475, w, and 27 correspond to instantaneous E values of
0, —0.342, —0.423, and 0.423, respectively. The snapshots
vividly demonstrate how the ac electric field variation affects
the counterion distribution around the PE chain, which
further determines the chain conformation. At a phase of
/2, E=0, and the counterions are evenly distributed along
the chain. It is believed that correlated charge fluctuation of
counterions condensed on neighboring chain monomers
generates an effective attractive force between chain mono-
mers.*® This attraction due to trivalent counterion conden-
sation is strong enough to overcome the electrostatic
repulsion so that the compact conformation is obtained.
While at phases of 7t and 27, the electric field is the stron-
gest and counterions are driven in the field direction along
the chain. The nontrivial number of trivalent counterions
are actually pushed off the chain and become the free
counterions. Thus, the chain becomes almost fully extended,
consistent with Cohen’s theoretical prediction that a poly-
mer extends spontaneously to its full contour length at a
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Figure 7. A PE chain of N = 96 in the equivalent trivalent salt solution
under an ac field of /' = 1/7000 < firuinsic = 1/1300 and varied E,..
(a) Two ac cosine-wave electric cycles. Note that the peak field strength
value of the ac field is 2'%E,.. (b) The chain extension R./L, the
stretching and breathing can be observed only at E,. > FE; = 0.22.
(¢c) The number of condensed trivalent counterions N3,. For the
breathing cases, N3, shows the periodic behavior with a frequency of
2f. At the vanishing field, N3, reaches the maximum while at the
strongest field, it reaches the minimum. (d) The dipole moment of the
PE—ion complex along the electric field z direction p.. It demonstrates
that the periodic behavior of p. is similar to the E oscillation for all field
strengths studied in this work. p. solely arises from the induced
migration of counterions by the applied electric field. (¢) The effective
charge associated with the PE chain, Q.. The pattern follows that of
N3, in panel c.

o L T RN R U L L LN P
= 06 (vaﬂNﬂ'm‘”\ﬂmf‘f”W“ SN ozl
204 E _=03[]
= 0.2[; b B E:=0.4J
0 f t t T ‘ni:u.ai
301 ® ‘ .
Jr ﬂq:n\‘_‘—v—y—v—ﬁ—v—rv—‘w_'_ﬂ:rm_‘ T \ﬂt'—r
E s LS 1
B ol YA A A Jh HMH AT NJ‘J\?
10007(4)%=|=I‘v“l*ﬂ}*l’l“ﬂ*L* L
500[ 7\ m /: 4 A [_
N A AW
e ()-.....AW..x BTER v ....J-... H“‘ PN F E.s
500 W T “ Y ¥ + W, Th? \’ !
-1000 fof— il wn '
= i \ w‘"“”“‘ I i
20 A Ay
Ov I W“\J" V}H‘W‘\{ f-.\i‘w“n\,\y\_‘ﬂ’“ﬁl IH\‘\“ f‘\m\ﬂ ‘M | \ﬁw\m J\_
40

PR R R . . .
0 1400 2800 4200 5600 7000 8400 9800
t

Figure 8. A PE chainof N = 96 in response to the ac electric field of /' =
1/700 at varied E, in the equivalent trivalent salt solution in terms of
(a) the chain extension, R./L, (b) the number of the condensed trivalent
counterions, N3, (c) the dipole moment of PE—ion complex along the
field direction, p., and (d) the effective charge, Q. associated with the
PE chain.

sufficiently strong ac field.*® At phase of 4s/5, the chain
shows the intermediate conformation between the compact
and extended.

Figure 7 shows the PE of N=961in response to an ac field of

f=1/7000 in the trivalent salt solution. The corresponding ac

electric field is presented in Figure 7a. The field strength has
to exceed a certain threshold value to observe the chain
breathing. The stronger the field strength, the longer the
chain stays in the elongated conformation. The threshold ac
field strength is consistent with the critical value (E..;; =0.22)
found in the dc-field simulation. At E,. > E,, the chain can
breathe with R./L oscillating at a range of 0.3—0.8. When the
field strength is around E.;, the chain responds to the
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Figure 9. Representative snapshots at different phases (¢) of the ac cycle for N = 96, /= 1/700, and E,. = 0.5.(a) ¢ = 7/2;(b) ¢ = 47/5;(c) ¢ = 7,
(d) ¢ = 2m. The green, blue, white, and orange spheres represent monomers, trivalent counterions, monovalent counterions, and salt co-ions,
respectively. Blue arrows show the z direction, along which the ac electric field is applied.

electric field, but R./L peak—valley oscillating pattern does
not develop very well. At E,. < E;, no chain breathing or
stretching is observed. The dipole moment of the PE—ion
complex induced by the electric field is calculated by p =
ST i — 7 com)> Where F o 1s the center of mass of the PE.
We assume that the ions within a distance of 2.5 to the PE
chain belong to the complex and are considered as the
condensed ions. The condensed trivalent counterion evolu-
tionis shown in Figure 7c. At E,. > E.., a clear peak—valley
structure for counterions is observed. When the field
strength is small, it is easier for trivalent counterions to

condense on the chain than for monovalent ones: Nj,
reaches a maximum, while N, is at a minimum. At the
strongest field, no matter which direction the field is in either
+z or —z, trivalent counterions are more easily to be stripped
off from the chain than monovalent counterions: N;.
reaches a minimum, while N, is at a maximum. The dipole
moment of the complex along the field direction is shown in
Figure 7d. p. shows the periodic behavior similar to the
oscillatory ac field over the entire field strength range. Even
at E,.=0.1, we do not see chain breathing and stretching in
the R./L evolution curve, yet we do observe that p. responds
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Figure 10. A PE of N = 96 in response to the high-frequency ac electric
field of f'= 1/70 at varied E,.in the equivalent trivalent salt solution, in
terms of (a) the chain extension R./L. No substantial stretching is
observed even for E,. = 0.6. Also, no breathing is seen; (b) the number
of the condensed trivalent counterions N5, (c) the dipole moment p. of
PE—ion complex along the field direction. p. shows a periodic behavior
similar to the applied electric field. The inset shows the time period over
two ac cycles. The response of p. show a slight lag behind the variation
of the ac electric field.

to the ac oscillation. Such a response can only be observed
along the field direction, yet not at the other two directions.
Our results suggest that the oscillation in p. is necessary but
not sufficient to induce the chain breathing. We also calcu-
late the induced dipole moment of the chain and find that it is
negligible in all three directions, supporting the widely
accepted view in the literature that the stretching of biologi-
cal PEs is mainly due to the counterion polarization. The
integrated effective charge Q.g, which denotes the total
charge inside a wormlike tube with the chain as the center,
behaves similar to N3, shown in Figure 7e, which implies
trivalent counterions are a dominant factor in the counterion
condensation process.

Figure 8 shows how R./L depends on the field strength at
a moderate frequency of /= 1/700. Again, we note that the
field strength has to exceed E,, to observe the chain breath-
ing and stretching phenomena. When the field strength is
less than E.;, for instance at E,. = 0.1 and 0.2, R./L
fluctuates around 0.1 and 0.2, respectively. At large field
strengths, the chain breathes with the applied ac field. The
larger the field strength, the faster R./L reaches a steady
state and the greater the value of R./L. The condensed
trivalent counterions, dipole moment of the PE—ion com-
plex, and effective charge are shown in parts b, ¢, and d of
Figure 8, respectively. p. shows the periodic oscillation for
all field strength values since all field strengths exceed the
limit of the linear response. N3, and Qg exhibit periodic
behavior only at E,. > E.;. Several representative snap-
shots of the PE system at f/=1/700 are shown in Figure 9. The
major difference between these results and those shown in
Figure 6 is that for the vanishing instantaneous E at phase of
/2 the chain cannot get back the original compact con-
formation; instead, it is kept in an elongated conformation
with a moderate extension.

In Figure 10, the response of a PE chain of N =96 under a
high-frequency ac electric field of f= 1/70 with varied field
strength is shown. At this frequency, the ac field can do
nothing but shift R./L to slightly higher values with increas-
ing field strength. The periodic oscillation of p. is observed.
The higher E, the bigger the magnitude of oscillation. No
periodic behavior is seen in N;,. The similar behavior is
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Figure 11. Field strength, E,., dependence of the average R./L at
different ac frequencies at the equivalent trivalent salt for PE chains
of different chain length of (a) N = 48, (b) N = 96,and (¢c) N = 192. The
inset is a closeup for (c). R./L values in the absence of an electric field
and critical field strengths under an dc field are indicated by arrows.
Note that the conformational transition becomes sharper with increas-
ing chain length.

observed for other chain lengths of N = 48 and N = 192
(results not shown), thus conforming the generality of ac-
induced conformational stretching.

The PE chain stretching under an ac field is quantified by
averaging the R./L oscillation at steady state. The range of
R./L determines the average and deviation. The average
R./L as a function of field strength is shown in Figure 11 for
N = 48, 96, and 192. Substantial stretching can only be
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Figure 12. The ac frequency dependence of average R./L at different
chain lengths at the equivalent trivalent salt. E,. is set to be greater than
the corresponding E. ;. The solid arrows denote R./L values without
electric field. The dash arrows indicate the corresponding intrinsic
frequencies.

obtained at applied field strength greater than the corre-
sponding E.;. Below E., the PE chain keeps the con-
formation approximate to that without the electric field. It
should be noted that frequencies used here are less than or
comparable to the intrinsic frequencies, except at f=1/70
as shown in Figure 11b. As /= 1/70 is much larger than
Sfintrinsic = 1/1300, no stretching is observed even at £,.=0.6.
The ac frequency dependence of average chain extension at
varied E,. is shown in Figure 12. This plot emphasizes the
importance of the ac frequency to stretch the PE chain. All
E,.applied are strong enough to exceed the respective E.;,.
To stretch the chain, the applied ac frequency must be less
than or comparable to the intrinsic frequency of the chain.
To summarize, these two requirements (the critical ac field
strength and frequency) must be satisfied simultaneously in
order to stretch the PE chain under an applied ac field.
It is also important to compare our findings to experi-
mental data. Dukkipati and Pang?® stretched A -DNA in
a microchannel using high-frequency ac fields and found
that on increasing frequency from 100 kHz to 1 MHz, the
chain conformation undergoes a transition from fully
stretched to no stretching. This trend is consistent with
our simulation for all chain lengths. They found that the
DNA stretched length decreases as the ac field strength is
decreased, which also agrees well W1th our data as shownin
Figure 11. Another relevant work*! by the Walti group
showed that DNA stretching first increases and then
decreases with increasing frequency. Full extension of
the DNA chain is found at frequencies of 200—300 kHz,
and this maximum is independent of the chain length.
Instead, our simulations show the chain extension in-
creases as frequency decreases, yet we do not observe the
reduction in chain extension in the low-frequency regime.
Moreover, our stretching frequency shows a strong chain
length dependence. The discrepancy between simulation
and experiments at low frequencies may be due to the fact
the effective field is reduced owing to the electrode polar-
ization in the ac experiments, leading to a substantial
decrease in the dipole moment and the dielectrophoretic
torque.41 42

Noncollapsed Chain Breathing and Stretching under AC
Electric Field. In this section, we study the behavior of a
noncollapsed PE in a monovalent salt system. We first
investigate the ac frequency dependence of the chain con-
formation shown in Figure 13. To facilitate the comparison
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Figure 13. A PE chain of N = 96 in response to the ac electric field at
varied f and E,. = 0.15 > E_; in the equivalent monovalent salt
solution. The x axis is the product of time and frequency, equivalent to
the ac cycle. (a) The chain extension R./L. When ac frequency is
comparable to or smaller than f,yinsic = 1/7500, breathing and
stretching are observed. (b) The number of the condensed counterions
N,. Counterions and salt counterions are indistinguishable. (c) The
dipole moment p. of PE—ion complex along the field direction. (d) The
effective charge Q. associated with the PE chain.

between different frequencies, the time axis normalized by
frequency is transformed to the number of ac cycles. The
field strength of E,. = 0.15 is set to be greater than the
respective E.;.. We observe a clear breathing process when
the applied ac frequency is less than or equal to finrinsic = 1/
7500, with R./L oscillating between 0.5 and 0.8. The dipole
moment of the complex follows the variation of the applied
ac electric field. The number of condensed monovalent
counterions including counterions and salt counterions also
shows a periodic evolution. Additionally, the integrated
effective charge of the PE chain demonstrates that the
periodic behavior is intimately associated with the applied
ac field.

At the high frequencies of /= 1/140 and 1/700, the chain
behaves differently from the collapsed chain case. High ac
frequency field extends the PE chain, with R./L values
approaching the one observed in the dc field. The similarity
suggests that the ac response is similar to the dc response at
the high-frequency regime for the monovalent salt system.
The dipole moment of the complex, associated ions, and
effective charge show no periodic behavior either. The dipole
moment at /= 1/700 shows a weak periodic behavior, but
that does not necessarily lead to the breathing phenomena.
The induced dipole moment still has to be strong enough to
overcome thermal fluctuation in order to induce chain
breathing.

The ac frequency dependence of chain extension at E,. =
0.08, which is around the critical value is also studied (results
not shown). At low frequencies of /= 1/3500, 1/7500, 1/
10000, and 1/15000, the dipole moment of the complex shows
a periodic behavior, yet R./L displays no breathing. Over the
entire frequency range of f=1/7—1/15000, the ac field acts on
a PE chain in a similar manner as the dc field does. The PE
chain extends to almost one-half of its contour length.

Discussion. Our molecular dynamics simulations have
demonstrated that the PE chains exhibit a breathing response
to the ac electric field only when the ac field strength exceeds
a critical value and the ac frequency is comparable to or less
than the intrinsic frequency of a PE chain. Our results also
suggest the valency of condensing agents has a strong effect
on the PE behavior under the ac electric field. With added
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multivalent salt, the PE response is consistent with experi-
mental observation. At high frequency, the chain keeps the
original conformation because the chain does not have
enough time to respond to the fast variation of the electric
field; when the frequency is low enough, the PE resonates
with the oscillating field, resulting in a “breathing” behavior
where the chain alternately collapses and stretches. In con-
trast, with added monovalent salt, the chain always responds
to the field, even at very high frequency such as at f=1/7.
The predicted trend for the monovalent salt is that with
decreasing ac frequency the PE chain undergoes a transition
from a dc field like response to a breathing behavior. In
future work, it would be worth studying the effect of salt
concentration, chain stiffness, and PE concentration on the
conformational dynamics of the PE chain. Also, simulation
with hydrodynamic interaction deserves further study.

IV. Conclusion

We have studied the behavior of a flexible PE chain with
explicit salt by means of a coarse-grained molecular dynamics
simulation. In the absence of an electric field, we have found the
scaling exponent v = 0.76, 0.75, and 0.4 for an equivalent solu-
tion of the monovalent, divalent, and trivalent salt, respectively.
We have also predicted the power law dependence of the longest
relaxation time of the PE chain with the exponent of 1.7, 2.1, and
2.4 for monovalent, divalent, and trivalent salt. Under a dc
electric field, the chain is unfolded when the field strength is
larger than a critical value. The critical field strength shows a
power law against chain length, and the corresponding exponents
are —0.97, —0.74, and —0.64 for monovalent, divalent, and
trivalent salt, respectively. The critical field strength obtained
from the dc field simulation is also used to set the critical field
strength in the ac field simulation. The conformational response
of a PE chain to an ac field is reported with the dependence of ac
frequency, field strength, and salt valence. Our results under
applied ac fields show that the chain can breathe and become
stretched only when the field strength exceeds the critical field
strength, and the ac frequency is comparable to or less than the
intrinsic frequency of the chain, which is the reciprocal of the
longest chain relaxation time. Trivalent salt has a much stronger
effect on the conformational structure of PEs than monovalent
salt. It is also confirmed that ac electric field can effectively
modify the counterion distribution near the PE chain, which is
critical to control the PE chain conformation.
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