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Efficient molecular dynamics in Coulomb systems with two-dimensional periodicity:
Application to polyelectrolyte brushes
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We study polyelectrolyte brushes in an electrolyte solution by molecular dynamics simulations. The efficient
calculation method to treat the Coulomb systems with two-dimensional periodicity is presented, employing the
particle-cell acceleration technique and the Lekner summation method. The structural formation of polyelec-
trolyte brushes and the electrostatic screening effect with monovalent salts are clarified numerically. The
calculated results show the dependence of the structural formation in polyelectrolyte brushes on the grafting
density and the concentration of added salts. The calculated results show the dependence on the grafting
density and the concentration of added salts in the structural formation of polyelectrolyte brushes.
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[. INTRODUCTION salts are included explicitly. In general, this task is very time
consuming in a brush geometry with partially periodic sys-
Charged soft matter§.e., charged colloids, charged gels, tems, Wh_ere a str_aightforward application of E_vvald sums is
and polyelectrolytes have attract much attention, where not possible. We introduce thgarticle-cell techniqueto ac-
many-body Coulomb interaction plays a crucial rple-10]. celerate the molecular dynamics simulations, which makes
These are of importance as various industrial materials antie computation much faster and enables us to treat large
biological systems. Recently, interesting physical phenomen@Umber of particles in the system. To study the screening
have been pointed out and studied theoretically and experffféct by adding salt ions, it is necessary to study the system
mentally, such asharge inversiori8,9], like-charged attrac- with a lot of charged patrticles, and our approach is suitable
tion [7], and like-charged adsorptiof10]. These studies for th!s pUrpose. . .
have clarified that the strength of Coulomb coupliigsl’ This paper is organized as foIIows.'In Sec.' II, we describe
—E_/kgT) is an essential parameter in these phenomen the model of polyelectrolyte brushes in solution. In Sec. I,
—Lc/fB

hereE.. . k dT the ch teristi FC %he numerical method we introduce in this study is ex-
WNEreE., kg, ahd T are the charactenstc energy ot .ou- plained. We also show the calculated results on polyelectro-

_ qyte brushes in solutions. Section IV gives the conclusions.
ture of the system, respectively.

In general, computer simulations with atbody Cou- Il. MODELS
lomb system are very time consuming, and it is difficult to
treat many particles by direct calculations such as the In this section, we describe the model of polyelectrolyte
particle-particle summation. To solve this difficulty, severalbrushes in an agueous solution. The negatively charged poly-
rapid calculation techniques have been developed in thEer chains are anchored to the grafting surface by means of
study of molecular simulations, for example, the particle-an uncharged end segmehtg. 1). We treat the polyelectro-
particle particle-mesh method and the particle-mesh Ewaldyt® Prush systems witM polyelectrolyte chains, containing
method11]. However, these numerical methods consider thé- charged monomers per chain, ad L monovalent coun-
three-dimensional periodic systems and are not applicable #&"0ns due fo the electrostatic neutrality. The anchor seg-
the system with low-dimensional periodicifg2], including ~ Ments forrg a square lattice with the grafting dengitper
surfaces and interfaces. Recently, soft materials under ge§hit areas”. The system size is taken to bg, in thex and
metrical confinement have attracted much attention, and it i¥ diréctions andL, in the z d|rect|<2)n, where the grafting
very interesting to treat these problems with efficient algo-densityp is defined to be=Mo?/L5, . The temperature of
rithms. the system is given bkgT=1.2¢ ; (€5 is the unit of en-

In this paper, we pay attention fwlyelectrolyte brushes €rgy. We impose periodic boundary conditions in thand
and clarify their physical properties. Polyelectrolyte brushes directions, and a hard-wall boundary condition in the
are po|ymer |ayer5 at a So||d-||qu|d interface where Chargedjirection. The discrete structure of the solvent is neglected,
p0|ymer chains are anchored by one end on a Surface' arﬂ!’ld the solvent enters into the model via its dielectric con-
they are interesting subjects with many unresolved problemstante, which reduces the Coulomb interaction.
[13—-17. It is well known that polymer(polyelectrolyte The potential energy of the system has four contributions:
brushes are useful materials, for example, to avoid the floc-
culation _between cqlloidal particles and stabilize colloidal VZZZ {Vrepul(ri)) +Veouomd i) + Voond Tij)}
suspensions in solutiof48-20. We perform molecular dy- i<]
namics simulations of polyelectrolyte brushes in an electro- N
lyte solution. The full Coulomb interaction is treated in the ,
numerical calculations, and counterions as well as added +i21 Vuan(1zih), @
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VwaII(Zi):VrepuI(Zi+AZ)y 6)

wherez; is the distance of théth particle from the wall and
Az is defined as\z= (26— 1/2).

IIl. NUMERICAL RESULTS

We perform molecular dynamics simulations to study the
structural formation of polyelectrolyte brushes in equilib-
rium. Treating the long-range Coulomb interaction in a
quasi-two-dimensional system described by &), we em-
ploy the Lekner summation technique, which shows great
success in application to various problems such as colloidal
suspensions and biomoleculedl—23. Long-range interac-
tions present a serious problem in molecular dynamics simu-
lations as well as Monte Carlo simulations, because of the

FIG. 1. The model of polyelectrolyte brushes in this study. slow convergence of the sum over the r_epetitions of the cen-

tral cell. In the Lekner summation technique, Coulomb sum-
where 1, Viepu(fi)), VeouomdTi))s Voondrij), and mations are transformed to rapidly converg(_er_mt ones via the
V,,ai(z;) denote the distance between partidesndj, the Euler transf_ormatu_an anq the Poisson-Jacobi |der]t|ty. _
excluded-volume interaction, the Coulomb interaction, the !N guasi-two-dimensional systems, the pair-potential
bond potential between neighboring polymer segments, any(X,Y;2) can be rewritten as
the repulsive interaction from the wall in thedirection,

respectively. The excluded-volume interactidp.,(ri;) is _ qqu R
given by Vxy2)= nz 2 Komny(y+k)?+27)
+ —

a\¥? (o

el 7] -1
Vrepul(rij): Fij Fij 4
0 for rj>re, —cos2my)}+C,

)

6 1 X cog2mnx)—In{cosi27z)

for rij=r¢

: (6)

whereK(x) andc, are the modified Bessel function and the

Whgrea andr are the diameter_ of particles l5;16nd the cutoff ynstant to be added, respectivédl]. Equation(6) can be
radius, respectively, and, is defined as;=2""c. In the 550 written as

following calculation, monomers, counterions, and added
salt ions have the same diameter

The Coulomb interaction in this syste¥toyiomdij) i V(X,Y;2) q,qj {42 E Ko(2mn(x+k)2+Z?)
given by

VCoqumt{rij)

2 o) ©

__*® q;d; —cog2mX)}+C;
dmeeon e 0o |1+ NyLyy&+nyLyygyl’

X cog2mny)—In{cosh27z)

, )

(3)  because of the,y symmetry of the system. Equati®é) [or

Eq. (7)] is rapidly convergent due to the asymptotic behavior
whereeg, and e, are unit vectors in thex andy directions,  of the modified Bessel functioky(x) as
respectively, and the indiceg andn, run over the periodic
images of the simulation box. In EB), €, q;, €y, ande are ™
the elementary charge, the charge of partigfeunits ofe, a Ko(x)~ \/:exr(—x)
dielectric constant of the vacuum, and the relative dielectric
constant of the medium, respectively. The neighboring poly- In this study, we incorporate the particle-cell acceleration
mer segments andj are coupled by the bonding potential technique with the Lekner method in partially periodic Cou-
Viond(rij) as lomb systems. The details of the particle-cell acceleration

technique is given as follows: At first, we divide the system

®

1 with sizeL X Ly, X L, into n,, X n,,xn, cells. Second, the
VioondFij) = Kbondru ' @ force on theith particleF; is divided into two parts as fol-
lows:
whereKy,hq IS @ constant. In addition, the hard-wall poten-
tial with the z direction, V.. (z;), is given by e 9
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whereF("@) and F{"a") denote the force from the particles
within the neighbor cells, and that from the other distant
particles, respectively. In E49), F{"®” consists of the con-
tribution from the particle$ within the cell« given by

Fean=q, > " > qf(ry), (10)

a Jea

where the first summation is taken over cellswhich are
sufficiently close to the particle In Eq. (10), q;q;f(r;;) is
the force between the pair of particleandj, which is given
by the Lekner summation methd®1]. In addition, the
distant-part forcé={"2") consists of the contribution from the
particles within the cell3, which is given by

Ff0=qi} 2 QPfr—RPH+2 ngf(lri—Rgm)l)],

(11)

FIG. 2. Snapshot of polyelectrolyte brushes with grafting den-
where each summation is taken over c@issufficiently far  sity po?=0.03. The solid lines and filled circles denote the grafted
from the particlei. Here Q(Bk) and R%k) (k=p,m) are cell polyelectrolyte chains and counterions, respectively.
charges and the positional vectors in the gellrespectively.

We consider particleg (#i) in cell g with positive charges forces in quasi-two-dimensional periodic systems much

(9;>0) to evaluate the cell charg@(ﬁp) and the positional faste_r,_and_ treat a lot of charged particles in the system with

vectorsRY¥, and those with negative chargeg;€0) to  no difficulties. _ _ _

calculateQ(Bm) and R(ﬁm)_ In Eq. (1), Q.(Bk) and R(ﬁki are de-  The efficiency of the particle-cell acceleration technique

fined by is demonstrated by applying the molecular dynamics simula-
tions on polyelectrolyte brush systems. Figure 2 is a snapshot
of the polyelectrolyte brushes with the grafting dengity

QW=2> q; (k=p,m) (12 =0.03. The number of polyelectrolyte chaihé and the

Iep length of the chairL are taken to bevi=100 andL =30,

respectively, and the number of charged particles treated
in this calculation isN=6000. In Fig. 2, solid lines and
solid circles denote the grafted polyelectrolyte chains and

and

Z qir- counterions, respectively. The value of the relative dielectric
w_ i constant of the mediure is taken to bee=78, andKpnq
Rp'= (k=p,m). (13 in Eq. @) is set to beKyong= 30 3/0.
EB d; Figure 3a) shows the density profiles of monomers in the
Je

polyelectrolyte chaingsolid line) and counteriongdashed
. Lo line), respectively. The grafting density is taken to pe?
In Egs. (12) and(13), the summations are taken for index _ o5 The abscissa and the ordinate denote the rescaled

with q;>0 (q;<0) with respect tk=p (k=m). Inthe MO~ yigrance in thez direction from the surface/oL, and the
lecular dynamic{MD) smulatm?s, we update the distant- yengity distributionn=n(z), respectively. The values of
part force on theith particle F{"*” per nia; Steps Orar  andL are taken to bl =16 andL =30, and ensemble av-
>1), becaus&{'*" varies slowly compared with("**?. In  grage is taken over five samples. We take 20000 MD steps
Eq. (9), the accuracy of the calculated foraé is defined to  for equilibration of the system, and 100000 MD steps for
be taking the statistical averages. In FigaB we treat the salt-
free system ¢;=0.0), wherecg(M) is the density of added
Z [T salts. We can see that the thickness of the polyelectrolyte
i b brush layers is almost-0.7oL in this system. Figure (B)
AF s ——M, (14 shows the local charge densip(z) as a function of the
2 |Fi|? distancez from the grafting surface. The profiles of the local
! charge density(z) are of great interest, because they have a
5 great influence on various physical properties such as surface
whereF, is the force on theth particle by direct particle- adsorption with other polyelectrolytes or charged colloids,
particle summationgexact values In the following study, and effective interaction between different polyelectrolyte
we obtainAF~10"2 or less, which is a sufficiently accurate brush layerg17]. In Fig. 3b), the profile ofp(z) is oscillat-
result. In this way, we can make the calculation of Coulombing and shows the characteristic feature at the surface of the
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FIG. 3. (a) Density profiles of monomersolid line) and coun- FIG. 4. (a) Density profile of monomers(z) as a function of

terions(dotted ling as a function of the distance from the grafting the distancez. The grafting density ipo?=0.09. The added salt

surfacez. The grafting density ipo?=0.05. (b) Local charge den-  concentratiorc, is given byc,=0.0, 0.012, 0.025, 0.05, and 0.1.

sity p(z) as a function of the distance (b) Density profile of monomera(z) as a function of the distance
z. The grafting density ipo?=0.03. The added salt concentration
C, is given byc,=0.0, 0.008, 0.017, 0.033, and 0.066.

polyelectrolyte brush layers. Figuréb3 indicates that most
of the counterions are trapped inside the polyelectrolyte
brush layer and other counterions diffuse outside the brusfalt concentration beyonck~c; (c; is the counterion con-
|ayer with thermal motions7 where the g|0ba| Charge neutra|centrati0f). These results indicate that there are two distinct
ity is satisfied. regimes in these systems: The excluded-volume effect is
In Figs. 4a) and 4b), we pay attention to the screening dominant at high grafting densifyFig. 4@], and the elec-
effect in solutions by adding 1:1 electrolyte. Figuréa)and  trostatic screening effect becomes relevant at low grafting
4(b) show the density profiles of monomeréz) with graft-  density[Fig. 4(b)]. These results show good agreement with
ing densitypa?=0.09 andpo?=0.03, respectively. In neu- recent experimental results in polyelectrolyte brusfies.
tral polymer brush systems, the brush stretching is deter-
mined primarily by excluded-volume effects beMeen V. CONCLUSIONS
monomers. In polyelectrolyte brushes, the brush thickness
depends on electrostatic interactions with charged monomers In conclusion, we have performed the molecular dynam-
and microions, and steric repulsion between monomers. It ies simulations of polyelectrolyte brushes in an electrolyte
anticipated that the polyelectrolyte brushes stretch by elecsolution. The correct treatment of the long-range Coulomb
trostatic repulsion in the brush layer, and the brushes shrininteraction in a partially periodic system requires special
at higher salt density because of the shorter electrostatimethods which are computationally expensive. It is neces-
screening length. In Fig.(d), the added salt concentration sary to treat a lot of particles to study the screening effect by
c=cs (M) is given bycs=0.0 (solid line), 0.012 (dashed added salts, and this is a hard task in computer simulations.
line), 0.025 (dotted ling, 0.05 (long-dashed ling and 0.1  For this purpose, we have proposed the efficient numerical
(dash-dotted line In Fig. 4a), we can see that the density method of treating the Coulomb systems with two-
profile hardly changes with increasing the salt concentratiomimensional periodicity. We have employed the particle-cell
Cs. In Fig. 4(b), the added salt concentratiag is given by  acceleration technique, which is incorporated with the
cs=0.0(solid ling), 0.008(dashed ling 0.017(dotted ling, Lekner summation method, and treated many particles with
0.033(long-dashed ling and 0.066(dash-dotted ling Fig-  no difficulties. Using this method, we have clarified the
ure 4b) shows the different profiles from Fig(a, where structural formation of polyelectrolyte brushes numerically.
the brush thickness apparently decreases by increasing ties a result, it is found that the local charge dengifz)
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shows the characteristic, oscillating feature at the surface di.g., biological membranes as well as thin solid filn@nd
the brush layers. We have also studied the electrostatithese are future problems.

screening effect on polyelectrolyte brushes by adding
monovalent salts. At high grafting density, the brush height
does not get influenced by added salts. At low grafting den-
sity, on the contrary, the brush height decreases with the The author would like to thank Professor T. Nakayama for
increasing concentration of added salts. We mention that thealuable discussions. This work was supported in part by a
extension of our numerical method proposed in this paper t&rant-in-Aid from the Japan Ministry of Education, Science,

the system with one-dimensional periodicity, i.e., solutions inand Culture for Scientific Research. The authors thank the
nanopores, is straightforward. There are a lot of applicationSupercomputer Center, Institute of Solid State Physics, Uni-
of this method in soft matter physics and in surface sciencesersity of Tokyo for the use of their facilities.
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