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Effects of asymmetric salt and a cylindrical macroion on charge inversion:
Electrophoresis by molecular dynamics simulations
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The charge inversion phenomenon is studied by molecular dynamics simulations, focusing on size and
valence asymmetric salts, and a threshold of surface charge density for charge inversion. The charge inversion
criteria by the electrophoretic mobility and the radial distribution functions of ions coincide except around the
charge inversion threshold. The reversed electrophoretic mobility increases with the ratio of coion to counter-
ion radii,a”/a*, while it decreases with the ratio of coion to counterion valenzeé$Z*. The monovalent
salt enhances charge inversion of a strongly charged macroion at small salt ionic strength, while it reduces
reversed mobility otherwise. A cylindrical macroion is more persistent to monovalent salt than a spherical
macroion of the same radius and surface charge density.
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[. INTRODUCTION than the former after hydration. Second, we examine the
charge inversion threshold in terms of the surface charge
The phenomenon of reverting the charge sign of largedensity and monovalent salt for the macroions of spherical
ions due to other ions and salts in water solution was knowmand cylindrical shape$§20]. The adsorption of cylindrical
to physical chemists as charge inversion or overscreening fanacroions to a charged surface was previously studied
half a century[1]. More recently, it also attracted a signifi- [8,10]. Instead, we deal with the charge inversion of a cylin-
cant attention of physicis{2—17]. Charge inversion is now drical macroion by adsorption of counterions in the presence
understood to be the generic phenomenon that occurs iof monovalent salt. The cylindrical macroion is shown to be
strongly correlated charged systems. It has far reaching comnore persistent to monovalent salt than the spherical macro-
sequences in biological and chemical worlds. In particular, iion of the same radius and surface charge density.
seems to be a decisive ingredient in modern gene therapy, In the dynamical study13], the average static quantities
facilitating the delivery of genefegatively charged DNA including the radial distribution profiles of ions and the struc-
through cell walls of predominantly negative potentialsture of the electrical double layer are not altered in the zeroth
[18,19. order as far as the applied electric fididis much smaller
In our previous papers, we adopted stdfl?] and dy- than the electric field produced by the macroion chakge,
namical[13] models to study charge inversion of the spheri-<Q,/eR3, which is a huge electric field realized by high-
cal macroion by molecular dynamics simulations. In thEpower short pulse lasers. Hef@, andR,, are macroion bare
former study where a macroion was immovable, the stati¢harge and radius, respectively. We have confirmed this by
quantities were obtained including the radial distribution pro-excellent agreement of the integrated charge profiles between
files of counterions and coions moving in the Langevin therthe runs with and without the applied electric field, in 3%
mostat. Generally speaking, the radial profiles of charge deraccuracy for equal-sized coions and trivalent counterions
sity and integrated charge are good indices of chargevith the parameters of Fig. 2 in Sec. Ill. The net charge of
inversion. However, it is not so when the charge inversion igshe macroion comple®* can be estimated if one makes use
around the thresholfa counterexample is Fig.(d) of this  of the force balance relatioQ*E—v»V~0 or Q*~vpu,
papel; namely, those ions forming the outskirts of the radialwhere = V/E is the measured electrophoretic mobility and
distribution profile are not electrostatically bound to the mac-v is the solvent friction. However, one needs to assume the
roion complex and are left behind when the complex movedriction for this conversion. The friction that acts on the
in the solution. To separate the bound ions from the floatingharged object in charge-neutral electrolyte solution is an
ones, the electrophoretic mobility problem in the explicitenhanced one compared to the Stokesian friction because the
(particle solvent was studied in the latter. We showed that avelocity decay length is drastically shortened by screening of
macroion satisfying the charge inversion conditions driftedhydrodynamic interactiong21,22. Despite this uncertainty,
with adsorbed counterions and coions toward the externahe observed mobility agreed qualitatively well with the net
electric field, the direction of which agreed with the sign of charge scaling derived by the thedi0].
inverted charge. Another issue of the dynamical study is that the Joule heat
This paper adopts the dynamidalectrophoresjsmodel is produced by the applied electric field, which is transferred
and focuses on the following points. First, we address théo background neutral particles through collisions with the
asymmetry effects of the size and valence of counterions aniéns. To drain the heat, we adopt a heat bath at the domain
coions. The radii of bare halogen atoms are large compareldoundary that is kept at a constant temperafuréhe ther-
to those of alkaline metals, which become eventually largemal bath screens hydrodynamic interactions and nullifies the
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momentum of the system on time average. However, it isnolecule against that of K or C&" ions. However, the
emphasized that the electric field does not bring in momenmass is not involved as far as an equilibrium state is con-
tum into the charge-neutral system, and that hydrodynamigerned. Approximately one neutral particle is distributed in
interactions are weak compared to the electrostatic bindingvery volume element (22)°~ (3 A)? inside the simulation
forces and screened at short distances in the electrolyte SBomain, excluding the locations already occupied by ions,
lution [21,22. Momentum is not transported beyond this dis-which typically yields 4000 neutral particles for the spherical
tance from the macroion toward the domain boundaries. Wenacroion of radiuR,="5a. These particles are placed in a

confirmed this fact by comparing the mobilities of two runs cubic box of size. = 32a, with periodic boundary conditions
with and without the heat batfbefore heating became sig- in all three directions.
nificand, the results of which agreed very well within simu-  Calculation of the Coulomb forces under the periodic
lation errors(cf. Fig. 5 of Ref[13]). Thus, the heat bath does houndary conditions requires the charge sum in the first Bril-
not affect our simulations. _ ~louin zone and their infinite number of mirror imagébe
This paper is organized as follows. The simulationEwald sum[23]). The sum is calculated with the use of the
method and parameters are described in Sec. II. The effecfarticle-paticle particle-mesh algorithif24,25. We use
of asymmetric radii and valences of coions and counteriongz2)3 spatial meshes for the calculation of the reciprocal
on the charge inversion phenomenon are studied in Sec. llspace contributions to the Coulomb forces, with the choice
The dynamical and static observables, i.e., electrophoretigf the Ewald parameter~0.262 and the cutoff length 0
mobility and radial distribution functions of ions, are com- |y addition to the Coulomb forces, the volume exclusion

pared for the same runs, where good correspondences aiflect among particles is introduced through the repulsive
found except around the charge inversion threshold. In Se¢.ennard-Jones potentiab, ;=4[ (A/r;;)*>— (Alr;;)®] for

IV, the effects of monovalent salt that exits as the base of thqaij =|r;—r;|<2A, and¢ ;= — ¢ otherwise to exclude the
Z:1 counterions and coions are examined. There, a cylindrigtiraction part. Here; is the position vector of theth par-
cal infinite macroion (occupying full length across the do- ijcle, andA is the sum of the radii of two interacting par-
main) that can adsorb geometrically more counterions than §cles. We relates with the temperature by =kgT, and
spherical macroion of the same radius is introduced. Th‘%hoosekBT=e2/56a (we assume spatially homogeneous di-
cylindrical macroion is found to be more persistent t0g|actric constante). The Bjerrum length is thuskg
monovalent salt than the spherical macroion of the same ra- e2/ekBT=5a, which impliesa~1.4 A in water.

dius and surface charge density. Section V will be a summary The initial states of the runs are prepared by randomly

of this paper. positioning all the ions and neutral particles in the simulation
domain and giving them Maxwell-distributed random veloci-
Il. SIMULATION METHOD AND PARAMETERS ties. The Newton equations of motion are integrated with the

use of the leapfrog method, which is equivalent to the Verlet

Simulation method and parameters for the present StUdé(Igorithm [26]. The unit of time isr=a\m/e, and we
are dgscribed here. We_take thg system consisting o_f ON&oose the integration time stéyi=0.01r, wherer~1 ps
macroion, many counterions, coions, and neutral particle§y yea| environments. The simulation runs are executed well
We solve the Newton equations of motion for each partlcleoeyond the time when the dynamical propeittye macroion
with the _Coulombi(_: and Ler_ma_rd-Jones potential forces ungyif speed in this studyhas become stationary, and only the
der a uniform applied electric field (E>0). Alarge num-  giationary part is used for data analysis. Under the electro-
ber of neutral particles are used to model the solvent of giveRatic and Lennard-Jones forces where the random forces and
temperature and to treat the interactions among the finite-sizgitional forces are represented by particle solvent, typical
macroion, counterions, and coions. run times are between 200@nd 4006 (some runs are con-

The units of length, charge, and mass aeg, andm,  (inyed further to check the long term variability, but the re-
respectively. As is mentioned below, our choice of the temts fall within the error bajs
perature corresponds &~1.4 A in water andn~40 amu. As noted earlier, we can adopt the heat bath without side
A spherical macroion with radiuR,=5a, negative charge gffects for the present study with the neutral electrolyte sol-
Qo between— 15 and —81e, and mass 208 is surrounded  yent, At the center of the heat bath the macroion is located at
by theN™ number of counterions of a positive chaifiée  every moment. The velocities of the neutral particles cross-
and the N° coions of a negative charge jng the boundaries are refreshed according to the thermal
—Z e. The corresponding surface charge density of thejistribution of the given temperature. Throughout this paper,
macroion is betweeno,=0.048/a> (0.39 C/nf) and the same normalization of the mobility s
0.262/a” (2.1 C/nf). A rod-shaped macroion is also used in = /(|Qyy/eR2)~21 (um/sed/(Vicm) is used, where

Sec. IV ;Nhose surface charge de;nsity is betweshs  Q,,= —80e, Ry=5a, andvy is the thermal speed of neutral
=0.04/a? (0.33 C/nf) and 0.08/a> (0.66 C/nf). The (sglveny particles.

system is maintained in overall charge neutralit9,

+t7ta_N"7 o— - i :
+N"Z7e—N"Z e=0. The radii of counterions and coions IIl. THE EEFECTS OF ASYMMETRIC

N _ . : . )
area and a+, respectively, Wlth the counterlon radl_us be- COIONS/COUNTERIONS

ing fixed ata™ =a, and the radius of neutral particlesag.

The mass of the coions and counterionmjsand that ofN,, The dependence of the electrophoretic mobility of a mac-

neutral particles isn/2, where we have in mind the water roion on the ratio of coion and counterion radii /a* is
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FIG. 1. The electrophoretic mobility of the macroiqn is

shown against the ratio of coion and counterion radiia®. The
counterion radius is fixed @™ =a, and their valence ig"= 2
(diamonds, 3 (circles, and 5(squares The surface charge density
of the macroion isos,~0.26e/a® (2.1 C/nf) for the chargeQ,=
—80e and radiusR,=5a. Here, the normalization of the mobility |G 2. The radial distribution functions of charge densityof

is = 2y i . . : , .
is 1o=vo/(|Qol/€RG)~21 (um/s)/(Vicm) with v the thermal  counterions(solid bars and coions(shaded bajswith the coion
speed of neutral particles. The number of monovalent coions i$5giys(a) a-=a and(b) a~ =2a are shown for the runs in Fig. 1

N™~60 (1.1 mol/)). The Bjerrum length isg=5a. (the coion bars are enlarged by ten timdge counterion radius is
a*=a and valenc&Zz™ =3. The insets show the integrated charge

shown in Fig. 1. The coion radius is varied betweeraGBd distribution Q(r)/|Q,| of the corresponding counterion and coion

2.5a for the fixed counterion radius™ =a, and the Bjerrum  charge densities.

length isAg=e?/ekgT=5a. The counterion valence &"

=2 (diamonds, 3 (circles, and 5(squares The number of  chargeQ(r) in the inset is peaked and larger than the neu-
monovalent coions isN”~60, which corresponds to the trality |Q,|. By contrast, for the case of nonreversed mobility
density 1.& 10_3/83% 1.1 mOl/I, and that of the counterions ata =2ain F|g 2(b), the aggregates made of one counter-
is determined by charge neutrality. The macroion with charggon and a few condensed large coions distribute more homo-
Qo= —80e and radiu}; = 5a has the surface charge density geneously apart from the macroion than for the/a* =1
osp~0.26e/a® (2.1 C/nf). The electric field is E  case. The radial profile of the integrated charge is nearly flat
=0.1s/ae<Qy/eRj which ensures that the electrophoresisdue to less concentrated counterions, thus the dynamical and
occurs in the linear regimgl3]. static observables of charge inversion are consistent. The
Figure 1 shows that the mobility is reversgubsitive and  degradation of the mobility does not depend on the counter-
increases almost linearly with the raio /a™. The mobility  jon valence nor is indexed to the coion and counterion inter-
peaks at the intermediate coion radais/a”~1.5, beyond action energyZ*Z e/ e(a”+a™) which is always larger
which the mobility sharply decreases and flips to nonrethan thermal energkgT (between 5 and 10 times fat"
versed. The peak value of the reversed mobilityaafa®™  =3). On the other hand, the volume fraction of the ions
=1.5is 15 m/s)/(V/cm). The experiment with a sulpho- becomes significant, #[N~(a~)3+N*(a")%]/3L3~0.07
nated latex particle of the surface charge density 0.11%C/mfor a~ =2a and 0.13 fora™ = 2.5a.
yields saturated mobility 0.254m/s)/(V/cm) for 50 mM/I The increase in the mobility with coion radius arises from
La(NG;); (Fig. 6 of Ref.[17]). Although exact comparison less amount of charge compensation by large coions due to
of two results is difficult, the theory predicfd0] that net geometrical avoidance on the counterion surface. This is
charge Q*, hence the mobility, scales asQ*/R(Z) consistent with the Monte Carlo simulation of charge inver-
~a(Rws/\p) ~ (Zeocg) Y2 for the weak Debye shielding re- sion for the finite-size coion&] and the condensation of the
gime, where\ p= (ekgT/87cse?)2 with cg the coion den- Z:1 ions with the size asymmetr}27]. Our observation
sity, andRys= (Z€/ moy) Y2is the Wigner-Seitz cell radius. shows that the degradation of the mobility for large coions is
This formula may be applicable because of weak lateratue to collisions; a part of adsorbed counterions are kicked
screening on the macroion surface due to the absence ofit of the macroion surface whose return is hampered and
coions there. The mobility of the former is expected to be 37delayed by large coions surrounding the macroion. This is
times that of the latter, whose agreement is fair despite theontrary to the charge inversion enhancement by the ex-
theory assumptions. cluded volume ordering by large and symmetric coions and
The cases with reversed mobility are characterized by theounteriond 28].
peaked radial distribution profile of the counterions localized The effect of asymmetric valences between counterions
on the macroion surface and strong association of coionand coions on the electrophoretic mobility is shown in Fig. 3.
with the counterions, as seen in FigiaR The integrated The coion valenc& ™ is varied for the fixed counterion va-
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E L A | counterions(solid bar$ and coions(shaded bajswith the coion
Q A valence(@ Z~ =1 and(b) Z~ =3 are shown for the runs in Fig. 3.
or-—— — — — — — — — The counterion valence & =3. The insets show the integrated
O charge distributiorQ(r)/|Qo| of the corresponding counterion and
B N coion charge densities.
-05 | | | © | .
0 2 4 6 8 10 radial distribution profile of the integrated charge is peaked
Z_Z+e2/26’ya Qpeak/Qo~1.4, and its trailing tail oscillates periodically

around the neutrality as found previou$2,28. Although
theZ™=Z" case resembles the Debye screening in the sense
FIG. 3. The macroion mobility is shown agairigh the coion  that the ratio of the macroion, counterion, and coion valences
vaIench’ and (b) the modified intgraction energy of counterions g Qo/Z:1:1, neither the Debye nor nonlinear Poisson-
and coionsZ"Z"e?/2eva for the fixed counterion valenceZ”  Bgjtzmann theory is applicable due to strong electrostatic
=2 (triangles, Z* =3 (open C'rC'e§ andZ*=4 (solid circles.  jnsaractions and charge inversion takes place.
The y factor is 1, 2, and 2.5 foz" =2, 3 and 4, respectively. rpq gynamical results of the mobility in Fig. 3 are com-
tc?r'lonsr atn? co szr;tczrll(on}s:aée(t%f;h;;a:mrs {:?‘:K & E:aa;' andthe o red with the static results in Fig. 4 that depicts the radial
emperature 1/ eaks Jert gt ' distribution functions for trivalent counterions and the coions
with (@) Z~ =1 and(b) Z~ =3. In panel(a), the counterions
lenceZ* which is either divalent, trivalent, or tetravalent. are strongly adsorbed to the macroion and the radial profile
The macroion surface charge density de~0.26e/a2 of the integrated charge in the inset is peaH@Jpeak/Q0|
(2.1 CInt) for the charge and radiu@,~ —80e and R, ~1.6. Both the dynamical and static observables indicate
=5a. The charge content carried by coions is kept the samstrong charge inversion. It is counterintuitive, however, that
such thatN~=300/Z", and that of the counterions is deter- the maximum peak height of the integrated charge in Fig.
mined by charge neutrality. The radii of the coions and coun4(b) is not proportional to the small mobility measured in
terions are equala”=a*=a. The figure shows that the Fig. 3. The integrated charge profile with a sharp dip after the
mobility is reversed and largest for the monovalent coionsfirst peak is usually associated with small reversed or nonre-
i.e., for the largest asymmetry with a@y" value. The mo-  versed mobilities. For crudely detecting the charge inversion
bility gets larger as the valence of the counterions increasestatically, one has to count the number of the ions whose
from divalent, trivalent to tetravalent & =1. As the de- binding potential to the complex is larger thigl, which is
gree of the asymmetry decreases with the increase in coiomot trivial in data analysis of the molecular dynamics simu-
valence, the magnitude of reversed mobility decreases dations.
(z7)~?! until the two valences become nearly symmetric,
Z"~Z~. The mobility remains reversed for the equal va-
lence cases except f@ =z~ =1, as shown in Fig. 3, and
finally gets nonreversed for larger coion valences.
The charge inversion for divalent counterions and coions We study in this section both the spherical and cylindrical
is in line with the theory result of the hypernetted chain-macroions under the monovalent salt that exists as the base
mean spherical approximation integral equatiphd]. The  component to theZ:1 multivalent salt. Here, the trivalent

IV. SPHERICAL AND CYLINDRICAL MACROIONS
UNDER MONOVALENT SALT
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FIG. 5. The electrophoretic mobility of the spherical macroion 0.0
is shown against ionic strength of monovalent sg|t(the 1 mol/l
salt corresponds to 0.0057). The surface charge density a5,
=Q0/47TR§~0.269/a2, with excessZ ions (filled squares and
without exgess_z ions (open squargs Also, the mobility for o, FIG. 6. The radial distribution functions of charge dengityof
~0.08%/a" with excess Z ions (filled circles. Here, uo  counteriongsolid bars and coionsshaded bajsare shown foa)
~21 (umis)/(Viem). the spherical macroion in Fig. 5 arfb) the cylindrical macroion in

Fig. 8, both with surface charge density=0.08/a?, radiusR
counterions Z=23) are called the ions, and other counte- =5a, and salt ionic strengthg~0.0064° (the coion bars are en-
rions and coions are monovalent. All these ions have equaf9ed by three timgsThe insets show the integrated charge distri-
radiusa_=a* =a. butionQ(r)/|Q,| of the corresponding counterion and coion charge

Figure 5 shows the dependence of the mobility of adensities.
spherical macroion against ionic strength of monovalent salt,
ng=2N"1/L3, whereN'?! is the number of monovalent
counterions (the same number of matching monovalent
coions are presentThe N*1=50 salt ions correspond to
ng,~0.00314% (1.8 mol/l), and the Debye screening length

This agrees with our previous findind3] that the threshold
of surface charge density |o|/R5~0.5/a? for any com-
bination ofQ, andR,. The correlation energy of the surface

is 1.6a. The surface charge density for tongly charged Zkijons forming the Wigner-Seitz cell becomes at the thresh-
macroion withQq,= —81e (filled and open squargss o, 0

~0.26e/a?, and that for theveakly charged macroion with 7262/2eRurc~ Bk T @)
Qo= — 25 (circles is 0.08/a? (0.65 C/nf), both with the we e
radiusRy=5a. For these runs, the surface charge is at least

several times that of the salt ions contained in the surface In Flgll. 5t W(Tt seehthat thethadd|t|on ofdsmalllj_?tmo;mt tcr)]f
layer, o >en\p. The Guoy-Chapman length is even monovalent salt enhances the reversed mobility for the

: : : +3_
smaller,\ gc= ekgT/2mZeas,~0.13a for trivalent counteri- strongly charged macroion with excegsions Ny, =10

ons ando.,~0.262/a2. The Wigner-Seitz cell radius for the (filled squares The mobility peaks ahs,~0.001%/a* (0.83
spherical r%acroion is mol/l). However, further addition of monovalent salt whose

charge concentration exceeds that of thens in the bulk

screens the electric field and suppresses the charge inversion.
(1) By extrapolation, the reversed mobility is expected to termi-

nate atng,~0.013A% (7.2 mol/). Even without the excesa

ions for whichN*3=|Qy|/eZ, the addition of monovalent

salt induces the charge inversi@pen squares; the fifth data
This yields Rws~1.9a and 3.&, respectively, for the point overlaps on the filled squarén the other hand, for a

stronglyandweaklycharged macroions in Fig. 5. A series of \yeakly charged macroion with excess trival@tons N 3
the runs with spherical macroions of different bare charges- 19, the mobility is reversed at zero salt but decreases

Qo reveals that the charge inversion threshold under the zergonotonically with the salt ionic strength.

Rws=(Ze/ o) Y%= 2Ry(Zel| Qo)) Y2

monovalent salt isQo~15e for Ro=>5a. This yields A close look at the ion distributions shows that the en-
Qo/Rp~0.6e/a” and the surface charge density at thehancement of the mobility at themall salt ionic strength in
threshold Fig. 5 is due to the rearrangement of ions to achieve global

energy minimization rather than the adjustment ofZHens
on the macroion surface. This is found in the radial distribu-
osp—0.04&/a%(0.39 C/nf). (2)  tion functions of ions in Fig. @), and visually in the bird’s-
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FIG. 7. (Colorn The bird's-eye views of all ion species are
shown for the spherical macroion witkop) and without(bottom
the exces« ions for the surface charge dens'tt;gpva.ZGe/a2 of

Fig. 5. The trivalent and monovalent counterions are drawn in red
and vyellow, respectively, and the monovalent coions in green

(nearly 4000 solvent particles are not drawn

TABLE I. The dependence of mobility on the length¢ of the
cylindrical macroion with the radiuR=5a that lies perpendicu-
larly to the applied electric field. The surface charge density
~0.08/a? gives the macroion charg®,,q= oS for the surface
area S=27R(2R+¢). The number of coions iN~~90 and
monovalent salt is not present.

¢la 0 5 10 15 20
S/a? 314 471 628 785 942
|Qr0dl/e 25 38 50 63 75
wl g 0.29 0.35 0.34 0.31 0.30
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FIG. 8. The electrophoretic mobility of the rod-shaped macroion
is shown against ionic strength of monovalent sgjt The macro-
ion is aninfinite rod with the radiuR,,q=5a. The surface charge
density iso,,q~0.08/a? (filled circles, 0.062/a (open circley
and 0.04/a? (filled squares which correspond to 0.66 Cfn
0.49 C/nt and 0.33 C/rh, respectively. The normalization of the
mobility is wo~21 (um/s)/(Vicm).

eye view plot in Fig. 7. For the case with excegsons,
almost all theZ ions are adsorbed to the macroion, while
monovalent salt ions including counterions are located apart
from the macroion surface. For the case without the exZess
ions, both trivalent and monovalent counterions are adsorbed
to the macroion, but the coions are absent in the vicinity of
the macroion. Thus, the lateral screening on the macroion
surface should not be significant. The theory of charge inver-
sion[10] predicts enhancement of overcharging by monova-
lent salt. However, the theory heavily relies on the screening
of surfaceZ ion correlations beyond the nearest neighbor

FIG. 9. (Color) The bird’'s-eye view of the cylindrical macroion
and other ions located withinad from the macroion surface is
shown for the run in Fig. 8. The surface charge densityois
=0.08/a® (0.66 C/n?) and salt ionic strength img~0.0064°
(3.6 mol/l). The trivalent and monovalent counterions are drawn in
red and yellow, respectively, and the monovalent coions in green
(solvent particles are not drayn
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cells, and the predicted overcharging occurs in the limitedace charge density is twice as large compared to that of the
regime. DNA. However, the polyelectrolyte counterions can help to
We interpret that the aforementioned rapid decrease in thevercharge the macroidi31,32,33.
mobility with salt ionic strength for the weakly charged mac- We compare in Fig. 6 the radial distribution functions of
roion is due to the finite radius of the spherical macroion;the spherical and cylindrical macroions of Figs. 5 and 8 un-
namely, a number of ions adsorbed on the small surface of der the same condition. The surface charge density for these
the macroion may not be sufficient to maintain electrostatianacroions iso~0.08/a?, radius R=>5a, and salt ionic
correlations and overcome thermal fluctuations. strengthng,~0.006A3. The peaks of the counterion charge
Therefore, the rest of this paper is devoted to the chargdensity are of the same height for these cases, but the marked
inversion of a cylindrical macroion. Here, the macroion isdifference is that the monovalent counterions and coions are
assumed to be a rod of finite radiRs,4 andinfinite length, =~ more closely concentrated to the cylindrical macroion than to
occupying the full length across the domain, and that it lieghe spherical macroion. Consequently, for the latter with non-
perpendicularly to the applied electric field for the ease of theeversed mobility, two dips below the neutrality occur in the
simulation. It is remarked that a polyelectrolyte chain tenddrailing tail of the integrated charge profile in Figiah For
to align along the electric field due to the polarization effectthe former with reversed mobility, there is only one and well-
[29]. However, the orientation of the rod may be of the sec-defined peak in the integrated charge profile of Fig)6
ond importance in the case of a nondeformable rod macroiowhich reveals a strong binding of ions to the cylindrical mac-
since the counterion adsorption by the macroion is not muchoion. This case is associated with a well-developed lateral
altered as far as the applied electric field is weak comparedetwork ofZ ions on the surface of the macroion, as shown
to the local electric field produced by the macroidh, in the bird’'s-eye view in Fig. 9. Majority70%) of the Z ions
<Qoq/€Rroqgl- are adsorbed on this rod macroion surface, which is more
Before other results are shown, the dependence of thihan sufficient for charge neutralization. Also a small fraction
mobility on the length of the rod is examined. Table | sum-(20%) of the monovalent counterions are adsorbed to the
marizes the mobility for the finite length rod which has the macroion, unlike the case of the spherical macroion of the
cylinder length¢ and is capped by two semispheres of radiussame condition. Thus, the network is better packed by the
R at each end. The surface area of the macroiorSis counterions, which makes the surface ions less susceptible to
=27R(2R+¢), and the fixed surface charge density,y  thermal fluctuations and desorption. This supports more per-
~0.08&/a? determines the macroion chargg.q. The ¢  sistence of the rod-shaped macroion to monovalent salt than
=0 case is a spherical macroion. The surface electric fieldhe spherical macroion of the same radius and surface charge
at the center and tips of the rod are thus almost the same félensity.
different rods. The mass of each rod is varied such that the
ratio Q,,q/M,oq=~const. although the rod mass should not be
involved in the equilibrium drift speed and the mobility.
Table I shows that the mobility slightly increases for a short In this paper, the charge inversion phenomenon was stud-
rod compared to the spherical macroion but becomes nearfgd by electrophoresis, with a focus on the effect of the
insensitive to the length of the rod fdt/R,,q=3, if the  asymmetric salt in size and valence, and the threshold of
surface charge density is maintained and the monovalent saltirface charge density of the macroion for both the spherical
is not present. This rod length may indicate the transitiorand cylindrical macroions. The criteria for the charge inver-
from the three-dimensional to two-dimensional regime of thesion obtained by the electrophoretic mobility and the radial

V. SUMMARY

cylindrical macroion. distribution functions of ions coincided except around the
The charges of thénfinite rod macroions in Fig. 8 are charge inversion threshold.
Qrog=—80e (filled circles, —60e (open circley and First, large coions compared to the counterions played a

—40e (filled squares The surface charge densities of thesepositive role in enhancing the charge inversion, while the
Macroions arer,oq=|Q;o4l/2mR oqL ~0.08/a2, 0.06e/a2, coions with larger valence than the counterions played a
and 0.04/a?, respectively, which correspond to 0.66 G/m negative role. More specifically, the reversed mobility started
0.49 C/nt, and 0.33 C/rh For reference, the surface charge at nearly null for very small coion radius, increased linearly
density of the DNA is 0.19 C/f The number ofZ ions is  with the ratio of the coion to counterion radii up o /a*
adjusted adN"3~|Q,,4//€Z+30. The Manning parameter ~1.5. Beyond this value, the mobility decreased sharply due
Ew=MN\gQoq/eL [30] for these rods is between 3.9 and 7.8, to large volume fraction of the coions and destruction of the
and counterion condensation is expected which, howevecomplex by collisions. On the other hand, the mobility was
does not affect the shape of the rigid-rod macroion. We seeeversed and largest for the monovalent coions, i.e., for the
again that the reversed mobility for the cylindrical macroionlargest asymmetry of valences. The reversed mobility de-
is enhanced by the addition of small amount of monovalentreased with the ratio of the coion to counterion valences
salt, similar to the strongly charged spherical macroion inz=/Z*, and flipped to norma(nonreversedfor the coion
Fig. 5. The mobility foro,,q=0.08/a? is still reversed at valence exceeding that of the counterions. The mobility was
ng~0.008A%. Thus, the rod-shaped macroion is more per-reversed for divalent counterions and coions.

sistent to monovalent salt than the spherical macroion of the Second, the addition of monovalent salt enhanced re-
same radius and surface charge density. The mobility of theersed mobility for a strongly charged macroion at small
macroion witho,,q=0.04e/a? is not reversed, whose sur- ionic strength. This was due to global minimization of the
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electrolyte energy, and not only due to the local adjustmeninore persistent to the monovalent salt than the spherical
of ions on the macroion surface. On the other hand, a largeacroion of the same radius and surface charge density.
amount of monovalent salt screened the electrostatic interac-
tions and suppressed charge inversion. For a weakly charged
macroion, the enhancement regime was not detected and re-
versed mobility decreased monotonically with the increase in
the monovalent salt concentration. The author is highly grateful to Professor A. Yu. Grosberg

Third, the threshold of surface charge density under thdor fruitful suggestions and discussions. He also thanks
monovalent salt was examined. TAaéon (multivalent coun-  Professor I. Ohmine for encouragements. The computation
terion) correlation energy at the threshold was several timesf the present study was performed with the Origin 3800
of the thermal energy, Eq3). A cylindrical macroion at- system of the University of Minnesota Supercomputing
tracted counterions and coions more closely to its vicinity,Institute, and the vpp800/13 supercomputer system of the
formed a well-packed network of the counterions, and wadnstitute for Space and Astronautical Scieriéapai.
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