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The polarization of rodlike polyelectrolytes has been analyzed by Brownian dynamics simulations, using a
cube with a polymer in the center surrounded by counterions and byions. Electrostatic interactions both in
the cube and beyond the cube were evaluated assuming periodic boundary conditions using Ewald summation.
The effect of hydrodynamic interactions on the dynamics of the ions has been evaluated by modified Oseen
interaction tensors. For polyions without added salt, the dipole induced in the presence of hydrodynamic
interactions is smaller than in their absence for most of our simulated data, but under some conditions the
effect of hydrodynamic interactions is rather small. For polyions with 40 and 60 residues, the dipole moment
induced perpendicular to the rod axis;, is rather close to that induced parallel to the rod axjs, The
difference (i — up) is positive under most conditions, but negative valuesupf{ ) were also found in

some cases. All simulated dipole moments increase with the chain I&hgthshows a linear increase with

the chain length, whereas the increaseupénd ( — up) with N is more than linear. The dipole moment

w; calculated for a polyion with 40 residues in the presence of hydrodynamic interactions increases with
increasing concentration of added salt, whereas in the absence of hydrodynamic integadsovigually
independent of the salt concentration. This result indicates that the contribution of hydrodynamic interactions
to the dipole moment increases with increasing salt concentration. Electric fields induce not only dipole
moments but also dissociation of ions, which is reflected by an increase of the root mean square distance
(%232 of the counterions from the center of the cube. The increas&¥? computed in the presence of
hydrodynamic interactions is smaller than in their absence; this increase is also smaller for perpendicular
than for parallel orientation of the field vector and rod axis. The rise-time constants of the dipole moments
are in the time range of a few nanoseconds and do not show any detectable dependence on the chain length.
Because of the complexity of the results, which is due to the superposition of many different effects, it is not
possible at the present state of the simulations to present simple equations or general rules for the anisotropy
of the polarizability, e.g. as a function of the field strength or of the chain length.

Introduction e.g. the chain length, the electric field strength, and the salt
concentration. We have also compared dipole moments induced
by electric fields applied parallel and the perpendicular to the
long axis of rods and find that the polarizability in perpendicular
direction is considerable and is almost as large as that in the
parallel direction for polyions with up to 60 residues.

The polarization of rodlike polyelectrolytes in external electric
fields is a complex process which remains a major problem for
a guantitative theoretical descriptiéré?2 Various theoretical
approaches have been used, but it proves to be difficult to
include all the different effects that are expected to contribute
to po_lari_zation into_ a tractable model. The electrostatics of gjmlation Procedure
polarization alone is already complex enough because of the ) ) )
interactions of many charged species with each other and with Our procedure for the simulation of the dynamics of coun-
the external electric field. However, in addition to electrostatics t€rions and coions around a cylindrical polyion has been
it is expected that there are hydrodynamic interactions betweendescribed in detafd; and thus our present description is mainly
the components. According to the calculations of Fixman and devoted to the new subroutines introduced into the program.
Jagannathat hydrodynamic interactions provide a dominant We analyze a model consisting of a single rigid cylindrical
contribution to the polarizability of polyelectrolytes. polyion with a given number of counterions and byions in a

Because of the complexity of the problem, simulations of _cube with s_|de Iengtlll_. This cube is surro_u_nded by |dent|cal_
counterion polarization around rodlike polyelectrolytes by images using periodical boundary conditions. Electrostatic
Brownian dynamics appear to be the method of choice. We interactions between the polyion, counterions, and byions are
have used this approach previoddhbut did not include  €valuated using the Ewald summation technitfifé. The
hydrodynamic interactions yet and also did not study the components of the cube are equilibrated during an initial period
anisotropy of polarization. In our present contribution we ©f simulation in the absence of an external electric field and
describe simulations on the polarization of rodlike polyelectro- then polarization is studied by simulation of trajectories for
lytes in the presence and in the absence of hydrodynamiccounterions and byions under a uniform external electric field
interactions. According to the results, the influence of hydro- Of strengthE. In our previous investigation we have applied

dynamic interactions is very much dependent on the conditions, the electric field along the axis of the polyion. The extension
of this procedure to simulations in electric fields directed

@ Abstract published ifAdvance ACS Abstractdjlay 1, 1997. perpendicular to the long polymer axis does not require a special
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description. However, the introduction of hydrodynamic in- The vectoR representing random step of all beads is obtained

teractions between the polyion, counterions, and byions is not from

trivial and thus is described in detail in the following section. &
When solute particles translate and rotate in a viscous fluid R=3SX (4)

at sufficiently small Reynolds numbers, the forces and torques where the & x 3K tensorS is derived from the tenso®

exerted by the fluid on the particles are linear functions of their according to

translational and angular velociti€s.The forces and the torques

may be evaluated approximately on the basis of bead models Q=SS )]

of the particles, with eac_h bead acting as a frictional céeftter. and X is a column with & random Gaussian numbers with

These r_nodels are usgd in the present vv_(_)rk. zero mean and /& variance. Thus finally we may represent
ConsideiK beads. FirsM beads with radig, form the model gy ynian motion of a set ok beads by the following form of

of the polyion. The remainindgK — M beads with radiias eq 1:
represent the counterions and byions. We assume that the R R R
polyion is rigid. The Brownian motion of the systemiobeads r Dyy Dy .. D\ [F
in the time intervalAt =t — t is described by the equatith B B )

ATZ :%.21 .22 .2K '.Fz N
Ar =2LoF 4+ R(AY ) kTl E
ke T e Dii Dk2 ... Dkk| Fx
In the above equation, the vectarsF, andR are X x 1 Siu S .. Sk Xy
column vectors obtained by stacking tKecolumn vectors (3 §21 §22 §2K X
x 1), ri, Fi, or Rj, on top of each other. Eadth vectorr;, F;, ) ) ]2 (6)

Ri describes net displacement, experienced force, and random
displacement for each ¢f beads. The matriQ is a symmetric Sﬂ S( S« Xy
3K x 3K supermatrix constructed from hydrodynamic interac-

tion 3 x 3 I5ij tensors between beadsndj. Thus Because we assume a rigid model of the polyion, we do not

need to consider motion of its! beads separately. Thus we

D A D can split eq 6 into two parts, one for motion of the whole polyion
e MK and the second for motions of counterions and byions. Doing
A D,y Dy oo Dk this, in the current version of our program we neglect rotational
Q= . . o (2) motion of the polyion. We calculate the translational diffusion
. . o tensor of the bead model of the polyidke, according to
Dk1 Dkz2 ... Dk methods described elsewh@fé?31 We define the coordinates
of beads of the polyion in the eigen axes of its translational
anck6.28.29 diffusion tensor (this is straightforward because of assumed
cylindrical symmetry of the polyion); thus the translational
I5ij = diffusion tensor of the polyion is diagonal:
w1 o T O O
Waila”" =] Te=l0 T, O )
) ) 0 0 T,
keT |~ Tyl | & &1 gl if i=j, _
) =t o Ey | a+a Translational random steps of the polyidty, are obtained by
8 r r.2 \3  r i g _ _ _
i i i three independent Gaussian random numbers with zero mean
kg T 9\ 3l ifi=], a=a, value and variancesI2At for theith axis. Thus movement of
iﬁﬂ’?% 324 32ar; , rj <28, the polyion itself is determined by
3) Arp= %TP-FP—F Rp(A1) (8)
In eq 3a. IS the raq|us Oith. beafj’r” Is the distance betv\_/gen whereFp is the total electrostatic force exerted on the polyion.
beads andj, andy is the viscosity of the solvent. MatrigQ The Brownian motion ofKk — M beads of mobile ions. is

and vectorF are evaluated at the beginning of time st&p

We are using a modified Oseen hydrodynamic interaction tensordetermmed by

for both. nonoverlapping beads of“ arbltrary. radii and fqr (Y Dyt11 Dwmti2 Dusik| [Fy
overlapping beads of the same radii. There is no expression 5 D 5

available for overlapping beads of unequal radii at present. ,["M+2 | _ At [“M+21 =wm+22 ME2K] F
Consequently, all beads for the polyion should have the same |: ksT |:

radius (because in our model they overlap), and all beads of D ) D =

the counterions and byions should also have the same radius | ¥ K.l K2 e KK K
(because we do not forbid their overlap; when they overlap we S\Hl L SWH I Swﬂ ol Ix

set electrostatic interaction between them to zero; thus we avoid A oA A !
infinite attraction forces between oppositely charged small Swiz1 Swizz - Swtak X ©)

mobile ions). For the hydrodynamic interactions between small : : :

ions and the polyion, we need the HI tensors only for A N N

nonoverlapping beads, because during simulation polyion and Skt Sk e Sk Xk

ion beads are not allowed to overlap. whereF; (i = 1, ...,K) are electrostatic forces experienced by
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individual beads an&; (i = 1, ..., K) are random Gaussian
numbers with variance/g.

After moving the polyion according to eq 8 and moving all
mobile small ions according to eq 9, the final positions of the
mobile ions are corrected for the movement of the polyion and
the next step in Brownian dynamics simulation starts. Thus
the results of our simulation are motions of mobile ions in the
coordinate system fixed to the polyion.

The polymer is represented by a cylinder with a lineNof
negative unit charges with a constant spacing parameter

located on the symmetry axis (note that the number of charges

of the polymem is larger than the number of beallsused for

the hydrodynamic model representing the polymer). The radius
of the cylinder isa and the length is= (N — 1)b + 2a. In all

our simulations we use= 0.17 nm andx = 0.5 nm; the charge
spacing corresponds to that of double-helical DNA,; that is, two

charges correspond to one base pair. The ions are assumed to

be in a liquid solvent; we use a relative dielectric constanrt
80.2 and a viscosity 1.002 103 kg m~1 s~1 corresponding to
an aqueous solution at 20C. The translational diffusion
coefficient of counterions and byions is 1.36107° m? s™%,

For each transient we calculate at given sampling intervals
the dipole vector of the box

A= qr, (10)

and the root mean square distance of the counterions from the

center of the box

2042 = Zriz

(11)

where NI is the number of ions, including all ions with both

positive and negative charge, and NC is the number of

counterions, corresponding to the ions with positive charge.
We have also collected data on the motion of the polymer

and calculated the electrophoretic mobility (the distances moved
by the polymer in the direction of the field during each time
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Figure 1. Dipole momeniy, induced by an electric field dE = 50
kV/icm as a function of time in a 40 x 40 x 40 nm cube with a
polymer of 40 residues and 10 byions. The line without noise represents
a least squares fit with two exponentiat§ & 7.9 ns,7, = 8.2 ns,

Ay = 80.51 kD, Au, = —79.35 kD, average of 1750 individual
transients). The lower panel shows the residuals of the fit as a function
of time.

A g2

step were divided by the time increments and the resulting values 0 100 200 0 t [ns] 400
were averaged). Individual transients were accumulated and

the results averaged, until the signal to noise ratio was sufficient. ~ 4a <" 0]

The averaged number of individual transients was in the range 0% 5 0 100 T i
between 100 and 1000; usually higher nhumbers of individual t[ns]

transients were simulated for the short polymers. Figure 2. Change of the root mean square distanc&&%¥? of

counterions and induced by an electric figle= 50 kV/cm as a function
of timetin a 40 x 40 x 40 nm cube with a polymer of 40 residues

. . . L L and 10 byions. The line without noise represents a least squares fit
As described in the previous publicati®happlication of an with a single exponentiak(= 30 ns, A&2Y2),, = 2.13x 10°%, average

e!ectric field to a box pontgining a polyelectrolyte ianCQS a of 1750 individual transients). The lower panel shows the residuals of
dipole moment in the direction of the vector of the applied field the fit as a function of time.

with rise-time constants in the nanosecond time range. At low

field strengths the rise of the dipole moment can be describedin all cases the over-/undershoot effects cancel out owing to
by single exponentials, whereas two exponentiaandr, are Brownian motion after some time of about 100 ns. These effects
required at higher field strengths (cf. Figure 1). The maximum appear both in the presence and in the absence of hydrodynamic
of the dipole moment appearing shortly after application of the interactions and also for electric fields applied both parallel and
electric field seems to be due to field-induced dissociation of perpendicular to the polymer axis.

counterion$2-36 the counterions, which are dissociated from The field-induced dissociation of ions from the ion atmo-
the polymer, move away from the polymer and thus contribute sphere of the polymer has been documented by calculation of
to the dipole moment. In order to keep a constant number of root mean square distances of counterions and byiRAd/2.
particles in the box during the simulation, ions moving out of This parameter increases after application of electric fields
the box at one boundary plane are introduced at the oppositewithin a time period of about 100 ns (cf. Figure 2). In most
boundary of the box. Due to this operation, the overshoot effect cases the increase Gf?[¥2 as a function of time obtained for

is turned into an undershoot effect after a characteristic time. high field strengths requires two exponentiajsand 75 for a

In some cases this effect leads to an oscillation phenomenon;satisfactory fit. The signal to noise ratio of the data obtained

Results
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Figure 3. Stationary values of the dipole momentsnduced for a Figure 4. Stationary values of the dipole momentsnduced for a

polymer with 40 residues in a 40 40 x 40 nm cube as a function of polymer with 60 residues in a 4& 40 x 40 nm cube. With
t_he electric field strengtk. Wlt_h hydrodynamic interactions: e_Iectrlc hydrodynamic interactions: electric field parallel to polymer axi} (
field parallel (+) and perpendicular) to the polymer axis. Without  and perpendicular to polymer axi®), Without hydrodynamic inter-
hydrodynamic interactions: electric field paralled)(and perpendicular actions: electric field parallel to polymer axig) and perpendicular
(+) to the polymer axis. to polymer axis {).

at low field strength is usually lower, and thus these data cannot O~ T~ T T T T
be fitted by more than single exponentials. The time constant

75 obtained from thel$2(¥2 data is clearly larger than, .
obtained from the rise curves of the dipole moments. It must ‘D] 800
be expected that the field-induced response of a polyelectrolyte 4

10004 -

cannot be described in terms of a few normal modes. Thus the 600+ —
time constants obtained from the simulations at the present level 1 1
of accuracy simply represent averages, and the weighting factors 400+ .
for dipole transients and foi%2¥?2 transients appear to be T T
different. 200+ T
The stationary values of both the dipoles and the root mean 0_' .
square distances have been evaluated by least squares expo- ]
nential fits of the averaged transients, as shown in the examples — 200 e oAt
of Figures 1 and 2. Because of limitations in the available 0 50 100 150 200
computer time, the number of transients used for averaging had E [kV/em]

to be limited, and thus also the signal to noise ratio remained gigyre 5. Stationary values of the differengg — u- between the
limited. The simulations involving hydrodynamic interactions dipole moments induced parallel and perpendicular to the polymer axis;
required particularly large amounts of computer time. In spite in the presence of hydrodynamic interactions for polymers with2)0 (

of limitations resulting from these boundary conditions, some and with 60 &) residues, in the absence of hydrodynamic interactions

new information may be derived from the available data. for polymers with 40 4) and 60 &) residues. All simulations in 48

As should be expected the stationary values of the dipole 40 x 40 nm cubes.

moments increase with increasing field strengthHowever, the zero level (cf. Figure 5), but these data indicate that(
the dipole moments approach saturation already at field strengthsuc) is larger in the absence than in the presence of hydrodynamic
E ~ 50 kV/cm for polymers with both 40 and 60 charged interactions except for the highest field strengfs; 150 kV/
residues (cf. Figures 3 and 4). Moreover, the dipole moments cm. A closely corresponding result is found for the polymer
decrease with increasinig at E > 50 kV/cm. These effects  with 60 residues, the only difference being that in this case the
appear-with some minor variatiorrin all of the simulated data  values tend to be higher.
sets and do not depend on the direction of the applied field The chain length dependence of the induced dipole moment
with respect to the polymer axis and also do not depend on theis of particular interest. For a comparison of data simulated
presence or absence of hydrodynamic interactions. It is for different chain lengths the conditions used in the simulations
remarkable that for polymers with 40 and 60 charged residuesshould be equivalent. Using the arguments discussed previ-
the dipole induced perpendicular to the polymer axis is almost ously2! we have simulated dipole moments for different chain
as large as the dipole induced parallel to this axis. Furthermore,lengths under conditions where the distance between the terminal
the data obtained for polyions without added salt show that the residues of the polymer and the cube boundary is constant. For
dipoles induced in the presence of hydrodynamic interactions this purpose the cube size is increased with increasing length
are smaller than those in their absence in most cases. Howeverpf the polymer. Furthermore the concentration of cations in
in the range of relatively small electric field strengtas< 30 the box should be constant. The dipole moments simulated
kVicm it is not possible yet to derive definite conclusions, under these conditions are compiled in Table 1. All the dipole
because in this range the induced dipole moments are notmoments increase with increasing chain lefgthTheup values
accurate enough and differences are within the noise level. show a linear increase witN, whereas the increase af and
Experimental data do not provide the individual dipole of (u; — up) with N is more than linear, but a simple function
components but only the differenca(— un). The ( — un) for this increase cannot be derived yet with a sufficient reliability
values simulated for the polymer with 40 residues are close to at the present state of the simulations. According to the
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TABLE 1: Stationary Values of the Induced Dipole 10— T T T T
Moments ¢ and of the Changes of the Root Mean Square
Distances A[23?),2
dipole moment [D] [AB2E2),] x 10° 50
(A<s 2>"2)
E N 20 Uo M~ 4o I a 10°
50 40 1161 924 237 21.4 15.0 50
60 1663 1355 308 31.1 16.9 1 1
80 2283 1940 343 31.1 20.0 404 i
98 3238 2508 730 32.0 22.0
100 40 1026 840 186 37.7 27.2 1
60 1598 1284 314 44.2 33.0 204 i
80 2578 1675 903 50.9 34.6
98 3917 2148 1769 54.1 37.6
2The components induced by electric fields parallel and perpen- or———g gy~ T 1~ 1~
dicular to the polymer axis are indicated by the inditleand [J, 0 0 80 120 160 200
respectively. The electric field strengthis given in [kV/cm], the E [kv/cm]

chain lengthN is the number of charged residues. Some details of the Figyre 7. Stationary values of the increase of the root mean square
simulations: the spacing of the charged residues is 0.17 nm; in the gistance A&232)., as a function of the electric field strengEhfor a
case of the polymer with 40 residues the cube wasc4D > 40 nm  polymer with 40 residues in a 40 40 x 40 nm cube; in the presence
and contained 10 byions; the cube size was increased with the chaingf hydrodynamic interactions with the electric field parallel to the
length, such that there was a distance of 16.6 nm between the ends ofyolymer axis £) and perpendicular to the polymer axi€))( in the

the polymer and the cube boundary; in all cases the number of cationsapsence of hydrodynamic interactions with the electric field parallel
in the cube corresponded to a concentration of 1.3 mM. Estimated t the polymer axis %) and perpendicular to the polymer axis)(
accuracy: uy andupn +£10%; @y — un) £20%; AEPH). +5%.

T T T
2000
1 60 -

mn 1600+ T (A<S z>1/z)°°

(D] : «10° ]
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] 1 204
8004 s i
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¢ [mM] . : )

. . . . Figure 8. Stationary values of the increase of the root mean square
Figure 6. Stationary values of the dipole momentsnduced for a  gistance AS22)., as a function of the electric field strenghin the
polymer with 40 residues as afunctl_on _of the salt concentrationa presence of hydrodynamic interawctions. For a polymer with 40
40 x 40 x 40 nm cube at an electric field strengh= 50 kV/cm. residues: electric field parallel to the polymer axis) @nd perpen-
With hydrodynamic interactions: electric field paralleh)( and dicular to the axis®). For a polymer with 60 residues: electric field
perpendicular@) to the polymer axis. Without hydrodynamic interac- parallel to the polymer axisq) and perpendicular to the axis-). Al
tions: electric field parallelX) and perpendicularf) to the polymer simulations in 40x 40 x 40 nm cubes.
axis.

The rather complex dependence of the dipole moments on
available data, there is a stronger increasgcind of {4 — the various parameters, in particular on the electric field strength,
o) with N at 100 than at 50 kV/cm. is clearly due to superposition of different effects. One of these

It should be noted that the dipole moments shown in Figures effects is the field induced dissociation of ions from the ion
3 and 4 forN = 40 and 60 are not identical with those given in atmosphere of the polymé#:%¢ This process has been
Table 1. The data shown in Figures 3 and 4 were simulated in documented in our simulations by recording root mean square
40 x 40 x 40 nm cubes without byions; the data shown in distanceds.2[%2 of counterions and byions from the center of
Table 1 forN = 40 were also simulated in a 4040 x 40 nm the cube. As shown in Figures 7 and 8, the stationary values
cube, but this cube contained 10 byions in addition to the (AS&2¥?., increase with the electric field strength According
polyion; the data shown in Table 1 fof = 60 were simulated  to the data given in Figure 8, there appears to be a relatively
in a 43.4x 43.4 x 43.4 nm cube containing four byions. A  small increase ofA[&23?)., when the chain length is increased
comparison of the data simulated fdr = 40 indicates that  from 40 to 60 residues. The data compiled in Table 1 over a
addition of byions leads to an increase of the dipole moment. wider range of chain lengthd demonstrate more clearly that
A summary of data computed on the salt dependence is given(A&23?)., increases witN. The valuesA&23?)., are smaller
in Figure 6. The dipole momen4; simulated in the presence in the presence of hydrodynamic interactions than in their
of hydrodynamic interactions clearly increases with the salt absence; furthermoreé\(&.2(¥9., is smaller in the perpendicular
concentratiort, whereas the corresponding vajuedecreases  than in the parallel direction of the electric field relative to the
with increasinge. In the absence of hydrodynamic interactions, polymer axis.
the dipole moments are virtually independent of the salt con- The simulations have also been used to obtain information
centration. These data indicate that the influence of hydrody- on the electrophoretic mobility of the polymer. As shown in
namic interactions increases with increasing salt concentration.Figure 9 for the example of the polymer with 60 residues, the
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Figure 9. Electrophoretic mobilitiess as a function of the electric
field strengthE for a polymer with 60 residues in a 4040 x 40 nm
cube; in the presence of hydrodynamic interactions with the electric
field parallel to the polymer axisA) and perpendicular to the axis
(O); in the absence of hydrodynamic interactions with the electric field
parallel to the polymer axis{) and perpendicular to the axis). The

number of averaged transients ranges from 300 at the lowest to 60 a
the highest field strength. The double standard deviation, corresponding

to the 95% confidence level, i&€5 x 10°% m/s for the velocities,
virtually independent of the electric field strength; thus, the corre-
sponding values for the electrophoretic mobilities decrease linearly with
increasing electric field strength.

TABLE 2: Time Constants Obtained from Rise Curves of
the Dipole Moments and of the Root Mean Square
Distance$

dipole rise times AP0 rise times
I o I O
E N 7, 1, 1 A 7 (AN A

50 40 79 82 116 117 30 24
60 76 79 126 128 38 24
80 80 82 136 138 35 25
98 89 92 153 157 38 39
100 40 44 44 58 59 67 39 13 48
60 4.0 42 6.1 6.3 53 35 10 40
80 37 38 7.0 72 59 48 1 23
98 3.8 4.0 7.6 79 6.0 57 13 48

aThe time constants obtained from simulations with the electric field
parallel and perpendicular to the polymer axis are indicatetl &yd
[, respectively. All time constants are given in ns. Details of the
simulations as described in the footnote of Table 1. Estimated
accuracy: £10%.

u-values increase with increasing field strengths This
increase is much larger for the mobility in the direction of the
polymer axis than in the perpendicular direction. Is is very
likely that the increase of the values withE is due to field-

induced dissociation of counterions from the ion atmosphere time”.

of the polymer. The electrophoretic mobility is clearly reduced
by hydrodynamic interactions.

J. Phys. Chem. B, Vol. 101, No. 22, 199¥483

strate a decrease of the dipole rise times with increasing field
strength. Finally, the time constant§ obtained from the
increase of the root mean square distances are clearly larger
than the values), obtained from the dipole rise curves.

The time constants in Table 2 have been collected under
conditions where the transients require two exponentials, as the
dipole moments pass a maximum before arriving at the
stationary value. According to the interpretation of this
overshoot effect given above, it must be expected that the time
constants are affected by the size of the box used in the
simulation. In fact the time constants tend to increase with the
box size, but this dependence is usually superimposed by other
effects. In general the overshoot effect decreases with decreas-
ing field strength and with increasing salt concentration: this
is due to the effect of electrophoretic motion relative to that
resulting from Brownian motion of the particles. The time
constants presented in Table 2 for the electric field strength of
50 kV/cm are at the limit where the influence of the box size
is already relatively small, whereas the time constants at 100
kV/cm are more strongly influenced by the box size. A clear
separation of the influence of the box size on the time constants
is difficult, because of the superposition of different effects:
an increase of the box size around a given polyion leads to a
decrease of the ion concentration; if this decrease is compensated
by addition of salt, the dipole moment and its rise is affected
by the different ratio of counterions to coions (cf. above).

Discussion

Theoretical models for the polarization of rodlike polyelec-
trolytes have been developed by many different authors, but
the available models do not include all the different effects
expected to occur upon application of electric fields. This is
clearly due to the difficulties associated with an analytical
treatment of the different effects and of their coupling with each
other. Obviously the Brownian dynamics approach used in our
present investigation cannot be as satisfactory as a complete
analytical treatment, but in the absence of a complete theory
there is hardly any alternative to Brownian dynamics simula-
tions.

In the present investigation we have extended our previous
simulations by consideration of hydrodynamic interactions. The
results clearly demonstrate that the hydrodynamic interactions
influence the induced dipole moments. According to the data
obtained from our present simulations, the contribution resulting
from hydrodynamic interactions remains rather small for poly-
ions without added salt, but is considerable in the presence of
salt. The first calculations on “convective polarization” were
reported by Fixman and Jagannatfaihey concluded that
corrections due to hydrodynamic interactions are “extremely
large”, but were also cautious enough to mention that these
corrections “will probably remain quite unreliable for some
In view of the problems described by Fixman and
Jagannathan (“primitive study of even the first correction”), it
does not make much sense to compare the results in detail. We

A main advantage of the Brownian dynamics approach is believe that the ingredients of our simulations are reasonable,
the fact that the simulations also provide time constants. The because all the parameters used in the calculations are either
compilation in Table 2 demonstrates that the time constants bothdirectly derived from experimental data or derived from models
for the dipole rise curves and for the increase of the root mean that are under sufficient control by experimental data (e.g. the
square distance are independent of the chain length, within thediffusion coefficients of the polymers). The tensors used for

limits of the simulation accuracy. This result is remarkable

the description of hydrodynamic interactions proved to be

because most theories predict a very strong dependence on theorrect in bead model simulations of the hydrodynamic param-
chain length. The absence of any detectable chain lengtheters of many different macromolecufés38

dependence in the simulated data is in agreement with experi-

mental data derived from dichroism rise curif/egcf. the

Our simulations demonstrate that for polyions of 40 and 60
residues without added salt the dipole moments induced parallel

Discussion section). Furthermore, the simulated data demon-to the polymer axisu, are very close to those induced
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