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The polarizability and corresponding dielectric relaxation of the
Debye—Huckel (DH) atmosphere surrounding a charged rod-like
polyelectrolyte immersed in an ionic solution of a symmetrical
electrolyte is determined following the method developed by J. A.
Fornés [Phys. Rev. E 57, 2110 (1998)]. Several formulas are given to
estimate the DH atmosphere parameters, namely, the polarizability
at zero frequency, «(0), the relaxation time, T, the cloud capaci-
tance, C, the average displacement of the ionic cloud, 4, the square
root dipole moment quadratic fluctuation, (p%¥?, and the ther-
mal fluctuating field, (E2)"/2. The Poisson-Boltzmann equation is
solved numerically to apply the theory to a highly charged polyelec-
trolyte such as DNA in solution, although formulas valid for the DH
approximation are also given. A dispersion in the polarizability and
correspondingly in the dielectric constant of these solutions in the
microwave region is predicted. For instance, considering a DNA
length of 1000 A, with its reduced linear charge density &, =4.25
and ionization factor v = 0.5, immersed in a NaCl solution (40 mM),
we predict a polarizability of the DH atmosphere at zero frequency
a(0) of 1 x 10733 Fm? (~6.1 x 10°) times greater than the mean
value of the polarizability of water) and the corresponding fluctuat-
ing dipole moment p of 2.1 x 10~ Cm (~600 times greater than
the permanent dipole moment of water molecule). The relaxation
time and the average displacement of the ionic cloud are 7 =1.6 ns
and 6 =14. A, respectively. This displacement is produced by the
thermal fluctuating field, which, in this case, at room temperature
is <E2>1/2 =2X 106 V/m. © 2000 Academic Press

Key Words: ionic dielectric relaxation; ionic polarization; cylin-
drical polyelectrolytes.

I. INTRODUCTION

Since the pioneer works of Schwarz (1, 2), and Mandel (3)

the polarization of rod-like polyelectrolytes, a lot of work ha

been performed on this subject, basically because most of

biological macromolecules under physiological conditions are
polyelectrolytes in solution and their biological activity depends
on their physicochemical properties. Oosawa (4, 5) CaICUIat\?/ﬂereA
the polarizability of a rold-like polyion considering the fluctua

tions of the counterion density. Manning (6) used his counteri

1 E-mail: fornes@fis.ufg.br.
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(éarticle is given by the Poisson—-Boltzmann (PB) equation,

(o]

accepted October 29, 1999

condensation formalism to generalize Mandel's model for pola
ization; he also considered the effects of the Debye atmosphe
in a steady electric field on the induced dipole moment in

formalism similar to the Onsager—Debye treatment (7) of cor
ductance in ionic solutions (8). In a recent paper Mohanty ar
Zhao (9) (this paper is an excellent bibliography on polarizatio
in polyelectrolytes) further generalized the Mandel-Mannin
theories to include low and high electric field without consid
ering the response to an electric field of the Debye atmosphe
and polarization of the condensed counterions perpendicular
the polyion axis. Fixman and Jagannathan estimated co-ion a
condensed counterion polarization considering the ion atm
sphere as producing convective effects on the polarization (1(
Forrés (11), using the fluctuation—dissipation theorem, deve
oped a simple method to estimate the longitudinal polarizatic
of rod-like polyelectrolyte solutions, considering each charge
group within the polyelectrolyte framework and its neighbor
hood as a circuiRC. In this paper we apply this method to
estimate the Debye-titkel (DH) atmosphere polarization per-
pendicular to the axis of a rod-like polyelectrolyte immersed il
an ionic solution.

Il. METHOD

We consider a rigid rod-like molecule or particle of radaus
and lengthL > a, so that end effects may be neglected, witl
chargeQ distributed uniformly over the surface with an electri-
cal surface potentialy immersed in a solution of puntual ions
of a symmetrical electrolyte of valeneewith n ions per cubic
meter. The law governing the potential profile and consequent

trr1]e ionic distribution (“diffuse” layer) from the surface of the

the ze

kT

2
Ay — Zeyn

(1]

sinn( 22 ).

is, in our case of cylinder symmetry, the radial part o
the Laplace operator. Equation [1] can be written as
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) = sinh(y), 2]
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wherey = zg)yy/kT andx = «r are the dimensionless potentia[see Ref. (16)]

and distance, respectivelybeing the distance from the cylinder

axis, perpendicular to the surface. At the surface of the cylinder. 1 []
X = Xo = kaandy = yp = z&yo/KT. The Sl system of units was p= n(ze)? [[1_ @e)x 2 ] (DgDg) & ]
employed throughout, in Eq. [1do is the permittivity of vacuum 2recokT 142 ] KT Swo(leg)
(e0=8.85x 10712C?>N~1m?), ¢ is the dielectric constant of N S ) ) )

the mediumey is the electron charged = 1.602x 10-19C) and whereDg are the ionic diffusion constantgjs the viscocity of

«, called the Debye—ttkel reciprocal length parameter (12), ighe solution, an@y is the mean ion radius. Experimental values
given by for p can also be used.

In Ref. (11) we obtained for the longitudinal polarizability
5 «(0)= Cs?, whereC is the total polyelectrolyte—ionic capaci-
2= & Z nioZ? = M [} Z G Zf} [3] tance and the average displacement of the “bound” ions unde
e€okT egokT the influence of the thermal fluctuating field. Any of the theorie:
that predicty(0), §, and relaxation time can be used to estimate
The quantityl = %Zci Z? quantifies the charge in an electrolytéR andC; on the other handg, C, ands can be obtained inde-
solution and is called the ionic strength after Lewis and Randakndently by modeling the system. Among the results is that tf
(13). In the case of a solution of a symmetricald) electrolyte complex polarizabilityx(w),
we have

Cs2  —TwCs?

2o 2@ 2@Dh ] O T T T R
coekT coekT ’

[10]

whereC is the total polyelectrolyte—ionic capacitance drttie
wherek is the Boltzmann constank & 1.381x 10-23 J/K), T average displacement_ of the “bpund” ions ur_]der_the influenc
is the absolute temperaturi, is Avogadro’s constant, and of the thermgl fluctuating fieldr is thfe rglaxatlon time of the
is the solution concentration in moles per liter. For numericiHctuation given by Eq. [11], and(0) is given by
integration of Eq. [2] see (15). 5
The contribution of the ionic cloud to the electrostatic poten- a(0) = Cs~. [11]

tial at the rod surface will be (14, 15) ) ) _
Correspondingly the real and imaginary components of the p

larizability are

Yeloud(X0) = Y(Xo) + 2Z& In(Xo). (5]
’ Ol(O) ” —'L'(,()O[(O)
We can then define the ionic cloud capacitance as o' (w) = 1+ (rw)?’ o (w) = 1+ (rw)?’ [12]
C— Q _ A Legek 6 Also obtained were the following expressions for the dipole
T VYaoud(Xo)  Y(Xo) + 22 In(Xo)’ [6] moment quadratic fluctuationp?), and field,(E?):
wheret is the reduced linear charge density over the rod surface (p?) = a(0)KT, (13]
(see next). In case the ratio of electrical to thermal energy of the ) kT kT
ions is very small the DH approximatiorg&y (r)/ kT « 1, or (B7) = «(0) = 082 [14]

y « 1), Eq. [5] can be written as

Both satisfied the classic analogy of the Heisenberg uncertair
Ko(Xo) principle:

Cpy = 2L
DH = T 8go[onl(Xo)

-1
+ww], 7]

(p%) (E?) = (KT)% [15]
whereKo(Xo) and K1(xp) are the modified Bessel functions of
zeroth and first order.

In our range of concentrations we approximate the relaxation
time of the DH atmosphere by that given in Ref. (16):

I11. POLARIZABILITY OF THE DEBYE-HUCKEL
ATMOSPHERE

We apply the preceding results to estimate the DH atmosphe
polarizabilitya(0) = C82. We know that with the application of

T =R(r)C(r) = eeop, [8] an electric field the center of charge of the central polyion i

displaced from the center of charge of its cloud; this is analogol

whereR(r) is the resistance of the electrical path associated wiihwhat happens with a spherical ion giving rise to the egg-shap

the capacitance andlis the electrical resistivity, calculated byionic cloud [see, for instance, (14)]. The implication is that the
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ionic cloud is no longer symmetrical around the moving polyiorkor DNA, a= 125 A, Eq. [23] giveso = 7.55 x 10 electric

as a consequence a dipole is formed. charges m2, which is 28 times less than that for a bidimensiona
The central polyion practically loses its cloud if it diffuses tqyrray of Cu atoms.

a distances during relaxation timer of the fluctuation. In this  Thep, substituingQ = L(ey/Ig)& given by Eq. [21] into

way é is given by Eq. [20], we get

8 = Tupolyion = Tﬂpolyion<E2>l/2, [16]

172
¢ ] [24]

€
a(0)=rL ( )SO Dpolylon|:k.|.
wherevpolyion and fLpolyion are the velocity and mobility of the

polyelectrolyte in solution. From Egs. [11], [14], and [16] We |, general in a polyelectrolyte the real charge is lessened |

get a factory because of the presence of counterions within th
defining surface of the cylinder; correspondingly in the forme
equationg, has to be replaced ky=y &.

In the range of validity of the DH approximation, Eq. [7] can
be used to evaluatépy; on the contrary, the numerical solution
of the Poisson—Boltzmann equation, through Eq. [6], has to |
Q D used.
polyion = — = Q[ po'y'on], [18] To link microscopic parameters such @év) with macro-

scopic mensurable ones we make use of the results of the the
of electric polarization [see, for instance, (21)],

a(0) = T,vaolyion[kT(C] 2, [17]

The mobility of a polyion of charg€) is given by (the formulas
given by Ohshima (17-19) also can be used),

wheref (kg. s™1) is the frictional coefficient of the polyion and
Dpolyion IS its diffusion coefficient (rAs™1). For a long rod the E(o) — E p o5
frictional coefficient is given by [see (20)] c08(w)E (@) = eoeroB (@) + Ple). (23]

3l where E(w) is the applied macroscopic field, af{w) is the
= 19 izati ichis gi
2In(L/a) — 011 [19] polarization, which is given by

Substituingupolyion given by Eq. [18] in Eq. [17], we get P(w) = ( )a(w)p(w) [26]
M

[20] whereF(w) is the “inner field,” which is the actual field ex-
perienced by the molecule, aMy; is the molar volume. From

Eqs [25] and [26] we obtain the relative increment in the dielec
Itis necessary to formulate a few definitions to put the equatiopns

ric constant:
into the currentnomenclature of polyelectrolyte science, namely,

c Y2
o

a(0)=1Q Dpoly|0n|:

8((1)) — €H,0 < NA ) 1
—— =8B a(w). 27
A= Q_&_(% £o, [21] €H,0 VW / €08h,0 @) 1271
L b
With B iven b
wherea is the linear charge density= L /N is the linear charge I () given by
spacing, andN is the number of charged polymer groups. The F(a))
Bjerrum lengtH is the distance at which the coulombic energy B(w) = E@)’ (28]
is equal tokT [(Ig =7. 13A at25Cin water)] for an excellent
English reference on this subject, see (14)], namely, whereE(w) is the applied fieldB is usually a little larger than
& unity for a polar solvent (4).
— — b, 22 Using the relations
A eeok T 0 [22]
. . . L ) e(w) = &'(w) —ie"(w),
The dimensionless ratiéy, which is a reduced linear charge [29]
density, is particularly useful [a DNA molecule, for instance, a(w) = o' (o) +id"(w),

has two phosphate charges each at a helical spacing of3.37

thenéo =Ig/b=7.13x (2/3.37)=4.23]. As a consequence thethen for the real and imaginary parts of the dielectric consta
surface charge density can be written as we have

B ([ & g(®) —eno _ (Na) 1 «(0)
= ora <2naIB> So- [23] EH,0 B B<VM ) £0€H,0 |:[1 + (tw)?]

}, [30]
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FIG. 1. Representation of the DebyeutKel atmosphere parameters, in accordance with the values of Table 1, for DNA immerseliNaCl solution in
water.
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E”(w):_B(NA) & [ (0) } [31]

EH,0 Vi / g0em,0 L[ + (t0)?]

with «(0) andt given by Eqgs. [24] and [8], respectively. In ? ()
a more general actual experimental situation of a solution  7e.
volumeV with N macroions, each one occupying an avera
volumev, we have to reemplace in Egs. [30] and [31] the fact ]
Na/Vum by ¢ /v = N/V, with ¢ being the volume fraction. 79.4 -

Figure 2 is a representation of Egs. [30] and [31] for a DN
solution at room temperature in water.

79.6 4

79.2 1

&)

79.0

IV. RESULTS AND DISCUSSION 1
78.8

In Figures la-1f are plotted the results shown in Table
Figure lais arepresentation of Eq. [6] The capacitanceis forn
by the charged polyelectrolyte surface and the ionic atmosph 784 +——"—7—+—F+—+—+—+—+—+——r+———"1——
surrounding it. Figure 1b shows the plot of polarizabilit{0) 2 &0
versus concentration (Eq. [24]); we observe that the decreas
relaxation time with concentration dominates polarization b
havior. This is also manifested in the plot of the fluctuation ] (b)
dipole momentp/ pu,o (Fig. 1e, Eq. [13]). In Fig. 1c is shown
the fluctuational displacemeidt,of the cloud with respect to the ]
central polyion; we can also observe a decreaseviith con- 0.5
centration because of the corresponding decrease in relaxe
time with concentration (Eq. [16]). In Fig. 1d is the plot &f
versust, showing the linear relation. From Fig. 1f we obser\@ 0.3
the plot of p/ pu,o versus relaxation time. The values for re- ]
laxation time are in accordance with those reported by Yosh
and Kikuchi (22), in their Metropolis Monte-Carlo Browniar ~ ©11
dynamics simulation of the ion atmosphere polarization arou
a rod-like polyion. In Figs. 2a—2c are shown plots related to t

78.6 4

o [(rad/s)10°]

0.6+

dielectric dispersion due to relaxation of the DH cloud ofaDN - A A A A AN T T
0 1 2 3 4 5 6 7 8 9 10
o [(rad/s)10°]
TABLE 1

Debye—Huckel Atmosphere Parameters by Numerical Solution
of PB Equation for DNA Immersed in ¢ mM NaCl Solution in 074 ©
Water?

[ C «(0) 8 T 06
X0 (MM) y(x0) (107°F) (10°°Fn?) (&) (ns) p/pro” 05
0.50 15.0 8.90 3.10 1.98 25. 4.0 860.
058 200 652  4.40 1.79 20. 30 818 5 **]
0.65 25.0 5.55 4.99 1.54 18. 24 759. % 034
0.71 30.0 4.96 5.27 1.33 16. 21 705. ’
0.77 35.0 4.55 5.40 1.17 15. 1.8 660. 02
0.82 40.0 4.23 5.46 1.04 14. 16 621.
0.87 45.0 3.98 5.46 0.93 13. 14 588. 0414
0.92 50.0 3.77 5.43 0.84 12. 13 559.
1.00 60.0 3.45 5.33 0.70 11. 11 511. 00 : N —
1.08 700 3.20 5.21 0.60 11. 0.9 473. 784 786 788 790 792 794 796 798 800
1.16 80.0 3.01 5.08 0.52 10. 0.8 443. (o)
1.23 90.0 2.84 4.97 0.47 10. 0.7 417.
1.30 100.0 271 4.85 0.42 9. 07 395. FIG. 2. (a) Representation of'(w) from Eq. [30]. (b) Representa-
. . tion of ¢”(w) from Eq. [31]. (c) Cole—Cole plot for a DNA solution at room
2L =1000A & =4.25y=05a=125A. temperature in wateB = 1, L = 1000 A & = 4.25, y = 0.5, molecular weight

b Fluctuational dipole momeny, in units of the dipole moment of water, M,, = 10°, DNA concentration 10?2 mol/m® DNA in 15 mM NaCl solution,
PH,0- «(0)=1.98x 10733 Fn?, 1 =4.0 ns.
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solution. For a DNA electrolyte solution (DNA length 1009

DNA concentration 106> mol/m?®, electrolyte concentration
15 mM NaCl in water) a small increase in the dielectric constaré:
is predicted at low frequencies with a relaxation time of 4. ns;

. Schwarz, G., ZPhys. Cheml19,286 (1959).
3. Mandel, M. Mol. Phys.4,489 (1961).

Oosawa, FBiopolymers9, 677 (1970).
Oosawa, F., “Polyelectrolytes,” Chap. 5. Marcel Dekker, New York,
1971.

this increase can be higher at lower concentrations. We want 60 Manning, G. S.J. Chem. Phy9,477 (1993).

emphasize that this relaxation is different from that caused by the
bound ions, which is of the order of milliseconds and produceg

a polarizability parallel to the cylinder axis(0)~ 10-2" Fn?,

described in Ref. (11). The DH atmosphere relaxation is in the
microwave region of the spectrum and could be measured ty
conventional techniques such as microwave bridges and -
crowave resonant cavities (23, 24). As far as we know, DH atmp
sphere parameters and their influence on dielectric relaxation %é'r
DNA solutions in this concentration range have not been treatgsl

by other authors. We hope that these results will stimulate nea
. Ohshima, H.J. Colloid Interface Sci180,299 (1996).

. Ohshima, HJ. Colloid Interface Sci185,131 (1997).

. Ohshima, H.Colloid Polym. Sci275,480 (1997).

. Van Holde, K. E., “Physical Biochemistry,” p. 81. Prentice—Hall, Engle-

experiments.
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