J. Phys. Chem. B998,102,6299-6302 6299

Role of Electrical Interactions in the Rotational Motion of a Charged Solute Molecule in a
Polar Solvent
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A continuum theory of the rotational motion of a uniformly charged solute molecule in a polar solvent which
takes into account dielectric friction, dielectric saturation, and spatial dependence of the solvent viscosity due
to electrostriction is developed. The results are obtained from the solution of the generalized electrohydro-
dynamic equations for rotational motion. We observe that both dielectric saturation and dielectric friction
have a strong impact on the rotational dynamics of the solute, while the effect of the local enhancement of
the viscosity is not of the same importance.

It is generally acknowledged that the electrical interactions  The generalized HubbardDnsager equations, which account
between a charged solute and a polar solvent are very importanfor the electrostriction, red#
in both the rotational and translational motions of solute
hmolecules. Microscopi€,* as well as continuum, theorfes? VD + (& + Ya7) div V] = V[p - l/zEgpa_X -

ave been developed to address this problem. The microscopic ap,

approaches, having the obvious advantage of being “first- 1/250 % rot P* — l/ZE0 div P* — 1/2E§VX 1)
principle” theories, usually provide very complicated expres-
sions, which are typically difficult to analyze. On the other 2)
hand, the continuum theories ignore the molecular structure of

the solvent; however, they generally allow a qualitative and even yere v/(r) andp(r) are, respectivly, the velocity and pressure
quantitative analysis of the solute dynami¢sThese models  fig|gs at pointr in the bulk; D = (aVi/ar; + aVi/ary); » and &
regard the solvent as a continuous medium with local macro- 46 the shear and bulk viscosities of the solvgnt: (¢ — 1)/
scopic properties (e.g., viscosity, density, etc.), which vary 4 andyp, = (e — e.)/4 are total polarizability and orientational
smoothly from point to point in the bulk. The role of the ho|arizapility, respectively, of the solvent; an@nde. are the
solute-solvent electrical interactions in these continuum thearies |oy and high frequency dielectric constane(r) is the electric

is 2-fold:  Firstly, relaxation of the solvent polarization in the  fie|q of the solute particle in the dielectric at re§t* is the

electric field of the solute particle causes a “dielectric friction” polarization deficiency (i.e., the difference between the actual
effect?”** which augments the hydrodynamic viscous friction.  pqjariazationP and its static valugEo):

Secondly, electrostriction of the solvent in the vicinity of the
solute particle modifies its local viscosityhence, the viscous =—(P—yEy)
drag and torque exerted on a moving particle are also altéred.

75 P*(r) = (V * V)xpEq + YoxpEq X rotV

P*

Both the viscosity enhancement (“electroviscosity”) and the
dielectric friction are accompanied by dielectric saturation of
the solvent in the vicinity of the solute particle due to the
extremely high electrical fieldft

The impact of the dielectric friction on thretational motion
of solutes was considered for dipd&aor charged noncen-
trosymmetric particled’ In references 16 and 17 the first-order
approximation for the dielectric friction coefficient was obtained,
but the effects of electroviscosity and dielectric saturation were

finally, tp is the Debye (orientational) relaxation time for the
solvent molecules. In the right-hand side of eq 2 we omit a
term associated with the polarization decay due to the transla-
tional diffusion of solvent molecule€s’? For solvent molecules
with shapes that are not extremely aspherical, this contribution
is negligible, compared to that of the other terms. Due to local
inhomogeneity of the solvent, caused by the electrostriction,
the coefficientsy, ¢, %, xp, andrp depend on the distance from
the solute particle. Therefore, we generally write = 5(r), &

not taken into account. In the present study, we analyze the = {(r), y = x(r), xo = xo(r), andrp = 7p(r).1112 For a rotating

impact of dielectric saturation, dielectric friction, and electro-
viscosity on the rotational motion of a charged spherical solute.

sphere of radiuR with a spherically symmetric (radial) electric
field Eo(r), one can solve egs 1 and 2 and find the rotational

Our analysis is based on the exact solution of the generalizedfriction coefficient&r.28 This relates the angular veloci€y of

Hubbard-Onsager equations for a uniformly rotating sphere
which has been obtained recentfy.An approximate analysis

the sphere and the decelerating torque from the solveiais
M = &rQ. For the boundary conditions for the velocity field

of these effects has been performed for the case of translational/(r) at the surface of the rotating sphere (i.e.|rat= R) we

motion}!? but to our knowledge no such analysis has yet been
done for the rotational motion.

T Department of Chemistry.
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use:
V(r|=R=aQ xr

wherea. = 0 for the perfect slipping and = 1 for the perfect
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sticking® The result forég reads®

&r

o S Srargrn|
Js rn(r)

87tR|I1+TD(R)XD(R)E0(R)
3 an(R)

where

1 1+ EyrPd(Egrpyp/4rn)dr
r

r =
a(r) 1+ ES‘L'DXD/477

(4)

Dr=

for uncharged particlesEf(r) = 0, 5(r) = no). Equations 3
and 4 yield the Stokes resulizgs= a8r70R%. Using the Debye
relaxation timerp = 47nadksT (a is a radius of the solvent
molecule kg is the Boltzmann constant, afidis the tempera-
ture), and the Einstein relation for the diffusion coeffici€nt
= kgT/&r we arrive at
_ Drs wsRZ dr
14 BEXR)”R 2 n(r)/n,
1+ Er'?d(EgB/r)/dr' | g
r
exp — [ . =1 5
1+ BE; r
hereB = JTaSXD/kBT, No = 7]([‘ g 00), and DRS: kBT/ERS In
order to obtain an estimate for the local viscosj{y) in eq 5,
we express it in terms of the pressure-dependent viscp&ly
which is supposed to be known as
n(r) = #(p(r)) (6)
The local pressurg(r) may be found within the condition of
low compressibility of the solvent. Omitting the terms of the
order dp/po, Wheredp is a (small) deviation of the solvent
density from the bulk valug@o, we obtain
0
P = Po + 1oEG0ZE o, ©)

wherepg = p(r — ) is the pressure in the bulk solvent. To
account for the dielectric saturation effect, we use the field-
dependent dielectric permittivity

«(B) = e + 21 (38E) 8)

/35

wheree is the low-field value ofe andL(x) is the Langevin
function:

L(x) = cot(x) — )—1( ©)
and the parametet refers to the saturation rafe
9., m € — €,
= (10)

47t po (e, + 2)(2, + 1)
Hereu is the dipole moment andh is the mass of a solvent

molecule. With the use of the relatidf(r) = Q/e(Eg)r? (Q is
the solute charge), eq 8 yields

(€ — €.) L(3BEy) + €. BE = pQle(r)r?
with €(r) = € (Eo(r)) being the distance-dependent permittivity.

(11)
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Figure 1. The dependence of the rotational diffusion coefficient versus
ion radius for aqueous solutions for monovalent ions, curve$, And
divalent ions, curve 5. (1) The Stokes dependence, (2) only dielectric
friction is taken into account, (3) dielectric friction and electroviscosity
are taken into account; (4 and 5) dielectric friction, electroviscosity,
and dielectric saturation are taken into account.

The electric fieldEy(r) may be found from eq 11 numerically.
To calculateDgr one should also knovE(Z)d(BEolr)/dr. This
may be found from eq 8. Differentiating eq 8 with respect to
r we arrive after few manipulations at

zd EB BQZ[ 2¢ 3
T 14 30— )L @R
(12)
Herel'(x) = dl/dx. Using the OnsagerKirkwood relation for

the dielectric permittivity®

(6 — €,)(2¢ + €,)

et 2y = Yg(plm) Tk T)ge

(13)

wheregk is Kirkwood g-factor, and using eqs 7 and 8 we obtain
an expression for the local pressure

EX(r) €, T (e(r) — €,)C
P(r) = Po + —5_—¢(r) ). — (14)
o T 3(€0 — €)L'(3BE(N))
where the constar@ is defined as
2¢5t €, € 2¢,, € €
C=¢q 5 > + — —
25+ 2|60 € €T 2 266 €€
(15)

To obtain egs 14 and 15 we omit a small teéin(gx))/dp.
Substituting eq 14 into eq 6 one obtains the local or distance-
dependent viscosity(r). In practice we numerically solved
eq 11 to obtairEy(r) ande(r); these values were then used in
the calculations ofp(r) and ESd(BEolr)/dr. The pressure
dependence of the viscosityp) was taken from ref 20 and the
other molecular constants from ref 21.

Our results are presented in Figures3lL Figures 1 and 2
give the dependence of the rotational diffusion coefficient of
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Dy, 10'%s™! It follows from Figure 1 that dielectric saturation has a strong
impact on the the reorientational dynamics of charged solute

e molecules: When the saturation effect is taken into account a
well-pronounced maximum in th@®g(Ron) dependence is
1.2 7 observed. Itis worth noting that a similar maximum is observed
in the experimental dependence of the translational diffusion
1.0 A coefficientD as a function of the ion radius (see, e.g., eq 10,
1 where this dependence was plotted for the ionic conductance
08 4 ~ D). Figure 2 demonstrates the role of the electroviscosity
effect. In this caseDgr(Rion) is plotted for the aqueous (curves
1 and 2) and methanol (curves 3 and 4) solutions. The curves
0.6 1 and 3 refer to the case when electroviscosity is not included,
3 while for the curves 2 and 4 this effect is taken into account. It
0.4 follows from Figure 2 that the role of the electroviscosity effect
in the reorientational motion of solutes is much less important
0.2 4 than that of the dielectric friction and dielectric saturation. This
) happens not only for aqueous solutions where the pressure
dependence of the viscosity is relatively weak, but also for
0-00_5 ) 25 a5 " 5s o methanol solutions, which have a much stronger pressure

Rion A dependence.
Figure 2. The dependence of the rotational diffusion coefficient versus bth_lngdthe rotatlonaItQ|ﬁutS|on coeffICIerﬁ:Rr,] V\:jhlcg we hgve di
ion radius for monovalent ions in aqueous solutions, curves 1 and 2, obtained, one can eslimate an apparen' y r.o ynamlc. radius
and in methanol, curves 3 and 4. For curves 1 and 3, electroviscosity Of charged solute moleculeyyq, as a function of its crystalline
is not taken into account; for 2 and 4, electroviscosity is taken into radiusRc and charge. The definition of hydrodynamic radius

account. follows from the Stokes relation. For the stick boundary
condition this reads for the translational motiBrg = kgT/
R, d?% 67170D(R,).2 By analogy, one can write for the rotational
yas

while the latter to the translational motion), one notes the close
similarity of the two curves. Obviously, the continuum theory
overestimates the values of the hydrodynamic radius. This

motion:
— 1/3
154 Riya = [ke T/8717,DR(RO]
Figure 3 shows the dependengq versusR. for the mono-
12 valent and divalent ions in aqueous solutions. The crystalline
radii R; were taken from ref 21. The experimental dependence
Ryd(Re) for the translational motion (from the ionic conductance
9 1 data of ref 22) is also shown in Figure 3. Although the direct
comparison of theoretical and experimental dependences is not
completely justified (the former refers to the rotational motion
6_.
2

3 happens because the molecular structure of the solvent was
. completely ignored, and the boundary conditions for the

0 Li" Mg” Zn® Ne Ca® §r2+ La® _Ba” continuum equations were formulated on the surface of the ion
.05 0.7 0.9 1.1 1.3 of radiusR.. This approximation corresponds to the zero-size
[¢] . . .

Ro,A limit of the solvent particles. One can attempt to remedy this

deficiency of the continuum approach by taking into account
rotational motion (curves 1 and 2) and for translational motion (curve the f'.mt_e size of the solvent molecules. T_h_e simplest way to
3). (1) theoretical results fdRyq for the stick boundary conditions on O this is to reformulate the boundary conditions: these should
the surface of ion (i.e., at= R, (2) theoretical results for the stick ~ be written not at the surface of the solute ion (i.e.; at R;)
boundary conditions at the center of the solvent particle in contact (i.e., but instead, at the center of the solvent particle in contact (i.e.,
atr = R. + &), (3) the experimental data from the ionic conductaffice.  atr = R, + a). The results of the calculations with the “revised”

boundary conditions are also shown in Figure 3. As usual in
the charged solute as a function of the particle raBigs These the continuous approadhwe take the solvent radits= 1.8
figures demonstrate the impact of the various effects of the A from the molecular volume of waté#. As it seen from Figure
solute-solvent (electrical) interactions on the rotational motion 3, the hydrodynamic radii so obtained agree fairly well with
of charged solute molecules. In Figure 1 the Stokes dependencehe experimental data.
for the aqueous solutions (curve 1) is compared with the other In conclusion, we have demonstrated that sehs@vent
dependencies, when (i) only the dielectric friction effect is taken electrical interactions play an important role in the rotational
into account (curve 2); (i) dielectric friction and electroviscosity motion of charged solute molecules in polar solvents. The
are accounted (curve 3); (i) the combined effects (i.e., dielectric rotational motion of the charged solute was analyzed within
friction, electroviscosity, and dielectric saturation) are included the confines of a continuous approach; the effects of dielectric
(curve 4). The curves-14 refer to the case of monovalentions; friction, dielectric saturation and electroviscosity (the local
in Figure 1 we also give the corresponding dependence for theenhancement of the solvent viscosity due to the strong electric
divalent ion (with all the above effects taken into account).  field of the solute) were considered. We observed that the

Figure 3. The hydrodynamic radius versus crystalline radius for
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nonmonotonic dependence of the rotational diffusion coefficient
on the ion radius is similar to that for the translational motion.
We also found that dielectric friction and dielectric saturation
has a much stronger impact on the rotational motion of charged

solutes than that of electroviscosity.
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