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Separation of the Electric Polarization into Fast and Slow Components: A Comparison of
Two Partition Schemes
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The study of nonequilibrium solvation with a dielectric continuum model requires splitting the electric
polarization into two terms characterized by different relaxation times. There exist various schemes to perform
this partition. We show that contrary to what had previously been indicated, the two most commonly used
partition schemes, Pekar and Brady and Carr, yield the same value for the total reaction field and for the
nonequilibrium free energy whenever one assumes a linear response regime. The confusion appears because
in the older Pekar partition the part of the fast polarization in equilibrium with the nuclear polarization is
included in the slow component.

Introduction generated by a dipole inside a spherical cavity is given as a

. . . . function of the reaction field factog(e), that, in the Onsagé&¥r
The use of dielectric continuum models in the study of model, takes the form

electron transitions or charge-transfer processes has a long
history. A classic description, in terms of dielectric constants, 2e—1) 1
of the solvatochromic shift was first given by Lippéi®oshika? G e —— 1)
Bayliss? and McRaé:* These authors consider a classic dipole 2c+1 33
inside a spherical cavity immersed in a continuum dielectric.
Later developments have included the consideration of higher wheree is the static dielectric constant aiads the radius of
multipole momentsor of cavities of arbitrary symmet§/In the cavity that contains the solute molecule. In the Pekar
recent years, models that combine a quantum description of thepartition one supposes that the electronic component of the
solute with a classical description of the solvent in terms of reaction field is related t@(eqp), Whereeqpy is the dielectric
dielectric models have also been widely usetf. The main constant at optical frequencies, which is related?dhe square
advantage of these models is that, because of their simplicity, of the refraction indexsop: = n?. The inertial component is then
they permit one to perform quantum mechanical self-consistent calculated as the difference between the total and the optical
field (SCF) molecular orbital calculations for molecules in response. Brady and Cétrcriticize this model and propose a
solution in exactly the same way as for molecules in vacuo or new partition in which it is the total solvent dielectric suscep-
in the gas phase. tibility, ¥y = (e — 1)/4%, and hence the polarization that is split
The fast movement of the electrons of the solute that occurs into two termsy = ytast + ¥siow Whereyst = (n? — 1)/47 and
during an electron transition requires a dynamical treatment of xsiow = (€ — n?)/4m. A detailed description of this partition and
solvation. It is then convenient to split the solvent polarization its use in the study of solvatochromic shifts can be found in
into two terms characterized by very different relaxation times. Aguilar et al.® Klamt2 and more recently, Cossi and Barohe.
One component, associated with the movement of the solvent The aim of this present paper is to show that, when correctly
electrons, is considered to always be in equilibrium with the used, the two partitions are equivalent and yield the same value
solute charge distribution. The other, associated with the of the experimental observables. We first will show that,
movement of the solute nucleus, remains fixed during electron assuming as valid a linear response regime, the two models
transitions. The faster component is usually referred to as provide exactly the same total reaction field, although obviously
electronic, optical, or noninertial polarization, while the slow they predict different values for the fast and slow components.
component is known as nuclear, inertial, or orientational The differences between the two models appears because the
polarization. Although more general partitidnbave been  Pekar partition includes in the slow component not only the
proposed, this division of the dielectric polarization into two contribution due to the nucleus movement but also the part of
components is in general enough to obtain an adequatethe electron component that is in equilibrium with the nuclear
description of the phenomena of electron transition. polarization. Next, we will study the solvatochromic shift. Also
Despite their widespread use, the scheme to follow in the in this case the two models predict the same value. The
division of the polarization into different contributions is not confusion appears when one tries to use a determined partition
clear. In fact, as remarked by Klafnor Cossi and Barong, with an unsuitable free energy expression. Each partition has
different approaches leading to different physical pictures exist to be used with a different expression for the nonequilibrium
and are still used. Most of the initial work on solvatochromic free energy. For the sake of clarity, we will limit the discussion
shift was based on the so-called Pekar partition. As is well- to the case of a dipole in a spherical cavity, although the
known, in equilibrium solvation the total response of the conclusions can be easily extended to the case of higher
dielectric (inertial plus noninertial components) to the field multipoles moments.
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The Reaction Field distribution. For the case of a dipdle= 1, and given thaﬁ(r)

We begin by defining our model. We assume a point dipole, = —gradV(r), we obtain

to, inside a spherical cavity of radiua surrounded by a 5
continuum dielectric characterized by the value of the static i — g2y + 2(n" — 1)§s| _
ast ow

dielectric constant, and the square of the refractive index, nt+1

As a consequence of the electron transition, the dipole moment 4(n2 — 1) - n2) 1
changes frongig to zi. We assume that the electronic (fast) part oMz + 5 =iy (6)
of the dielectric polarization is able to adjust instantaneously (2n"+1)(2c + 1) a

to the excitation. On the contrary, the inertial (slow) part has to o ) o
be kept fixed during the electron transition and hence is in One sees that, in this model, there exist two contributions to

equilibrium with the value of the dipole moment of the solute the fast component: The first is the response of the electrons
in the ground state. of the dielectric to the solute charge distribution, and the second
The Onsager reaction field in the ground statBjs= g(€)zio. is the response to the surface charge originated by the slow
The Pekar partition calculates the contribution of the slow component of the electric polarization. It is in this last term
component as the difference between the responses of thevhere the two models, Pekar and Brady and Carr, differ. In the
dielectric when this is characterized by the dielectric constant Pekar model, the part of the fast polarization in equilibrium
or by the refractive indexRyow = [g(e) — g(M)]zio. The fast with the nuclear polarization, the last term in eq 6 is considered
component is assumed to be in equilibrium with the solute 0 be a part of the slow response. We denote this terRi.ag)
charge distribution in the excited staas = g(n)z. Hence,  For the dielectric taken as example £78 andn? = 2) the

the total reaction field in the excited state just after the transition Value of this term is not negligibleRiass) = 0.3970/a°
is In a linear response model, the two terms in eq 6 are

independent of each other; i.€%asys) IS not affected by the
R= Ry, + Rag=[0(e) — 9(Miig + oM i  (2) change in the solute charge distribution that follows the
o as transition, and hence its value is the same in the ground and

The Brady and Cal partition splits the polarization vector into ~ €xcited states. Because of this, the two models yield the same

two terms. In the ground state the ratio between the slow and value for the reaction field. In fact, if we add (3) and (6) and
the total components Bsiow/P = ysiowly = (¢ — M)(e — 1). rearrange the terms, we obtain the prediction of the Brady and

The same relationship holds for charges induced on the cavity C&rr partition for the total reaction field in the excited state:
surface and hence for the reaction field

_ : SRS 1 T
Riow= TRy = Mg, = 2 - M 1y 2+ )P+ 1)a
Ryow= SR = S—10(e)fio = i @) (2¢ + 1)@ + 1)a
ToemiT en 1T bl g oD + [9(e) — 9]y (7)

As one can see, the value of the slow component of the reaction
field differs clearly from the value obtained with the Pekar
partition. For instance, if one takes a dielectric witir 78 and

n? = 2, the Pekar partition yields to a value of 0z&ga® while

the Brady and Carr partition yields 0.9ig/as.

To obtain the contribution of the fast component and the total
reaction field in the excited state just after the electron transition,
we have to solve Laplace’s equation by assuming that the
dielectric response is characterized by the refractive index and To obtain the solvatochromic shift, it is necessary to calculate
that in the cavity surface we already have a charge distribution, the difference between the free energies of the ground and
osiow, due to the slow component of the polarization. The excited states. In the ground state the dielectric is in an

which, as one sees, coincides with the value predicted by the
Pekar model, eq 2. In summary, the two models yield the same
value for the reaction field. The confusion appears because they
use the same words, slow and fast, for contributions that are
different.

Free Energy

boundary condition that the system has to verifts equilibrium situation. It is not necessary to split the polarization
into its components and the solvation free energy is simgly

(V1 Vv, 20(€)iio. On the contrary, in the excited state it is a nonequi-
ar) = \ar )~ ¥ siow (4) librium situation. This problem was solved by Mar&tfor the

related problem of electron-transfer reactions. We shall use here
whereV; andV, are the electrostatic potential outside and inside the expressions proposed by Aguilar ef ébr the case of a
the sphere, respectively. solute in a cavity of arbitrary shape. The following expression
Aguilar et al® give the solution to this problem for the case was deduced by using the Brady and Carr partition and hence
of the reaction potential of an arbitrary charge distribution and is only valid for this particular case
a spherical cavity:

_1 3_1 _ 3_
(DA AG =3 [VIr) p(r) dr® = 3 [ Vaoulpor) — p(r)] o
Viasl) = —Z —— B~ 1
® ; | + n2(l +1) Efvslow[ofast,o_ Ofasl dr? ®)
(I + 1% — (e — ) - _

E"(oo) P'(cos»)e™ (5) Here, V(r) is the total reaction potential in the excited state

[+ %0+ D]l + el + 1)] att characterized by a solute charge distributipnVsiou(r) is the
slow component of the reaction potential, which is calculated
whereE"(p) = (I — [m)Y/(I + |m|)!/p(r) r"P"(cos¥)e~™ dr3 in equilibrium with the solute charge distribution of the ground

are the multipole moments that represent the solute chargestate,po, andotasi,o andorast are the surface charges associated
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to the fast component of the polarization in the ground and component associated with the dielectric constant and another

excited states, respectively. to the square of the refractive index. The second scheme also
For the case of a dipole in a spherical cavity, we obtain the splits the dielectric susceptibility into two terms but yields
following values for the different integrals (see Appendix): expressions for the two components of the reaction field that
differ from those obtained with the Pekar partition.
% f V(r) p(r) dr® = — %g(e)ﬁz — %[g(e) — g(nz)]ﬁﬁo (9) Two types of mistake are common. The first is to use the

Pekar partition to obtain the slow component but the condition
1 contour given by eq 4 to obtain the fast component. This
—EIVS|OW(r)[p0(r)—p(r)] dré= procedure is not correct. In the Pekar partition the fast
component is calculated as the response of the dielectric in
equilibrium only with the solute charge distribution but never
with the surface charge associated with the slow component.
The consequence of this mistake is that Resys) term is

12— 1., 12€-n)1_

2@t @° 2@+ 19

B lfv o . ,]drz _ included twice.
2/ TslowiTiast0  fas The second type of mistake is to use the Pekar partition
1 2(e — n2) — together with the fre_e energy expression given by eq 8. Th_e
~5 mg(n Yio(tg — 1) (11) meaning (and magnitude) of the terms slow and fast in eq 8 is

different from that in the Pekar partition. This confusion of

Summing these three terms gives the final expression for the terminology can lead to incorrect values of the solvatochromic

free energy of the excited state just after the electron transition: Shift (an example of the numerical errors associated with this
mistake can be found in ref 7, where the authors compare the

1, ..., 1 Najme = \2 values obtained by using the same expression for the free energy
AG=- Eg(e)ﬂ + E[g(é) — oM — o)™ (12) but two different partition schemes).
) ) ) In sum, when properly used, both partition schemes provide
The second term on the right-hand side (rhs) is usually known gxactly the same value for the total reaction field and for the
as the reorganization enerdy. . nonequilibrium free energy, but only if the dielectric response
In the case of the Pekar partition and due to the different js |inear, The equivalence between the two models breaks down
meaning of the termSsiow, otasto aNdorasy €q 8 cannot be used.  \hen the dielectric behavior is nonlinear. For the nonlinear

In this case, and in order to obtain an expression for the regime one of the assumptions of the Pekar partition (that the

nqnequilib5rium free energy, we shall follow Newton and yajue of the termRisys) is independent of the solute charge
Friedman’® who define a reversible path connecting the ground jstribution) is not valid and hence the Pekar model can yield

and excited states: incorrect results. In this case the use of the Brady and Carr

1 ) N _ partition is compulsory.
AG == 29y = [, (i —aR@E) o (13)
Appendix: Nonequilibrium Free Energy
where at an intermediate stage in the charging process, one has
i(0) = tig+ 0(u — 1) (14) 1
= [V(r) p(r) dr®* =
and Zf

The first integral is immediate

— 2

R(6) = 9(e)o + 9(MO( — Fio) (15) _ 1A D [P cos)e™p o —

. o 2% @2n*+1)a°

When 6 = 0, we obtain the reaction field of the ground state 2

and, wheng = 1, the reaction field of the excited state, eq 2. 6(e — n%) Hom m imy 3
Substituting eq 15 into eq 13, we obtain —22—3 frpl(cose)e pdr=

e+ @2+ 1)'m a

R S v W S\, 1,1 L
AG 29(6),“0 9()etoltt — Ho) 29(” )@ — fo) — Zg(e)ii? — [g(e) — g(M)]izi, (18)
(16) 2 2
If we add and subtract from this expression the téhg(e)u? For the second integral we have

and we rearrange terms, we obtain

1 3 _
76 =~ JOF + ol — oPNE — i (1) 5] VemOlA) el &=

o 12(e — n’) _Hom .
which is identical to eq 12. ——Z— frP’ln(cosz?)e”“‘”(,oo —p)drP=
2(2+1)F 38

Summary and Discussion 2
12(e —n%) 1

We have compared two different schemes for the separation ——— ity — 1) (19)

of the electric polarization of a dielectric into two components, 2(2e+1)a°

one associated with the slow response and the other with the

fast response. The first scheme, known as the Pekar partition,To solve the third integral, it is convenient to perform the

is based on the separation of the reaction field into one following transformation
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1 2
B é‘/‘vslow[ofast,o_ OfasJ dr®=

1
- Efaslow(vfast,o_ Viasd dr? (20)
whereosgjow iS

6(c — %) 4o

Ogoul) = — ar(2e + 1) a3c099 (22)

Viast can be obtained from eq 5. The same is trueMgg o if
we assume that in this cage= po. Putting all these terms

together and integrating, we obtain the result given by eq 11.
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