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Abstract. The energy functional, the governing partial differential equation(s) (PDE), and the
boundary conditions need to be consistent with each other in a modeling system. In electrolyte
solution study, people usually use a free energy form of an infinite domain system (with vanishing
potential boundary condition) and the derived PDE(s) for analysis and computing. However, in many
real systems and/or numerical computing, the objective domain is bounded, and people still use the
similar energy form, PDE(s), but with different boundary conditions, which may cause inconsistency.
In this work, (1) we present a mean field free energy functional for the electrolyte solution within
a bounded domain with either physical or numerically required artificial boundary. Apart from
the conventional energy components (electrostatic potential energy, ideal gas entropy term, and
chemical potential term), new boundary interaction terms are added for both Neumann and Dirichlet
boundary conditions. These new terms count for physical interactions with the boundary (for a real
boundary) or the environment influence on the computational domain system (for a nonphysical but
numerically designed boundary). In addition, the boundary energy term also applies to any bounded
system described by the Poisson equation. (2) The traditional physical-based Poisson—Boltzmann
(PB) equation and Poisson—Nernst-Planck (PNP) equations are proved to be consistent with the
complete free energy form, and different boundary conditions can be applied. (3) In particular, for
the inhomogeneous electrolyte with ionic concentration-dependent dielectric permittivity, we derive
the generalized Boltzmann distribution (thereby the generalized PB equation) for the equilibrium
case, and the generalized PNP equations with variable dielectric (VDPNP) for the nonequilibrium
case, under different boundary conditions. (4) Furthermore, the energy laws are calculated and
compared to study the energy properties of different energy functionals and the resulting PNP
systems. Numerical tests are also performed to demonstrate the different consequences resulting
from different energy forms and their derived PDE(s).
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1. Introduction. As a requirement in both physics and mathematics, the sys-
tem energy functional, the governing partial differential equation(s) (PDE), and the

boundary condition(s) (BC) need to be consistent. People usually derive the PDE(s)
through minimization of a free energy functional F', in which the information of bound-
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ary condition(s) associated with the PDE is, in principle, included. However, a com-
mon case is that once a type of PDE is obtained (usually from an energy functional
on the whole space), people may study, either theoretically or numerically, the PDE
under different boundary conditions. But in this case the changed boundary condi-
tion may be inconsistent with the original energy form, and may cause unreasonable
results. An example is the electrolyte system, which is the focus of this work.

The electrolyte solution is a charged system mixed with polarizable solvent and
mobile ions, which exists in many areas such as chemistry, colloid, fuel cell, mate-
rial science, and biology systems. An enormous amount of literature can be found
in this area. In mean field theory, a Poisson-Boltzmann (PB) equation is a physi-
cally reasonable description of the equilibrium state of the electrolyte solution. In a
nonequilibrium state (i.e., nonbalanced ionic flow exists), the Poisson—Nernst—Planck
(PNP) equations are employed to model the coupling of ionic diffusion processes and
the generated electric field. The PB equation and PNP equations are two most com-
monly used PDE models in the electrolyte solution system. These equations can also
be derived from variation of the free energy. As an example in the chemical physics
area, Sharp and Honig have used the calculus of variations to provide a unique defini-
tion of the total energy and to obtain expressions for the total mean field electrostatic
free energy of the electrolyte solution (including fixed macromolecules) for both linear
and nonlinear PB equations [30], and later Gilson et al. derived the mean forces based
on mean field electrostatic free energies [11]:

1 K
1) F= [{po- gever - o Y ciene - fav
=1

And in turn, the PB equation can also be expected to be derived from these energy
functionals. Gilson et al. have shown that if the free energy F is considered as a
functional with respect to (w.r.t.) the potential function, the potential which extrem-
izes F' is also the potential that satisfies the PB equation [11]. Fogolari and Briggs
have pointed out that the potential satisfying the PB equation in fact maximizes the
energy functional if it is considered as a functional w.r.t. potential [9]. When the
free energy functional is regarded as functional w.r.t. the concentration ¢ rather than
the potential ¢, they proved that the PB distribution is then the only distribution
which minimizes the free energy (the Poisson equation is considered as a constraint)
[9]. This conclusion was also restated in a more mathematical way later [19]. The
energy functional takes the form

1 B K K
(2) F:/§2§p¢dv+5 1;/Qci[ln(A?’ci)—l]dV—;/Q,uicidV,

with a Poisson equation as a constraint. Another advantage of this form is that
this form can be applied to study both the equilibrium and nonequilibrium states
of the electrolyte solution. It is worth noting that those free energy forms are for
the electrolyte solution on the whole space, where the potential (and the derivative)
goes to zero at infinity. However, a real physical system and/or a practically com-
putational domain (as appeared in finite element/finite difference methods) are often
bounded, and the boundary conditions are usually nontrivial and nonhomogenous. In
electrokinetics, most physically interesting properties arise from different nonhomoge-
nous boundary conditions [32, 37, 5, 17, 38]. In these nonhomogenous BC cases for
charged system, the system’s free energy also needs to include the physical interaction
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between the system and the boundary. In other words, the traditional PB equations
with general nonhomogenous Dirichlet or/and Neumann BCs cannot be derived from
the above free energy form (neither (1) nor (2)) because the boundary term(s) are
missed in the energy functional. The issue will be solved in this work. It is worth
noting here that even though a real system is infinite, in practical computation as
in the finite element approach, only a bounded domain is taken and certain nontriv-
ial BC(s) need to be adopted to simulate the behavior of the whole system. In this
case, if we need a, for instance, nonhomogenous Dirichlet BC, an energy term needs
to be included in the free energy and represents interaction between the system and
the boundary of Dirichlet type (see the detailed physical explanations in section 2).
Therefore, in the rest of this paper, we will not distinguish a boundary as a physical
(interfacial) boundary or as an artificial boundary, as they will be treated similarly
in the energy form.

The free energy functional for an infinite electrolyte solution system can be con-
sidered as a special case under the homogenous boundary condition at infinity. If
this energy functional is used to derive the PDE with nonhomogenous BC, it may re-
sult in “distorted” (nonphysical) equation(s) (see later analysis and discussion). The
following nonhomogenous Dirichlet boundary-value problem of Poisson equation (3)
is considered, which is a constraint of the potential ¢ in the traditional free energy
functional:

(3) =V (eV¢(c)) = plc) in €,
eg—z =0 on 'y,
= oo onTp,

where % denotes the normal derivative at the boundary with n the exterior unit
normal. In analysis, we generally need to introduce a corresponding nonhomogeneous
boundary-value problem of Poisson equation (4) which has the unique weak solution

¢p:

(1) V- (eVén(c) = 0 in 0,
eag% =0 on 'y,
ép = o onTp.

Using the variational approach to the free energy functional with incomplete boundary
terms can lead to a “distorted” Boltzmann distribution and an unusual PB equation
as in [19, 20]. Similarly, for the nonequilibrium state and nonhomogeneous boundary-
value problem, we will show details in following sections that applying the variational
approach to the incomplete free energy functional will lead to a set of PNP equations
different from the traditionally established ones as in the following example:

K
(5) —V  (eVo(c) = p' + Z gic; inQ,

(6) %ii =V (Di[ Ve + B ([ o(c) - %¢D(C)m) nQ.i=12.. . K

In the physics of the electro-diffusion process and in the traditional PNP equations,
the drift term BqcVe¢ is determined by the electric field, i.e., V¢, and should be
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irrelevant to ¢p. But in (5) and (6), an additional term —% BqcV¢p appears in the
drift term and is unavoidable in the variational approach using the incomplete energy
functional (see section 2).

To derive the correct PB and PNP equations subject to different BCs (Neumann,
Dirichlet or their co-existing case), in this paper we will provide a complete energy
functional form by proposing a new energy term, which is consistent with the PDEs
and the corresponding BCs. Numerical examples demonstrate significant deviations
between the predictions from the inconsistent PB/PNP models (originated from the
incomplete energy functional) and those from the PB/PNP models.

Furthermore, to study the system energy property, the energy law is calculated
for the complete energy functional and other forms. Analysis and discussion also
indicate that the complete energy functional with a new energy term, instead of the
usual forms, leads to a physically reasonable energy law.

In addition, a particularly interesting case of this work is to consider the situation
when a dielectric coefficient is dependent on ionic concentration. The general free
energy functional includes this situation and a variational approach is applied to
derive the generalized PB and PNP equations under different boundary conditions.
Tonic solutions may be considered to consist of three constituents: the charged anions
and cations, “hydration” solvent molecules near the vicinity of the ions, and “free”
solvent molecules. The hydration shells will affect the dielectric coefficient in an ionic
solution [36, 35]. The effective polarizability is related to the presence of a hydration
shell around ions and causes the dielectric decrement characteristic [1, 27]. In the
electrolyte, as the solvent dipoles are highly oriented under large electric fields, there
are some studies to consider the field-dependent dielectric permittivity [3]. A lot
of experiments and theoretical analysis have indicated that the dielectric coefficient
decreased with the increase of local ionic concentrations [12, 15, 14, 28, 13, 33, 21],
and the phenomenon of depletion of ions near a charged wall can also be captured
[20]. In our previous paper [21], we present a variable dielectric PB (VDPB) model for
biological study, in which the dielectric coefficient is ionic concentration-dependent.
However, the equation is not mathematically consistent with the system’s free energy
functional. In this paper, we analyze and discuss a general dependence form of the
dielectric coefficient on local concentrations, and the governing equations in both
equilibrium and nonequilibrium are consistently given.

2. Theory and method.

2.1. The mean field free energy functional. We consider the general case
of an electrolyte solution that contains a solvent, arbitrary number of mobile ion
species, and perhaps membrane-molecule(s) or nanopore as well. The macro-object—
like biomolecule, if it exists, is treated as a fixed object and usually also carries charges
inside or on the surface. Figure 1 represents two typical biophysical models in com-
putational analysis. The domain € (s for solvent) denotes the solvent region where
there is a mixed solution with diffusive ion species, such as mobile ions. The solute
region €, (m for molecule) is the domain occupied by (in (a)) the fixed biomolecule,
such as protein or DNA, or by (in (b)) the membrane, channel protein/nanopore
[25, 31, 32, 34]. In case (b), if necessary, {1, can be further divided into different sub-
regions, but this does not affect our following analysis. The whole domain is denoted
by Q@ = Q,, U Q,. Figure 1 illustrates a solvated biomolecular system in an open
domain © € R3. The open subdomain ©,, C Q represents the biomolecule(s), and the
remaining space 0, = Q\ Q,, is filled with ionic solution. Domains (2,, and Q, are
separated by a molecular surface I';,, (for simplicity, we call T',,, the molecular surface
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Fic. 1. A two-dimensional (2-D) schematic view of the ionic solution system: (a) with one
fized biomolecule; (b) with an ion channel (or similar a nanopore) embedded in a membrane.

in the rest of the paper, but it also includes the membrane and nanopore surface if
they exist). The ionic flow cannot penetrate the nonreactive molecular surface. We
use I'p and I'y to represent boundaries with Dirichlet and Neumann boundary condi-
tions, respectively. According to the property of the physical system and model, both
I'p and T’y can be applied to ' or part of T';. For example, fixed potentials (Dirichlet
BC) are usually given on the out boundary I'y in PB calculations (Figure 1(a)) and on
the upper and lower boundaries of the whole box in PNP simulations (Figure 1(b)).
Surface charge density (Neumann BC) is usually applied to the molecular/nanopore
surface I'y, [31, 6, 22], or a simplified molecular surface (do not consider the molecular
domain ©,,) [20] to model the charge amount carried by the molecule. The boundary
of the whole region is ' =T'p U T'y.

Free energy discussions in previous works are usually on the whole space with
vanishing at infinity and do not consider the nonhomogenous Neumann and Dirichlet
boundary effects. If we consider a bounded or a confined region, the variational
approach to the derivation of the free energy functional may face problems. For an
electrolyte solution system, the Gibbs free energy of the charged system is usually
written as [30, 11, 9]

K K
1
F= 5/ <pf + Zqicz) ¢dV + kBT/ > cilln(ei/ed) — 1AV
Q i=1 Q=1
1 K K
_ -1 _ 3.\ _ .
(7) = /Q 3P0V + 3 Z /Q cilln(A%¢;) — 1]dV Z /Q pic;dV.
=1 =1
Here, p is the total charge density, defined by

K
(8) p=p"+Y i

i=1

where q; = Z;e, with Z; the valence of the ith ionic species and e the elementary
charge, K is the number of diffusive ion species in solution that are considered in the
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system, and pf is the permanent (fixed) charge distribution
pl(z) = qid(x — ),
J

which is an ensemble of singular charges g; located at z; inside the biomolecule.
¢ = ¢(c) is the electrostatic potential with ¢ = (c1,...,¢x), ¢; is the concentration
for the ith ionic species, and ¢ is the bulk concentration for the ith ionic species.
B~! = kT, where kg is the Boltzmann constant and 7 the temperature, A is the
thermal de Broglie wavelength, and p; is the chemical potential for the ¢th ionic
species. The standard PB and PNP equations can be derived by the variational
method from this energy form [24, 34].

However, as aforementioned, in many real systems and/or numerical computing,
the objective domain is bounded, and people used to adopt the same energy form
and study different boundary conditions. This may lead to inconsistency among the
energy form, PB/PNP equations, and the boundary conditions, and sometimes even
results in a nonphysical PDE model. A satisfactory way is that a PDE model and
the BCs can be derived through the energy variational approach (which is neces-
sary for further consistent mathematical analysis), and the energy form is physically
reasonable. To obtain the consistent PDE(s), we need include different boundary
interactions into the free energy functionals, and these new terms count for physical
interactions with the boundary (for real boundary) or the environmental influence
on the computational domain system (for an artificially modeled boundary for the
numerical goal). Generally, when there exists surface charges (denote the density as
o) on the boundary or part of the boundary (where a Neumann boundary condition
can be applied), it is obvious to directly plug a surface energy term (%d)a) into the
free energy functional. This is physically reasonable because the surface charges cause
an additional interaction with the electric field. This “improved” free energy is also
often used and studied, as in [20]:

) Fld = [ ot + [

I'n
K K

+ 571 Z /Q ci[ln(Ac;) — 1]V — Z /Q wic;dV.
i=1 i=1

But this free energy is still not complete, as it lacks the treatment of the Dirichlet
boundary condition, which is rarely discussed in previous mathematical and physical
work. When a potential is given on a boundary, which means: (1) If the boundary
is a physical boundary identified as a certain type of material interface, there must
be a mount of “effective” surface charges (denote the density as ajejf f ) to maintain
the Dirichlet condition. In physics, the effective surface charge density needs to be
equal to —eg—i (induced by exterior region), which thereby causes an additional sur-

1994 (2) If the boundary is an artificial boundary (still

face interaction energy —5eg-
consider the electrolyte solution system), we are using a boundary condition to model
the influence from the “cutoff” outside part which is a polarizable dielectric media

(environment). The influence can be approximated by an “effective” surface charge
eff
9p

%oqb(c)ds

induced by the exterior region as in the physical boundary case. This charge
density also should be consistent with the electric potential field and the given surface
potential. In other words, the effective charge density cr%f T is equal to —e% and leads
to a similar energy term. Therefore, in either of the above two cases, there also needs
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to be an energy term in the free energy functional for Dirichlet BC. Here we present
a complete free energy functional form:

(1)  Fld = /Q SPOHAV + /

I'n
K K

+ 57t Z/ ci[In(A3¢;) — 1]dV — Z/ picidV,
i=179 i=17/9

where ¢ = ¢(c) is the electrostatic potential determined as the solution to the general
boundary-value problem of the Poisson equation

1 1, 9¢(c)
iod)(c)dS’—/ ie(c) o ¢podS

I'p

(11) =V - (e(c) V() = p(c) in ©,
e(c)% =0 onT'y,
¢ = ¢o onI'p.

The first three terms in (10) together represent the electrostatic potential energies, and
in particular, the second and third terms are the boundary interactions. The fourth
term represents the ideal-gas entropy, and the last term in (10) represents the chemical
potential of the system that results from the constraint of the total number of ions in
each species. It is worth noting that the boundary energy —% r, e%qde — 0 if the
domain tends toward infinity. It is also worth mentioning that the ideal-gas entropy
will be infinite if the domain tends toward infinity. In fact, the physically meaningful
calculation is to calculate the energy difference. The energy difference here is the so-
called solvation energy, which is the difference of the energies between the interacting
system (the ionic solution and the solvated molecule) and the noninteracting system
(separated pure ionic solution and the molecule in a vacuum). In this situation the
energy difference can be proved and numerically demonstrated to be always a finite
value. As either the original energy form or the energy difference form does not affect
the analysis and calculations in this work, we only used the complete energy form
as discussed above in the following analysis. In particular, in this work we treat €
as a general inhomogeneous dielectric permittivity which can be dependent on ionic
concentration. This is another topic of concern in the paper.

Aside from the above physical reasoning for the new boundary energy term, we
will try to make an explanation in mathematical point of view. First, considering the
Poisson equation as a constraint, using integration by parts and the Gauss theorem in
the energy variational derivation will naturally lead to a boundary term with potential
for a bounded domain. Second, only considering a Poisson system with Dirichlet BC
and electrostatic energy as discussed below, the Euler-Lagrange form for the Poisson
equation is shown to lead to exactly the same energy form as proposed in this work,
which has a boundary energy term (see 12). Third, analysis on the calculated energy
law for different energy forms and corresponding PNP systems indicates again that
the additional boundary energy term is necessary to obtain a reasonable energy law
(see subsection 2.4.1).

It is also worth noting that there are different energy forms of electrolyte systems
appearing in the literature, and in most cases they adopt an underlying assumption of
infinite domain but with little discussion and analysis on general cases. We will make
some notes on those forms here. Before that, we list two prerequisites: (1) The Poisson
equation always holds (from electric field theory). This is why, in most parts of this
work, we use the Poisson equation as a constraint instead of a “derived” equation.
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(2) Physically, the electrostatic potential energy should naturally take a form like
fQ %pgbdv (and as demonstrated in this work, we will show that there need to be
boundary term(s) in addition to the usual volume integral form). Similarly, we focus
our notes only on the Poisson system and electrostatic energy in this paragraph. A
familiar energy form is fQ §|V¢|2dV, which can be directly interpreted as field energy
from electromagnetic field theory (e.g., see [16]). Through integration by parts and
supposing the Poisson equation holds, this form can be easily shown to be equivalent
to [, 3p0dV + % |1 e%d)d& which is equal to [, $p¢dV only for the infinite domain
or vanishing bounded boundary. Similarly, another form is the Euler-Lagrange form
that also often appeared in literature such as used in [30, 11],

F(6.96) = [ (= 51708 + po)av.

From above note it is easy to see that this form is again equivalent to the form
fQ % poddV when the boundary integral term vanishes. One advantage of this form is
that the Euler-Lagrange equation of this energy functional gives exactly the Poisson
equation. More specifically, we show in the following that in the case when € is not
dependent on ionic concentration ¢, and under a Dirichlet BC, this form leads to the
Poisson equation. Hence the Euler-Lagrange form is a consistent energy form in these
situations. The variation is as follows:

6F = / ( — eV - V(5¢) — %Wﬁ - Vde + ¢pdp + p5<z>) av
Q
99

e——
'p 3n

= / (V- (eV) + p)spdV — 5pds — - / Vo - VededV + / $SpdV.
Q 2 Q Q

For a given charge distribution and e(r), dp = de = 0, and for a given Dirichlet BC
(in which case a unique solution exists), d¢ = 0 on I'p, then the solution function
¢ of the Poisson equation, —V - (eV¢) = p, extremizes the energy F, i.e., F = 0.
Now, given that the Poisson equation is satisfied in general, this in turn can reach
the observation through similar integration by parts that the Euler-Lagrange integral
form of the energy differs from the integral of %pqﬁ exactly by the boundary integral

term — fFD %e%qﬁods that we are proposing to add in (10):

/Q < _ %e|v¢|2 + qu) av

(1 1 9¢
(1 1 [ 9
(12) = o §p¢dV — 5 /FD 687n¢0d5

However, as shown above, in general cases with nonhomogeneous boundary conditions
and with ionic concentration dependent dielectric permittivity, the energy form using
fQ %\VQS\QdV could not be obtained physically. One objective of this work is to show
that the energy form given by (10) is a physically reasonable and consistent energy
form, which will be analyzed and discussed in the following sections.

Consequently, for an electrolyte system with a given dielectric coefficient €(r)
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under a Dirichlet BC, the following different energy forms are, in fact, equivalent:

Fld = [ [~ §I90F + plelo(c)]av
(13) +kBTZ/ cilln(A%c;) — 1]dV — Z/ picidV,

on

K K
(14) + kBTZ/ ci[ln(Ac;) — 1]dV — Z/ wic;dV,
i=1 7% i=1 7%

F[c]:/Q%|V¢|2dV7/F 290 4 s

K
15)  F[d :/Q(;p(c)qﬁ(c)—i—kBT;ci[ln(z;) —1DdV—;/FDea‘§§f) 0dS.

In the next few subsections, we will use the energetic variational approach to il-
lustrate the appropriateness and consistency of the above-mentioned free energy form,
and to derive new equations when dielectric permittivity is dependent on ionic con-
centration. If the boundary interactions are missed in the free energy functionals, the
energetic variational approach will produce some extra terms of boundary integration,
and the Boltzmann distribution may or may not be obtained in a distorted form. Of
particular interest in the case of ionic concentration-dependent dielectric permittiv-
ity, the complete free energy form will consistently lead to two generalized equations
under different boundary conditions.

2.2. Energetic variational approach.

2.2.1. First variations. To derive the first variation of F’ w.r.t. ¢, we first need
the following basic assumptions:

e The dielectric coefficient function €(cy, . .., cx) € C*(]0,0)). Moreover, there
are two positive numbers €,,;, and €,,,, such that

0<6mm§6(017...,CK)§6mar Ve >20,1=1,..., K.

e is bounded and open, ' =90 =T'y U I'p.

e We also assume a fixed charged density p/ : Q@ = R, p/ € L>(Q), a sur-
face charge density ¢ : 'y — R, and a boundary value of the electrostatic
potential ¢ : T'p — R, ¢g |r, € W2>(Q).

We use the standard notion for Sobolev spaces:

Hy={¢pec H'(Q):¢=¢y onlp},
HSO—{¢€H1(Q):¢:O onT'p}.

The weak form of (11) is

/ V- (e(c)Vo(c))vdV = — / p(c)vdV Vv € H} ().
Q

Q
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By the Gauss theorem, we have
(16)  a(p,v) = / e(c)Vo(c) - VodV = / p(c)vdVJr/ ovdS Yv e H;’O(Q).
Q Q I'ny

Since L>(Q)NH () is dense in H] (), we can identify u as an element in H;&(Q)
We denote

X={c=(c1,...,cx) € LM(QRX):¢; >0 ae. Qi=1,... K;
K
> qici € Hj ()}
i=1

Let ¢ € X. It follows from the Lax—Milgram theorem and the Poincare inequality for
functions in H{ 4(€2) that the boundary-value problem of Poisson equation (11) has a
unique weak solution ¢ = ¢(c).

Let ¢ = (¢1,...,¢x) € X and d = (dy,...,dg) € X. We define

(17) dFc][d] = lim

To get the expression of 6 F[c][d], we need the following theorem.

THEOREM 2.1. Let ¢ = (c1,...,ckx) € X. Assume there exist positive numbers 01
and 6o such that &1 < ¢i(x) < g for a.e. x € Q andi=1,..., K. Assume also that
d=(di,...,dg) € L=(Q,RX). Then

l[p(c+td) — d(c)||gr(o) —+ 0 ast — 0.
A proof of this theorem can be found in [20], and we will not repeat it here.

Now, we decompose the free energy F' as

Flc] = Fpotlc] + Fentropylcl,

where
1 1 12000
(18 Fuld = [ oo + [ Gooters - [ el®Fods,
K
(19) Fentropylc] = Z/{ﬁ_lci[ln(A?’ci) — 1] = pic; }dV.
i=1 7/
Based on the definition of (17), we have
K
(20) S Fentropylc]ld] = / ;[ In(A%e;) — pi)dV.
i=1 7/
We now deal with another term:
(21)
BT Fpot [C + td] — Fpot[c]
SFpualeld] = lim :
) [ DI ) gy 1 gl =000)
t—02 Jq t t=02 Jq t

+ lim {/FN J%st - 2% . {e(c + td) ‘WEZ ) _ o) agiﬂ ¢odS} .
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By (8) and Theorem 2.1, we have

t—0 5

K
(22) lim + /Q lp(e+td) - ’t’ (glettd) v, %Z /Q digid(c)dV.
=1

Now we deal with the remaining three terms in (21). By the weak formulation (16)
for ¢(c) with v = w € H},,

1 d) — 1 d) —
lim & QP(C)wczv+t1%2 N awdb’
1 0 d 0
- %1—%27 /FD [e(c+td)¢(g:t) —€(c) (gflc)]d)ods
1 td) —
= }5% 3 Qg(c)v¢(c) .V {w}dv
(23)  —fm | t[E(CHd)%(g:td) _E(C)ag;c) ]¢>Ods.

Based on the Poisson equation (11), the following equation holds:
| =¥ tovope@av = [ pascav.

By integrating the left term by parts and using the divergence theorem

2% p(c)as = /Q p(A)B(E)dV.

n

(24) /Q e(c)V(c) - Ve(c)dV — /F e(c)

If we consider the Poisson equation (11) at ¢ + td, similarly, we have

(25)

/ e(c+td)V¢(c+td)-V¢(c)dV7/ €(c+td)M
Q

r on

gb(c)dS:/Qp(chtd)qS(c)dV.

If €(c) is a function of ¢, we can deduce the equation below from (24) and (25):

K
; /Q td;q;p(c)dV

= /Q[(e(c +td) — €(c))Vo(c+ td) + e(c)(Vo(c + td) — Vo(c))] - Vo(c)dV
B (et d0lettd) 0]
/FNUFD[th) CHUD) () 21 }¢<>ds

K
= /Q {Z[(tdie;(f:) +o(t))Vo(c+td) - Vo(c)] + [e(c)(Vo(c + td) — Vo (c))] - V¢(C)} av

i=1

— /FD [e(c+td)a¢(caztd) - 6(0)8?;7(;)] PodS,
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where we denote €;(c) as agg)7 and take the above equation into (23),
1 ¢(c+td) — ¢(c) 1 ¢(c+td) — ¢(c)
1 2 0 ploy=———dV+lims Iy T W
.1 0¢(c+ td) 0o(c)
— }g% 5 /FD [e(c+ td)T —€(c) ™ $odS

1 & 1 & ,
@™ =52 | duaotav - 5 > | dc@veie)- volclav

By combining (20), (22), and (26), we finally have
OF[c][d] = 6 Fentropylc]ld] + 0 Fpot[c][d]

S 1.
=3 [ ddaoe) + 57 () = i = e (0T0(0) - Vo) }av:

In the case of the inhomogeneous dielectric coefficient based on these discussions, we
can prove the following theorem.

THEOREM 2.2. Let ¢ = (c1,...,ckx) € X. Assume there exist positive numbers 01
and 6o such that &1 < ¢;i(z) < g for a.e. x € Q andi=1,...,K. Assume also that
d=(dy,...,dr) € L>=(Q, RE). If we consider the complete free energy functional as
given in (10), then

27) 6F d—i did gio(e) — Le (0w v B In(A%¢;) — p; pdV.
(27) [CH]H/Q Z{Qz¢(c) 2€6i(AVe(e) - Vole) + 57" In(A%¢;) uz} :

Particularly, if € doesn’t depend on c, then

K
(28) SF[d][d] = Z /Q di{qip(c) + B In(A%¢;) — p;YdV.

2.2.2. Comparison with the result from the incomplete energy form.
To compare with the result from the incomplete energy form, we use the energetic
variational approach to the incomplete free energy functional (9) rather than (10) in a
bounded domain (or semibounded domain as well), and theoretical analysis will give
essentially different results. An extra surface integral occurs in the first variations
dF[c][d] despite the dependency of the dielectric coefficient on ionic concentrations:

K
oF1al = Y- [ o) + 57 min%e) - s 3e(T0(0) - Vo) pav
(29) + lim % /F [e(c +td) 8(’5(;: ) _ o) a‘gf)]%d&

The boundary integration term is introduced by the nonhomogenous Dirichlet bound-
ary condition. A general method to eliminate this effect is to introduce a correspond-
ing boundary-value problem of the Poisson equation as shown in Li, Wen, and Zhou’s
work [20]:

(30) V- (e(e)Vep(c)) =0 in Q,
e(c)ag;i =0 on Iy,
ép = o on Ip.
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Similarly, the weak form of (30) is
(31) /Q (&)Vép(c) VodV =0 Vo€ H ().

The boundary-value problem of Poisson equation (30) has a unique weak solution
¢p = ¢p(c) and only in the special case of homogenous boundary condition ¢g = 0,
the introduced ¢p vanishes ¢p = 0.

THEOREM 2.3. (See [19, 18, 20].) Let ¢ = (c1,...,cx) € X. Assume there exists
positive numbers §1 and o such that 61 < ¢;(x) < ds for a.e. x € Qandi=1,..., K.
Assume also that d = (dy,...,drx) € L>®(Q, RE). If we consider the incomplete free
energy functional as (9), then

K
= Z/ d;0; Flc]dV.
=179
where for each i(1 <i < K) the function §;F[c] : Q@ — R is given by

(32) 8L = ] 9(0) - 360(0)| ~ 36 V0() V1600~ 6 (@) + 5~ (1)~

Proof. Based on (23) and by the weak formulation in (16) for ¢(c+td) and ¢(c),
and by the weak formulation in (31) for ¢p with v = w € H!, and
v=¢(c)—¢p(c) € H},, we have the following:

(33)
jim 5 [ (Vo)
i [ 091o00 - onte] v [EHD =00

= lim Lt /Q(e(c) —€e(c+1td))V[p(c) — dp(c)] - V(e + td)dV]

{ote+ tatote) ~on@1av + [ der 125 Do(0) — opieias |

D

{ptaoe) - onnav + [ 03

D

[¢<c £1) =000,

60— én(els

o~

1

o
. | — Y — |
7 e = el

@
Il
—

S

A (©V16(6) = op(@) - VoV + 53 [ daifole) — dp(e)av.

Combining (20), (22), and (33), we have
OF[c][d] = 6 Fentropylcl[d] + 6 Fpot[c][d]

= ;/Qdi{qz' {925(6) - ;qﬁp(c)] + 8 ' In(A%) — m}dV
- é(:/gdi;e;(C)W(C) - Vig(c) — ¢p(c)]dV. 0

This will lead to “distorted” PB and PNP models and obtain incorrect results in
physics (see the following subsection). In the next two subsections, we will derive the
generalized PB/PNP equations and give detailed discussion.
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2.3. Generalized Boltzmann distributions with different boundary con-
ditions. Based on the complete free energy functional (10) and Theorem 2.2, the
electrostatic free energy F' = F'(c) is minimized when ¢ = (¢1,...,cx) € X satisfies
dF[c][d] =0V d=(dy,...,dk) € X, which means

G(e) ~ 36V - To(E) + 57 n(A%e:) — s =0,

and we have
c; = N3P exp{ — Baip(c) + gc;(c)v¢(0) : V¢(0)}

(34) = eXp{ ~ Baigle) + S el(e)Vole): V¢(C)}’

2
where ¢; — ci? as r — oo and ¢ — 0. We call these the generalized Boltzmann dis-
tributions, as they generalize the classical Boltzmann distributions ¢; = cfe‘ﬁq“b(i =
1,..., K) of the situation e does not depend on ¢ (no matter what the boundary con-
ditions are). Plugging the generalized Boltzmann distributions (34) into the Poisson
equation, we then obtain a generalized PB model under arbitrary Neumann/Dirichlet
BCs (this is the self-consistent VDPB model in contrast to our previous one [21]):

K ﬂ ,
(35) ~ V- (Vo) = o' + 3 aickexp { - o)+ 5 (V60 Vo) | on

However, if we start from the incomplete free energy functional (7) in a bounded
domain (or similarly for semibounded domain) with nonhomogenous Neumann/Dirichlet
boundary conditions, é F[c|[d] takes the form

K
JACEDY /Q di{aid(c) + B In(APe;) — pug}dV

~lim [/F 1(,¢(C+td)¢(0)d5}

t—0 ~ 2 t
. 1[ 0¢p(c+td)  Op(c)
+}E>%[/FD21€[6 on " om ]%ds]'

Then we cannot obtain a generalized Boltzmann distribution. Based on Theorem 2.3
and the minimized incomplete energy functional (9), a distorted Boltzmann distribu-
tion can be derived (an example can be seen in (37)).

Here we give an example to quantify the difference of these two distributions. If
€ does not depend on ¢, the generalized Boltzmann distributions (34) are exactly the
same as the classical Boltzmann distributions

(36) ¢ = c;’e—ﬁqi(ﬁ’
and the “distorted” (nonphysical) Boltzmann distributions take the form [19, 20]

(37) ci = crexp{ = 0 (610~ 300(0)) |

In this example, we design a virtual (ideal) numerical experiment. Considering a
charged sphere in an infinite ionic solution, the bulk concentration (r — o0) is
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W
[

—The Boltzmann distribution
---The "distorted" Boltzmann distribution

Concentration (M)
> @ 8 & 8

(3]

—0?15 -0.10 -0.05 0

ép (V)

F1c. 2. The traditional (solid line) and “distorted” (dashed line) Boltzmann distributions (sup-
posing q; = —1le) at the Dirichlet boundary as a function of the boundary value ¢p. The bulk
concentration is set to 0.1M.

c,i-’ = 0.1M, and when r — oo, ¢ — 0. In numerical calculation, the computa-
tional domain is bounded, and we set ¢ = ¢p as the Dirichlet boundary condition on
an imaginary spherical boundary at distance r = R. Supposing ¢p is the real value
(depending on the charged sphere and ionic strength) of the real system, the numeri-
cal solution should match the realistic potential and concentration distributions. But
apparently at = R (at the boundary) the above two Boltzmann distributions lead
to a discrepancy in concentration predictions; one is cie*Bq“ﬁD, one is ci?e’%ﬁqim’.
Figure 2 draws the difference as a function of ¢p (supposing g; = —1e). It is notable
that the gap between the two concentration predictions at the boundary becomes
larger with the increase of applied potentials. When the fixed potential is positive,
the “distorted” Boltzmann distributions lead to lower concentrations for anions, and
higher concentration for cations. For negative boundary potential ¢p, the opposite
phenomenon occurs. When the fixed potential is zero, the distributions reduce to
the same Boltzmann distribution. An alternative example can also be designed as
a “semiopen” electrolyte solution system which has a Dirichlet BC (¢ = ¢p) at a
“bounded” part of the boundary, and has a homogenous boundary condition at in-
finity (¢ — 0, ¢; — ¢ as 7 — o0). Similarly as the above example, on the bounded
boundary (¢ = ¢p), the generalized Boltzmann distribution is exactly the classical
Boltzmann distributions ¢; = ?e~#%#0  while the distorted Boltzmann distributions
¢; = be= 2849 Jead to wrong results.

2.4. Generalized PNP equations with concentration-dependent e(c)
and different boundary conditions. Ionic diffusion in electrolyte solution is an
electro-diffusion process that is influenced by the electric field generated by the ion
distribution itself, biomolecule(s) (if existing), and the environment. The PNP equa-
tions coupling the electric potential and ion concentration distributions provide an
ideal model for describing this process [8, 22]. The PNP equations have been widely
used to study the ion channels, nanopores, fuel cells, and other research areas [8, 7, 4,
2,23, 6, 34]. The continuum PNP equations can be derived via different routes. They
can be obtained from the microscopic model of Langevin trajectories in the limit of
large damping and the absence of correlations of different ionic trajectories [29, 26],
or from the variations of the free energy functional that includes the electrostatic free
energy and the ideal component of the chemical potential [10]. As aforementioned,
the previous variational method can only ensure consistency between the energy form
and the PNP equations for vanishing boundary conditions for electric potential ¢ such
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as on the whole space because they did not include the boundary interaction terms.
In addition, an inhomogeneously concentration-dependent dielectric property has re-
cently caused wide research interest [12, 14, 28, 13, 21, 20]. But little previous study
is found to give a consistent dynamic model (such as PNP) for electrolyte solution
when the dielectric coefficient is ionic concentration-dependent. This is also to be
studied in the current subsection.

We start from the free energy functional given by (10) with generic Dirichlet
and Neumann BCs. According to the constitutive relations, the flux J; and the
electrochemical potential p; of the ith species satisfy

Ji = —miciv,ui.

Here m; is the ion mobility that relates to its diffusivity D; through Einstein’s relation
D; = 37 'm;, and p; is the variation of F' with respect to ¢;:

b = ai0lc) — 3eEV6(e) V() + 5 Infes /)

Then the following transport equations are obtained from the mass and current con-
servation law:

3@-

ot

(38) Hi =

=-V-J;

v (ﬁpicz {qzqs( )~ 56 - V() + 5 ““C"/C?)})
- {1035 +5{a i )
_v. (Di {VCZ- +BeiV (mﬁ( ) - 16 i()Vele)- W(C))] )

Now we get a set of generalized self-consistent PNP equations with concentration-
dependent variable dielectric (VDPNP):

K
(39) —V (e(e)Ve(c) = pf + _Z gici i Q,
(40)
862'

B V~<Dz{wi+ﬂci (qzsb( )**6( )V¢(c)~v¢>(c)>D inQ,,i=1,2,...,K.

9¢

e(c )8n on I'y,
® = oo on I'p,
ci:cf on['p,

Ji-n=0 onl',,

If the dielectric coefficient does not depend on local ionic concentrations, (39) and (40)
will reduce to the traditional PNP equations with the same boundary conditions:

(41) (EV(b _p +Z%Cz in Q 5
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8Ci
ot
However, for simplicity, if ¢ does not depend on ¢, and based on the same bound-

ary conditions but ¢g # 0, according to Theorem 2.3, the PNP equations from the
incomplete energy form (9) take the form of

(42) =V (Dl[Vcl + ﬁCzV(qz¢(C))D inQ,,i=1,2,..., K.

(43) V- (eVeo(c) =p +qucl in Q,

(44) %C; -V. <Di {vq T 5C¢V<qi {QZ)(C) - ;qu(c)DD inQ,i=12... K.

Obviously, this is inconsistent with the established physics in this area. The drift term
in the right-hand side of (44) originates from the electric field driving (V¢) and should
be irrelevant to ¢p, which is introduced only for mathematical analysis of the incom-
plete free energy form and shouldn’t change the physical phenomenon. Therefore, this
is actually another main reason to question the previous energy functionals. It also
suggests that adding the boundary interactions into the free energy is necessary to
make it consistent with PDEs. In subsection 2.4.2, we will give numerical simulations
for a cylinder nanopore to further study the different current-voltage predictions from
these two derived new PNP models. In the next subsection we will calculate the forms
of energy law for different PNP systems and energy forms.

2.4.1. Energy dissipation law. The electro-diffusion process in electrolyte so-
lution is an energy dissipation process (when no external forces or fields are applied).
This requires that the evolutionary equation system, such as the PNP equations,
need to satisfy the energy dissipation law. This subsection calculates and discusses
the forms of energy law for different PNP systems and energy forms. First, consider a
constant €, and the total energy of the traditional PNP system (41)—(42) took a form
as shown in [37] (please note here a slight difference from the form in [37] is that the
entropy term takes c; In(c;/c?), which is unimportant),

(45) F= /Q <k3T§ci {m (;) - 1] + ;|v¢|2) dv.

Consider the change of free energy w.r.t. time ¢,

dcl d
/ZkBT ( >dV+/QeV¢-th¢dV.

By integrating the second term by parts and using the divergence theorem, we can

get
dcZ ci d 0 (d
/ E kBT (C?)dV—/ﬂqﬁV- <€vdt¢>dv+/p¢€8n (dtqb)dS

:/Q;[kBTln (;) 14 dcldv+/¢dt< >dS

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/16/18 to 128.248.156.45. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1148 XUEJIAO LIU, YU QIAO, AND BENZHUO LU

Then the free energy (45) and the PNP system have been shown to satisfy the following
energy law:

@
d 9
iFf /Zk TCz|V kBTlH( )+Qz¢]2dv+ N¢ﬁ0ds+%‘ b0l (8¢)ds

/Z <kBTln< )+qz¢> 0 {kBTln< >+qz¢}d5
kgl " cl
K
D; D;  Ou;
- LV ﬂ‘)dv+/ ;S
[, (eimt)av [ e

d 0
+ FN(bdtordS+/F b0~ (8 )dS

where p; = % = kT In(c;/c?) + qi$, which is just the chemical potential. The first
two terms have direct physical meanings: energy dissipation and input flux of energy
(chemical potential). The third term is a surface energy change due to the surface

charge density variation. However, considering —e% corresponds to the effective

eff

surface charge density o’ induced by the exterior region, the last term (with a
minus sign of an energy change rate) has an incorrect sign of energy variation of
the system. Whereas in the case when the PNP system has vanishing and nonflux
boundary conditions, the system also leads to a correct energy dissipation law:

te- 4l rSlo(3) e
(47) =— /Q ; k§;0i|vﬂi|2dv <0.

Now we consider the complete free energy form (10) with ionic concentration-
dependent dielectric coefficient and consider the VDPNP system (39)—(40),
(48)

_ 1 X C; 1 1 8¢
F—/Q (2p¢+kBT;ci[ln<C?>—1}>dV+2/FNJ¢dS—2/FD () ¢>od5

We calculate the energy law for the free energy (48) and the VDPNP system (39)—(40),

K
de; G 1dp 1do
= kT m (S) 4 2%+ 222))d
/Q(ZIB dt n<cg>+2dt +thp>v

(49) 5 geons -5 [ &) 92 g0)ds
By using the Poisson equation and Gauss theorem with nonhomogenous BC,
/Q %% dV = / SV () V) ‘fdv
= [ 3eve- Vc{fd‘f- 3 L5 s
(50) :_%/Q {v. (e(@ d¢>}¢dv+ / () aa ‘fl‘de—%/e( )2%‘? ds

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/16/18 to 128.248.156.45. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

FREE ENERGY FUNCTIONAL AND PB/PNP EQUATIONS 1149

As the dielectric coefficient is concentration-dependent, then

[t 8 oo (30

1 8d¢ 1 8¢d¢
*2/ W’a*a *5/6“%%5

1 dcz
:’/QW’ -1 i 1vopay

¢) de; 8¢ ad¢> 1 8¢d¢
(51) /Z de; dt 8n¢5+ / () on dt 5_5/6()8ndt ds.

Take this equation into (49). Then

K de; ci Oe(c )dcl
:/Q(i_ZlkBTdtln <> —¢——Zl oc, |V¢|2>

¢) de; O¢ d 0¢ 1 ¢d¢
/Z 3 12422 gas /6@ %%ds_i/ 05, 2 %S
d 1 06
+/rth(¢)dS_/det(() ¢o>ds

(£ lrn(3) - mr

i=1
0o d
an at 0%

d
+ FN(ZS@UCZS— ( )

By using the transport equations,

de; D; Ci _ 186( c) 2
==V (kBTclV[kBTln<C?) ¢ Ve D

We then obtain the energy law of form (48) for the generalized PNP system
D‘ a’uneu)
new |2 new ?
—F_ /Z<k il Vi )dVJr/Z 5—dS

o] eheas— [ q0% s

where £ = kT In(c;/c?) + ¢;6 — 5 ae C) |V |2, which is just the chemical potential
of the generalized system with €(c) (see (38)). Now, we can see that the chemical
potential in the first two terms is replaced by the corresponding modified form p™¢% in
the case of ionic concentration-dependent dielectric permittivity, which is consistent
with the generalized PNP equations. At the same time, the four terms also have
obvious physical meanings, respectively: energy dissipation, input flux of energy, a
surface energy change term due to the surface charge density variation, and a surface
energy change term due to the boundary potential variation (with a correct sign here).
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If the PNP system has vanishing and nonflux boundary conditions, (52) also leads to
an energy dissipation law similar to (47).

As a comparison, we also similarly calculate the energy law for the PNP free
energy form without boundary terms as in (7):

d d 1 X i
to- 3] [ (o srsieln(3) o]

i=1

K K
_ D; ) 2 _ D; _5,ui
— /Q; (kBTcZ|V,uZ| >dV+/F;ulkBTcl o ds
1 d d 1 d ( 9¢ ¢ d
(53) + 5 /FN |:d)dt0' Udt(’b} dS + 5 -/FD |:¢Odt <€an> Ea’l’zclt¢0:| dS,

where p; = kBTln(ci/cf) + ¢;¢. Again, as discussed above, we find that in each of
the last two surface energy terms there is an incorrect sign of energy changing rate
on the boundary, which is inconsistent with the energy law.

The above analysis of energy law is another indication that the addition of the
boundary interaction term to the proposed free energy functional in this work is
reasonable and necessary.

2.4.2. Numerical simulation in a cylinder nanopore system. In this sub-
section, we present an example with a cylinder nanopore to further investigate the
difference between the standard traditional PNP and the “distorted” PNP models.
A cylinder nanopore with a height of 504 and a pore radius of 24 is placed in the
middle of a cubic box of 1004 x 1004 x 100A. A charge density of —0.02C /m? is set
on the inner surface of the nanopore and the potential on the lower boundary of the
cubic box is fixed to be zero, while the upper boundary values (taken as membrane
potentials) change from —200mV to 200mV with a step length of 50mV. In this ex-
ample, we use a finite element method to solve these three-dimensional (3-D) PNP
equations in the solvent region s and do not consider the molecular domain €2,,.
The geometry and a mesh of the cylinder nanopore is illustrated in Figure 3.
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Fic. 3. The geometry and mesh of the cylinder nanopore.
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(%)

---The "distorted" PNP model
—The standard PNP model

Current (pA)

B2 -015 -01 —005 0 005 01 015 02
Voltage (V)

F1G. 4. The current voltage characteristics obtained with the traditional (solid line) and “dis-
torted” (dashed line) PNP models at bulk concentration 0.1M and membrane potential from —0.2V
to 0.2V.

The electrical current of the traditional PNP model across the pore can be cal-

culated as
acz qi a¢
Zqz/ ( s )dmdy,

where S is a cut plane at any cross section inside the pore. For the distorted PNP
model, (43) and (44) from incomplete energy form (9), the electrical current across
the pore is calculated as

dc; (¢>— ld) )
th/ z( + kBT 822 & )dxdy.

In the PNP model, the current can be split into two parts: the concentration diffusion
part

dc
Lyipp = — Qi/Dinmd

and the potential drift part

0
Idmjt - qu/ (]{JBT 8¢>d£€dy

The “distorted” PNP from incomplete energy form has a similar concentration diffu-
sion part but a different potential drift part

1
Idrift Zqz/ (kBT ((ZS 822¢D))dxdy

Through comparison between the currents calculated by the PNP model and the
“distorted” PNP model, it is observed that with such a system setup the magnitude
of current in the “distorted” PNP model derived from incomplete energy tends to be
smaller than that in the traditional PNP model (see Figure 4). The current resulting
from the potential drift part is dominant compared to that from the concentration
diffusion part (compare the order of magnitude in Figures 5(a) and 5(b)). It is also
observed that in the “distorted” PNP model the potential drift part significantly
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Fic. 5. Contribution of (a) the diffusion and (b) the drift parts of current in the traditional
(solid line) and “distorted” (dashed line) PNP models.

underestimates the magnitude of the current, whereas the diffusion part exposes the
opposite property.

3. Conclusions. In this paper, we present a mean field free energy functional of
a dielectrically inhomogeneous electrolyte solution in a bounded domain with genetic
Neumann/Dirichlet boundary conditions for potential. In this complete energy func-
tional with a new boundary energy term, the boundary interaction terms are physi-
cally reasonable, and are also crucial in mathematical analysis in order to consistently
derive the correct PB, PNP, and other possibly relevant equations. The appropriate-
ness is supported from different aspects: physical interpretation, variational analysis
of the functionals and the resulted PDE models, comparison with the Euler—Lagrange
form of the Poisson equation, analysis of the energy laws of the corresponding sys-
tems, and numerical examples. We also show that in the presence of nonhomogenous
Dirichlet boundary conditions for electric potential, the traditional energy form is not
consistent with the traditional PB and PNP equations. Using the variational method
of the previous energy functional (usually by introducing a corresponding homoge-
neous problem) may result in “distorted” (nonphysical) Boltzmann distributions and
PB/PNP models. Our numerical examples demonstrate the significant deviations of
the results originating from the “distorted” models. Furthermore, in a particularly
interesting case when the dielectric coefficient of the electrolyte solution depends on
the local ionic concentrations, we derive the VDPB and VDPNP equations from our
complete free energy functional. In fact, as can be seen in this paper, for any Poisson
system (not limited to electrolyte), there should be a similar boundary energy term
or other equivalent form in the energy functional when the system is bounded. As for
more complicate boundary conditions, it may be still an open question for free energy
functional analysis.
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