PHYSICAL REVIEW E 108, 064413 (2023)

Coupled chemical reactions: Effects of electric field, diffusion, and boundary control
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Chemical reactions involve the movement of charges, and this paper presents a mathematical model for
describing chemical reactions in electrolytes. The model is developed using an energy variational method that
aligns with classical thermodynamics principles. It encompasses both electrostatics and chemical reactions
within consistently defined energetic and dissipative functionals. Furthermore, the energy variation method is
extended to account for open systems that involve the input and output of charge and mass. Such open systems
have the capability to convert one form of input energy into another form of output energy. In particular, a
two-domain model is developed to study a reaction system with self-regulation and internal switching, which
plays a vital role in the electron transport chain of mitochondria responsible for ATP generation—a crucial
process for sustaining life. Simulations are conducted to explore the influence of electric potential on reaction
rates and switching dynamics within the two-domain system. It shows that the electric potential inhibits the
oxidation reaction while accelerating the reduction reaction.
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I. INTRODUCTION

Theories for chemical reactions based on the law of mass
actions often ignore electric effects [1,2], even though the
reactants, catalysts, and enzymes of chemistry and biology
depend on charge interactions for much of their function
[3-5]. Recently, mathematical models have been developed in
the electrochemical tradition [6-10], some using variational
principles [11,12]. Here, we extend this study by proposing
a general thermodynamics-consistent framework for electro-
chemical reactions both in the bulk and on the interface in
biological systems. Specifically, we investigate the electric
effects on the rate of chemical reactions using several reduced
(“toy”) models that show interesting dynamics and interac-
tions between diffusion, reaction, and electric fields of ionic
solutions.

Various consistent frameworks have been developed for
nonequilibrium systems based on the second law of thermo-
dynamics and Onsager’s linear response theory. Onsager’s
variational principle, which was first proposed in [13,14] and
later generalized by Edwards [15], Doi [16], and Qian [17],
is a popular approach to irreversible systems. It is based
on the maximum dissipation principle proposed by Lord
Rayleigh [18] motivated by the analysis of uncharged systems.
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The principle states that for a system described by variables
oy, ...,q, that describe the displacement from thermody-
namic equilibrium with the (corresponding) rates ¢y, . .., &y,
and with free energy F(«j, ..., ), the thermodynamic flux
a; follows the dynamic path that minimizes the Rayleigh
function. This function is the sum of the dissipation function
® and the rate of the change of the free energy F in an
isothermal system. Reference [19] provides a more detailed
review. In order to include the fluid kinetic energy [20] for
fluid equations, Wang et al. [21,22] proposed the generalized
Onsager principle (GOP) for both reversible and irreversible
processes.

Energetic variational approach (EnVarA) is another power-
ful tool proposed by Liu et al. [23-25]. The general framework
of EnVarA is a combination of statistical physics and nonlin-
ear thermodynamics. All the physics are integrated into the
definitions of total energy E and dissipation functional A. The
least action principle [26] yields the conservative force Fg,, by
taking the variation of the action functional with respect to the
flow map in the Lagrange frame of reference. The maximum
principle [13,14] yields dissipative force Fgis by taking the
variation of the rate function. The final equation of momentum
is achieved by balancing these two forces balance Fon, = Fy;s-
A more detailed review can be found in [12].

Based on the consideration of the second law of ther-
modynamics, in particular, the requirement that the rate of
energy dissipation needs to be nonpositive, Ren et al. [27-29]
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proposed a more straightforward method built on a concept
in [30]. First, the energy functional E is defined according to
different physical fields. Based on the laws of conservation,
the kinematic assumptions are listed with unknown terms
like fluxes and stresses. By taking the time derivative of the

total energy ‘fi—f, those unknowns could be described so each
dE

term in <* is negative. Following Ren’s method, Shen et al.
proposed an energy variation method [31,32] with predefined
energetic and dissipative functionals. The unknown terms in
the kinematics assumptions are obtained by matching % with
a predefined dissipative function A.

In recent years, the variational method has been instru-
mental in proposing various dynamic boundary conditions
that consider the possible short-range interactions of ma-
terials with solid walls. For instance, Qian et al. [17,33]
utilized the Onsager principle to establish the general Navier
boundary condition (GNBC), which captures the dynamics
of contact lines. Furthermore, building upon EnVarA, Liu
et al. [34] introduced a new category of dynamic boundary
conditions, further generalized in Ref. [35]. Most of the ex-
isting research has primarily focused on closed systems with
no exchanges through the boundary, subsequently incorporat-
ing flux conditions as part of the boundary dissipation [17].
However, it is important to note that a majority of biolog-
ical systems and all engineered devices are open systems
characterized by the flow of flux both into and out of the
considered domain. Addressing this, Brunet et al. [36] were
the pioneers in considering the mass flux effect using the
Onsager variational method in linear electrohydrodynamic re-
sponses. Building on this, Xu et al. [37] extended the concept
by establishing the generalized Lorentz reciprocal theorem
for complex fluids and nonisothermal systems. This paper
introduces a thermodynamically consistent framework tai-
lored for open systems. The proposed framework incorporates
both energetic and dissipative components at the bound-
ary and within the bulk, while also considering chemical
reactions.

The law of mass action [38] is a foundational principle
in chemistry that establishes a relationship between the con-
centrations of reactants and products in an ideal chemical
reaction and its equilibrium constant. In recent times, various
models have been developed to describe chemical reactions
based on the principles of thermodynamics [39—41]. Wang
et al. [11,12,42] extended this framework with the EnVarA
approach to encompass chemical reaction systems described
by rate constants. Our methods extend the pioneering work
of Wang et al. [11,12], who explored reactions not involving
charges or electrodynamics. This generalization enables us
to investigate the influence of electric potential on chemical
reaction rates often described by the Butler-Volmer equation
[43—45]. The generalization equips us with the necessary tools
for modeling biochemical reactions.

The rest of the paper is organized as follows. In Sec. 11, we
derive the general field theory for open system with flux on the
boundary and then the method is use to derive equations for an
ionic system with reaction in bulk region, on the boundary and
on the interior interface. The simulation results for a bidomain
reaction system are presented in Sec. III. The discussions and
conclusions are shown in Sec. I'V.

II. MATHEMATICAL MODELS

For a closed system, the first law of thermodynamics states
that the rate of change of the sum of the kinetic energy X
and the internal energy U/ is equal to the sum of the rates
of change of work W and heat Q, so % = % + %
In the context of standard statistical physics, the internal
energy U considers the interactions among particles. These
interactions can be categorized as either short range, such
as hardcore interactions, or long range, such as Coulomb
electrostatic interactions. The second law of thermodynamics,
in the isothermal case, is given by T‘% = % + A, where T
is temperature, S is entropy, and A > 0 is entropy produc-
tion. As a reformulation of the linear response assumption,
this entropy production functional can be represented as the
sum of various rates such as the velocities and the strain
rates. By subtracting the second law from the first law, under
the isothermal assumption, assuming both laws are valid for
nonequilibrium open systems, we have

dE d
dE_dw _
dt dt

where E = K + F is the total energy and F :=U — TS is
the Helmbholtz free energy. In case no external forces or fields

are applied, i.e., % = 0, we can derive the dissipation law
dE _

« Open systems have some fluxes that flow in or out through
the boundary and have distinctive energy dissipation laws that
differ from those of closed systems. They have the distinct
inputs and outputs that characterize devices in engineering.
In open systems, energy can change both because of the flux
across the boundary and also because of the change in dissipa-

tion. For open systems, we assume the following energy law

ey

dE _ P A 2)
dr - TEe )
where Pg jq is the energy exchange rate through energy due
to the variation of total particles energy. It is important to
note that both the total energy and dissipation functionals
incorporate contributions from both the bulk region and the
boundary.

A. Bulk reaction

We consider a domain that has reactions in bulk and
connects to an infinite large reservoir with fixed chemical
potential on the boundary. We focus on elementary reactions
containing N species {X;', X;*, -+, X{"},

ale‘ + CZQXZZZ + -+ aNX;,N
k
ké DIXE 4 X -+ by XD, 3)

where k¢ and k, are the forward and backward reaction rates,
C; is the concentration of X;, respectively. Here a; and b;
are the stoichiometric coefficients, and z; is the valence of
ith species. If let y; = b; — a;. Charge conservation implies

S vizi = 0.
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Based on the law of conservation of mass [46] and
Maxwell equations, we have the following kinematic
assumptions:

aC;
I _V.j]. R,
o Ji TV
N
V-(D)=)_ zCF, )
i=1
VxE=0,
where j;, i =1, --- , N are the passive fluxes, z; is the valence

of ith particle, F is Faraday constant and R = Ry — R, is the
net reaction rate function with forward and reverse reactions
rate Ry and R,. D is Maxwell’s electrical displacement field
and D = gye,E with electric field E, dielectric constant &
and relative dielectric constant ¢,. The equation V x E = 0
implies that there exists an electric potential ¢ such that E =
—Vo.
The boundary conditions are

i=1---,N, onodf,

on 3. )

ji'n:ji,em
D-n=0,

where j; .. is the flux of ith ion supplied from an external
source and to be determined later with fixed reservoir chemi-
cal potential, n is the unit outward normal vector.

Remark I1.1. By multiplying z;F on both sides of the first
equation, we have

3 NG al al
—(V-D) = F— =—Y V. (zFj, FyR
at( ) ;Z o ; (z J,)-i-;z Y,

N
==Y V- (@Fj) (6)
i=1
which is consistent with the electrostatic Maxwell equations.
Treatment of transient problems, involving displacement cur-
rents is needed to deal with some important experimental
work [47-52].
The total energetic functional is defined as the summation
of entropies of mixing, internal energy and electrical static
energy [11,53],

E = Eep + Eine + Eele

= lZ::/QRT{C,(ln (c%) — 1>}dx+/QlZ::CiUidx

D-E
+ / ds, )
Q 2

where R is universal gas constant, T is temperature, U; is the
standard free energy density of ith particle (temperature of
298 K; concentration 1 M) [38].

Then the electrochemical potentials (used in the following
derivations) are defined by

G
/1,':M5+Z[¢F:RTIH—+U[+Z,‘¢F, = l, ,N.
€o
®)

It is assumed in the present paper that the dissipation of
the system energy is due to passive diffusion and chemical

reaction. Additional dissipations (and energies for that matter)
can be included if needed in later applications,

N
RT R
A= P+ RTRIn (=L ) Ya
/Q ZDiCi|Jl|+ RH<R> !

j=1 r

N
1
+ / ~ljiexl*dS, ©)
i—1 Joe 8i

where R = Ry — R, and g; is the conductivity of ith species
on the boundary.

The boundary energy communication rate Pg 3¢ is induced
by the mass communication flux with energy density fi; .y,

N
Pean ==Y [ einds, (10)
i=1 Y992

where fi; ., is the fixed chemical potential of i, species fi; in
the reservoir.

Taking the time derivative of the energy functional (7)
yields

dE N N
S Vi jdx+ / RS yiuidx
dt /g; ; Q Z

i=1

N
- / Z(/:Ll - lli,ex)ji -ndS — / ﬁi,exji -ndS.
0Q aQ
= —A + Pgae; (11)

where the detailed derivation can be found in the Appendix.
By comparing with the dissipation function, we have

D; .
ji:—ﬁC;Vﬂi, 1=1,---,N inQ

Ji-n=gi(fli — fliex) ona2
N
Ry
RT In - = — i~i
(R) ;yu

oy, (&),
=RT1n(%eRg>, ondQ, (12)
Hi:l(c_(;)

where A = — YN i1 = N (@ — b)) is the local affin-
ity [54] and the last equation is part of the De Donder-Weyl
theory [7,55].

If we assume the reaction rate function is

C\“ C\”
R - Rf - Rr == kf’()nf»vzl <a) — k,,gl'lfvzl (a)

where kro and k..o are forward and backward reaction rate
constants with unit %4 = ML—?’ [56], then De Donder-Weyl the-
ory yields

k,’() =AU
k_ = Keg = € KT, (13)
1.0

where AU = va: 1 (a; — by)U; and k,, is the equilibrium con-
stant [56].
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The governing equations for the bulk reaction are given as

8Ci ZiF
— =V - (D,VC +D;=-C,V
o ( i + D CiV9)
Cl' a; Cl' b,’
+Vi(kf,0ni'v=1(_> _kr,OH;v=1<_> >,
Co Co
N
— V- (208,V) = ) zFCi, (14)
i=1

with boundary conditions

on 02,
ond82.

j['nzgi(ﬂi_lli,ex)ai: 1"'Na

15
D-n=0, (15

The energy law of this system could be written as
N

dE DiC; R
@ v+ RTRIn (=L ) Ya
d1 fQ;:RT'“'“L n<R> *

r

N
=3 [l s
i=1 v %

N
- Z/ giﬂi,e}f(ﬁi - ﬁi,ex)ds
i=1 Y092
= —A+ Pgiq- (16)

Here the boundary condition of concentration is Robin type
that allows flux across a boundary “resistance”.

(i) If the boundary conductivity is zero g; = 0, then we ob-
tain the nonflux boundary condition j; - n = 0 that describes
an insulating boundary and a closed system. The correspond-
ing energy law is

N
dE D,C; R
— == [ Y VP +RTRIn (=L ) 14
dr fQjZIRT”’“'Jr H<R> x

r

= _A, (17)

with zero boundary energy communication rate Pg 30 = 0.

(ii) If the conductance is infinitely large, the Dirichlet
boundary condition is achieved fi; = fi; ., on the boundary.
This Dirichlet condition is called a “voltage clamp” in bio-
physics. Note the voltage clamp is an open system requiring
the injection of current and energy provided by an external
system usually called a voltage clamp amplifier.

(iii) If the conductance is a function of chemical potential,
as may be the case in some membrane proteins, including

channels and transporters, i.e., g = =—22—, where j;o is

Hi—Hiex
constant, then we obtain the Neumann boundary condition

Ji-n = jio. In this case, the corresponding energy law is

N
dE DG R,
i VP +RTRIn (=L ) Ya
= [ A vmrRrR () tax

j=1 "

N
—Z/mmﬂ (18)
i=1 Q2

Jex = —lex/F

: W X7+ apXy? + e+ ap Xt

Plate I
Electrolyte

by X7t + by X)? + oo+ by X

I

FIG. 1. Schematic of reaction on the metal electrode with exter-

nal electron input J,, = _# -

Our approach is able to handle a wide range of boundary
conditions. For example, it can include complex current, volt-
age, and concentration relations needed to describe some ion
channels and transporters.

B. Chemical reactions on the boundary

We now extend our treatment to include chemical reactions
on the boundary, for example, as might happen on the surface
of a metal electrode

aX{' 4+ @ X5t 4 -+ ay Xy + Aze™!
k
= biX] + baX3 - BT (19)

where electrons are supplied through surface I" with the elec-
trode potential ¢, and Y | yiz; + Az = 0. For example, if
X1, Xo, -+ - X; are oxidized species and Xy, --- Xy are re-
duced species, then a1 = a4 =---=ay =0 and b, =
b2=~-~=bk =O,i.e.,

alXi' + X+ + alXP + Aze!

kg -
= b1 X 4 bia X5 + -+ DXy . (20)

During the derivation, we only focus on situations where
the oxidized state exists only in solution near the surface of
the metal plate [7] as shown in Fig. 1.

The conservation law yields the following kinematic as-
sumptions:

aC;

—=-V .jiﬂ in
ot
al 2D
=V (e, Vo) = ZziFCi, inQ
i=1
with boundary conditions
ji'nz_ij,l-=1"'N, OnF’
aC, (g —
F— ZCI’M =jexF_AZFR, onI’
ot ot
Jirn=0,¢6=0, on /T,
(22)

where C, is the density of electrons on the surface of the plate,
¢, is the electric potential on the plate, and C,, is the capaci-
tance, I, is the current supplied by an external amplifier, and
the corresponding inlet electron flux is j,, = —’7 Here we
use the fact that FC, = C,(¢ — ¢,).
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Then the total energy is defined as the sum of mix energy and internal energy of ions, electric static energy in the bulk region,
and the energy on the interface induced by electrons and capacitor effect

E = Eent + Eint + Eele + EF

al G D E
=Zf RTG(In(=2)-1)+cU dx+/ dx
i—1 /e €o Q
bulk
C, 1 2
+ RTC,(In —1)+CU. tdx+ = | C,(¢p —p)dS, (23)
r Ce,O 2 T
boundary

where U; and U, is the internal energy of ith ion and electron, respectively. Here ¢, g is the characteristic density.
Then the corresponding electrochemical potentials of ions and electrons are

G
fi = i +5F ¢ = Uy +RTIn —* 4 5F . 24)

0
[Lezue—F¢p=U€+RT1nce — Fo,. (25)

e,0

The dissipation function is defined as
N DG Ry g
_ 1~ ~ 2 S i~ o~ 2

A_/QJZ_I:WW;M dx+/rRTRln<Rr>dS+/r FZ(M fex)?dS, (26)

where we used the boundary reaction rate function R = Ry — R, fi., is the external electron chemical potential of the reservoir
that connects to the boundary.

We analyze a setup (see Fig. 1) with a given current of electrons /., applied to the plate I'. This is a flux (really current)
boundary condition, of the Neumann type in mathematical language. The other boundaries of the system are controlled in a
different way. They are insulators that help isolate the system so it communicates with the outside world in a limited well-defined
way. On these insulating boundaries, no ions enter or leave the system on those other boundaries, i.e., J; - n = 0, and the electric
potential is fixed as ¢r. The current flow of electrons is only on the left and the boundary energy power functional is defined as

Praa = [ fejuds. @1
r
Remark I1.2. Integrating the first equation and using the boundary condition on ith ion yields the law of mass conservation
d
r

dt Jq

To apply the dissipation theorem, we need the derivative of energy with respect to time,

N N
dE X 5 _ d ~ .
= | e [ <—Zum " MeAz>RdS ~ o5 n—FCS+ [ = it
Q= r - r r

D -n J
+ / ﬁexJede - ¢ ds — / /:Ll.] -ndS
r a0t a%/T Z l

where the detailed derivation is presented in the Appendix.

064413-5



XU, EISENBERG, SONG, AND HUANG

PHYSICAL REVIEW E 108, 064413 (2023)

To implement the dissipation principle, we now compare
Eq. (29) with the dissipation function defined in Eq. (26). We
are dealing with an open system so we include the dissipation
(and energy) associated with the boundaries as well as the
interior of the system,

D; .
jiz—ﬁcivﬁiJ:l,“',N, in Q2
D-n=FC, onl’

. g - -
Jox = ﬁ(u” — M), onl’ (30)

R N
RT1n<R’:> = —Xi:y,ﬂi—i—ﬁgAz, onl
Ji-n=0,¢6=0, ondQ/T.

The third equation in (30) yields
R=Rs(l—ew) 31)
|
TN @i=bppitAzie
R=Rs(1—e" RT

Az a; . i
= kyoe 2z pig,-  Ce iy G — ke 7T U=BX&—d) N G
i=1 co 0 i=1

Ce,0

C Az C a; C b;
:kf,oe‘ARZrFﬂ(A@(—e) Hﬁi‘(cj) _knoeﬁ,f,F(l—ﬁ)(Aml—[gv:l(_’)

Ce,0
where we denote A¢ = ¢,
equation [6,9,55,57,58].

with the affinity

N
=Y vidi + Az
i=1

Az IV (G )
=RTIn ( ) —= (5)" e%“”*%) (32)
M (9)"k

Ce,0

where AU =YV (a4
used. If we assume

C Az C a;
Ryt )t (&) e tmor
Ce,0 [&0)

then the reaction rate function could be defined as follows:

- bz)ljz + AZUe and keq = e_% is

(33)

€o

(34)
co

— ¢ and B is the so called the transfer coefficient commonly found in the Frumkin-Butler-Volmer

It is important to realize that any analysis of boundary behavior requires detail appropriate for the mechanisms of flow across
the boundary. In biological cases, these are often not yet known. In the physical case, details are significantly different in each
of the many (quite diverse) systems that are described by the Butler-Volmer equation of electrode reactions [6,9,55,57,58]. The
behavior of the systems is likely to be as diverse as the chemical reactions at the boundaries are themselves.

In summary, we have the following system:

aG; .
— =-V-j, in 2
Jt
N (35)
—V (208, V$) = Y _ziFCi,  inQ
i=1
with boundary conditions
jiom=—-yR,i=1---N, onl’,
d —
cp(d’T‘t”’) = I — AZFR = %(ﬂm — o) — AZFR, onT
Az a; .
R = ky e Hpa0 (e C Ny (SY _ Ky g0 FE=B)86) [T (9>b' onl (36)
Ce,0 ="\ o ’ =ey/
D -n=Cyeo—9ep), onI"
ji'nzov(b:()v OnaQ/F

where the similar boundary conditions are used in [8,57,59].

The reaction rate function could be written as

C Az Cl' a; Cl' b,‘
R= kf< ) nf’zl(—> —k,~l'I§V=1<—>, (37)
Ce,0 Co Co

where we denote

ky = kpoe™ 7 PP, (38)

AZF

k =k, e’ (1— ﬂ)(MJ) (39)

to include the effects of electric potential on the reaction rates.

If we choose g = MI"F

then the input current is constant

Iy and the condition is changed to be ((jpd(¢dt¢” =—Iy—

AzFR, which is the set of boundary condition found widely
in the literature [9,10,60,61]. This is based on Kirchhoff’s
laws that the input current is either stored in the capacitor or
consumed by the reaction.

Remark I1.3. Since C; = %(qﬁ‘Y — ¢,) is the charge den-
sity, it should be nonnegative during evolution, which means
¢ > ¢, > 0for vt > 0.
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Plat
o | & 0X,

OXl zZie~

Electrolyte Electrolyte

Redl AZT e 1
e

Red,.

FIG. 2. Schematic of bireaction system. On the right side of
the plate, the reduction reaction consumes the electrons that are
produced by the oxidation reaction on the left side of the plate.

Remark I1.4. If there is no chemical reaction on the surface
I', the model degenerates to PNP with dynamic boundary
condition

oG; . .
— =-V < Jis in
ot
N (40)
~V (e, V9) = ) _uFCi, inQ
i=1
with boundary conditions
Jji-n=0,i=1---N, onoS,
d(¢ —¢p)
(CPTP = _Iex’ on F,
D-n=C,(¢—op), onl,
¢ =0, ond/T. 41

C. A bireaction system

We will now apply these general principles to a spe-
cific system of significant interest in biological applications,
such as the electron transport chain (ETC) on the mitochon-
drial membrane [62—-65]. The electron transport chain (ETC)
is a series of biochemical reactions occurring in the inner
mitochondrial membrane of eukaryotic cells or the plasma
membrane of prokaryotic cells. It plays a pivotal role in
cellular respiration, which is the process by which cells con-
vert nutrients (such as glucose) into energy (in the form
of ATP). During the ETC, electrons transfer from electron

J

donors (e.g., NADH and FADH?2) to electron acceptors (e.g.,
oxygen) through a series of redox reactions. This electron
transfer is accompanied by the pumping of protons (H*)
across the inner mitochondrial or plasma membrane, creating
an electrochemical gradient used to generate ATP. Oxidation
occurs through a sequence of chemical reactions catalyzed by
membrane proteins that connect electron flow on one side of a
membrane to a chemical reaction on the other. In essence, the
reaction on one side of the plate generates electrons, which are
subsequently consumed by the reaction on the other side. This
scheme is visually represented in Fig. 2, where the output of
the left domain reaction is |Az;|e~" electrons and the input of
the right domain is |Az,|e~! electrons.

To model this system, we set the domain €2 as a union
of two subdomains denoted as €2;, where s =1[,r, sepa-
rated by the plate I". The plate functions analogously to a
cell membrane, allowing the conduction of electrons along
with a displacement current through the effective membrane
capacitance C,. The thickness of the plate is negligible
when compared to the size of the domain. Within these two
compartments €2;, where s =/, r, there exist a total of N
species, represented as {X|', X5, ---, X'}, with associated
reactions as

aAXP +aSXP 4+ ay X + Afe!

k.Y
= BIXP XS e+ DX “
r0

where &}, and k7, are the intrinsic forward and backward

reaction rates. In the left region ;, where Az! < 0, this signi-
fies the forward reaction as oxidation, a process that generates
electrons. In the right compartment €2,, where Az" > 0, this
indicates that the forward reaction is a reduction process,
consuming electrons.

In the electrolyte region €2;, we have the following kine-
matic assumption:

G _ "
ot v
N
—V - (608, V$') = Y _zFC} (43)

i=1

with the boundary conditions

Ji-ng=—vR, onl,

d( I _ 1) ro__ ar
Cp% = —AZFR; + Lo, <cp¢—t¢” = —AYR,F I, onT, “4)
jion=0, ondQ\ T,

where the second equation is based on Kirchhoff’s laws and 1., represents the current passing through the plate due to electron

transportation.

The total energy is defined as the sum of energy within the two subdomains and on the interface

E=E+E +Er

al c! D -E'
= Z/ {RTC}(ln (—) - 1) +C}Ui}dx+f dx
i—1 Q! Co Q! 2
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N
Cr Dr 'Er
+ Z/ {RTC{(ln (C—> - 1) +C[Ui}dx+/ S—dx
l=1 r 0 T

)2ds

1
+/ {RTCZ(ln<Ce ) - 1) +C§U§}dx+l/<Cp(¢l - &),
r 0 2 Jr
Cr 1 2
+/ {RTc;<1n< e ) - 1) +C;U;}dx+—/<cp(¢>’—¢;) ds
r Ce,0 2 Jr

Similarly, the dissipative function is defined as

A=A +A +Ar

N [
D;C! R

=/ E:—’|Vﬁf|2dx+/RTRlln 1 |dx
Ql .:1 RT T Rr

R C!
l l r f g( L’) ~
/ § |v |2dx+/rRTR In <E)dx+/rv(ﬂé_

For the boundary input energy power, it is assumed to be

oD -
ndx.

Pe oo = —/ Pref
90

Taking the time derivative of the total energy yields

N
dE 3
—— = vl jldx— | (=) ayR' + ilAZ RdS—f — (D'
7 Pesa = /Z fil - jidx /( ;MV + 1A R, rqblat(

[

N
/ Zv - jrdx — / (—Zﬁfwm’u;)ms
r i=1

’11

r r r ~r ~1 oD - n
- ¢ra—(D " —FC)dS+ | (i~ o)le = | (@~ dret)——dS
r ! r Fle) ot

Matching terms yield

DG}

LAY 11 ~S'

Ji= TR 1
|kl RO Y c sl sy {(CL\ Y /CL
Rl = kf,oe ( ¢)H —k Lo F (1-BX( d))ni:l e ~i
Ce,0 Co

AZF " AL Cr ALF . Ccr
R = k’ e~ FT ALY ( ) ( ) k;OeT(l—ﬁ)(Ad) )H?Ll <_l>
Ce,0 Co

D’ -n=CF = C Y

g -
Jo = —ﬁ(ﬂe - Me)’
¢=¢refa

In summary, the bidomain reaction system is

in Q¢

acC? DIC? _ .
L — V . ( Ll V .S)
ot RT

N
—V - (e08,V¢") = Y zFC;, inQ
i=1

064413-8
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2
L) ds. (46)
47)
-n' — FCl)ds
(43)
in Q°*
onT!
on["”
onI"
onI"
ond2/I".
49)
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for the boundary conditions

Ji-ng=—viR’, onl’,
I\ @i 1 -AZ I\ bi
Rl = kL e~ ¥ PO (Q) KL oS-y (i) (C_) onT",
' Co ’ Ce,0 Co
szt goaon { CENY v (€T 2 pagen €\
R = k},oefﬁlg( ") i Hi:] i _ k;OeT( —B)(A¢ )Hi:I ; on Fr’
e,
d(¢' —¢,) g d(¢" — o)) g
I ol ~ ~1 ~ 1

(CPTPZ—AZFR +F(M£_M€)’CPT[)Z_AZVFRr_F(Mg_ME)’ OHF,
D’ -’ =Cy(¢' - ¢y), onT,
Jin=0,¢ = e ondQ\T. (50)

One of the crucial properties of cell membranes is their
voltage-gated mechanisms [66]. These mechanisms encom-
pass a category of membrane proteins, known as ion channels,
which are highly responsive to variations in the electric poten-
tial difference across a cell’s membrane. These ion channels
play a pivotal role in various physiological processes within
neurons, muscles, and other excitable cells. Their significance
lies in their ability to initiate and propagate electrical signals,
including action potentials, which are fundamental for nerve
cell communication [67] and muscle contraction [68]. Various
models, such as the Hodgkin-Huxley model [69], have been
proposed to describe voltage-gated mechanisms.

For the sake of simplicity, we model these mechanisms
by introducing a potential difference threshold, denoted as 6y,
using a hard switch

if¢” — ol > 6y;
g g ifg, .¢p> o 51)
0 otherwise,
or a soft one
ro_ 4l — 6
g = go tanh <MP>O>, (52)
€

where gy is the maximum conductance and € is the relaxation.
Then, when the difference of potential between the two sides
of the plate is large enough, the plate becomes conductive and
the electron is transported.

]: sl _ViCRS,

V¢ -ng = (0" — 8,),

0 ¢
—(=V¢, -n)+ =Az, R, = —
at( 1) n)+(32 zZR

js'n=0,¢S=O,

II1. RESULTS

In the simulation, we consider the 1D computation domain
and the plate is in the middle. On the left side of the plate, we
have

KL
X4+ X =X 4o
K}
On the right side of the plate
k
X+ Xs e = Xo.

Let us introduce the following characteristic values: L =

43x107'yum,  co=1mM, ¢ o= L —435x
102 mol/um?, D* =10""m?/s, * =L =1.85x107*s,

’;—T =25.6mv, and k; =233 x 10* M/s. These values

represent the characteristic length, concentration, electron
density, diffusion constant, time, electric potential, and
reaction rate, respectively. With these characteristic values,
we can derive the dimensionless system as

ac;
v DV 20v9)).
N
— V- (V) =) zuC, (53)
i=1
with the boundary conditions
onl’,
onl’,
5) +¢;—¢r>, on' (54)
e
(C—j) + ¢, - ¢’), onT,
e
ond2/T,
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where
! ) —AZ [—l N 1) %
Rl = quoe 1B(&, ¢)H,~=1(C,-)

. Al
= kL (C)" — k(cl) ™
R =k,

A7
=k (C)
“AZPG)9) and kS = kS e

e_Az,.w;—qs')(Cer)Az vy,

with k3 = k% ge AZ(-B)B—4°)

Here § = ATD is the ratio between Debye length Ap =

kAL
v % and macroscale length; ¢ = f

the reaction time and diffusion tlme A is the ratio
between macroscale length and effective w1dt(fl for the Stern
layer; and g = % is the ratio between the diffusion time and
electric conduction time.

The initial concentrations and dimensionless parameters
are set to be Ci(t =0)=1, Gt =0) = %, Ci(t=0)=0,
C4(t:0)—l C(it=0)=1,GCt=0)=0,56=0.1, g=
0.1, k! +0 = k7o = 0.001. The results in the remaining part of
the paper are presented in a dimensionless format.

C,L

A. Equal intrinsic reaction rates

We first consider the simplified case that the left and right
reactions with the same intrinsic reaction rate, kf 0=kro=
1. Figure 3 shows the results of the dynamics of reaction
rates, electron density, concentrations of substances, and con-
ductance over time with different timescale ratio ¢ = 0.1
(diffusion dominates), ¢ = 1 (diffusion-reaction equal), ¢ =
10 (reaction dominates).

As shown in Fig. 3(a), the left reaction can be seen as a
source—an input—that continually produces electrons until
one of the reactants, in this case, X3, is depleted. X, is the
output. [Fig. 3(c)]. The electrons generated on the left are
transported to the right side by the electrochemical potential
difference, subsequently driving the reaction on the right side,
the output side. Eventually, the output reaction achieves equi-
librium after the switch turns off [Fig. 3(b)].

As timescale ratio ¢ increases, the reaction rate also
increases [Fig. 3(a)]. The reactants on the left plates are
consumed much faster [Fig. 3(c) left] and more electrons ac-
cumulate on the left side of the plates [Fig. 3(b)]. The electric
potential difference between two sides of the plates ¢, — qu’
increases and opens the gate so that electrons are transported
to the right side of the plate [Figs. 3(b) and 3(d)]. Then the
right reaction starts [Fig. 3(c) right]. Due to the transport of
electrons, the difference in potential between two sides of
the plate decreases. The switch then turns off producing the
gating dynamics shown in Fig. 3(d). Since the total amounts
of reactants on the left region are limited, the left reaction
stops after a period of time because it runs out of electrons.
Without a supply of electrons, the switch turns and the right-
side reaction stops. The larger ¢ is, the earlier the reaction
stops and the switch turns off. The molecular mechanism of

_ kioeAzml—ﬁM—W(Cé)fml e, (cl)”
bi

ML, (G)

()" = Ky pe &= @=OmY (cr)”

Y, (¢))" — KT (c))”

(

the switch remains to be investigated. It resembles the gate of
ion channels and may have the same molecular basis [70].

In Fig. 4, we show how the reaction rate k} changes with
electric potential difference A¢* = ¢, — ¢, i.e., the phase
portraits, in Eq. (38). The squares and triangles are the start
points and end points of the phase portraits, respectively. k}
is the intrinsic rate constant shown as the solid black hne
in the figure. When the electric potentials vary with time,
the forward reaction rates on the plate vary correspondingly.
Since Az; < 0 and d)’ < ¢’ then the reaction rate on the left

plate is smaller than the reference value k . On the right
plate, since Az, > 0, the reaction rate is always greater than
the reference value k% . In summary, the electric potential in-
hibits the oxidation reaction on the left-hand input side, while
accelerating the reduction reaction on the output right-hand
side.

The spatial distributions of electric potential and concen-
trations in two regions at equilibrium are shown in Fig. 5. For
different ¢, the equilibrium is almost the same. The electric
potentials on two sides of the plate ¢, are lower than the po-
tentials of the electrolyte ¢° due to the existence of capacitors.
The left plate potential is lower than the potential on the right
plate due to the accumulation of electrons. Since C; and Cy are
neutral particles, they are uniformly distributed in space. The
distributions of cations and anions are changed by the electric
field.

In Figs. 6 and 7, we compare the results with different
effective capacitance A;. The reaction rate increases as the
capacitance increases. And more electrons could be stored
on the capacitors. At the equilibrium, due to larger capaci-
tance, the electric potential difference between the two sides
electrolyte decreases. The effect on the spatial distributions of
substances at equilibrium is mainly on the left region due to
the decrease of electric potential difference.

Because the mechanism of the switch is not known, we
investigate two types, a soft switch and a hard switch. In
Fig. 8, we present the results obtained when utilizing the soft
switch function (52) with € = 0.001. As shown in Figs. 8(a)
and 8(b), a comparison with the hard switch reveals that
the right reaction rate function R, exhibits a smoother be-
havior, particularly noticeable for reaction-dominated case
(¢ = 10). This smoothing effect arises from the gradual tran-
sition around the threshold, allowing the switch to remain in
an open state for an extended duration. Consequently, elec-
trons can be transported continuously from the left to the
right.
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FIG. 3. Dynamics evolution of (a) reaction rates, (b) electron density, (c) substance concentrations, and (d) conductance changes over time
with the same intrinsic reaction rate ks o on both sides of the plate and different timescale ratio ¢. The results show that the reaction on the left
side of the plate is responsible for generating electrons, which are subsequently consumed by the reaction on the right side. The larger ¢ is, the
earlier the switch turns off and the reaction achieves equilibrium. Dimensional units are used as defined in the beginning of the Results section.
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FIG. 4. Phase portraits of Reaction rate k} and electric potential difference q’)ll) — ¢;. Left: left plate; Right: right plate. The black line is
the intrinsic forward reaction rate value ky o = 1, s = [, r. The squares are the start points and the triangles are the endpoints of the phase
portraits. It shows that the electric potential inhibits the oxidation reaction while accelerating the reduction reaction. Dimensional units are

used as defined in the beginning of the Results section.

B. Different intrinsic reaction rates

In this subsection, we explore the more general scenario
where the intrinsic reaction rates on the left and right sides
differ, i.e., k},o #* k},o- We maintain a fixed effective capac-
itance Ay = 0.1 and a diffusion-reaction timescale ratio ¢ =
1. The outcomes are presented in Fig. 9, where solid lines
represent the left-fast-right-slow case (kjc’0 =1, k}ﬁ =0.1),

dash-dot lines correspond to the left-slow-right-fast case
(k},0 =0.1, k},o = 1), and dot lines represent the equal reac-
tion case (kl~,0 =1, k},o =1).

When the left-forward reaction rate constant is faster than
the right one, electrons accumulate on the left plate more
rapidly at the beginning. Consequently, the left plate reac-
tion initially lags behind compared to the equal reaction

0.08 ‘ Left ‘ ‘ 1o ‘ ‘ Right ‘
0.07
il /|
0.06 .1,
0. : 1
g N <=0.1‘¢; éo.os é
c g g
=== gooar §°
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o =104, @ 02l
o (=106 ooty
15 ‘ ‘ ‘ 0 0
o 02 04 X 06 0 8 1 0 0.2 04 x 0.6 0.8 1 0 0.2 0.4 x 0.6 0.8 1
(a) (b)

FIG. 5. Space distributions of (a) electric potential; (b) substance concentrations at equilibrium with the same intrinsic reaction rate ks o on
both sides of the plate and different timescale ratio £. Dimensional units are used as defined in the beginning of the Results section.
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beginning of the Results section.
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case (k_lﬂ0 = k}’c,0 = 1). The accumulated electrons activate
the gate earlier than the slower accumulation [Fig. 9(d)].
In cases where substances are rapidly depleted in the left
region [Fig. 9(c)], the switch is closed. Since the right
side forward reaction is slow (k’.,O = 0.1), electrons ac-
cumulate on the right plates [Fig. 9(d)] and maintain
the right reaction smoothly even after the gate is closed
[Fig. 9(a)].

In contrast, when the left-forward reaction rate constant is
slower than the right one, the electron density on the left plate
increases more gradually. When the gate is open, the electrons
are transported to the right side, initiating the reaction on the
right later than in the other two cases [Fig. 9(a)]. Simultane-
ously, since the right-forward reaction rate is high, electrons
are consumed rapidly, inducing high oscillations in the reac-
tion function on the right plate and leading to high-frequency
gating.

IV. DISCUSSION AND CONCLUSIONS

This paper seeks to combine the classical description of
electrochemical reactions with a general variational method.
Based on the first and second laws of thermodynamics, we
generalized the energy variation method [31,32] for an open
system with mass flux communication on the boundary. Then
the framework is used to study the chemical reaction in elec-
trolytes where the charges are taken into consideration. When
the reaction is only in the bulk region, and not at the mem-
brane, the model obtained is a Poisson-Nernst-Planck (PNP)
system with reaction terms that could be taken as a general-
ized version of the diffusion-reaction model in Ref. [11].

Then we consider the reactions on the boundary with
current supplied from an external source. Note that our bido-
main model (with different reactions on each side of the
membrane) forms a self-regulatory reaction system. The ef-
fect of electric potential on the reaction rate is consistently
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FIG. 9. Dynamics evolution of (a) reaction rates; (b) electron density; (c) substance concentrations; and (d) conductance function over time
with different intrinsic reaction rates on both sides of the plate. Here we fix the effective capacitance A; = 0.1 and diffusion-reaction timescale
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modeled with a version of the Frumkin-Butler-Volmer equa-
tion [6,9,55,57,58].

Next, we analyze a bidomain model with (1) oxidation on
the left input side that produces electrons and (2) reduction
on the right output side that consumes electrons. Transport
across the membrane of conduction and displacement current
is included.

We analyze this system because it plays an important role
in ATP production and the transport of oxygen/carbon diox-
ide in living systems. Serious disruption in these reactions
is likely to be lethal. Small disruptions lead to a range of
health problems, including anemia, sickle cell disease, and
other blood disorders.

The simulation results are used to illustrate the diffusion-
reaction competition and how the electric potential affects the
reaction rate function. In order to model the gating phenom-
ena, we presented simple both hard switch and soft switch
models that assume the conductivity of the interface depends
on the electric potential difference like the Hodgkin-Huxley
model [71,72].

Our treatment, however, uses only the simplest representa-
tions of the chemical reactions themselves and we are quite
aware that the specifics of the reactions that have been so
exhaustively analyzed in the electrochemistry literature will
need to be introduced to our current based models as more
realism is sought. Different systems in electrochemistry have
different mechanisms. Different systems in biology are also
likely to use somewhat different mechanisms for the reactions
and the switch, with different regulation.

In this regard, it will be of particular interest to biologists to
consult the literature on proton-electron reactions in inorganic
systems [6]. In the future, with more detailed information on
the reactions and biological structure, our model could be
used to study the full electron transport chain during the ATP
production that occurs in almost every cell in an animal and
other processes, perhaps including the blood clotting cascade
process [73,74].

Chemical reactions can also play an important role in the
active motion of soft matter. For example, in some active gels,
chemical reactions between the gel components can generate
mechanical stress that drives the motion of the gel. Similarly,
chemical reactions can be used to generate motion in droplets
or other active soft matter systems. Also, in the current paper,
the fluid is neglected temporarily for simplicity. By adding
the kinetic energy of the fluid to the total energy E and con-
stitutive relation, our model could be used to study the active
rheology of soft matter [19].
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APPENDIX A: DETAILS OF DERIVATION

Equation (11) derivation:
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Equation (29) derivation:
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APPENDIX B: NUMERICAL SCHEME
Here we present the detailed numerical scheme for the bidomain reaction system (53) and (54),
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Finite volume methods [75] are used for space discretization.
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