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mody rﬁ:’cT- The ‘anz%lysm of bioelectric phenomena requires knowledge of the ther-

Kinetios I_m(l:? and kmgncs of electric field effects on chemical reactions. Chemical relaxation
in high electric fields is the method of choice in order to imitate the high electric fields

operati i gt eyt . . . .
perative in living entities like membranes or close to fixed charges like those in proteins and
pects of chemical electric field effects.

;zilte;cdeggs.w '!‘t;le present account covers elementary as

rigorous treatr:en:hef them}odynamnc foundations ot: Fhe an_alytical formalism required f(.)r a

Kinetic informat] of chemical ﬁgld eﬁgcts. Part I! utilizes th.ns frar_nc of concc‘pts ‘and provides

tural changes i011 as to how to investigate chemical and one.nta.tlonal contributions to struc-

established n ma}cromolecules and membrane organizations. The basic formalism
so far for isolated macromolecular systems may be extended to treat more com-

| i :
plex bioelectric phenomena on the level of membranes and of cells.

1. Introduction

E:z‘;:;; ﬁ?ﬁ effects play an important role in many biological cell
pron ori' enomena as different as nerve excitation, "™ electrogenic ion
cos port, neurostlmulateq secretion of hormones and transmitter substa}n-

, or the photosynthesis of ATP® involve cell functions 1n which

biochemical reactions are inseparably coupled to electric field forces.”*
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olecular
It has been recognized that macromolecules' and maéégﬁﬂ:e - edia
organizations such as biological membranes are particularly €

3 H 1 ivity. I deeda
for the coupling of high electric fields with biochemical reactivity n

. . . . e poten-
all biomembranes appear to be associated with electric membran¢ po
tials,

_ ' ident in the rapid
Electrical chemical membrane processes are most evident l:m b the

electric communication system of living entities. For eXx ; !l’m;)ulses

generation and rapid transmission of electric signals such as nerv

. . . r mem-
are based on interactions between electric fields and macromolecula

e . el . infor-
brane organizations. The acquisition and processing of external

; . : i e cen-
mation, short-term storage, and retrieval of learned experience 10 th

) . nges
tral nervous system are also believed to involve electnc field (;ha 8

coupled to structural transformations in the neuronal membrancs.

: in the
In order to understand the functional role of electric fields m

c
usually very complicated biological systems, basic knowledge of electrt

. ) N en-
field effects on simple molecules and on (bio)chemical reactions 15 an €ss
tial prerequisite.

In experimental physics and physical chemistry, external electric fields

have traditionally been applied in order to probe the electric-ionic proper”

ties of atoms and molecules and to study the electronic and opt.ical details
of matter. In particular, the combination of electrical and oplic

al techni-
ques represents a powerful tool for the investigation of over

all shape and

structure and of the dynamic properties of molecules and molecular
interactions.

A. particularly instructive example for the power of electro-opti¢
analysis is the membrane-bound bacteriorhodopsin. In this m

{nolecular system electric fields cause major structural transitions
involve orientation changes of the chromophores retinal, tyrosine, anc/

tryptophan residues and pK changes of at least two types of H +-binding
sites. The conformational changes are based on a saturable induced dipole
mechgmsm associated with an extremely large anisotropic (electriC)
polanzability. On a molecular level the induced polarization appears to
involve a restricted electric displacement of ionic groups (ion pairs) within
the protein in a highly cooperative manner. The electric field effects obser-
ved in bacteriorhodopsin membrane fragments are of functional impor-
tance for this light-driven H*-pumping system. The results are also

i\&gse'snve of a possibly quite general polarization mechanism for a very
cctive nteraction of macromolecular organizations with electnc
fields (1011

acro-
which
and/or

) l?eccnt clectro-optic data on linear polyelectrolytes like the K *-salt of
polyriboadenylate, poly(rA, K*) demonstrate that the dissociation of

°}°‘:meﬁ0'ns from the- inner atmosphere and, coupled to it, the destacking of
the adenine bases in high electric fields is highly anisotropic.'? The
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anisotropy of the counterion movement along polyionic surfaces suggests
that counterion exchange as well as influx and efflux of counterionic sub-
strates or hormones occur preferably at the border lines of the ionic
atmospheres which cover pblyionic regions on macromolecular enzyme and
receptor proteins and membranes. Once part of the ion cloud, such sub-
strates and activator substances may reach the active sites via surface dif-
fusion. In this model the border regions of the counterion atmosphere serve
as a preferable cross section for trapping counterionic substrates.
Chemical thermodynamics and kinetics provide the formalism to
describe the observed dependencies of chemical-conformational reactions
on the external physical state variables: temperature, Pressure, electric and
magnetic fields. In the present account the theoretical foundations for the
analysis of electrical-chemical processes are developed on an elementary
level. Tt should be remarked that in most treatments of electric field effects
on chemical processes the theoretical expressions are based on the
“homogeneous-field approximation” of the continuum relationship between
the total polarization and the electric field strength (Maxwell field). When,
h.owever, conversion factors that account for the molecular
(inhomogeneous) nature of real systems are given, they are usually only
applicable for nonpolar solvents and thus exclude aqueous solutions.
Therefore, in the present study, particular emphasis is placed on
expressions which relate experimentally observable system properties (such
as optical or electrical quantities) with the applied (measured) electric field,
and which include applications to aqueous solutions.
) Since molecular-dynamical details of chemical-conformational trans-
{tions are derivable from relaxation kinetic measurements, kinetic analysis
is therefore included in some theoretical and practical detail.

2. Primary Aspects of Matter in Electric Fields

An externally applied electric field is a vectorial perturbation for
chemical or orientational distributions involving interacting molecules or
molecular organizations. Unlike the isotropic temperaturc and pressure
effects on chemical-conformational transformations, direct sensitivity to
electric field forces is bound to certain electrical properties of the chemical
structures involved. Major structural-chemical changes in electric fields
require the presence of ions, or ionized groups, or permanent or induced
dipolar charge configurations, preferably in macromolecular structures.

The primary molecular-mechanical effects of electric fields involve (a)
the orientation of permanent dipoles or of dipolar parts in a more complex
structure, in the direction of the applied field; (b) the deformation of
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. ent orien-
polarizable systems (and also, but not necessarily, the subsequ

- : : i including
tation of the induced dipoles in electrically anisotropic }f)al';lci‘g? oair in 2
changes in the distance between the charge centers of 2
macromolecular structure.

2.1. Electrical-Chemical Coupling

Chemically, molecular conformations with large figurations With
increase in concentration at the expense of those conligi :

) . the dis-
smaller moments. Secondly, the presence of electric fields increases X

o . i jon pairs
sociation of weak acids and bases and promotes the separation Ofmd s\ﬁeﬂ
into the corresponding free ions (dissociation field effect, ‘5‘5“: Sirection
effect). The free ions or ionized structures then may move in the

i stat€
of the electric field (electrophoresis) and a field-dependent stationary
in the ion distribution may be established.

electric moments

Thus, basically two types of electric—chemical coupling may be.d':g .
ferentiated, (a) permanent or induced dipolar equilibria, and (b)d“; ol
(dissociation and association) processes involving (macro-)ions an cas
molecular weight ions (of preferably opposite charge sign)- Wher ic
dipolar equilibria in electric fields are accessible to thermodynam
analysis,

o : . . . inetic
ionic processes involving free ions require 2 kin
approach,*{13-16)

2.2. Elementary Chemical Processes

Changes in the concentration of chemically interacting reaction
partners may arise from two types of elementary chemical reactions:
intramolecular (or monomolecular) and bimolecular elementary steps.

If the molecules B of a system equilibrate between two alternative
structures or conformations, B, and B,, according to

B,(1) == B,(}) (21)

where B, has the higher electric dipole moment (indicated by the longer
arrow), an external electric field will shift this intramolecular equilibrium to
the side of higher moments,

* It should be mcntiox‘\cd that even in the absence of dipolar, polarizable, or ionic reaction
partners, l{lgh electric fields may cause shifts in chemical distributions. % Such a field
effect requires, however, that the solvent phase has a finite temperature coefficient of the

dielectric permittivity or a finite coefficient of electrostriction; an additional condition is that
the chemical reactions proceed with a finite reactio

volume change (4V). Electric field induced tem
usually very small; they may,

n enthalpy (4H) or a finite partial
brane phase.

) lemperature and pressure effects of this type are
however, gain importance for isochoric reactions in the mem-
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A bimolecular reaction step is involved in all dimerization processes
like

B(t)- B(l)= 2B(1) (2.2)

When, for instance, the dipole moments compensate each other upon com-
plex formation, the reaction is associated with a dipole moment change
which is of the order of the monomer dipole moment. This is a particularly
favorable condition for the electric field-induced shift to the right-hand
side.

The bimolecular process in the reaction
(L* B~)==L*+B~ (23)

involves ion-pair formation to (L*-B~) and may lead to neutralization
via (L* B~ )= LB. Such equilibria are always shifted by electric fields to
the side of the freely mobile ions as far as the overall change is concerned;
see, however, Ref. 12.

The exchange reaction according to

L+CB=LB+C (2.4)

may proceed through an LBC intermediate or may involve the bimolecular
elementary steps BC == C+B and LB==L +B; in any case, on an elemen-
tary scale the reaction equation (2.4) only involves bimolecular steps.

~ In general, the equilibrium state of a chemical process between several
Interaction partners B;,

0=).v,B,
j

or

¥4I By + [v2] By + == VB (23)
where the v, are the stoichiometric coefficients, may be charas:terized by an
apparent equilibrium constant K (concentration ratio) according to

k=[]é" (2.6)

In this form, ] stands for product over species B;; ¢; is the equilibrium
concentration (mol dm ~%) of B;. The v; are negative fqr the reactants and
positive for the products; the reaction equation (2.5) is read frorx_l lt_:ft to
right. [For Eq. (2.1) we have K = &,/¢, and for Eq. (23), K=¢1" Cp/C1s-]

Whereas the K values are usually concentration dependent, the actual

.
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thermodynamic equilibrium constants, K°, defined as thcnn?dy::m_

activity ratios [K®=K ¥Y=T](¢;- 7)"], are independent of €

tration. ion of 8
From a practical point of view it is frequently the concentrall

species which may be directly determined, for instance, by optical or elec-

: ical
tro-optic monitoring techniques. On the other hand the general theoretica

; . : ional
analysis of electric field-induced concentration shifts or (.:onf«a»rtr.lam):;l;:e
shifts is, however, intrinsically bound to a formalism which describes

dependence of equilibrium and stationary-state distribution constants on
the electric field intensity.

2.3. Biological and Experimental Electric Fields

In living organisms electric fields of sufficiently high intensity and of
variations large enough to affect chemical processes are encountered not
only within membrane phases, but also near the surfaces of membranes and
protein organizations, for instance at the active sites of enzymes and
receptors.!”

The observed membrane potential differences, 4y,,, of up to 100 mV

may correspond to average values of the electric field strength, E= Aya/d

of about 100 kV cm™' when the thickness, d, of the dielectric membrane
part is about 10 nm.

2.3.1. Polyionic Field Effects

Besides the powerful field changes occurring within membranes, theff’
are inhomogeneous electric fields originating from the surface of polyionic
macromolecules and membranes. The electric potential W(r) in the environ-
ment of these structures decays with increasing distance r from the surface
?f fixed ionized groups (or absorbed ions). The corresponding electric field
orces E=

= —grad ¥ .(r), however, are largely screened by counterion
atmospheres at physiological ionic strengths (0.1-0.15 mol dm —3). An effec-

ti.ve di_rect interaction of these inhomogeneous fields with chemical reac-
tions i1s limited to a short range of about 1 nm at 0.1 mol dm~3 ioniC
strength and can involve only low molecular weight species. The electric
ﬁf:]dS of polyionic surfaces may, however, indirectly affect chemical reac-
tions by accumulating small ionic species in their immediate environment.
Ip these regions of higher ionic strengths, rate and extent of chemical reac-
?lf;m; bletween ~ionic rgaction partners will be different from the behavior in
trgly :xe k :Srl:é;ztr\éghls catalytic effect will be very pronounced for polyelec-

Theoretical approaches aim i
te ; ed at understanding
polyionic electric field effects are being advanced; for instance, partial

dehydration of ionic reaction partners in the high local electric field close
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to a polyionic surface appears to be one of the important factors."'® A
point not considered so far is that a kind of orientational “fixation” of a
reactant in the locally high electric field of the polyion may either favour or
disfavour a reaction. Practically, the ionic strength dependence of rate and
equilibrium constants may be used in order to establish the mechanism of
polyionic field effects.!!”!®

2.3.2. Experimental Limitations

The field intensities which are experimentally accessible are limited by
dielectric breakdown. In aqueous solutions, fields up to 150 kV cm ! may
be controlled over distances in the millimeter and centimeter range. It is an
additional limitation that in ionic solutions electric fields cannot be main-
tained for a long time. Owing to ionic currents the field will decrease and
Joule heating may cause appreciable temperature increases. These problems
can be minimized by applying field pulses of limited duration to ionic
solutions and suspensions. In any case, the maximum homogeneous fields
that can be experimentally achieved are comparable to the maximum
values of electric fields encountered in biomembranes.

2.4. Biopolymers

Among the early examples of the successful use of electric fields to
probe ionic structures and electrical and optical anisotropies are the linear
polyelectrolytes. Basic information about macromolecular dimensions, size,
and shape have been derived from the relaxation of field-induced changes
in optical properties®2? and in electrical parameters of the electrically
and optically anisotropic systems.?"?2) The analysis of electric conductivity
measurements has demonstrated that linear polyelectrolytes are electrically
anisotropic.*29 It was established that the extremely large dipole
moments, which the electric field produces by displacement of the coun-
terion atmosphere parallel to the long axis of the polyions, are responsible
for their orientations in the direction of the external field.

Interest in electric field effects on macromolecules was appreciably
revived when it was found that electric fields are capable of producing
structural-conformational changes in biopolymers and membranes. Here,
too, optical properties are a convenient indicator of field-induced processes.
'Initial hints of presumably chemical contributions to field-induced chang;s
in birefringence were reported for DNA solutions of low ionic strength.’ "
Dielectric measurements have shown that polypeptides in viscous organic
solvents may undergo intramolecular helix-coil transitions in the presence
of electric fields.?”) In the meantime there are many reports on field-
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induced conformation changes in multistranded as well as in single-
lyelectrolytes, ?%-3%) ‘
Strang;dp‘:;gcular i:terest in the discussion of electric field cffe;:ttsh:;
biological structures is the observation of thrc§hold pheno:'flena._ -
been found that electric impulses above a certain t-hrcsho!d mtcnsm: o
capable of triggering  conformational transn_lons n mc't?: alcc-
polynucleotide structures. A similar threshold effect is assocn(a;:eg} wit Tl
tric field-induced permeability changes in vesicle membranes '™ " as well as
in cellular systems,(37.38) Recently, nonlinear field dependencies of base

stacking in single-stranded polynucleotides have -becn discussed as a
threshold effect.® See also Part II, Chapter 5 of this volume.

3. General Thermodynamic Foundations

, it appears pertinent to introduce
macromolecular chan

field effects in reactio

the analysis of field-induced

ges with relationships which are derived to describe
ns of small molecules,

3.1. Generql Reaction Parameters

's reaction variable, ¢(mol), or
According to DeDonder, the differential
change dn; in the amount of substance n{mol) of the reaction partnerjina
chemical process may be related to th

€ stoichiometric coefficient v; (with
the appropriate sign):

dé =dnj v,-: Vde/Vj

where ¥ is the volume (cj==nj/ V), or in integral form:

hi=ny(ref)+ v g,
where 7 (ref) ang ¢
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dent on z. It is now important to realize that not only are the equilibrium
values ¢, and thus ¢ a function of z but additionally the extent of a z-
induced change, Ac, or 4¢, in ¢; and thus in & depends on the actual
“position” of the equilibrium. Indeed, there are optimum conditions of ¢
(or £ and &) for major z-induced chemical transformations. In order to
describe this experimental experience, it is useful to express the z-induced
changes in ¢ or 6, for instance by

diné=(0InK/0In&)'dIn K (3.3)
din®=(0InK/éIn8);'dInK (3.4)

where the subscript z refers to constant values of the z parameters.

For the intramolecular two-state transition represented by Eq. (2.1),
we have @ =¢,/(¢,+ &) and K=0,/¢, =6/(1 —6). In this case the term
(0 In K/0 In ), = 6(2 In K/28), is equal to 1/(1— ©), and Eq. (3.4) takes
the simple form

dln®=(1-6)dInK (3.5)

The corresponding expressions for the bimolecular reaction in Eq. (2.3) are
€ =¢y/c®=¢,/c® and K/c®= 8%/(1 — 6), where the total concentration c°
of a 1:1 component ratio is given by O =& + &y p=Ep+ Cop. Differen-
tiation according to Eq. (3.4) yields

din@=[(1-6)(2-6))dn K ' (3.6)

It is readily seen that in both these elementary cases of the intramolecular
and bimolecular reactions, a z-induced relative shift in @ and thus in £ and
¢, is maximal at f—0. The absolute displacements, however, have
maximum values around 8 = 0.5 as outlined below.

When the changes in K (and thus in @, &, or ¢;) produced by the exter-
Pal perturbation steps dz; are small, we may use linear approximations. For
instance, Eq. (3.4) then reads

36/6 = {6[dIn K/961,} ' 0K/K et (3.7)
where
OK = K(z;) — Keet € Kiet (3.7a)
and
56 =0(z;) — Orer <Orer (3.7b)

holds. The sign 8 is used for small differences. K.r and & are appropriate
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reference values: for instance, these values may refer to E =0. With the help

of Eq. (3.7) estimates for the relative shifts of dipolar and ionic equilibria
by external electric fields were calculated.”:®

3.2. General van't Hoff Relations

The dependence of the apparent equilibrium constant K(z,) on the

intensive variable z/(P, T, E) may be expressed by a generalized van’t Hoff
relationship according to!!'¥

(01n K/dz,), ,, = AZ/RT (3.8)

where R is the gas constant, T the Kelvin temperature, and

42,= RT3 In Kfoz,), , . (3.9)

is the extensive reaction quantity com
Z#2z; means all constant except z,.)

It is recalled that when 2i=T, 4Z,= AH/T, where AH is the reaction

enthaipy representing the enthalpy difference of one stoichiometric trans-
ition. When z,= p, 4Z,= —AV, where 4V is the molar partial volume

change for one stoichiometric transformation, Finally, when z,=E, _thc
measured electric field, then 42,=AM, where 4M is the molar reaction

plementary to z,. (The subscript

Z,= (az.;/an,-),,,e,,j (3.10a)

av value of the partial molar quantity Z, of species J» By dif-
ferentiation of Eq. (3.10) with Tespect to the reaction variable ¢ and using
Eq. (3.1) we obtain

4Z,=(0Z/¢), = v V2, (3.11)

The reaction Quantity 42Z; may,
val_ue of z, and op ¢ because of t
ratio Y on Z;and &; gee below.

in genera]

» be dependent on the actual
he depend

ence of the activity coefficient
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Formally we may introduce a van’t Hoff relationship for the ther-
modynamic equilibrium constant K*:

(8In K®/82,).,.=A4Z8|RT (3.12)

where at given values of z # -, the reaction parameter 4Z is a constant,
independent of £ and of Y.

3.3. Transition Curves

The z dependence of the general reaction variables, extent of reaction
&(z), degree of transition or degree of dissociation 6(z), can be formulated
in terms of thermodynamic quantities. By applying the chain rule of dif-
ferentiation and using Eq. (3.8) the z-induced change in {(z,) is given by

(08/02,); ., = (6&/0 In K), (0 1n K/0z}), 4.,
= (8¢/d1n K), AZ/RT (3.13)
Since from Eq. (3.1), dc;= V~'v;d¢, the z dependence of the reaction can

be expressed in terms of the concentration change of one of the reaction
partners j by

de,=v,[(AZ/RT)dz, (3.14)
where the definition (3.15) is introduced'*:
r=(8c/0InK),= l/z vi/e; (3.15)
i

By analogy to Eq. (3.13) the z, dependence of the fractional transfor-
mation variable @ is given by

(06/0z,), . = (@ In K/08); ' AZ/RT=T¢ AZ/RT (3.16)

As discussed in the context of Eq.(3.5), the guqntity I'e of an
intramolecular transition step according to Eq. (2.1) is given by

I'g=(0In K/06) ' =6(1-86) (3.17)

Hence, in this case, the maximum change in € can be achieved by a cpange
in z, at @ =@, =0.5. For conditions where Eqgs. (3.7) hold the maximum

effect produced by a change 8z, is generally expressed as

(56/6,,): 5z = (1 — 0m)OK/K): 1, (3.18)
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Similarly, the respective expressions for bimolecular steps like that in
Eq. (2.3) with 1:1 component ratio, are

re=9(1—9)/(2—9) (3.19)
(06/8,,),,..=[(1-8,)/(2~ 6.)1(3K/K),, . (3.20)

In this case, & e has a maximum at 8,=2—_/2=0586. where sz,
produces a maximum concentration shift.

3.3.1. Inflection Point

(59/32,-)2”“0.5 =(42,),s/ART (3.21)

Thus, the slope valye (69/6’2,.)0.5 yields

an estimate of the reaction quantity
4Z; at @ = 0.5.

3.3.2. Integrateq pan t Hoff Relations

In K(z,)

Kz)) = K(z210). o
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where the x quantity is defined as

x= j AZ, dz/RT (3.24)

3.4. Chemical Affinity

Before starting the thermodynamic analysis of electric-chemical field
effects it is necessary to recall some relations familiar from processes in the
absence of external electric fields. The most general equilibrium condition
for processes where the temperature and the pressure are under experimen-
tal control is that the characteristic Gibbs free energy is at its minimum.®”
The Gibbs frec energy is defined by

G=U+PV-TS (3.25)

where V is the volume, S is the entropy, and U is the inner energy of the
system. The general Gibbs equation

dU=TdS—PdV+Y p,dn (3.26)
J

combines the thermodynamic state functions with the reversible work term
dW, which comprises all types of differential work dW.

The work term of chemical systems includes the chemical work dw'm
of changing the amount of substance n; at given chemical potentials u; of
(neutral) molecules j. Thus, in addition to the volume work dW® = —FdV,
we have the (reversible) chemical work

J
From Eq.(3.25) we obtain dG=dU+PdV + VdP—TdS—SdT. Sub-

stitution of equations (3.26) and (3.27) leads to the classical Gibbs
equation:

dG= —SdT+VdP+Y wdn (3.28)
J

In the absence of an external electric field, the work function of an isobaric
reaction is

dG (T)= —(H/T)dT+ Y, p; dn; <0 (3.29)
J



110 Eberhard Neumann

where the identity (H/T)=S was introduced. The corresponding
expression of an isothermal reaction is

dG(P)=VdP+Y¥ u dn, (3.30)
J

At constant P and T, the work function characterizing chemical systems (in

the absence of electric fields) is given by

From Eq. (3.29) we recal
molecule j js defined by

where all » €xcept n; are helqd

. constant. For practica] purposes a standard
chemical Potential ;&

1s introduced such that
W=KP+RTIng, (3.34)

Where %=¢J; 18 the thermodynamic activity and , the thermodynamic
actvity coefficient of Species j. At unit activity (a;= 1) we obtain Hi=p.)

In a closed chergica] system the , change when a chemical reaction is
Occurring, The chemical work term may then pe rewritten as

j“j dnj/vj (3.35)

A= --Z Vil (3.36)
J

-(3.36) into Eq. (3.35) we obtain

dW‘"“’-.-_—Z Bidn= — 4 g¢ (3.37)
J
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Combination of Egs. (3.27), (3.31), and (3.37) leads to a general expression
for chemical processes in terms of the chemical affinity:

A= —(8G/0E)pr =0 (3.38)

In line with Eq.(3.30), the equilibrium condition is A=0 and,
corresponding to dG <0, a nonequilibrium state is associated with 4 >0,
Using Eqs. (3.34) and (3.36) we see that

A=Y vu?—RTY v;Ing, (3.39)
J J

At equilibrium, 4 =0 and all activities assume their equilibrium values ;.
Since the thermodynamic equilibrium constant X< is defined by

K9=H&j”f=]'] (¢;7)"=K- Y (3.40)
where
K=[]é” and ¥=]]7y (3.40a)

we immediately see from Eq. (3.39) that (at 4=0)

1]

Y vu®=—RTIn K® (341)
J

Substitution of this expression into Eq. (3.39) yields
A=RT(InK®—-1n Q%) (342)

where the notation of a nonequilibrium distribution is introduced
according to

0°=[la7=[1(y)"=0"Y (3.43)

Clearly, analogous to Eq. (3.40), the definitions
Q = H ijj and Y= l—[ ijj (3433)

apply.

From Eq. (3.42) it may be seen that the chemical afﬁn.ity I:eprcsents' a
kind of “thermodynamic distance” of a nonequilibrium distribution from its
equilibrium distribution. On the other hand Eq. (3.42) may be used tp
specify the conditions of applying the van't Hoff relations and their
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integrated forms to the analysis of experimental data, for instance, to
relaxation kinetic amplitudes.

Step Perturbations. Suppose that an external parameter z, (P, T,or
E) can be “suddenly” changed in a practically rectangular fashion frorp an
initial value z{® to z,. Immediately after this change, the previous activity
ratio K=(z!) at z{» becomes a nonequilibrium ratio 0°(z,) at z,. Thus, in
systems with “inertia,” initially we have 0°(z,)= K®(z!®); then the non-

equilibrium will relax until the new equilibrium characterized by K7(z,) is
attained. Hence the sequence

KG(ZEOJ) - Qe(zi) - Kg(zr')

is a general thermod

ynamic representation of a chemical relaxation
initiated by a “Jump” i

n a physical state variable Z;.

3.5. Application Limits

There are some limitations for a straightforward application of the

general van’t Hofl relations in the form of Eq. (3.8) and all other equations
based on it. Explicitly, the reaction quantity 4Z, may be dependent on z,
and on ¢.

We recall that the Gibbs Eq. (3.29) for the z (= T, P) dependence of a
closed chemically interactin

& system, to which Egq. (3.37) applies at con-
stant z# z,, may be expressed as

AG(z,8), p,,=Z,dz,~ A d¢ (3.44)

P, respectively. For Z,= M and z;=E, see

al differential the second cross differentials are
44) we derive

(02/8¢). = (24/0:)),, . (345)
With the definition of 4z, = (0Z,/0¢)., Eq. (345) may be rewritten

(a[A/RT]/azi)E.zyéz,-: AZ!/RT

As seen in Egs. (3.8) and
dependence of the apparen

(3.46)

(3.9 ),.t.he reaction quantity AZ, refers to the z;
t equilibrium constant K=K®/Y. Therefore

(0ln K/azi)zaezf =(0In [Ke/?]/azi)z# 2 (347)
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and specify Eq. (3.47) as
(8 In K/oz,)=(21In [K®/Y}/0z)z 02,4 =0 (3.49)

The z, dependence of K~'/Y may now be expressed in terms of £(z,) at con-
stant A by

(@10 [KO/YY/22); 0= (@I [KZ/Y02) 0z
+(2In[K®/Y)/0E), (88/0z)azpz (3.50)

On the other hand Eq. (3.84) implies that the affinity A(¢, z;), is a function
of both ¢ and z, when all other z parameters areé held constant. Hence

dA(E, 2,), = (OAJOE), dE + (BA/0z))¢ w2, 24 (3.51)

When A is constant, d4 =0; for A=0, too. Equations (3.51) and (3.46)
thus yield

(08/02) 400 2= —(AZ/RT)[3(A/RT)/OE];! (3.52)
The denominator of the right-hand side of Eq. (3.52) may be expressed in
terms of Eq. (3.84) by
(OLA/RTY/¢), = (3 In[K®/Y1/3%). + (3 1n 0/0%). (3.53)
Since K© only depends on the state variables z, we have at constant z
(0ln K°/0&),=0 (3.54)

Furthermore, from Egs. (3.1) and (3.43a) it is readily seen that
(91n Q/3¢). =Y, (v;/e;(0¢,/05).

Using now Eq. (3.54) and the definition of I'= » \vj.’-/cj)‘l in Eq. (3.15), we
may rewrite Eq. (3.53) as

- (0[A4/RT]/0¢),= —(@1n Y/(‘:?Zj)z—(Vl")“l = —(VT*)™! (3.55)
where
(r-~'sr-'[1+ VI(d1n Y/0L),] (3.56)
We now substitute Eq. (3.55) into Eq. (3.52):
(0/02,) s us = VI*AZ/RT (3.57)
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Finally, the z, dependence of (K®/Y), is obtained by differentiation of
Eq. (3.48) at constant &

(6[A/RT)/oz, Jezwz,=(dIn (K7/Y)/dz,), + (¢ In 0/02);:0, (3.58)

At constant ¢, d=0; hence, from Eq. (3.1), al] dc, are zero. Therefore,
recalling Eq. (3.43a) we see that

(d1n Q/0z,); .0, =0 (3.59)
Substitution of Egs. (3.59) and (3.46) into Eq. (3.58) leads to

(OIn[K=/YY/3z,),, wr=A4ZJRT (3.60)
Eq. (3.50) and obtain

(0In [KG/Y]/azi)z.ez,=(AZ./R7')[l —Vr*@n v/6¢),] (3.61)

At equilibrium, where 4 =0, the quantities /™ (and ') and Y have their

equilibrium vajyeg Fs (and Fyand 7 Combining now the Egs. (3.61) and
(3.49) we obtain the final expression

(0In K/oz),,, = (4Z/RT)[1 - vP*(o1n ¥/0¢).1 (3.62)

This relationship permits rigoroys evaluati
equilibrium concentrations c(z;) or (z,).

It is readily seen that Eq. (3.62) reduces to the commonly used
Eq. (3.8) provideq that the dependence of the activity coefficient ratio ¥ on
£ is negligibly smajj. This condition is usually fulfilled if (a) the change 5?:‘
only produces g small shift in K angd thus in ¥, or (b) the value of Y is
determined by an excess of

Components other than the reaction partners j,
a condition commonly met whep ionic reactiong occur in the presence of an
€xcess of inert electrolyte,

on of the z, dependence of

A4V, respec-

Owing to Eq. (3.54) we have (9in K®/0z,)
now Eq. (3.60) at 4 =0, where ¥ = 7,

=(21n K®/6z,),. Using
and Eq. (3.12) we obtain

4Z/RT=(31In K°/oz),. ..
Therefore Eq. (3.64) holds('»

=@ ¥z, . (3.63)
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Eq. (3.64). Obviously, 4Z,=%,v,Z,, refers to the general nonideal
behavior. 1deal additivity refers to Y =1; for this limiting case Eq. (3.11)
reads

4Z5 =Y v,Z¢, (3.65)
J

Thus, as usual, nonidealities are covered by the introduction of activity
coefficients. Finally, it is shown below that in external electric fields (z, =E,
A4Z,= AM) the specific expression for 4M as a function of E depends on
the mechanism of the field-dipole interactions.

3.6. Electrochemical Potential

The analytical treatment of electric field effects on chemical dis-
tributions may be started by recalling Guggenheim’s original concept of the
electrochemical potential ji,.** For a single (isolated) ion By, fix is written
in the form

e = e+ FZ¥¢ (3.66)

where u, is the ordinary chemical potential, F the Faraday constant, Z, the
charge number (with sign), and ¢ the ideal electrostatic Coulomb poten-
tial of the isolated ion B,.

In the presence of other ions it is necessary to account for the screen-
ing effect of the ionic atmosphere. It is then useful to introduce a more
general form of the electrostatic potential term of Eq. (3.66) by a charging
Integral

fp=ue+ F | d2i (3.67)

where  is the mean electric potential. Note that, at a given distance r from

the charge center, usually |(r)l < [¥ (). : '
In a collection of species B, the total electric work, AW, of charging

B, from 3, =0 to 3, is the sum over the charging integrals of all species:
AW =F-Y ( [ wsk) iy (3.68)
k

Recalling the (neutral) chemical work term from Eq. (3.27):

dW“"’=Zﬂk dn, (3.69)
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i i rding to
define an electrochemical work term by summation acco
::V‘Ig’?ﬂ— AW = dW'=") Thus, with Eqgs. (3.67)-(3.69) we obtain

Y i dn.,=)k:(uk+1-"“$ dE,‘]) dn, (3.70)

The fundamental Gibbs Eq. (3.26) for ionic species may then be expressed
as

U=TdS—PdV+Y j, dn, (3.71)
k

and the Gibbs function dG for ionic systems is given by
dG= -SdT+VdP+Y ji, dn, (3.72)
k

Analogous to Eq. (3.33) we have th

e familiar expression for the elec-
trochemical potentia]:

Fe=(0G/on,) p s (3.73)

3.6.1. Electrochemical Affinity

In line with Eq. (3.36), the electrochemical affinity of chemically reacting
ions is defined by

A= "‘Z Vi il (3.74)
Introducing Eq. (3.70) into Eq. (3.74) we obtain

Z=~—kapk—FkaJ.|[7dEk (3.75)
k 3

Since in 2 chemi

. cal reaction in 3 closed system th
ved, ie, ¥ ViZ,

e total charge is conser-
=0, we see with Eq. (3.70) that

R

A=4

(3.76)
Recalling Eqgs. (3.37) and (3.38) it is readily seen that

A= ~(3G/3¢) ., > 0
Thus the clectrochemica] affinity is equal to the ordinary chemical affinity
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(in the absence of electric fields). Nevertheless, it is useful to introduce a
standard value of the electrochemical potential according to

Ag=ug +F[wp dz, (3.78)

where u2 is the ordinary standard value for the case when B is neutral.
Hence“”

ji,=ji2+RTIn a, (3.79)

3.6.2. Electrochemical Activity Coefficient

The formalism of the Egs. (3.67), (3.78), and (3.79) is suited to
explicitly showing that the (electric) activity coefficient of ionic species
accounts for deviations from the ideal (unscreened) Coulomb behavior. It
will be demonstrated below that an analogous formalism describes non-
idealities in the interactions between dipolar species.

If the ionic species B, is uncharged, the chemical potential is written in

the familiar form of Eq. (3.34) as
gy =42+ RTIn a® (3.80)

where the superscript (0) is used to indicate the neutral form of the species
B,. Owing to the ionic character of B, the activity, a,, of the ion is dif-
ferent from the activity, a{?, in the neutral form.

By this formalism the quantity /i, is once expressed in terms of a{® and
¥ and, alternatively, as a function of ¥’ and a;:

ﬁkzu?+RTlnai°’+FJ|Fd2k
—ug +F[yP &2+ RTIna, (3.81)
Rearrangement leads to
F J' (f — ) dZ, = RT In(a,/a®) (3.82)

Since we refer to the same amount of species By in the uncharged form and
. . . . . - 0
in the ionic form, the concentrations are equal, i.e., ¢, = c{®. Hence

(ax/a®) = yi/y (3.83)



118 Eberhard Neumann

Remembering that solely electrostatic interactions are covered by the terms
Y and ¢ 2,

Ve (r) =2 eq/(dnzqe - r) (3.84)
where e,=16x10-19C js the (positive) eclementary charge_, Eo =
8.854x 107" CV—tem 1 the permittivity of the vacuum, and & the dielectric

permittivity of the medium. Therefore, i =1 and thus Ye/¥i¥ = y,. When
We now rewrite Eq. (3.82) for this case as

F-[F~y8)dz, = RTn y, (385)

it is readily seen that the (electrostatic) activity coefficient of ions indeed

covers the difference between the actual and the idea] Coulomb potential of
the formal charge z,¢,.

Introducing Eq. (3.79) into Eq. (3.74), we obtain
A= T vf= -y Vel ~RTY v, 1n (c, - y,) (3.86)
k k k

=0 and Cy-’ V= Ek ¢ j,-k' Since, by anaIOgy to
LVl = —RTIn k© (3.87)
holds, the application of Eq. (3.40a) leads to

Ke=k. ¥
and, by using Eq. (3.85), we obtain

RTI Y=FYv|[W-ye)a, (3.88)
k

As shown elsewhere, (17.19) relationship (3.88)

charge numbers of ionic bj

may be used to estimate
inding sites on macro

molecules in the framework

Oclate to ion pairs, it i useful to extend Guggenheim’

. - ve. The
hermodynamic definition of the dielectrochemicaq) Potential is given in Section 4.
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cept of an electrochemical potential of a single ion and to define a “dielec-
trochemical potential™ of a dipolar ion pair.

Suppose that two ions B, and B, are in equilibrium with an ion pair
B¢ - B according to

B Bt = Bir+ B} (3.89)

For simplicity we assume that B, and B, are equally but oppositely
charged, ie., Z, = —Z, =2, The position vectors of the charge centers in the
pairing process are r, and r.

The pairing process may be quite formally viewed as a superposition
of the “individual” electrochemical potentials f(ry) and ji (r,). The sum is
then a function of r=r,—r,, which is the (average) vectorial distance
between the charge centers. This distance dependence of the sum

iikq(r) = ﬁk('k) + ﬁq(rq)
may be expressed in differential form as
dﬁkq(rk) = dﬁk(rk) + dﬁq(rq) (3°90)

At constant charge numbers 2, and Z,, differentiation of Eq. (3.67) yields,
respectively,

dﬁk("k)=dl»‘k(rk)+NAeofk db(re) (3.91)
and

dﬁq('q) = dpq(rk) + NA eOEq d'p(rq)

Substituting these expressions into Eq. (3.90) and using 2, = —Z,=%; and
dr = dr, — dr,, we may write
djiy ,(r) = diig(r) + N eo,[dP(r) —adp(r,)] (392)

The electrostatic potential resulting from the superposition of the
potentials of the individual charges defines an average potential y(r); thus
aj(r,)— d(r,) = dy(r). Introducing this definition into Eq.(3.85), and
using the equation d = (di/dr) dr, We obtain

dﬁkq(r)=d"‘kq(r)+ NAeozj(d‘Z’-/d') dr (3.93)

The differential (d/dr) defines the electric field E arising from the ion pair.
According to Maxwell’s definition

dfjdr= —E (3.94)
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On the other hand the product Z;-e,-dr is the increment of the electric
dipole moment

dm; =3¢, dr (3.95)

Thus the ion pair B, - B, represents a dipole B, which is associated with a
dipole moment m;.

We now substitute Eqs, (3.94) and (3.95) into Eq. (3.93) and apply the
definitions

In this way the “individual” elect

rochemical potentials of the ions of an ion
pair are expressed in terms of th

¢ electric dipole work as

dji(r) = dufr}— N ,E dm(r) (3.96)

Since the electric moment of an isolgred dipole is given by the product of

charge 7, and distance, the integration of Eq. (3.96) in the limits r=0and
r yields

;= pt;~ N, m®E(r) (3.97)

In this form, ii; may be called the dielectroch
isolated dipolar Species B, with
For analytical

emical potential of one mole of
the individual moment m?,

;R(r) in Eq. (3.97) s given by the parallel com-
Ponent (m,), = m; cos 3, and by E, that is, the Maxwell field vector perpen-
dicular to the c

apacitor plates; 9, is the angle between E and m ;. Therefore,
Eq. (3.97) applies in the form

~

Hi=l— N (m) E (3.98)

B; with different orientations of their
average contribution may be defined

m;={m, cos %> =m,{cos 3>

This average value wij] depend on the
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different orientations. Therefore Eq. (3.98) may be more generally written
as

ﬁjzuj—NAijdE (3.100)

When there is no preferential orientation like in a random distribution of
dipoles, the contributions of all dipole moments parallel to E cancel each
other, because {cos 9,) in Eq. (3.99) for a random distribution of per-
manent dipoles is zero. In this case ji,= y; and no macroscopic polarization
of the medium occurs.

Macroscopic organizations possessing a permanent electric dipole
moment like electrets have a finite Maxwell field E which may be externally
measured, for instance, as a plate capacitor field.

The measurable polarization of the dielectric electret within the
capacitor plates is then given by

M=(M), =N, n;{m,cos 9>

J J

where the parallel component, M,, of the average partial molar dipole
moment is defined by

Hence, Eq. (3.100) may be used in the form
iy=w;— [ M, dE (3.103)
If on average there is no macroscopic electric field across the dielectric,
we have fi;=p;. .
Recalling Eqgs. (3.95), (3.96), and (3.101) and noting that F=N 4e,, we
may express Eq. (3.103) as

Ar)=p— FZ, j r dE (3.104)

In this form the dielectrochemical potential introduced pere has a similgr
formal structure as Guggenheim’s electrochemical potential as expressed in
Eq. (3.67).
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3.7.1. Polyionic Macromolecules

In macromolecular biological structures ion-pair formation frequen.tly
occurs. For instance, the inner counterions surrounding the polynucleotide
macroanions as well as in all other linear polyelectrolytes appear to form
ion pairs with the fixed polyionic matrix. Externally applied elec'tnc fields
can compete with the inner fields and shift these counterioms_ relative to the
polyion, thus producing large dipole moments.®2%) It ig known that
proteins may contain inner salt bridges, i.e., ion pairs between fixed ionized

side chains of the amino acid residues of the polypeptide chains and/or

other ionic groups. In particular membrane proteins like the bac-
teriorhodopsin of the purple

membranes of halobacteria appear to contain

of the macromolecule is then the vectqr sum
over all individual contributions of the single ion pairs according to
Eq. (3.101). When we now inspect Eq. (3.93) and rewrite as

dﬁf(")=d“j(")—N,gfjeoE(drk—drq) (3.105)
we see that changes in the distance betwee

and Z(r.), respectively, will change the dielectrochemical potential and
thus the contribution of this ion pair to the total polarization. On the other
hand an externally applied electric field E of 4 sufficiently high field

n two charged groups with 7.(r;)

4. Thermodynamics in Electric Fields

4.1. The Characteristic Gibbs Function

;‘:;l;s:;le .(ﬁquilibri ¢ irreversible (nonequilibrium)
_ S In terms of gy appropriate Gibhg functi .
introduced the characterict o OPTIAte unction, Guggenheim

fields b - in the presence of electric
c::t:rS Y & transformation, 9 We may express the transformed Gibbs free
gy as

G=G - (4.1)
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where G is the ordinary Gibbs free energy at E and W'D is the (reversible)
electric work. o
The differential work term of the field-dipole interaction 1s

AW = Ed(M> = E dM (42)

consistent with the work terms in Eq. (3.28). From Eq. (3.101) we rpcall
that the total moment parallel to E is given by M =}, n;M;, representing a
specific case of the general expression (3.10). The partial molar dipole
moment of species B; is

Mj= (aM/anj)n#nj,z (43)

By M,=N_,m;{cos 3;), M, refers to the average of the field-parallel con-
tributions of all individual moments m;. .
Substitution of the integrated Eq. (4.2) into Eq. (4.1) yields

G=G-ME (4.4)

In this context, Eigen and DeMaeyer'? used the relationship
G*=G —D*E, with D*=V-P. where P is the polarization per unit
volume and V is the volume. ‘ .

It is now useful to denote the chemical potential of the (dipolar)

species B, in the presence of an electric field by a special symbol:
wE)=i (4.5)

The (reversible) chemical work term, analoguous to Eq. (3.27), is then of a
dielectrochemical nature:

AW =Y i, dn; (4.6)

The total differential work term of a chemically open system derives
from an extension of Eq. (3.28). Using Eqgs. (4.2) and (4.6) we find

S dW= —PdV + ji; dn;+ EdM (4.7)
J

The general Gibbs equation for the inner energy in the presence of E is
obtained by substitution of Eq. (4.7} into (3.26):

dU = TdS — PV + Y. ji; dn;+ EdM (4.8)
J

From Eq. (3.25) we have
dG =dU + d(PV — TS) (4.9)

L R
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Substitution of Eq. (4.8) into (4.9) results in
dG=—SdT+VdP+Y i dn,+ EdM (4.10)
j

We now clearly see that the ordinary Gibbs free energy increases in the
electric field compared to E =),

In order to have the electric field as
of M, a Legendre transfo
Gibbs free energy is

the independent variable instead
rmation is required. By Eq. (4.4) the transformed

dG = dG - d(EM) (4.11)

Substituting Eqg. (4.10) into (4.11)

finally leads to the characteristic Gibbs
function for chemically ope

n systems in electric fields:
dG = —SdT+ Vdp + Y. i; dn,— MdE (4.12)
J

The transformed Gibbg free energy clearly decreases in the presence of elec-

tric fields. This property is required for 3 consistent thermodynamic treat-
ment of electric-chemical field effects,

For isobaric%isothcrmal conditions

the characteristic Gibbs function
reduces to

(aM/anj)T,P.E.n = -(aﬁ]/aE)

rpn (4.15)
Inspection of Eq. (4.3) results in

: (4.16)
“9 integration of Eq. (4.16)

AEY=3(0)~ [ M, ag (4.17)
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Since fi,(0) is the ordinary chemical potential g, at E=0, Eq. (4.17) is
rewritten as

A=y~ | M, dE (4.18)

and jimay be called the dielectrochemical potential of species B, in external
electric fields. By Eq. (3.100) it is evident that for completely random dis-
tributions of dipoles or at E=0, the relation ;= holds. In these cases
the dielectrochemical potential equals the chemical potential.

4.2. Dielectrochemical Affinity

By analogy to Eq.(3.74), we may now define a “dielectrochemical
affinity” for chemically interacting dipolar species B, by

A=—Y vl (4.19)

Substitution of Eq. (4.18) into Eq. (4.19) yields

A=Y vi= _Zvj“j+zvijf dE (4.20)
J j j

Introducing Eq. (4.19) with dn;=v; d¢ into Eq. (4.13) we obtain the Gibbs
function of chemically reacting systems in external electric fields:

(dB)pr= —AdE — MdE (4.21)

From this expression it is readily seen that the dielectrochemical affinity is
consistently defined in terms of 4 and ¢:

A= “(aG/af)P,T.E (4.22)

It is remarked that reversible and irreversible processes in external electric
fields are characterized by

dG<0 and A0 (4.23)

Thus the definitions of G and A permit the thermod'ynamic tregt.ment of
electric field effects in the framework of concepts which are familiar from
ordinary chemical thermodynamics in the absence of electric fields.
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4.3. Activity Coefficients

As in the case of jonic reactions it is also useful to define a sta;;éard
value, i, of the dielectrochemicaj potential for the dipolar species B,:

A=A +RTIng, (4.24)

Hi=u?+RTIn a, (4.26)

Note that g, is the activity of B, at E = q, M is the standard value of M jof
the isolated dipoles behaving ideally. There

is a formal similarity bc!wccﬂ
Ea. (4.25) for dipoles and Eq. (3.78) for ionic interaction partners. As in the
case of the electrochemica)

Potential, the dielectrochemical potential may
also be expressed in two ways,

From Egs, (4.18), (4.26) and (4.24), (4.25) we obtain

B=pu® + RTIn 4, M,dE

THT+RTInG,— [ Mo g (4.27)

Hence, analogoys to Eq. (3.82) the relation

0 18 thus given by the activity
coefficients

dfa;= 5y, (4.29)
If only dipojar interactions are considered we set . In this case
Eq. (4.28) reads

- (M~ M) dE< ryyy 3, (4.30)
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In the form of this equation it is obvious that for dipolar species, too, the
activity coefficient covers deviations {from simple ideal additivities.
For the ideal case of pure additive superposition of the formal charge-

distance products ?,e,r,=m ", where Z, is the integer charge number, the

total (standard) polarization is given by
M“:Zn}Mf’:N‘zﬂjm;;, (4-3])
7 J
where
m~ = {(m,cos 3,> =m{cos 3,)
and

M?=N,m® (4.32)

44. Van't Hoff Relationship

It is now pertinent to derive a rigorous expression for the dependence
of the thermodynamic equilibrium constant X© on the externally applied
electric field. For this purpose we recall Eqs. (4.19) and (4.24):

A= =Y v,i?—RTY v;Ing (4.33)
) I

At equilibrium we have A = 0 and all activities are equilibrium values. For
this case K*(E) =[] and Eq.(4.33) yields

RT In K®(E)= —)_vji (4.34)
j
Further, from Eq. (4.26) we have
S vy =L v~ Ly, [ M7 dE (435)
j J j

When we now differentiate M, defined by Eq. (4.31) as M® =3, n,M?,
with respect to ¢ and use Eq. (3.1) in the form dn;/d¢ =v,, we obtain

(OM®/08)p.rp=Y VM2 =AM® (4.36)

The introduction of Egs. (4.35) and (3.41) in the form of
RTIn k°(0)= -% vjiif’ at E =0, into Eq. (4.34) finally leads to

In K®(E) = In K°(0) + | AM® dE/(RT) (4.37)
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which is the integrated van't Hoff relationship for a dipolar equilibrium in
an external electric field.

From Eq. (4.21) we obtain by cross differentiation

(62/3E)¢.T.P = (3M/55)£.T.f =4dM = z v,M,; (4.38)
/

The relationship between
and thus to given values
rewritten as

the affinity and the A ; terms refers to constant _f
¢;. For chemically interacting species Eq. (4.30) is

L, [ (M- MP)dE < RTY y 1n 5, (4.39)
J

Substituting Egs. (4.3
yields the expression

AM = AM® — RT(3 In Y/oE), (4.40)

In this equation the Quantities 4 M, AM®,
field intensity E,

Since the thermodynamic and the apparent equilibrium constants are
Connected by K° = . Y, a comparison of the van’t Hoff relations

and ¥ represent terms at a given

(010 K/0F), .= AM R (4.41)

and

(01n K/3E), , < AM/RT = (4M®/RT) - (0In ¥/0E), ., (4.42)

RTIn [¥(E)7(0)], = _ j (4M - AM®) 4E (4.43)

If ¥is independent of E by AM = gpm= the reaction moment is indepen-
dent of f (or of the cOncentrations of the reaction partners). In any case,
the relationship (4.42) provides the basis for the analysis of electric field-
imduced concentration shift ip dipolar equilibria, Whereas this part of the

hermodynamic foundations of ¢ analysis of chemical

fiel » the second part (Chapter 5) covers some kinetic and
mechanistic aspects of Mmacromolecular p; i
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Electric field strength vector (absolute value), Maxwell field
External electric field vector (absolute value), Frohlich field
Internal field vector

Directing field vector

Reaction field factor

Faraday constant (9.65 x 10* C mol ')

Gibbs free energy (free enthalpy) (in J)

Guggenheim’s characteristic free energy in electric fields, trans-
formed Gibbs free energy

Conversion factors

Kirkwood correlation factor

Tonic strength (mol dm—?)

Apparent equilibrium constant (concentration ratio)
Thermodynamic equilibrium constant (activity ratio)

Rate constants corresponding to K, K©

Boltzmann constant (1.38 x 10~3JK '), thermal energy kT (J)
Langevin function of r

Total polarization vector, macroscopic dipole moment, thermal
average (M)>=(P>V

Component of (M) parallel to E

Partial molar dipole moment (contribution to M of B))

]
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Reaction dipole moment, 4pf = (M%), =%, v,M,
Standard value of AM

Individual dipole moment of species B, or charge con
figuration Zieor;

Average value of field-parallel component of m,

Induced dipole moment contribution to m

Permanent dipole moment contribution to m

Avogadro constant (6.02x 10* mo] - 1)

Amount of substance of species B, (mol)

Number of species B; molecules
Electric polarization per unit volume
Pressure

Permanent dipole moment

Half-axis of ellipsoid polarization
Concentration ratio, activity ratio

Gas constant (R < kN,=831JK ' mol 1
Radius vector (position vector)

Kelvin temperature (K)

Time

Volume

Reaction rate

Rate of Product formatiop

Rate of reactant formation

Property z,
Reaction Quantity copj
Standard value of 42 f
Intensive Property (P, T, E)

Formaj charge number (with g;

“Forma] (positive) charge”
Polarizability tensor

Poiarizability Component of the ellipsoidal axig q
Amplityde factor

e Containing I 3pq concentration dependence
o

Amplitude fagtor [F=(3, vije,) 1]

Field factor of the field dissociation effect
Smal]| change

ugate to z,

gn) of ion Bk
of the dipole B; with m; = |3 | ,r,

ric field vector E
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4 Differential operator, 4 = &/0§

¢ Permittivity tensor (dielectric constant)

&g Vacuum permittivity (8.85 x 10-FCm™') o

€y Permittivity characteristic for the induced polanzation

E; Extinction coeflicient of species B;; & random average value of

£

6 Degree of transition

K Electric conductance (S)

[T Chemical potential (J mol ')

i Electrochemical potential of ion By

e Standard value of f, _ '

i; Dielectrochemical potential of dipolar species B; in an electrc
» field

T Standard value of j;

v Stoichiometric coefficient (with sign)

¢ Extent of reaction (mol) o

Y Light polarization angie between planc of polarization and

electric field vector

T Relaxation time

¢ Orientation factor

p'm Chemical transformation factor

¥Y2(r,)  Electric potential of the isolated charge

¥(r) Mean electric potential at position T
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