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VOLTAGE DEPENDENCIES Or; SLOW (ms) CHEMICAL RELAXATIONS 

Received 10 September 1979 

The csponential-rcias~ition rates (rate constant X-1 of refativcly skw (ms) chemical reactions msy change with applied 
potentiak Three genera1 cxes are described which, by their dependencies on 3x1 csternalty applied voItszec, +houId be es- 
perimentdIy separable_ They are processes due to (I) permanent dipoles entirely in the field - - cd In X-),‘d F = V2; f2) 
surface charge change - - (d In k)/d V a F; and (3) charge transport - - d&/d F’ = Y (or a delay proportional to 1/ fr).R~e 
general analysis presented may be useful in analy+in, m biological electrical processes. 

1, Infroduct ion 

Numerous biological processes are sensitive to the 
voltage across a cell membrane [I ] _ The most clearly 
measured of these are the action potentials of nerves, 
muscles, and other excitable cells. In them, a specific 
ion permeabihty across the membrane may increase 
by five orders of magnitude within a few milliseconds, 

While the kinetic electrical characteristics have been 

determined in great detail, little information is avail- 
able describing any specific structure at a chemica1 
Ieve and how it might change with transmembrane 
voltage. Since we lack detailed information on the 
double layers, adsorbed ions, charged surfaces, and 
the complelr, heterogeneous lipid-protein mosaic 
membrane, a more general analysis of the voltage 
dependence of chemical kinetics as presented here 
may be useful. 

The kinetic data used in analyses are determined 
primarily by using the “voltage clamp” technique 
which is a potentiostat with current follower_ The 
experiments consist of appl36ng potential jumps of the 
order iO--IO0 mV across the cell membrane and ob- 
serving the kinetic response by monitoring the ion 
currents flowing across the membrane_ The technique 
is equivalent to chemical voltage jump eriperiments 
[24] with the mfiiivok jumps producing a wide 
range of Iarge field changes across the IO nm cell mem- 
brane, 

Most kinetic analyses of the relaxation invohe as- 

sumed details of molecular structure and/or reaction 
paths, A number of these hrtve been reviewed by Roy 

PI. 
We show below that a modest estension of Eyring’s 

absolute rate theory as applied to reactions occurring 
over milliseconds in electric fields allows clear classi-: 
tication of the general types of reactions, The ctassifi- 
cation rmry then possibly serve as a self-consistency 
test for detailed models. 

For a voltage jump experiment. the membrane is 
held at a fixed transmembrane potential between elec- 
trodes and perpendicular to the current fiow. After a 
step potential jump. a relasation will occur between 
the initial and final equilibrium states_ This chemical 
response will folfosv the field increase or decrease a:id 
results from either a change caused by (I ) the ‘Yota- 
tion” of permanent dipoles as in a homogeneous di- 
electric or (2) polarization of charge at the membrane 
surface such as a change in the surface concentration 
or polarizrttion of a double layer [6] or (3) charge 
translation due to simpIe conduction mechanisms. 
Each of these has a voltage dependence which is 
diagnostic for it. The changes due to higher order (in 
field) processes may contribute but the effects should 
be smaller_ 

We wiI1 not discuss the final equilibrium values of 
any quantities such as internal field, ion concentration, 
or average dipole orientation, These have been con- 



sidercd extensively both in thermodynamic and 
molecular structural terms [7] _ We wish to discuss 
only the rates of change between the initial and final 
states of the system for large field jumps over a broad 
range. And we consider only relatively slow chemical 
changes that are seen to occur in biomolecules [8] 
and biomembranes; the energy states will be Boltzmann 
distributed_ 

We make the following, simplifying assumptions in 
all three cases. 

(I) There is a single rate controlling step and this 
is much slower than all other molecular processes_ 
The assumption is reasonable since most ion atmosphere 
or solvent dipole reorientation relaxations are far faster 
(nsec or faster) than the chemical changes we see (ms). 

(2) If the rate is dependent on the change in poten- 
tial, then the energy controlling the difference will be 
electrical as opposed to thermal. The other extreme is 
either that no charge is involved so the field has no 
effect or that the field effect is small and t!re process 
is thermally controlled [7,9] _ 

(3) The internal field (or voltage) change is propor- 
tional to the applied external potential. As has been 
pointed out, a large part of the difficulty in dielectric 
calculations arises from determining the “internal” or 
microscopic field (see ref. [IO] )_ For materials as 
comples as physiological membranes, we have little 
choice but to assume the pertinent internal potential 
is proportional to that applied. A prime (‘) will be 
used to signify internal quantities_ 

2. Theoretical 

As has been clearly shown [9] the rate of a physical 
or chemical process in an electric field can be expressed 
using the formalization of absolute reaction rate 
theory as 

X- = (K T/h) exp(-AG*/RT). (1) 

In the preexponential, K is the Boltzmann constant_ 
The basis for using the thermodynamic formula is 
that the reactant and activated complex are treated as 
if they are in equilibrium except for the special 
“reaction coordinate”. 

More recently, it has been shown that in solution 

the preexponential as written in equation (I) is not 
valid [I I ] _ However the free energy of activation AG’ , 
is still a good function_ The basis of this more recent 
analysis rests on postulating the existance of a fhtc- 
tuating steady state and requires only that a Boltzmann 
equilibrium exists among the microstates of the react- 
ing molecules [I I ] _ Within this framework, the analy- 
sis presented here may possibly be extended to faster 
reactions (2 ns) in solution. This is beyond the scope 
of this paper, and, for the slower reactions considered 
here, we shall use the language and concepts of the 
earlier, classical form of the transition state theory. 

For a dielectric in which part of the new surface 
charge may arise from chemical changes, the value for 
the free energy of activation must include the electric 
field and chemical potential terms [I 21. That is 

dG” = -S’dT+v’d~ -ilM’dE-AAld& (2) 

where Mf . in analogy with the usual equilibrium ex- 
pressions [I ?,I 3]_ is the polarization of activation, 
A* the affinity, and r; the “extent of reaction” [ 12]_ 
M* is the first derivative of the free energy with elec- 
tric field and, as such, is the extensive variable charac- 
terizing the change. 

We operate with the isothermal state change opera- 
tor on equation (2); at fared T, p. and E we recover 

d AC+ 
- =--&W’. 

dlnX_ A.nf* 
dE 

or F=RT (3) 

where X- is the rate constant, and ml* is the molar 
polarization of activation. An alternate derivation of 
equation (3) is shown in the appendii. 

A& is, in analogy with the equilibrium case, the 
difference in polarization between the reactants and 
the activated complex (see appendix)_ It is a macro- 
scopic parameter and depends on the competition 
between the thermal disordering and electric field 
ordering of the system. Assuming the frequency factor 
and transmission coefficient of the absolute rate 
theory [9] are field independent, the change of rate 
may be seen as a change in the free ener,T of activa- 
tion with a change in field. Alternately, it can be con- 
ceptualized as a change in the reaction coordinate as it 
goes over a different area of the thermal energy-electric 
energy surface. The polarization of activation is a 
general quantity; only with further assumptions can 
microscopic data be derived from the experimental 
results. However certain other activation parameters 
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Fis_ 1. The general voltage dependencies of the three general 
cases presented: (a) permanent, independent dipoles in 
moderate fields; (b) surface charges with one “end” of the 
dipole outside of field and Keq about ten or greater; (c) 
charge transport- Here X- is the rate constant and ,Co the con- 
stant without external voltage. The internal voltage (or field) 
in all cases is assumed proportional to the applied voltage. 

follow directly, and some are shown in the appendix_ 
The simplest and most commonly used micro- 

scopic model for dielectrics assumes the solid to be 
composed of harmonically bound charges aithough 
the method seems to hold for deviations from this 

binding [ 141. Then, in analogy with the equilibrium 
a=, 

=Iv[ACY+ i- (A&‘/3KT]E’?I, 

where u is the system volume, A&* the polarizability 
of activation, and Ax’ and Ar_l’ the susceptibility and 
dipole moment of activation respectively_ These are 
partial molar quantities defined in the same way as 
AM’ in the appendix_ With kg the rate constant in 
the absence of field and with E’ assumed proportional 
to V, a plot of the rate versus the voltage will then be 
parabolic as shown in fig_ 1 a_ 

General considerations of the problem with the 
naive equilibrium models have been reviewed recently 
[I 5,161. Also, significantly different equilibrium be- 
havior may occur for real rate processes as functions of 
applied potential_ 

2-2. Iizterfacc activatioiz 

The second major functional form of the depen- 
dence of the rate on voltage is similar to the rates 
derived for electrode processes [ 17]_ This behavior in 
the membrane arises from interfacial polarization or 
interfacial concentration changes. The general require- 
ment for this behavior to be realized is that one “end” 
of the changing dipole remain in an unchanging field. 
In the case of eIectrodes, this is the “free solution”_ 
In addition, for membrane systems, the “end” could be 

Fg. 2. Free energy-reaction coordinate diagram for an inrer- 
face in the absence of external potential. 

in the center of the lipid if i!?c potential drops occur 
mainly across the double layer and interfaces_ 

Referring to fig. 2 which illustrates the reaction co- 
ordinate for an interface, and following the derivation 
of Frohlich [ 181 (but ignoring any special degeneracy 
factors) we write 

X- = (~K/Iz)[exp(--11Gi/RT) - exp(-AGyl/RT)]. (6) 

If AGo = 4Gi - 4Gt, is larger than about -6 

kJ/mole, or equivalently if Kes is larger than about ten, 
one of the exponentials of equation (6) will prc- 
dominate (see below). And the behavior will become 
quite simple with 

d In (x-/x-,) 

dV 
= constanl_ (7) 

See fig. 1 b. 
The voltage dependence of the free energies of 

activation is given by 

11G’ = 4G; i- (Y’~z’FV_ 

where AC; is the activation free energy at zero voltage 
and LY’ is the electrode “transfer coefficient”. Its 
properties are discussed by Audubert [ I9]_ The dif- 
ference between the internal and external voltage is ac- 
counted for by using (Y’ instead of CL 

Since both forward and reverse charge movements 
involve the same cr’ and LIZ*, the relative changes of 
the forward and reverse rates wiNit11 potential will ‘Je 
approximately the same. (Any difference in CX’ for for- 
ward and reverse reactions can be considered a mea- 
sure of anisotropy in inner sphere kinetics as a func- 
tion of potential.) 



Using the simplitied form as seen in equation (7), 
the descriptive equation becomes 

(8) 

In this special case we note that the change for a 
voltage jump of +b‘i/ will be equai and opposite to 
one of -AK The simple form of equation (8) is seen 
in the behavior of the rapid turnoff of nerve axon 
sodium currents: the &, process [20] _ However the 
expected reversa1 is only seen when the heterogenity 
of the kinetics is accounted for [2 11. 

A third, general class of rate change with voltage 
arises from processes which result from ion mobility. 
That is, the charge-field forces only slightly perturb 
the random, thermal motion of the charges. At all 
but the highest fields, the well known equation describ- 
ing the ion velocity is u = rrfwhere the forcefa z V. 
Here u is the velocity, ll the mobility, and Y the ap- 
plied voltage- 

If the observed reaction rate is proportional to u, 
then it is directly proportiona to the voltage, V_ We 
may then write for the rate constant’s dependence on 
voltage 

dk/d I” = yz (9) 

y is a simple proportionality constant. This equation 
is illustrated in fig. 1 c. Onsager showed that weak 
electrolyte equilibria in an electric field could be ex- 
pIained by a dissociation step described by equation 
(9) together with a voltage-independent ion recombi- 
nation [2X]_ 

As a corollary to this third t.ype of process, a delay 
tim;: may arise due to the migration of a (sheet of) 
charge over some distance, d_ Since d = vt, we see that 

rdeiziy = d/u. From the mobility equation, we see that 
the delay wifl be inversely proportional to the applied 
voltage. 

3. Conclusions 

We have shown how the exponential relaxation of 
relatively slow (msec) chemical reactions may change 

with applied potential. Three general cases are 
described which, by their voltage dependencies, should 
be experimentally separable. They are processes due 
to (1) permanent dipoles entirely in the field - 
(d In k)/d IF 01 17”; (2) surface charge change - 
(d In k)/dT a V; and (3) charge transport - dk/dV 

- V (or a delay proportional to I/v). In a future 
paper [2 13, we wi.vifl show that the currents arising in 
nerve membrane can be described using these general 
forms. 

Appendix 

Using Maxwell’s relation on equation (2) we derive 

(aA’laE)E,r.p = WWW,,, 

and 

(aA*/=&,p,E = (=%,t),,,- 

Differentiat~g the equation on the left wlth regard to 
T and the equation on the right with regard to E, we 
obtain 

(aA~/a~E)~.,=(as~/a~a~,,. 

Noting that (aM*/ar;) = AM’ and (XC’ /a$) = AS’, we 
find 

(a*l+iar),, = (aas* I=),,. 

Similarly 

~~~~~/a~)~.~ = (afb+/a~,,. 

Another commonly used relation is the rate depen- 
dence on the volume of activation, 

(a In kt apjEST = -AV*[RT _ 

For an order of magnitude calculation see ref. [23]_ 
Similar expressions can be written for the charge of 
activation, &.7+_ 
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