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A. Equilibrium and the Electrochemical Potential
e For a two component system an both the Gibbs energy is given by

e  The criterion for equilibrium is:
AG = 0=V lle +Vpfly =Vafly = Vghly (21.3)
OF...Vo il +Vpfly =Vpfl+ Vg iy
B_ Electrochemical Ce”s Reduction Potential g (V)
. - +
e Inthe figure at the right are some 3.05 T Li*+e” > Lis)
standard reduction potentials v, AL T g™ Nals)
for various chemical species. In
general, electrons move in ,
- - - - -1.66 < Al3* + 3e~ = Al(s)
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Figure 1: standard reduction . o e e PBSOLe
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dG =-SdT +VdP + ) (4 +z,Fy)dn,
‘ 21.1
=-SdT +VdP + ) _ izdn, (#L1)

Suppose we have a chemical reaction involving charged species. This
chemical reaction has the form: v,A+v,B=v.C+v D, where A, B, C, and

D are all charged species. Integrating 21.1 the expression for the Gibbs energy
at constant P and T is found to be

AG =V fig + Vi fly =V afly = Ve g (21.2)
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e The redox reaction Cu(s)+2Ag”(aq)— Cu* (aq)+2Ag(s)runs toward the

right because electrons will move from Cu, which is higher on the reduction
potential table, resulting in the production of Cu**, toward Ag*, resulting in
the production of Ag.

e The figure at the right is the electrochemical cell within which the reaction
shown above occurs. Let us Voltmeter
suppose the Ag+ at the surface
of the electrode is in equilibrium
with the Ag+ in solution. Then
the electrochemical potentials are

e-

j
Salt Bridge [KNQs(aq)) .
)
f_ NOs Ke "1 Salt Bridge
| [

equal: III
Flow of Electrons
f,y. (s)=A,,. (aq) (21.4)
e The electrochemical potential expressions are:
ﬂAg+(aq):y2g+(aq)+ RTIna, . (aq)+zFy,, (21.5)
Hpy. (5)=ay(s)+RTIn a,. (s)+zFy; (21.6)

where ys and y,q are the electrostatic potentials within the solid and the solution.
e We put equations 21.6 and 21.5 into 21.4 and use the fact that for a pure
solid a, . (s)=1

”2g+ (ag)+RT In a, .. (aq)+ zFy,, = 1y, (5)+2F g (21.7)
e Equation 21.7 is rearranged to given the expression for a half-cell
potential:

Hy,-(a0)+RTIna, . (aq)+zFy,, = uy (s)+2Fy;

0 0
Hag (8) =ty (80)+ZFys  RT
Wy = 9 Ang —Fln a,. (aq) (21.8)

RT

_ 0

= (// —Eln a.Ang (a.q)
e Inequation 21.8 the term

0 0
o _ Mg (8) =4, (30)+ 2Py
(// =
ZF
is called a standard half cell potential.

e Electrochemical cells are composed of two half-cells. The simplest

electrochemical cell is a concentration cell, in which two solutions with
the same ion at different concentrations are placed in contact with

(21.9)



electrodes. In this case the cell potential E is the difference between the
two half cell potentials

E =y, (1)_‘//|iq(2):A‘//:

RT RT . [ @, (1) (21.10)
ALY 1)—y®——| 2)=———In| 2~
vimgE A, Wyioopina, (2)=—op n{aW(Z)

C. Active & Passive Transport of ions Across Membranes

e \We can use the equilibrium criterion in equation 21.3 to derive how ions move
when subjected to an external electrostatic potential, which as we have seen is
created by a charge configuration. Let us consider the equilibrium populations
of the ion species at points x; and x; that result from this potential.

e At equilibrium equation 21.3 is applicable. But there is only one species of ion
and it moves between two positions. When equilibrium is reached 21.3 has the
form:

(%)= f(x,) (21.11)
e Now put the expression for the electrochemical potential into 21.4:
1 (%)+RTIn(c(x))+zFy (%)= (%)+RTIn(c(x,))+zFy(x,) (21.12)
We assume the standard chemical potentials are equal at x; and X»:
1 (%)=4 (%) (21.13)
With assumption 21.6 we can rearrange 21.5:
|n(C(X2)]=—ZF(W(XZ)_"V()&)) (21.14)
c(x,) RT
e The transport of molecules across cell membranes is a fundamental requirement.

There are three general types of transport: passive, active and facilitated..
o0 Passive Transport: Consider the transport of a substance between two

Concentration
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compartments.

e The free energy change in transporting a substance from compartment A,
where it has concentration Ca to compartment B where it has concentration

Cg, through the membrane M is given by the difference between the
electrochemical chemical potentials

s — M, +RT In[i}L F (s —w,)
A

(21.15)

:ﬂg—y2+RTln£7AgBJ+ ZFAy =RT In(%}+zFAw

A A

where we assumed z, ~ 4, and ¥/ = yZ. For the transport to be passive
Aé:RTln(%j+zFAw<O (21.16)
A
Because both chemical and electrical effects enter the transport equation it is
not sufficient that Cg<Cx for the free energy change to be negative . The
transport of charge must also be favorable.

o0 Active Transport: This type of transport occurs in order to maintain large
concentration gradients across membranes. It is especially important to
maintain electrical gradients across membranes and this is accomplished
by keeping ion concentrations inside versus outside the membrane
unequal. Therefore, transport of ions must out of necessity occur against a
concentration gradient.

= Typical active transport processes are the movement of sodium
and potassium ions across a cell membrane against their respective
concentration gradients. The electrostatic potential across a
membrane results from unequal distribution of sodium, potassium,
and chloride ions inside versus outside the cell. Typical ion
concentrations are given in the table below:

lon Intracellular Extracellular
Na+ 15 mM 150 mM

K+ 150 mM 5mM

Cl- 10 mM 110 mM

AG(NE)f in— OUt) = :[lout _[lin = :u:ut _:u:; +RTIn (a_]+ ZS(V/out _l//in)

= The work required to reversibly move sodium ions from within
the cell to the outside is given by the chemical potential difference

aout

in

(21.17)

=RTIn (hj+ I3Ay

in



a . o )
= Theterm RT In[ﬂj involves the activities of the ions. For the

a

in
out

activities we have a_, = y™c,, and a, =y\"c, . Assume
= Assume for simplicity that y ~ »>. Then equation 21.17
simplifies to:
_ CNa*
AG(Na' :in —out) = RT In| =% |4+ 73Ay (21.18)
in
= Because for sodium the extracellular concentrationis much higher
than the intracellular concentration c\* >>cM\ | the first term on

the right of equation 21.18 is positive. But to get the sign of
AG(Na" :in — out) we must also know the value

Ay =y, —v,;, - Atypical value is Ay =+0.07V .
= Using the data in the table above

e [Na' ] 150mm

out

e [Na*]|  15mM
at T=310K.

AG(Na" :in— out) = RT In(10)+ z3(0.07V )

=(8.313K *mol *)(310K ) In(10) + (+1)(96485Cmol *)(0.070V ) ~ (21.19)

=5932Jmol ™" +6754Jmol " =12686Jmol
This means that 12686 J of work must be performed to transport a
mole of sodium ion from inside to the outside of the cell.

= Potassium transport from outside to the inside of the cell similarly
must proceed against a concentration gradient. We similarly find

AG:RTln[ﬂ}S(AV/)

<L
150

=(8.31J /mole)(310)In (?j +(96,485C / mole)(-0.07V )

=10 and with Ay=0.07V, we find that

=8.76kJ /mole — 6.75kJ / mole = 2.01kJ / mole
= |n reality, a complex of membrane-associated proteins called the

sodium-potassium pump transports 2 K" ions into the cell for every
three Na* ions transported out of the cell. The total work required on a

moles basis is
AGT = SAGi’r\]liOUt + ZAGOIEI—)in

=(3moles)(12.7kJ / mole)+(2moles)(2kJ / mole) ~ 42kJ



D. Chemiosmotic Theory

Chemiosmotic theory states that the source of work required to accomplish the
oxidative phosphorylation of ADP to ATP is obtain from a transmembrane pH
gradient.

ADP is phosphorylated according to the equation ADP + P, = ATP. Under
standard conditions and at T=310K this requires about AG,__ ~31.3kJmol ™.

reac

Protons are pumped across the inner membrane
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We can write the N T N #EE
electrochemical potential of a T — e S

proton inside the inner
membrane of the mitochondrion:
& =" +RTInal. + Fyy ~ u0" +RT InC”. + Fy, (21.20)

We can also write the electrochemical potential of a proton otside the inner
membrane of the mitochondrion:

=™ +RTInal + Fy, ~ 1™ +RTINC! + Fy,, (21.21)
The Gibbs energy that we obtain by moving a mole of protons from the inter-
membrane space to the inner membrane region is obtained by simply
subtracting 21.21 from 21.20:

AG,,. (out —>in) =" — % =RTInC!. —RT InC>" + Fy,, —Fy,,
= 2.30RT (logC}}. —1ogC3* )+ F (i —¥/oy:)
=—-2.30RT ( pHin - pHout)+ F (l//in _V/out)

= —2.30RTApH + FAy

Typical Values: At T=310K, ApH=0.5 and Ay=-0.15V so the Gibbs energy
change per mole of proton movement is:

(21.22)

AG (out — in) =-2.30RTApH + FAy
=(~2.30)(8.313K "mol *)(310K )(0.5) +(96485Cmol *)(-0.15V ) (21.23)
=-17.5kJmol

It is observed that about four protons moves across the inner mitochondrial
membrane for every ATP that is produced. Under standard conditions to
phosphorylate ADP requires about 31.3kJmol™. Therefore the transport of
four moles of protons provides over twice the Gibbs energy required to
phosphorylate a mole of ADP.



