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Phase and Transitions
• A substance is described as having a form of matter termed a phase 

when the substance is uniform in chemical composition and physical 
state. 

• Substance may exist in solid, liquid, or gases phases that can co-exist 

• Substances may make a phase transition, which is a spontaneous 
conversion from one phase into another phase. Phase transitions occur 
at characteristic temperatures and pressures. 

• At the transition temperature, the two phases are in equilibrium as the 
Gibbs energy is at a minimum value. 



Phase Diagram
• A line between two states represents conditions 

at which both states can exist in equilibrium and 
is called a phase boundary. 

• The phase diagram has a special point called 
the triple point which is located at the 
intersection of the three phase boundaries 

• When the temperature is at or above the critical 
point, the liquid and vapor states are no longer 
distinctive 

liquid intermediate, as occurs when dry 
ice is warmed and evaporates into carbon
dioxide gas.

The phase diagram has a special point
called the triple point which is located at the
intersection of the three phase boundaries
(Figure 4.2). At the pressure and tempera-
ture of the triple point, all three phases 
exist simultaneously. At high temperatures
and pressures there is a point termed the 
critical point at which the phase diagram
stops. When the temperature is at or above
the critical point, the liquid and vapor 
states are no longer distinctive, with both
states having the same properties such as
density.

CHEMICAL POTENTIAL

The final state function that we need to consider is the chemical potential.
The chemical potential provides a measure of Gibbs energy for every com-
ponent of a mixture. The chemical potential is equal to the Gibbs energy
per mole of substance, or equivalently the molar Gibbs energy for a pure
substance. If we consider a pure substance with n moles, the chemical 
potential, µ, is defined to be equal to the Gibbs energy, G, divided by the
number of moles, n:

or equivalently G = nµ (4.1)

When there are multiple substances these contributions are additive. For
example, with two substances, A and B, the Gibbs energy for the mixture
is just the sum of the contributions from each component:

G = nAµA + nBµB (4.2)

The total Gibbs energy for a mixture is equal to the sum of the individual
partial Gibbs energies for each component of the mixture. When using
this expression, the partial Gibbs energies in the mixture are distinct from
those of pure substances. For example, when oil and water are mixed, the
hydrogen bonding of the water surrounding the oil is disrupted. Due to
the interactions between the oil and water, the Gibbs energy associated
with the oil is then different to that if the oil was present in a pure solution
of oil.

  
µ = G

n
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Chemical potential
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Mixture

If at the final state the gasses have pressures PA and PB 
respectively with P=PA+PB

ΔGmix = Gf − Gi = nA [μA(P0) + RTln
PA

P0 ] + nB [μB(P0) + RTln
PB

P0 ]
−nA [μA(P0) + RTln

P
P0 ] − nB [μB(P0) + RTln

P
P0 ]

= nART [ln
PA

P0
− ln

P
P0 ] + nBRT [ln

PB

P0
− ln

P
P0 ]

= nART ln
PA

P
+ nBRT ln

PB

P
= nRT [XAlnXA + XB lnXB]

XA =
nA

n
=

PA

P
XB =

nB

n
=

PB

P
n = nA + nB

μA − μi
A =

GA

nA
= RT ln

Pj

Pi
G = nAμA + nBμB

with

Consider a container that has two different ideal gases A and B in separate containers, 
the variation of Gibbs energy at constant T for a single gas is

82 PART I THERMODYNAMICS AND KINETICS

(Figure 4.11). Alternatively, the proteins can be suspended in the bilayer
formation on a glass slide, which provides a surface that can be addressed
readily with spectroscopic probes to study the motion of proteins and other
components in the bilayer.

MIXTURES

An understanding of metabolic pathways and other cellular reactions
involves dealing with mixtures of substances. Just as the chemical poten-
tial can be used to understand the formation of lipids and detergents into
bilayers and liposomes, it can also be used to understand the properties
of simple mixtures. For simplicity, we will consider only binary mixtures,
although the ideas can be extended easily to more complex mixtures.
Consider a mixture of molecules A and B. The Gibbs energy is given by
the product of the chemical energy and the number of molecules (eqn 4.2):

G = nAµA + nBµB (4.14)

As an example, consider a container that has two
different ideal gases, gas A and gas B (Figure 4.12).
Initially, the gases are located in separate containers
at a certain pressure. Before mixing, the total Gibbs
energy is the sum of the individual Gibbs energies,
µA and µB. For an ideal gas undergoing a pressure
change, the Gibbs energy is given by a logarithmic
ratio of the final and initial pressure. Thus, the chem-
ical potential for each molecule can be related to
the ratio of the initial and final pressures:

(4.15)

where µ i
A represents the chemical potential of A under initial condi-

tions. As is done for the other thermodynamic parameters, the use of 
the chemical potential is enhanced with the definition of a standard state.
The chemical potential at a given pressure, µ(P), is defined relative to the
chemical potential at a standard pressure of 1 bar, µ(P0 ):

∆G nRT
P

P
f

i

ln=

µ µA A
A

A

ln− = =i f

i

G

n
RT

P

P

Figure 4.12 Two
gases are initially
separated but then
allowed to mix.
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Osmosis
Osmosis is the spontaneous movement of a pure solvent into a solution 
across a semipermeable membrane that allows the solvent, but not the 
solute, to pass through. 88 PART I THERMODYNAMICS AND KINETICS

OSMOSIS

Osmosis is the spontaneous movement of a pure solvent into
a solution across a semipermeable membrane that allows
the solvent, but not the solute, to pass through. Consider the
simple case of two liquid solutions separated by a mem-
brane in a chamber with a solute added to one side but the
other side being initially a pure solvent (Figure 4.16). Since
the side with the solute has a lower chemical potential, the
solvent will migrate across the membrane towards this side.
The osmotic pressure is defined as the pressure that must
be applied to the side with the solute to prevent solvent

transfer. The 9an’t Hoff equation describes the osmotic pressure by com-
parison of the chemical potentials of the two sides.

The difference in chemical potentials is given by the reduction of the
mole fraction of the solvent from 1 to XA:

µA(P + ∆P) − µA(P) = RT ln XA (4.32)

At equilibrium, the difference in chemical pressure is balanced by the 
difference in pressure multiplied by the volume:

(∆P)V = −RT ln Xi ≈ −RT(1 − XA) = RTXB (4.33)

ln x ≈ 1 − x and XA + XB = 1

Dividing both sides of the equation by the volume and replacing XB/V
with the molarity nB yields the relationship:

∆P = nBRT (4.34)

Semipermeable membranes are commonly used in biochemistry in dialysis
experiments in which a protein solution is enclosed within a membrane
and placed into another solution containing a different buffer or salt. While
the protein remains in the membrane bag, the solutions equilibrate. The
protein is then available for experimentation under the new conditions.
Dialysis can also be used to characterize the binding of small molecules
to proteins.

RESEARCH DIRECTION: PROTEIN CRYSTALLIZATION

Through advances in molecular biology, every gene has been sequenced for
a very large number of organisms. The wealth of genomic information is

 Equal at
equilibrium

P P ! ∆P

µA(P) µA(P ! ∆P)

Figure 4.16
Molecules can pass
from one solution
into another by
passage through a
semipermeable
membrane via
osmosis.
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Since the side with the solute has a lower 
chemical potential, the solvent will migrate 
across the membrane towards the side 
which higher concentration. 

The osmotic pressure is defined as the 
pressure that must be applied to the side 
with the solute to prevent solvent transfer

At equilibrium, the difference in chemical pressure is balanced by the 
difference in pressure multiplied by the volume:

μA(P + ΔP) − μA(P) = RTlnXA A = solvent B = solute

(ΔP)V = − nARTlnXA = − nARTln(1 − XB) ≈ nARTXB = nART
nB

n
⇒

ΔP = MBRT when nA ≈ n M = molarity



Gibbs Energy Minimum
• After a reaction has started, it will eventually reach an equilibrium that 

depends upon the Gibbs energy difference, ΔG. 

The concepts of Gibbs energy and chemical potential are developed in this
chapter in terms of the equilibrium compositions of reactions. The minimum
value of Gibbs energy is shown to represent the equilibrium, and it provides
a means to express the equilibrium constant in terms of the Gibbs energy.
The thermodynamic formulation provides a platform to quantify the changes
in pH associated with some acids, bases, and buffers that play a key role
in biological systems, such as cardiovascular systems. The involvement of
protons at an active site of a protein that undergoes redox reactions is
presented, including how protons can strongly influence the energetics of
the process, and why the presence of a proton pathway can be required.

GIBBS ENERGY MINIMUM

After a reaction has started, it will eventually
reach an equilibrium that depends upon the
Gibbs energy difference, ∆G. For example,
consider a simple reaction such as A ↔ B. If
the system starts with molecule A, with time
molecule A will be converted into molecule B.
This conversion does not necessarily proceed
completely, but rather the reaction will come
to an equilibrium that has a mixture of both
molecules. In general, as the Gibbs energy 
for the reactant A compared to product B
increases, then the amount of molecule B
should increase (Figure 5.1). A reaction is
spontaneous when the Gibbs energy of a
mixture of A and B decreases as the amount
of B increases. For most common reactions,
the formation of the absolutely pure state of

5

Equilibria and reactions involving protons

Equilibrium

∆G ! 0

∆G " 0
∆G # 0

G
ib

bs
 e

ne
rg

y,
 G

Pure
reactants

Pure
products

Spontaneous

Spontaneous

Figure 5.1 As a
reaction proceeds,
the Gibbs energy of
the system changes
due to the alteration
of the relative
amounts of reactants
and products.

9781405124362_4_005.qxd  4/29/08  9:08  Page 94

• At the equilibrium, the value of G is at 
the minimum and moving away from 
the equilibrium is energetically 
unfavorable. 

• The slope of the free-energy 
dependence shows the direction in 
which the reaction will proceed. 

• The Gibbs energy difference can be 
written as in logarithmic terms of the 
equilibrium constant (Keq ) 

B is not favored, as this state will not have the lowest value of G. Rather,
the reaction will reach an equilibrium point that has a mixture of both
A and B. At the equilibrium, the value of G is at the minimum value and
moving away from the equilibrium is energetically unfavorable.

The slope of the free-energy dependence shows the direction in which
the reaction will proceed. If the slope is less than zero, it is energetically
favorable for the reaction to go forward and the process is spontaneous.
Notice that this will cause the reaction to always move towards the equi-
librium as, if the mixture has mostly B, the slope is negative for moving
towards the equilibrium and not towards a larger amount of B. At the
equilibrium point, the slope is zero and the amounts of A and B have no
tendency to change.

The equilibrium point plays a critical role in a reaction and so we would
like to use thermodynamics to understand what determines the equilib-
rium position. The Gibbs energy difference can be written as in logarithmic
terms of the equilibrium constant, Keq:

∆Go = −RT ln Keq (5.1)

The value of the equilibrium constant is determined by the relative amount
of the products and reactants. Consider a general reaction of A and B
converting to C and D with the relative number of moles identified as
nA to nD:

nAA + nBB → nCC + nDD (5.2)

If compounds A–D have the concentrations cA to cD, the equilibrium con-
stant is given by:

(5.3)K
c c

c ceq

c d

a b
= C D

A B

CHAPTER 5 EQUILIBRIA AND REACTIONS INVOLVING PROTONS 95

Derivation box 5.1

Relationship between the Gibbs energy and equilibrium constant

Consider the case when the pressure is constant and the reaction enthalpy is zero, so there
is no heat flow. The determinant of the reaction then must be the entropy. The Gibbs energy
is given by the mole fractions of the components (Chapter 4):

∆G = nRT(XA ln XA + XB ln XB) (db5.1)

where the mole fractions have values between 0 and 1, with the sum always equal to 1.
At the extreme point, where XA = 1 and XB = 0, the value of ∆G is 0. Likewise, ∆G is zero
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Gibbs Energy and Equilibrium
Using previous equation used to model a mixture we can define the 
variation to the Gibbs Energy of the reaction             as:

The minimum of the Gibbs energy will occur when its variation is zero and 
the reaction will neither go forwards nor backwards, because the slope is 
zero. At this equilibrium point: 

(ΔG)rec = μB − μA = μ0
B + RTln

PB

P
− μ0

A − RTln
PA

P

(ΔG)rec = μ0
B − μ0

A + RTln
PB

PA

(ΔG)rec = (ΔG)0
rec + RTln

PB

PA

(ΔG)rec = 0 = (ΔG)0
rec + RTln

PB

PA
⇒ (ΔG)0

rec = − RTln
PB

PA

Keq =
PB

PA
⇒ Keq = e− (ΔG)0rec

RTif

A → B



Equilibrium Constant
Considering a general reaction with two reactants and two products

At the equilibrium                   considering      
  

(ΔG)rec = cμC + dμD − aμA − bμB = d(μ0
D + RTlnaD) + c(μ0

C + RTlnaC)

−a(μ0
A + RTlnaA) − b(μ0

B + RTlnaB)

= (dμ0
D + cμ0

C − aμ0
A − bμ0

B)+
RT(dlnaD + cnaC − alnaA − blnaB)

aA + bB → cC + dD

(ΔG)rec = 0

Keq =
ac

Cad
D

aa
Aab

B
ai = activity = γci

This equation can be obtained using the procedure described above

(ΔG)0
rec = (dμ0

D + cμ0
C − aμ0

A − bμ0
B) and γ = 1 ⇒

(ΔG)0
rec = − RT(dlnaD + clnaC − alnaA − blnaB) = − RTln

cc
Ccd

D

ca
Acb

B
= − RTlnKeq



Acid-Base Equilibria (pKw)
Water molecule can serve as donor or acceptor of a proton. Accordingly the 
following reaction is valid

2H2O ↔ H3O+ + OH− CHAPTER 5 EQUILIBRIA AND REACTIONS INVOLVING PROTONS 101

pK = −log K (5.14)

For water, the pKW can be written as:

pKW = −log(KW) = −log(aOH−aH3O
+) = −log(aOH−) − log(aH3O

+) (5.15)

log(xy) = log x + log y

This expression can be revised by introducing two new terms, pH and
pOH:

pH = −log(aH3O
+) (5.16)

pOH = −log(aOH−)

pKW = pH + pOH

For water at 25°C, the equilibrium constant KW has a value of 1.008 × 10−14.
The pKW then has a value of 14 and the two terms pH and pOH will always
add up to 14. Since the pOH can be expressed in terms of the pH, the
concentrations are usually referenced to the pH. For example, rather than
state that the H3O

+ concentration is 10−5 M, the solution is described as
having a pH of 5. For pure water, the expression:

H2O + H2O ↔ H3O
+ + OH− (5.17)

dictates that the concentrations of H3O
+ and OH− must be the same, which

is true when the pH and pOH have values of 7:

pH + pOH = 14 (5.18)

pH = pOH =

Water is referred to as a weak acid or base since the equilibrium constant
is small and the protons can be titrated, in contrast to a strong acid or
base that has an equilibrium constant larger than one. When a weak acid,
HA, is added to water, the concentrations of ions in the solution will change
according to eqn 5.7, and the equilibrium constant KA is given by:

HA + H2O ↔ H3O
+ + A− (5.19)

Because the concentration of water is changed little by ionization, the
expression is written assuming that the water concentration is unchanged.

  
KA

[ ][ ]
[ ]

=
+ −H O A

HA
3

 

14
2

7=
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for water at 25 oC the Kw is 1.008 x 10-14 
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equilibrium reaction is often written without explicitly including the
involvement of the water molecule:

HA ↔ H+ + A− (5.8)

Water can also serve directly as an acid by donating a proton to a base, B.
Once the water molecule donates the proton, the OH−can serve as a proton
acceptor for the conjugate acid, BH+, according to the following reaction:

B + H2O ↔ BH+ + OH− (5.9)

Since water is capable of serving as both an acid and a base, two water
molecules can exchange a proton:

H2O + H2O ↔ H3O
+ + OH− (5.10)

For this reaction, the equilibrium constant, KW, can be written in terms
of the activities:

(5.11)

The reason why this expression can be reduced is that the activity is defined
such that in its standard state a substance has an activity of one. This can
be seen by writing the chemical potential of water in terms of the activity
using eqn db5.8:

µH2O
= µ0

H2O
+ RT ln aH2O

(5.12)

In this equation, the chemical potential is equal to the standard chemical
potential when the activity term is zero, or equivalently, the activity is one:

µH2O
= µ0

H2O
+ RT ln aH2O

→ RT ln aH2O
= 0; which is true when aH2O

= 1
(5.13)

ln(1) = 0 as e0 = 1

Notice that the activity of an ion is always relative to the standard state.
Typically, the standard state of a solvent is defined for the pure solvent
for which the activity is one. For a solute, the standard state is defined
at 1 molal and activity is always relative to 1 molal.

Since the energy of a reaction is related to the natural logarithm of the
equilibrium constant, the equilibrium constant is often referenced in terms
of the logarithm and is termed the pK value:

K
a a

a a
a aW = =

− +

− +
OH H O

H O H O
OH H O

3

2 2

3
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and Kw is

Since the energy of a reaction is related to the natural logarithm of the 
equilibrium constant it is convenient to calculate                     . Given this 
definition 

aH2O = 1

pK = − logK
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For water at 25°C, the equilibrium constant KW has a value of 1.008 × 10−14.
The pKW then has a value of 14 and the two terms pH and pOH will always
add up to 14. Since the pOH can be expressed in terms of the pH, the
concentrations are usually referenced to the pH. For example, rather than
state that the H3O

+ concentration is 10−5 M, the solution is described as
having a pH of 5. For pure water, the expression:

H2O + H2O ↔ H3O
+ + OH− (5.17)

dictates that the concentrations of H3O
+ and OH− must be the same, which

is true when the pH and pOH have values of 7:

pH + pOH = 14 (5.18)

pH = pOH =

Water is referred to as a weak acid or base since the equilibrium constant
is small and the protons can be titrated, in contrast to a strong acid or
base that has an equilibrium constant larger than one. When a weak acid,
HA, is added to water, the concentrations of ions in the solution will change
according to eqn 5.7, and the equilibrium constant KA is given by:

HA + H2O ↔ H3O
+ + A− (5.19)

Because the concentration of water is changed little by ionization, the
expression is written assuming that the water concentration is unchanged.

  
KA
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=
+ −H O A

HA
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Acid-Base Equilibria (pKA)
Water is referred to as a weak acid or base since the equilibrium constant is 
small and the protons. When a weak acid is added to water  

and KA is aH2O = 1

pKA = − logKA = − log
[H3O+][A−]

[HA]
= − log[H3O+] − log[A−] + log[HA]

HA + H2O ↔ A− + H3O+
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(5.23)

pK = −log K (eqn 5.14)

The dependence of pH on the concentrations of A− and HA is called the
Henderson–Hasselbach equation. This relationship allows the calculation of
the pH from the ratio of the base to acid forms of the weak acid and its
pKA. This dependence forms the basis for pH buffers, as described below.

The stoichiometric point is when enough strong base has been added
to convert all of the weak acid HA to the conjugate weak-base form A−.
Since it now behaves as a base, the pH dependence is altered. At this point,
A− may pick up a proton from the water, and the equilibrium constant
KB can be expressed in terms of KA using eqn 5.21:

A− + H2O ↔ HA + OH − (5.24)

Assuming that the concentration of HA approximately matches the amount
of OH− allows this equation to be rewritten as:

[HA] ≈[OH −] (5.25)

Now, inserting the definitions of pKW, pKA, and pH (eqns 5.14–5.16) yields:

(5.26)

log KW − log KA = −log[A−] + log K2
W − log[H3O

+]2

−pKW + pKA = −log[A−] − 2pKW + 2pH or
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thus:

[H3O+] = [A−]

⇒ pH =
1
2

pKA −
1
2

log[HA]

pKA = − 2log[H3O+] + log[HA] = 2pH + log[HA] when



Titration curve
Using the previous equation we can plot the titration curve which represent 
the variation of pH at different volumes of strong acid or base

pH =
1
2

pKA −
1
2

log[HA]

pH = pKA + log
[A−]
[HA]

which is equivalent to

Half-way to the stoichiometry 

[HA] = [A−]pH = pKA when
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Since the starting material is only the weak acid HA and water, there must
be a balance between the number of ions:

[H3O
+] = [A−] (5.20)

so eqn 5.19 can be written as:

(5.21)

Using the definitions of eqns 5.14 and 5.16 yields:

log(KA) = 2 log[H3O
+] − log[HA] (5.22)

pKA = 2pH + log[HA] or

Thus, the pH can be calculated with a certain amount of a weak acid,
provided the weak acid is a significantly stronger acid than water. 

To titrate the proton in a weak acid 
or base, a strong acid or base is added.
For example, as a strong base is added
to a weak acid, the proton on the 
acid will be transferred from the acid
to the base, with the location of the 
proton at any given point determined 
by the concentration of the added base
(Figure 5.4). The shape of the depend-
ence of the pH on the amount of 
the added base can be understood by
examining two points of the titration
curve.

The addition of the strong acid will
stoichiometrically convert the weak
acid to its conjugate base following
eqn 5.19. The pH at any given point
can be determined by revising this
dependence in terms of the pKA and 
pH values:

log log log log log
x

y
x y n x y

n
n= − = −

  
pH p HAlog[ ]= −1

2
1
2

KA

  
KA

[ ]
[ ]

=
+H O

HA
3

2

pH ! pKW ! log B"

pH ! 1/2pKA #  1/2pKW #   1/2log S   

pH ! 1/2pKA $  1/2log A0  

pH ! pKA $  log (A"/S)

7

pKa

0

pH

Half-way to the
stoichiometric

point

Stoichiometric
point

Volume of
titrant

Figure 5.4 The
titration curve for
removing a proton
from a weak acid 
as a strong base 
is added.
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Stoichiometry Point
The stoichiometric point is when enough strong base has been added to 
convert all of the weak acid HA to the conjugate weak-base form A−. 
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[HA] = [A−]pH = pKA

A− + H2O ↔ HA + OH−
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(5.23)

pK = −log K (eqn 5.14)

The dependence of pH on the concentrations of A− and HA is called the
Henderson–Hasselbach equation. This relationship allows the calculation of
the pH from the ratio of the base to acid forms of the weak acid and its
pKA. This dependence forms the basis for pH buffers, as described below.

The stoichiometric point is when enough strong base has been added
to convert all of the weak acid HA to the conjugate weak-base form A−.
Since it now behaves as a base, the pH dependence is altered. At this point,
A− may pick up a proton from the water, and the equilibrium constant
KB can be expressed in terms of KA using eqn 5.21:

A− + H2O ↔ HA + OH − (5.24)

Assuming that the concentration of HA approximately matches the amount
of OH− allows this equation to be rewritten as:

[HA] ≈[OH −] (5.25)

Now, inserting the definitions of pKW, pKA, and pH (eqns 5.14–5.16) yields:

(5.26)

log KW − log KA = −log[A−] + log K2
W − log[H3O

+]2

−pKW + pKA = −log[A−] − 2pKW + 2pH or
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(5.23)

pK = −log K (eqn 5.14)

The dependence of pH on the concentrations of A− and HA is called the
Henderson–Hasselbach equation. This relationship allows the calculation of
the pH from the ratio of the base to acid forms of the weak acid and its
pKA. This dependence forms the basis for pH buffers, as described below.

The stoichiometric point is when enough strong base has been added
to convert all of the weak acid HA to the conjugate weak-base form A−.
Since it now behaves as a base, the pH dependence is altered. At this point,
A− may pick up a proton from the water, and the equilibrium constant
KB can be expressed in terms of KA using eqn 5.21:

A− + H2O ↔ HA + OH − (5.24)

Assuming that the concentration of HA approximately matches the amount
of OH− allows this equation to be rewritten as:

[HA] ≈[OH −] (5.25)

Now, inserting the definitions of pKW, pKA, and pH (eqns 5.14–5.16) yields:

(5.26)

log KW − log KA = −log[A−] + log K2
W − log[H3O
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(5.23)

pK = −log K (eqn 5.14)

The dependence of pH on the concentrations of A− and HA is called the
Henderson–Hasselbach equation. This relationship allows the calculation of
the pH from the ratio of the base to acid forms of the weak acid and its
pKA. This dependence forms the basis for pH buffers, as described below.

The stoichiometric point is when enough strong base has been added
to convert all of the weak acid HA to the conjugate weak-base form A−.
Since it now behaves as a base, the pH dependence is altered. At this point,
A− may pick up a proton from the water, and the equilibrium constant
KB can be expressed in terms of KA using eqn 5.21:

A− + H2O ↔ HA + OH − (5.24)

Assuming that the concentration of HA approximately matches the amount
of OH− allows this equation to be rewritten as:

[HA] ≈[OH −] (5.25)

Now, inserting the definitions of pKW, pKA, and pH (eqns 5.14–5.16) yields:

(5.26)
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(5.23)

pK = −log K (eqn 5.14)

The dependence of pH on the concentrations of A− and HA is called the
Henderson–Hasselbach equation. This relationship allows the calculation of
the pH from the ratio of the base to acid forms of the weak acid and its
pKA. This dependence forms the basis for pH buffers, as described below.

The stoichiometric point is when enough strong base has been added
to convert all of the weak acid HA to the conjugate weak-base form A−.
Since it now behaves as a base, the pH dependence is altered. At this point,
A− may pick up a proton from the water, and the equilibrium constant
KB can be expressed in terms of KA using eqn 5.21:

A− + H2O ↔ HA + OH − (5.24)

Assuming that the concentration of HA approximately matches the amount
of OH− allows this equation to be rewritten as:

[HA] ≈[OH −] (5.25)

Now, inserting the definitions of pKW, pKA, and pH (eqns 5.14–5.16) yields:

(5.26)
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(5.23)

pK = −log K (eqn 5.14)

The dependence of pH on the concentrations of A− and HA is called the
Henderson–Hasselbach equation. This relationship allows the calculation of
the pH from the ratio of the base to acid forms of the weak acid and its
pKA. This dependence forms the basis for pH buffers, as described below.

The stoichiometric point is when enough strong base has been added
to convert all of the weak acid HA to the conjugate weak-base form A−.
Since it now behaves as a base, the pH dependence is altered. At this point,
A− may pick up a proton from the water, and the equilibrium constant
KB can be expressed in terms of KA using eqn 5.21:

A− + H2O ↔ HA + OH − (5.24)

Assuming that the concentration of HA approximately matches the amount
of OH− allows this equation to be rewritten as:

[HA] ≈[OH −] (5.25)

Now, inserting the definitions of pKW, pKA, and pH (eqns 5.14–5.16) yields:

(5.26)
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Amino Acids
When an amino acid is dissolved in water, it can exchange a proton with 
water, acting as either a weak base or a weak acid 

[HA] = [A−]pH = pKA

NH+
3 ↔ NH2 + H+

COO− ↔ COOH

PROTONATION STATES OF AMINO ACID RESIDUES

When an amino acid is dissolved in water, it can exchange a
proton with water, acting as either a weak base or a weak
acid (Figure 5.5). The amino acid acts as a weak acid when
the protonation state of the N-terminus changes:

NH+
3 ↔ NH2 + H+ (5.32)

Or, it acts as a weak base when the C-terminus changes protonation state:

COO−↔ COOH (5.33)

Thus, there are at least two pKA values, of around 2.35 and 9.60, associated
with every amino acid. For an amino acid that is part of a polypeptide
chain, the carboxyl and amino groups do not undergo changes in pro-
tonation state because they have formed the peptide bond. In a protein,
only the side chains of the amino acids can change protonation with pH
(except for the N- and C-termini of the chain). Of the 20 common amino
acid residues, only seven have side chains that can be protonated, and the
pKA values range from 4.0 to 12 (Table 5.1). For
example, the imidazole group of histidine has a
pKA of 6.5–7.5 and is charged when the pH is less
than the pKA (Figure 5.6).

In proteins, the pKA values may shift dramat-
ically compared to those seen for the isolated
amino acids in solution. If an amino acid residue
is buried inside of a protein in a very hydro-
phobic pocket, then the pKA will shift to avoid 
the presence of a buried charge. For example, 
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Figure 5.5 The
nonionic and
zwitterionic forms 
of amino acids.

Table 5.1
Typical pKA values of the protonatable amino acid residues.

Amino acid residue pKA of side chain

Aspartic acid 4.0–5.0
Glutamic acid 4.0–5.0
Histidine 6.5–7.5
Cysteine 8.5–9.0
Tyrosine 9.5–10.5
Lysine 10–10.5
Arginine 12
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CH ! H!

!

N

H
N

Figure 5.6 For
amino acids in a
polypeptide chain,
only the side chains
can undergo
protonation changes,
as shown for
histidine.
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Figure 5.5 The
nonionic and
zwitterionic forms 
of amino acids.

Table 5.1
Typical pKA values of the protonatable amino acid residues.

Amino acid residue pKA of side chain

Aspartic acid 4.0–5.0
Glutamic acid 4.0–5.0
Histidine 6.5–7.5
Cysteine 8.5–9.0
Tyrosine 9.5–10.5
Lysine 10–10.5
Arginine 12
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Figure 5.6 For
amino acids in a
polypeptide chain,
only the side chains
can undergo
protonation changes,
as shown for
histidine.
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