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CHAPTER 11
Introduction

Stability of pharmaceutical products refers to the capacity of the
product or a given drug substance to remain within established specifi-
cations of identity, potency, and purity during a specified time period.
Drug stability can be divided into three categories: chemical stability,
physical stability, and microbial stability (Table 1.1). Drug degrada-
tion can also be classified according to the environment created by the
drug product (Table 1.2). The drug formulation can strongly influence
the rate and mechanism of drug degradation. In general, drugs degrade
at much faster rates in solution than in their solid states, and much
faster in aqueous solutions than in no aqueous solutions. Besides moni-
toring the loss of the active pharmaceutical ingredient (API), (i.e., the
drug), stability testing of a finished drug product may involve monitor-
ing: formation of degradation products, changes in drug disintegration
and dissolution, loss of package integrity, and microbial contamina-
tion. During stability testing of the finished drug product, the appear-
ance of the product and its package will also be monitored. Stability
testing provides evidence of how the quality of a finished drug product,
API, or pharmaceutical excipient varies with time under the influence
of a variety of environmental factors such as temperature, humidity,
pH, and light. It can also provide evidence of how transportation,
package materials, pharmaceutical excipients, and microbes affect the
product. Stability testing of a finished drug product is performed under
the guidelines of the European Medicines Agency (EMA), Food and
Drug Administration (FDA), or some other authoritative organization.
Shelf-life is the length of time the finished drug product will last with-
out deteriorating. Frequently, shelf-life is defined as the time for the
original potency (i.e., 100%) of the active drug to be reduced to 95%
(t95) or, more frequently, 90% (t90), although more stringent time limits
may apply if the degradation products are toxic. Besides chemical deg-
radation of the active ingredient, the shelf-life can be limited by the
physical stability of the drug products, such as changes in the drug
crystal form or changes in the appearance of the drug product.
Stability testing will provide information on the recommended storage



conditions, degradation products, and shelf-life of the drug product.
The term expiration date (or expiry date) is sometimes defined as the
date up until which the manufacturer guarantees the full safety and
potency of the drug product. The expiration date may be set as a fixed
time after product manufacturing, after dispensing of the product (e.g.,
oral antibiotic mixtures), or after opening the drug container (e.g., eye
drops). Thus, the expiration date of a given drug product may differ
from its shelf-life.

In chemistry, an ideal solution is defined as a solution whose activity
coefficients are equal to unity. In such solutions, the interaction
between molecules does not differ from the interactions between mole-
cules of each component. In other words, an ideal solution is a solution

Table 1.2 Classification of Drug Degradation According to the
Drug Product Form
Form Description Examples

Solution One liquid phase Parenteral solutions

Hydrogels

Ointments

Suspension One solid and one liquid phase Oral suspensions

Eye drop suspensions

Emulsion Two liquid phases Creams

Solid oral dosage form One or more solid phases Tablets, capsules

Table 1.1 The Three Main Categories of Drug Stability and Some Examples of
Degradation Mechanisms

Category Description Examples

Chemical stability Breakage or formation of covalent bonds resulting in,
for example, loss of potency.

Ester hydrolysis

Amide hydrolysis

Lactam hydrolysis

Oxidation

Physical stability No breakage or formation of covalent bonds. Such
changes can lead to changes in drug solubility or
changes in the appearance of the drug product.

Crystallization of
amorphous drugs

Changes in crystal forms

Loss of crystal water

Microbial stability Microbial contamination Aqueous eye drop
solutions

Parenteral solutions
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that conforms exactly to Raoult’s law. It shows no internal energy
change on mixing and no attractive force between components.
Pharmaceutical products are never ideal solutions and, thus, their
physicochemical behavior can deviate from common theoretical equa-
tions and display unexpected behavior. Although various preformula-
tion studies can be performed in dilute aqueous drug solutions, the
final stability evaluations and shelf-life predictions have to be based on
studies of the final pharmaceutical product.

Although drug degradation in the solid state is, in general, treated
as a special case, it frequently follows the same degradation mechan-
isms as drug degradation in concentrated aqueous solutions. In such
cases, the drug degradation rate may be proportional to the amount of
water absorbed into the product.

3Introduction



CHAPTER 22
Principles of Drug Degradation

The rate of reaction may be defined as the rate of concentration
changes of the reactants or products:

a �A1 b � B-P (2.1)

where a and b represent number of molecules, A and B the reactants,
and P the product. The rate is expressed as 2d[A]/dt, 2d[B]/dt, and
d[P]/dt, where t is the time and [A], [B], and [P] represent concentra-
tions. The minus sign indicates a decrease in concentration. The rate
has units of concentration divided by time (i.e., M s21, M h21, or
mg ml21 h21). The order of reaction is the sum of a and b (i.e., the
number of molecules participating in the reaction). For example,
hydrolysis of methyl salicylate in aqueous solution follows the chemi-
cal equation:

OH

OCH3

O

OH

OH

O

+ H2O CH3OH+
(2:2Þ

where methyl salicylate and water are the reactants and salicylic
acid and methanol the products. The reaction is first order with
respect to methyl salicylate and first order with respect to water,
but overall the reaction is second order. A reaction involving only
one reactant molecule is called unimolecular; a reaction involving
two molecules is called bimolecular; and a reaction involving three
molecules is called termolecular. Radioactive decay, in which parti-
cles are emitted from an atom, is an example of a unimolecular
reaction. Bimolecular reactions, in which two molecules react to
form product(s), are very common chemical reactions. Ester hydro-
lysis, shown in Eq. 2.2, is an example of bimolecular reaction.
Termolecular reactions, in which three molecules collide simulta-
neously to react, are rare.



2.1 ZERO-ORDER REACTIONS

A zero-order reaction is a reaction in which rate is independent of the
reactant concentration:

2
d½A�
dt

5 k0 (2.3)

where k0 is the rate constant for the zero-order reaction. Although
“pure” zero-order reactions are rather uncommon, apparent (or pseudo)
zero-order reactions are frequently observed in pharmaceutical pro-
ducts, such as drug suspensions. Under these conditions, the drug deg-
radation follows first-order kinetics, but the solid drug present in the
suspension dissolves and maintains the concentration of dissolved drug
([A]) constant:

2
d½A�
dt

5 k1 A½ �5 k0 (2.4)

where k1 is the first-order rate constant and [A] is the concentration of
dissolved drug. Rearrangement of Eq. 2.3 gives Eq. 2.5:

½A�5 ½A�02 k0t (2.5)

where [A]0 is the total drug concentration at time zero. The rate
constant is obtained by plotting the change in [A] over time
(Fig. 2.1).

Slope = –k0

[A]0[A]

Time

Figure 2.1 Zero-order plot of [A] versus time. [A]0 is the y-intercept.

6 Drug Stability for Pharmaceutical Scientists



The half-life (t1/2) of the reaction is the time required for the total
drug concentration to fall to half of its value as measured at the begin-
ning of the time period (i.e., [A]0 to 1/2[A]0), and the shelf-life (t90 or t95)
is the time required for the total drug concentration to fall to 90% or
95% of its initial value.

t1=25
0:50½A�0

k0
(2.6)

t905
0:10½A�0

k0
(2.7)

t955
0:05½A�0

k0
(2.8)

Thus, both the half-life and the shelf-life of zero-order reactions
depend on the initial drug concentration.

2.2 FIRST-ORDER REACTIONS

The rate of a first-order reaction is directly proportional to a single
reactant concentration:

A-P (2.9)

2
d½A�
dt

5 k1 A½ � (2.10)

where k1 is the first-order rate constant and [A] is the reactant (i.e.,
drug) concentration. The rate of drug disappearance is equal to the
rate of product formation (Fig. 2.2):

2
d½A�
dt

5
d½P�
dt

5 k1 A½ � (2.11)

where [A]5 [P] at t1/2. Rearrangement of Eq. 2.10 and integration from
t5 0 ([A]0) to time t ([A]) gives:

2
d½A�
½A� 5 k1dt (2.12)

2

ð½A�
½A�0

d½A�
½A� 5

ðt
0

k1dt (2.13)
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½A�5 ½A�0e2k1t (2.14)

ln½A�5 ln½A�02 k1t (2.15)

Eq. 2.15 describes a linear plot (Fig. 2.3).

Eq. 2.15 can also be written as:

log½A�5 log½A�02 k1t=2:303 (2.16)

where ln[A]5 2.303log[A]. The common logarithm (log) is based on 10
(also called the decimal logarithm) and is generally used in older text-
books, as well as by some drug regulatory authorities, to describe drug
degradation kinetics. However, in this book we mainly use the natural

Slope = –k1

In[A]0
In[A]

Time

Figure 2.3 First-order plot of ln[A] versus time. ln[A]0 is the y-intercept.

[A] [P]

C
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ce
nt

ra
tio

n

Timet½

Figure 2.2 Plot of [A] and [P] versus time.
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logarithm (ln) that is based on e (52.7183. . .) avoiding the conversion
factor of 2.303.

For first-order reactions t1/2, t90, and t95 are independent of the initial
drug concentration. For example, according to Eq. 2.15 t1/2 (the time it
takes [A]0 to reach 1/2[A]0) can be calculated as follows:

lnð1/2 ½A�0Þ5 ln½A�0 2 k1t1/2 (2.17)

Rearranging Eq. 2.17 gives:

t1=25
ln2

k1
5

0:693

k1
(2.18)

Likewise, the following equations for t90 and t95 can be obtained:

t905
0:105

k1
(2.19)

t955
0:0513

k1
(2.20)

Example 2.1: Hydrolysis of homatropine in aqueous solution
Homatropine is an ester that undergoes hydrolysis in aqueous solutions
[1]. Samples were collected and the homatropine concentration at vari-
ous time points calculated:

Time (h) [Homatropine] (M) ln[Homatropine]

1.4 0.026 23.650

3.0 0.024 23.730

6.0 0.021 23.863

9.0 0.018 24.017

12 0.015 24.200

17 0.012 24.423

Slope = –k1= –0.0502 h–1

In[Homatropine]0 = –3.575

In
[H

om
at

ro
pi

ne
]

Time (h)
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The following values can then be calculated from the graph:

The initial homatropine concentration5 e23.5755 0.028 M

The first-order rate constant5 k15 5.053 1022 h21

The half-life5 t1=25
ln2

k1
5

0:693

5:053 1022 h21
5 13:7 h

The shelf-life5 t90 5
0:105

k1
5

0:105

5:053 1022 h21
5 2:1 h

Example 2.2: Hydrolysis of amoxicillin in aqueous drug suspension
Amoxicillin (MW 365.4 g/mol) is a β-lactam antibiotic that undergoes
hydrolysis in aqueous solutions [2]. Due to its instability, aqueous
amoxicillin mixtures are prepared in the pharmacy just before dispens-
ing by suspending drug granules in purified water. At pH 6.0 and
25�C, the value of the first-order rate constant (k1) is 1.263 1023 h21.
Under these conditions, the solubility of amoxicillin is 3.4 mg/ml
(53.4 g/l). What is the shelf-life (t90) of an amoxicillin mixture that
contains 50 mg/ml of amoxicillin in an aqueous suspension?

Answer:

In a suspension, the amoxicillin degradation follows apparent zero-order
kinetics (Eq. 2.4) in which [Amox] is constant and equal to the amoxicillin
solubility 3.4 mg/ml. The zero-order rate constant is calculated as follows:

2
d½Amox�

dt
5 k1 Amox½ �5 k0 5 1:263 1023h21 3:4 g=l

365:4 g=mol

5 1:173 1025 mol

liter�h
The initial amoxicillin concentration in the suspension:

½A�05
50 g=l

365:4 g=mol
5 0:1368 mol=l

The solid amoxicillin in the suspension is essentially stable in com-
parison to dissolved amoxicillin and, thus, amoxicillin degradation in
the solid state can be ignored. t90 is defined as the time for the original
potency of the active drug to be reduced to 90% (i.e., from 0.1368 to
0.1232 mol/liter) (Eq. 2.7):

t905
0:10 ½A�0

k0
5

0:10 � 0:1368 mol=liter

1:173 1025 mol
liter�h

5 1169 h5 49 days
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If all amoxicillin is in solution, then t90 will be independent of
[Amox]0 (Eq. 2.19):

t905
0:105

k1
5

0:105

1:263 1023 h21
5 83 h5 3:5 days

Thus, formulating amoxicillin as an aqueous suspension instead of
an aqueous solution increases t90 from 3.5 to 49 days. The expiration
date after forming an amoxicillin mixture is frequently 14 days. Small
changes in pH and temperature can have significant affect on the
shelf-life. For example, an increase in pH from 6.0 to 7.0 can result in
a 10 fold decrease in the shelf-life, or from 49 days to 4.9 days. The
shelf-life will increase if we lower the temperature from room tempera-
ture (about 25�C) to refrigerator termperature (about 5�C). Thus, due
to variable storage conditions, the expiration date is often much short-
er than the shelf-life at a given storage condition.

The half-life of amoxicillin in the mixture at pH 6.0 and 25�C is
(Eq. 2.6):

t1=25
0:50½Amox�0

k0
5

0:50 � 0:1368 mol=liter

1:173 1025 mol
liter�h

5 5:83 103 h5 240 days

Example 2.3: Calculation of a first-order rate constant
from peak heights
Since rates of first-order drug degradations are independent of the
actual drug concentration in the reaction media, the actual drug con-
centration does not need to be known for the calculation of constants.
For example, an anticancer drug was dissolved in pure water at 80�C
and the amount of drug in the aqueous solution determined at various
time points by injecting samples into HPLC is:

Time (min) Peak Height (cm)

10 13.87

20 11.59

30 9.58

40 8.00

60 5.53

80 3.78

Calculate the observed rate constant (kobs) and the shelf-life (t90).

11Principles of Drug Degradation



Answer:

The peak height (PH) is proportional to the actual drug concentration
in the aqueous solution or (PH)3 constant5 [A]. Substitution into
Eq. 2.15 gives:

lnððPHÞ3 constantÞ5 lnððPHÞ03 constantÞ2 k1t or

lnðPHÞ1 lnðconstantÞ5 lnðPHÞ0 1 lnðconstantÞ2 k1t

Deleting ln(constant) gives

lnðPHÞ5 lnðPHÞ0 2 k1t

Plotting this equation gives:

Time (min) PH (cm) ln(PH)

10 13.87 2.63

20 11.59 2.45

30 9.58 2.26

40 8.00 2.08

60 5.53 1.71

80 3.78 1.33

Slope = –kobs = –0.01856 min–1

Correlation = 1.000

Intercept = In(PH)0 = 2.819
In(PH)

Time (min)

kobs5 1:86 � 1022 min21 t905
0:105

kobs
5 5:7 min
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2.3 SECOND-ORDER REACTIONS

The rate of a second-order reaction is proportional to the concentra-
tion of two reactants:

A1B-P (2.21)

2
d½A�
dt

52
d½B�
dt

5 k2 A½ � B½ � (2.22)

where k2 is the second-order rate constant and [A] and [B] are the reac-
tant concentrations.

2

ð½A�
½A�0

d½A�
½A�½B� 5

ðt
0

k2dt (2.23)

Integration of Eq. 2.23 gives:

1

½A�0 2 ½B�0
� ln
½B�0½A�
½A�0½B�

� �
5 k2t (2.24)

Eq. 2.24 can be rearranged to:

1

tð½A�0 2 ½B�0Þ
� ln
½B�0½A�
½A�0½B�

� �
5 k2 (2.25)

A simpler form of second-order reaction is obtained if [A]5 [B] or
if two molecules of A react:

2
d½A�
dt

5 k2½A�2 (2.26)

2
d½A�
½A�2 5 k2dt (2.27)

2

ð½A�
½A�0

d½A�
½A�2 5

ðt
0

k2dt (2.28)

1

½A� 2
1

½A�0
5 k2t (2.29)

t5
1

k2

1

½A� 2
1

½A�0

� �
(2.30)

13Principles of Drug Degradation



According to 2.30 the half-life is:

t1=25
1

k2½A�0
(2.31)

Example 2.4: Hydrolysis of an ester under alkaline conditions
Ethyl acetate undergoes hydrolysis in aqueous alkaline solutions con-
taining equal concentrations of both the ester and sodium hydroxide
or 0.020 M [3]. Samples were collected and the ethyl acetate concentra-
tion was determined at two time points:

H3C H3C
C

O

H2
C

CH3

O

+ OH– C
O–

H2
C

CH3

O

+ HO

The initial concentrations of both reactants are the same and, thus,
Eq. 2.30 can be used to calculate the second-order rate constant.

Time (min) [ethyl acetate] (M) 1

½A� 2
1

½A�0
0 0.020 2

20 0.011 40.91

40 0.007 92.86

T
im

e 
(m

in
)

Slope = 1/k2
= 0.385 M min

t =
1

[A]
1
k2

1
[A]0

–

1
[A]

1
[A]0

–

1

k2
5 0:385 M min.k2 5 2:60 M21 min21
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Since the initial concentrations of both the ester and the sodium hydroxide
are identical, Eq. 2.31 can be used to calculate the half-life:

t1=25
1

k2½A�0
5

1

2:60 M21 min21 � 0:020 M
5 19:2 min

2.4 THIRD-ORDER REACTIONS

An example of a third-order reaction is the acid catalyzed hydrolysis
of an ester:

H3C
C

O
CH3

O

+ H2O
H3C

C
OH

CH3

O

+ HOH+

2
d½Ester�

dt
5 k3 Ester½ � H1

� �
H2O½ � (2.32)

However, since in aqueous solutions the water concentration is
essentially constant ([H2O]5 55.55 M), the product of k3 and [H2O] is
also constant and equal to k2 (i.e., the second-order rate constant):

2
d½Ester�

dt
5 k3 Ester½ � H1

� �
H2O½ �5 k2 Ester½ � H1

� �
(2.33)

Here k2 is the apparent (or pseudo) second-order rate constant for
the ester hydrolysis.

2.5 DETERMINATION OF THE ORDER OF A REACTION

The best way to determine the order of a reaction is to plot the data
according to the equation for zero-order (Eq. 2.5), first-order
(Eq. 2.15), or second-order (Eq. 2.30) reactions:

Time

[Drug]

Zero-order:

Time

In[Drug]

First-order:

Time

Second-order:

1
[A]0

–
1

[A]
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If a linear zero-order plot is obtained, then the reaction follows
zero-order kinetics. If a nonlinear plot is observed, then replot the
data according to a first-order equation. If a linear plot is observed,
then the reaction is first-order; if not, then try a second-order plot, and
so on.

The half-life method can also be used to determine the order of a
reaction. From Eqs. 2.6, 2.18, and 2.31 it can be seen that:

t1=2 ~
1

ð½A�0Þn21
n 6¼ 1 (2.34)

where [A]0 is the initial reactant (drug) concentration and n is the reac-
tion order. Eq. 2.35 and 2.36 are based on Eq. 2.34. In Eq. 2.35, t1/2 is
determined at two different [A]0 values:

n5

log
t1
1=2

t2
1=2

� �

log
½A�20
½A�10

� 	 1 1 (2.35)

In Eq. 2.36, t1/2 is determined at several different [A]0 values and n is
determined from a linear plot of the results (Fig. 2.4):

logt1=25 log
2n21 2 1

kðn2 1Þ

� �
1 ð12 nÞ log½A�0 (2.36)

Slope = (1 – n)

logt½

log[A]0

Figure 2.4 Half-life plot for reaction order determination.
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2.6 COMPLEX REACTIONS

Frequently, drug degradation does not follow a simple zero-, first-, or
second-order kinetics, but follows a reversible reaction mechanism, fol-
lowing two or more degradation pathways or degrading to form sev-
eral consecutive products. Under such conditions, the reaction cannot
be described by a simple one-term mathematical equation and, conse-
quently, is known as a complex reaction. Each mechanism is a special
case and, thus, no general method can be applied to solve complex
reactions. However, examples from the three main categories of com-
plex reactions (i.e., reversible, parallel, and consecutive reactions) will
be presented.

2.6.1 Reversible Reactions
The simplest reversible reaction is one in which the reaction proceeds
via first-order kinetics in both directions:

A���!kf ��������
kr

B (2.37)

2
d½A�
dt

5
d½B�
dt

5 kf A½ �2 kr B½ � (2.38)

where kf and kr represent the first-order rate constants for the forward
and the reverse reactions, respectively. Due to the two variables ([A]
and [B]) as well as the variable t, it is not possible to integrate Eq. 2.38
directly. It can, however, be seen that:

At t5 0: ½A�5 ½A�0 6¼ 0 and ½B�5 ½B�0 5 0

At t5 t: ½A�5 ½A� and ½B�5 ½A�0 2 ½A�
At t5-N: ½A�5 ½A�eq and ½B�5 ½B�eq

Thus Eq. 2.38 can be rearranged:

2
d½A�
dt

5 kf A½ �2 kr B½ �5 kf A½ �2 krð½A�0 2 A½ �Þ5 ðkf 1 krÞ A½ �2 kr½A�0
(2.39)

Rearranging this equation and integration gives:

2

ð½A�
½A�0

d½A�
ðkf 1 krÞ½A�2 kr½A�0

5

ðt
0

dt (2.40)

17Principles of Drug Degradation



ln½ðkf 1 krÞ � ½A�2 kr½A�0�2 ln½kf ½A�0�52ðkf 1 krÞ � t (2.41)

ðkf 1 krÞ½A�2 kr½A�0
kf ½A�0

5 e2ðkf1krÞ�t (2.42)

A½ �5 ½A�0ðkr 1 kfe
2ðkf1krÞ�tÞ

ðkf 1 krÞ
(2.43)

If kf, kr, and [A]0 are known, then [A] can be calculated for any time
point after initiation of the reaction. At equilibrium (i.e., when t-N)
then:

2
d½A�
dt

5 kf ½A�eq2 kr½B�eq-0 (2.44)

kf ½A�eq 5 kr½B�eq (2.45)

At t5N

kf ½A�eq5 kr½A�02 kr½A�eq (2.46)

and

kr

kf 1 kr
½A�0 5 ½A�eq (2.47)

kf

kf 1 kr
½A�0 5 ½B�eq5 ½A�02 ½A�eq (2.48)

Rearrangement of Eq. 2.41 gives:

ln
kf ½A�0

ðkf 1 krÞ½A�2 kr½A�0

� �
5 ðkf 1 krÞ � t (2.49)

Eqs. 2.47 and 2.49 give Eq. 2.50:

ln
kf ½A�0

ðkf 1 krÞð½A�2 ½A�eqÞ

" #
5 ðkf 1 krÞ � t (2.50)

Eqs. 2.48 and 2.50 give Eq. 2.51:

ln
½A�0 2 ½A�eq
½A�2 ½A�eq

" #
5 ðkf 1 krÞ � t (2.51)
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Rearrangement of Eq. 2.51 gives:

t5
1

ðkf 1 krÞ
ln
½A�02 ½A�eq
½A�2 ½A�eq

(2.52)

From Eq. 2.45 it can be seen that:

K5
½B�eq
½A�eq

5
kf

kr
(2.53)

where K is the equilibrium constant for the equation. Eqs. 2.52 and
2.53 describe a simple first-order equilibrium that is commonly
observed during drug racemization when A and B are mirror images
of each other. Under such conditions, K is equal to unity
(kf5 kr.K5 1). However, when A and B are not mirror images
(e.g., epimerization), then kf and kr are not equal and, consequently, K
is not equal to unity.

Eqs. 2.54 and 2.55 describe an equilibrium reaction in which the
forward reaction is second-order and the reverse reaction is first-
order:

A1B���!kf ��������
kr

C (2.54)

2
d½A�
dt

5 kf A½ � B½ �2 kr C½ � (2.55)

Second-order reversible reactions are more complicated to solve
and, thus, second-order reactions are frequently run under apparent
first-order conditions in which, for example, the concentration of B in
Eq. 2.54 is fixed ([B]5 constant).

Example 2.5: Epimerization of tetracycline
Tetracyclines have several asymmetric carbon atoms. In aqueous solu-
tions, tetracyclines can undergo reversible isomerization in which the
three-dimensional structure of one of the asymmetric carbons is chan-
ged to form 4-epi-tetracycline. Epi-tetracyclines have less antibacterial
activity than the corresponding tetracyclines.
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OH O OH O

CONH2

OH

NHHO CH3

H H OH

CH3

CH3

OH O OH O

CONH2

OH

NHHO CH3

H H OH

CH3

CH3

kf

kr

Tetracycline 4-epi-Tetracycline

The degradation of tetracycline in aqueous solution at elevated tem-
perature was monitored and the concentrations of both tetracycline
and epi-tetracycline were determined [4]:

66%

34%

Time

[Tetracycline]

[epi-Tetracycline]C
on

ce
nt

ra
tio

n

Notice that at equilibrium, tetracycline is 34% of the initial concen-
tration and epi-tetracycline is 68%. The results were then plotted
according to Eq. 2.52:

T
im

e

Slope = = 40 min
1

kf + kr

In
[A]0 – [A]eq

[A] – [A]eq
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From the slope it can be calculated that kf1 kr5 2.503
1022 min21. From the equilibrium concentrations and Eq. 2.53, it can
be calculated that:

K5
½epi-Tet�eq
½Tet�eq

5
66

34
5 1:9415

kf

kf
(2.56)

kf 5 1:9413 kr (2.57)

kf 1 kr5 2:503 1022 min21 (2.58)

Combining Eqs. 2.57 and 2.58 gives:

kr 5 8:503 1023 min21 and kf 5 1:653 1022 min21

2.6.2 Parallel Reactions
Sometimes, drug degradations follow two or more pathways. For two
parallel reactions:

(2:59Þ

2
d½X�
dt

5
d½A�
dt

1
d½B�
dt

5 kA X½ �1 kB X½ �5 ðkA1 kBÞ X½ �5 kexp X½ � (2.60)

The experimental rate constant for the disappearance of X is kexp.
The relative values of kA and kB are determined by the relative amount
of A and B formed during the degradation:

kA5 kexp
½A�

½A�1 ½B� (2.61)

kB5 kexp
½B�

½A�1 ½B� (2.62)
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For three parallel reactions, the following equations are obtained:

(2:63Þ

2
d½X�
dt

5 kA X½ �1 kB X½ �1 kC X½ �5 ðkA1 kB1 kCÞ X½ �5 kexp X½ � (2.64)

kA5 kexp
½A�

½A�1 ½B�1 ½C� (2.65)

and so on. The ratio of the individual rate constants determines the
ratio of the products formed: kA:kB:kC5 [A]:[B]:[C].

Example 2.6: Degradation of pilocarpine
In aqueous solutions pilocarpine undergoes simultaneous epimeriza-
tion and hydrolysis in which the initial degradation pathways are
[5,6]:

CH2

N

N

O

C2H5
H H

O
CH3

CH2

N

N

O

H
C2H5

H

O
CH3

CH2

N

N

OH

O–

C2H5

H

H
O

CH3

kH kE
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where pilocarpine acid and epi-pilocarpine are being formed. At pH 10
and 25�C, the following rate constant was obtained when the concen-
tration of pilocarpine was followed over time:

In
[P

ilo
ca

rp
in

e]

In[Pilocarpine]0

Slope = –kexp = 7.00 × 10–2h–1

Time

2
d½Pilocarpine�

dt
5 kA Pilocarpine½ �1 kB Pilocarpine½ �5 kexp Pilocarpine½ �
5 7:003 1022 h21 Pilocarpine½ �

Analysis of the degradation products showed that the pilocarpine
acid:epi-pilocarpine molar ratio was 8:2 or, in other words, that the
acid was 80% of the product and the epimer was 20%:

½Pilocarpine acid�
½Pilocarpine acid�1 ½epi-Pilocarpine� 5 0:80

kH5 kexp � 0:805 7:003 1022 � 0:805 5:63 1022 h21

kE5 kexp � 0:205 7:003 1022 � 0:205 1:43 1022 h21

2.6.3 Consecutive Reactions
Consecutive reactions, in which an intermediate is formed and then
degraded, are fairly common in organic chemistry. The simplest form
of consecutive reactions consists of two first-order consecutive
reactions:

A���!kA B���!kB C (2.66)
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2
d½A�
dt

5 kA A½ � (2.10)

d½B�
dt

5 kA A½ �2 kB B½ � (2.67)

d½C�
dt

5 kB B½ � (2.68)

Integration of Eq. 2.10 gives:

½A�5 ½A�0e2kAt (2.14)

Combining Eqs. 2.67 and 2.14 gives:

d½B�
dt

5 kA½A�0e2kAt2 kB B½ � (2.69)

Integration of Eq. 2.69 gives:

B½ �5 kA½A�0
ðkB2 kAÞ

ðe2kAt 2 e2kBtÞ (2.70)

Furthermore, it can be seen that:

½A�05 ½A�1 ½B�1 ½C� (2.71)

Example 2.7: Degradation of an aspirin prodrug
Prodrugs are inactive molecules that are metabolized to the active drug
in vivo. Many prodrugs are chemically unstable in aqueous solutions.
The following is an example of such a prodrug, (A), that hydrolyzes in
aqueous solutions to form aspirin (B) that is hydrolyzed further to
form salicylic acid [7]:

C

O

O

H2
C

S
CH3

O

C CH3

O

C

O

OH

O

C CH3

O

C

OH

OH

O

kA kB

(A) (B) (C)
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At pH 8.0 and 51�C, almost all of the prodrug (.94%) is hydro-
lyzed according to this mechanism, and under this condition the rate
constants have the following values:

kA5 6:103 1022 min21

kB5 2:143 1023 min21

The half-life of the prodrug is:

t1=25
0:693

6:103 1022
5 11:36 min � 11 min

The concentrations (in %) of A, B, and C at t5 11 min are calcu-
lated as follows:

½A�5 ½A�0e2kAt 5 1003 e26:103 1022 3 115 1003 0:515 51%

B½ �5 6:103 10223 100

ð2:143 1023 2 6:103 1022Þ ðe
26:103 1022 3 112 e22:143 1023 3 11Þ

52103:643 ð0:51112 0:9767Þ5 48%

½C�5 ½A�02 ½A�2 ½B�5 1002 512 485 1%

More exact calculations will show that [C] at 11 minutes is close to
0.5%. For this aspirin prodrug under these conditions, kA� 30 � kB
and, thus, there will be considerable buildup of B in the solution. The
concentration-time profile could look something like this:

C
on

ce
nt

ra
tio

n

B

A
C

tmaxt½ Time
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tmax5
lnðkA=kBÞ
kA2 kB

5
lnð6:103 1022=2:143 1023Þ
6:103 1022 2 2:143 1023

5 56:7 min (2.72)

½B�max5 ½A�0
kA

kB

� � kB
kA2kB

5 100
6:103 1022

2:143 1023

� � 2:143 1023

6:103 102222:143 1023

5 1003 28:50:0364 � 100%

(2.73)

2.6.4 Steady-State Approximation
In Example 2.4, there was a considerable buildup of the intermediate
B before it slowly degraded to form C. In other instances, the concen-
tration of a very reactive intermediate remains low during the course
of the reaction. In such cases, steady-state approximation can be
applied to simplify complex mathematical rate expressions. An exam-
ple of such a reaction is the degradation of diazepam in aqueous acidic
solutions (Fig. 2.5) [8].

In the first reaction, the 1,4-benzodiazepine ring of drug is opened to
form an amide (B) that then is hydrolyzed to form 2-(N-methylamino)-
5-chlorobenzophenone (C) and glycine (D). Intermediate C is reactive
and consequently is present only at very low concentrations or, in other
words, it degrades soon after it has formed. Furthermore, the first deg-
radation step is a reversible reaction making exact integration of
the rate equations involved very difficult. The following is a steady-
state approximation of the rate equations:

A���!k1 ��������
k21

B���!k2 C (2.74)

2
d½A�
dt

5 k1 A½ �2 k21 B½ � (2.75)

N

CN

CH3
O

CI
H2O, H+

NH2CH2COOH

(C) (D)(B)(A)

+CI O

N C CH2NH2

OH3C

CI O

NH

CH3

Figure 2.5 Degradation of diazepam (A) in aqueous acidic solution.
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d½B�
dt

5 k1 A½ �2 k21 B½ �2 k2 B½ � (2.76)

d½C�
dt

5 k2 B½ � (2.77)

If we assume that [B] is constant during the course of the reaction
(expressed by [B]ss), then Eq. 2.76 becomes:

d½B�ss
dt

5 k1 A½ �2 k21½B�ss2 k2½B�ss 5 0 (2.78)

Rearrangement of Eq. 2.78 gives:

½B�ss5
k1½A�

k21 1 k2
(2.79)

2
d½A�
dt

5 k1 A½ �2 k21 B½ �5 k1 A½ �2 k21
k1½A�

k21 1 k2
(2.80)

Rearrangement of Eq. 2.80 gives:

2
d½A�
dt

5
k1k2

k211 k2
A½ �5 k0 A½ � (2.81)

Thus, a complex consecutive reaction mechanism has been con-
verted to a simple first-order reaction that can be described by
Eqs. 2.14 and 2.15.

2.6.5 Michaelis�Menten Equation
One of the best known and simplest models used to describe enzyme
kinetics is when one enzyme (E) molecule combines with one substrate
(S) molecule to form a complex (ES) that breaks down to form the
product P:

E1 S���!k1 ��������
k2

ES���!k3 P (2.82)

A steady-state approximation is used to solve the rate equations:

2
d½S�
dt

5 k1 E½ � S½ �2 k2 ES½ � (2.83)

d½ES�
dt

5 k1 E½ � S½ �2 k2 ES½ �2 k3 ES½ � (2.84)
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d½P�
dt

5 k3 ES½ � (2.85)

If we assume that [ES] remains essentially constant during the
course of the reaction (expressed by [ES]ss), then Eq. 2.84 becomes:

d½ES�ss
dt

5 k1 E½ � S½ �2 k2½ES�ss2 k3½ES�ss5 0 (2.86)

Rearrangement of Eq. 2.86 gives:

½ES�ss5
k1½E�½S�
k21 k3

(2.87)

The total enzyme concentration ([E]T) is the sum of the free
(unbound) enzyme concentration ([E]) and the concentration of the
enzyme-substrate complex ([ES]), or at steady-state:

½E�T 5 ½E�1 ½ES�ss (2.88)

Combining Eqs. 2.87 and 2.88 gives:

½ES�ss5
k1½E�½S�
k2 1 k3

5
k1½E�T½S�2 k1½ES�ss½S�

k2 1 k3
(2.89)

Rearrangement of Eq. 2.89 gives:

½ES�ss5
k1½E�T½S�

ðk2 1 k3Þ1 k1½S�
(2.90)

The Michaelis�Menten constant (Km) is defined as:

Km5
k2 1 k3

k1
(2.91)

Combining Eqs. 2.90 and 2.91 gives:

½ES�ss5
½E�T½S�
Km1 ½S� (2.92)

Combining Eqs. 2.85 and 2.92 gives the Michaelis�Menten
equation:

d½P�
dt

5V5 k3
½E�T½S�
Km1 S½ � (2.93)
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where V is the velocity (d[P]/dt). Maximum velocity (Vmax) is obtained
when the enzyme is saturated with the substrate (i.e., when [ES]ss in
Eq. 2.85 is equal to [E]T) and, thus, Vmax is defined as:

Vmax 5 k3½E�T (2.94)

Combining Eqs. 2.93 and 2.94 gives the common form of the
Michaelis�Menten equation:

V5
Vmax½S�
Km1 ½S� (2.95)

At steady state, the substrate disappears at the same rate the prod-
uct appears (i.e.,2d[S]/dt5 d[P]/dt) and thus:

2
d½S�
dt

5
Vmax½S�
Km 1 ½S� (2.96)

This equation can then be rearranged to obtain the values of Vmax

and Km.

Example 2.8: Enzyme catalyzed drug degradation
Enzyme catalyzed drug degradation was measured in vitro by monitor-
ing the drug concentration through time. Calculate Vmax and KM from
the values given in the table below.

t (min) [S] (μg/ml)

0 55.00

40 38.02

70 25.51

150 2.38

165 0.93

First, we need to rearrange Eq. 2.96:

2
d S½ �
S½ � ðKm1 S½ �Þ5Vmax dt (2.97)

Integration of Eq. 2.97 gives:

½S�02 ½S�t
t

5Vmax2
Km

t
ln
½S�0
½S�t

(2.98)
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Thus, plotting ½S�0 2 ½S�t
t

versus
ln
½S�0
½S�t
t

will give a linear plot:

Time (min) [S]02 [S]t (μg/ml) t (min) ½S�0 2 ½S�t
t

ðμg=ml=minÞ ln
½S�0
½S�t

ln
½S�0
½S�t
t
ðmin21Þ

0�40 16.98 40 0.4245 0.3692 0.00923

40�70 29.49 70 0.4213 0.7683 0.01098

70�150 52.62 150 0.3508 3.1402 0.02093

150�165 54.07 165 0.3277 4.0799 0.02477

Slope = –6.497 μg/ml = –Km

(μg/ml/min)

Intercept = –0.4881 μg/ml/min = Vmax
[S]0 – [S]t

t

t

In
[S]0
[S]t  (min–1)

Here Vmax5 0.49 μg ml21 min21 and Km5 6.50 μg/ml.

At very low substrate concentration when [S]{Km, Eq. 2.96
approaches a first-order reaction:

2
d½S�
dt

5
Vmax½S�
Km 1 ½S� �

Vmax½S�
Km

5 k0 S½ � (2.99)

where k0 is the observed first-order rate constant. In the example
above k0 is:

k05
0:49

6:50
5 7:53 1022 min21

2.6.6 Rate-Limiting Step
In most cases, drug degradation proceeds through several steps in which
one step is much slower than the subsequent steps, leading to the
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degradation product. For example, in specific acid-catalyzed
ester hydrolysis, the nucleophilic attack of water to form the tetrahedral is
the slowest step, while the subsequent steps are much faster (Fig. 2.6).

The rate at which the ester is hydrolyzed depends on the rates of all
of the steps preceding the slow step, but not on any of the following
steps and, thus, ester hydrolysis in aqueous acidic solution can be
expressed as:

2
d½Ester�

dt
5 kH Ester½ � H3O

1
� �

where kH is the second-order rate constant for the ester hydrolysis
under acidic conditions and [H3O

1] is the proton concentration that is
most often expressed as [H1]. The slow nucleophilic attack of water to
form the tetrahedral is the rate-limiting step (sometimes called rate-
determining step).

2.7 EFFECT OF TEMPERATURE

According to the collision theory, molecules must collide for a chemical
reaction to occur, but only a portion of the colliding molecules have
sufficient energy and orientation for a reaction to proceed and form
products. The minimum amount of energy needed for a reaction to
proceed is called energy of activation (Ea). The average kinetic energy
of the molecules increases with increasing temperature. As the temper-
ature increases, a higher fraction of molecules will have sufficient

R'
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O

OH+

R'
R C

O

O
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OH
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R C OH2
+
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Fast

– H2O

+ H2O

Slow

+ H2O
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– H2O

+ H2O

Fast

Fast

+ R'OH

– R'OH

Figure 2.6 Specific acid-catalyzed ester hydrolysis in aqueous solution.
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energy to overcome the activation energy barrier (Fig. 2.7). Thus, the
reaction rate constant (k) increases and the reaction proceeds faster
with increasing temperature.

According to the Collision theory:

k5PZe2
Ea
RT (2.100)

where P is the probability factor (sometimes called stearic factor) indicat-
ing how critical molecular orientation is during the collision, Z is the
collision frequency (i.e., number of collisions per unit time), R is the gas
constant, and T is the absolute temperature. The value of P is usually
between 1 (the molecular orientation is not critical) and 1029 (the molec-
ular orientation is very critical). The fraction of collisions of sufficient
energy to give a product is e2

Ea
RT. Eq. 2.100 can also be written as:

k5Ae2
Ea
RT (2.101)

where A is the frequency factor. Eq. 2.101 is called the Arrhenius equa-
tion and is commonly used to explain how temperature affects the
chemical stability of drugs in solutions and even in the solid state.
The natural logarithm of Eq. 2.101 gives an equation of a straight line
(Fig. 2.8):

lnk5 lnA2
Ea

R � T (2.102)

Ea

Reaction coordinate

E
ne

rg
y

P

A + B

A + B P
k

ΔH

Figure 2.7 The energy required for two molecules (A and B) to react to form a product (P).
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where Ea can be calculated from the slope. The value of Ea is fre-
quently between 50 and 100 kJ/mol (between 12 and 24 kcal/mol) indi-
cating that the value of k doubles to triples for every 10�C temperature
increase. For a given reaction under a given reaction condition (i.e.,
reaction media, pH, etc.), the following equations can be used to calcu-
late k-values at different temperatures:

ln
k2

k1
52

Ea

R

1

T2
2

1

T1

� �
(2.103)

ln
k2

k1
52

EaðT22T1Þ
RT1T2

(2.104)

Thus, if Ea is known and the rate constant (k1) at a given tempera-
ture is T1, then it is possible to calculate k2 at temperature T2 using
either Eq. 2.103 or 2.104.

Example 2.9: Calculation of Ea, t1/2, and t90
Atropine is an ester that is hydrolyzed in aqueous solutions [9,10]. The
following data for atropine hydrolysis was obtained for an aqueous
atropine solution:

H2C
HC

CH2

HCH3CN

H2C
H2C

CH
O

C
CH

O

CH2OH

Slope = –Ea/R

Ink

1/T (Kelvin–1)

Figure 2.8 Arrhenius plot used to determine Ea and to extrapolate reaction rates determined at elevated tempera-
tures to, for example, room temperature.
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Temperature (�C) k (min21)

60 8.45 1026

50 3.94 1026

40 1.77 1026

Using the data in the table, calculate A, Ea, t1/2, and t90 at room tem-
perature (25�C).

We start by plotting the data according to Eq. 2.102.

lnk5 lnA2
Ea

R
� 1
T

Then we need to convert the data from the table to the Y (lnk) and
X (1/T) values:

Temperature (�C) Temperature (K) 1/T (K21) k (min21) lnk

60 333.15 3.002 1023 8.45 1026 211.681

50 323.15 3,095 1023 3.94 1026 212.444

40 313.15 3.193 1023 1.77 1026 213.245

Slope = –Ea/R = –8188.35 K

1/T (Kelvin–1)

Intercept = InA = 12.900Ink

R5 8.3143 J mol21 K215 1.9872 cal21 mol21 K21

Ea5 Slope 3 R or
Ea5 68.08 kJ/mol5 16.27 kcal/mol
A5 eIntercept5 4.00 � 105 min21

According to the definition, values of both A and Ea are indepen-
dent of temperature but depend on reaction and media conditions such
as pH.
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At 25�C (298 K) the values are:

A5 4.00 � 105 min21

Ea5 68.08 kJ/mol

From Eq. 2.101: k5 4:00 � 1053 e2
68080

8:3143�298 5 4:66 � 1027min21

From Eq. 2.18: t1=25 ln2
k1

5 0:693
4:66�1027 5 1:487 � 106 min5 2:8 years

From Eq. 2.19: t905 0:105
k1

5 0:105
4:66�1027 5 2:25 � 105 min5 156 days

2.7.1 Q10 Values and Shelf-Life Estimation
Q10 factors were introduced for quick estimation of shelf-life when
drugs are stored under different storage temperatures (e.g., room tem-
perature (25�C), cold room (15�C), and refrigerator (5�C)) [11]. The
Q10 factor is defined as the rate constant increase when the tempera-
ture is increased by 10 K (or 10�C):

Q105
kðT110Þ
kT

(2.105)

Q105
kðT110Þ
kT

5 e2
Ea
R � 1

T1102
1
Tð Þ (2.106)

The value of Q10 is proportional to Ea, meaning that Q10 increases
with increasing Ea but is inversely proportional to the temperature,
decreasing with increasing temperature as shown in the table below:

Ea (kJ/mol) Ea (kcal/mol) Q10

20�C-30�C 60�C-70�C

50 12 2.0 1.7

85 20 3.1 2.4

100 24 3.9 2.9

In general, the values of Ea range from about 50 to 85 kJ/mol and
values above 100 kJ/mol are very uncommon in the pharmaceutical
chemistry. Thus, going from room temperature to refrigerator temper-
ature, the value of a first-order rate constant will decrease and the
shelf-life increase by a factor of 2 to 4 for every 10�C decrease:

kT2105
kT

Q10

(2.107)
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t90T210 5 t90T �Q10 (2.108)

Likewise, the half-life will increase with decreasing temperature:

t1=2T210 5 t1=2T �Q10 (2.109)

Example 2.10: Shelf-life estimation
A penicillin mixture has a shelf-life of 10 days when stored in the
refrigerator (5�C). By mistake, the mixture was stored at room temper-
ature (25�C) for the first 24 hours before it was placed in a refrigerator.
How much is the shelf-life reduced?

Answer:

If Q105 2:

t90T120 5
10 days
2�2 5 2:5 days at 25�C with 1.5 days left at 25�C.

1.5 days at 25�C correspond to t90T220 5 1:5 � 2 � 25 6 days.

Total t905 11 65 7 days. Reduced by 3 days.

If Q105 3:

t90T120 5
10 days
3�3 5 1:1 days at 25�C with 0.1 days left at 25�C.

0.1 days at 25�C correspond to t90T220 5 0:1 � 3 � 35 1 day.

Total t905 11 15 2 days. Reduced by 8 days.

If Q105 4:

t90T120 5
10 days
4�4 5 0:6 days at 25�C with 0 days left at 25�C.

Reduced by 9 days.

Example 2.11: Prolonging shelf-life by storage in refrigerator
An aqueous drug solution was prepared in a hospital pharmacy and
the shelf-life is known to be 7 days when the solution is stored at room
temperature (25�C). Estimate the shelf-life when the solution is stored
at 15�C (cold room) and at 8�C (refrigerator).

Answer:

If Q105 2:

At 15�C t90T210 5 7 � 25 14 days. At 5�C t90T220 5 7 � 2 � 25 28 days.
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If Q105 3:

At 15�C t90T210 5 7 � 35 21 day. At 5�C t90T220 5 7 � 3 � 35 63 days:

If Q105 4:

At 15�C t90T210 5 7 � 45 28 days. At 5�C t90T220 5 7 � 4 � 45 112 days.

Thus, the shelf-life will be increased from 7 days to at least 1 month
if the solution is stored in a refrigerator.

2.7.2 The Effect of Temperature on Equilibrium Constants
The effect of temperature on an equilibrium constant is given by:

A���!
K

 ���B (2.110)

ΔG�52RTlnK (2.111)

ΔGo is the standard change of free energy of the equilibrium, R is
the gas constant, and T is the absolute temperature. Eq. 2.111 can be
rearranged to:

K5 e2
ΔG�
RT (2.112)

Furthermore, since the relationship between change in Gibbs free
energy (ΔG), change in enthalpy (ΔH), and change in entropy (ΔS) is
given by:

ΔG5ΔH2TΔS (2.113)

the following equation is obtained by combining Eqs. 2.112 and 2.113:

K5 e2
ΔHo

RT 3 e
ΔSo

R (2.114)

or

lnK52
ΔHo

R
� 1
T
1

ΔSo

R
(2.115)

A plot of lnK vs T21 gives a straight line where ΔHo is obtained
from the slope and ΔSo from the intercept. Eq. 2.115 is a form of the
van ’t Hoff equation, as is Eq. 2.116:

ln
K2

K1
5

ΔHo

R

T22T1

T1T2

� �
(2.116)
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2.7.3 Transition-State Theory and Eyring Equation
According to the transition-state theory, a quasi-equilibrium exists
between the reactants and an activated complex called transition state
([A2B] 6¼), a state at the highest energy along the reaction coordinate
(Fig. 2.9) [12].

The equilibrium constant for the transition state is:

K 6¼5
½A � B�6¼
½A�½B� (2.117)

or

½A � B�6¼5K 6¼½A�½B� (2.118)

The rate of a bimolecular reaction shown in Fig. 2.9 will then be:

2
d½A�
dt

5 υK 6¼ A½ � B½ �5 k A½ � B½ � (2.119)

where υ is the frequency of the transition state forming the product
(P). The rate constant is:

k5 υK 6¼ (2.120)

The frequency factor is given by:

υ5
RT

Nh
(2.121)

ΔG≠

Reaction coordinate

P

A + B

[A–B]≠

[A–B]≠

A + B P
K≠

ΔG°G
ib

bs
 F

re
e 

E
ne

rg
y

Figure 2.9 Reaction coordinate diagram for a bimolecular reaction where [A2B]6¼ represents the transition
state.
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where R is the gas constant, T is the absolute temperature, N is
Avogadro’s number, and h is Plank’s constant. K 6¼ is expressed in
terms of ΔG 6¼ (see Fig. 2.9):

ΔG6¼5ΔGoðtransition stateÞ2ΔGoðreactantsÞ
ΔG 6¼ is closely related to the activation energy (Ea) for the reaction

and represents the minimum energy the reactants must acquire for the
reaction to take place. As in the previous section (2.7.1), the following
equation can be solved for the transition state:

ΔG6¼52RTlnK 6¼ (2.122)

K 6¼5 e2
ΔG 6¼
RT (2.123)

K 6¼5 e2
ΔH 6¼
RT � eΔS6¼

R (2.124)

Combining Eqs. 2.120, 2.121, and 2.124 gives:

k5
RT

Nh
� eΔS6¼

R � e2ΔH 6¼
RT (2.125)

Eq. 2.125 is related to Eqs. 2.100 and 2.101 where

Z5
RT

Nh
(2.126)

and

P5 e
ΔS6¼
R (2.127)

Analogous to the Arrhenius equation (Eq. 2.101), the transition
state theory, gives:

k5PZe2
ΔH6¼
RT (2.128)

The Eyring equation is obtained from Eq. 2.125:

k

T
5

R

Nh
� eΔS6¼

R � e2ΔH 6¼
RT (2.129)

or

ln
k

T
5 ln

R

Nh

� �
1

ΔS6¼

R
2

ΔH 6¼

R
� 1
T

(2.130)

A typical Eyring plot is displayed in Fig. 2.10.
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Example 2.12: Determination of ΔH 6¼ and ΔS 6¼

Atropine is an ester that is hydrolyzed in aqueous solutions.
In Example 2.9 and 2.10, the activation energy was calculated to be
68.08 kJ/mol (16.27 kcal/mol). Calculate ΔH6¼ and ΔS 6¼.

Answer:

First, we need to convert the data from the table in Example 2.9 and
2.10 to the Y (ln(k/T)) and X (1/T) values of Eq. 2.130:

Temperature (�C) Temperature (K) 1/T (K21) k (min21) k/T (K21 min21) ln(k/T)

60 333.15 3.002 1023 8.45 1026 2.536 1028 217.490

50 323.15 3.095 1023 3.94 1026 1.220 1028 218.222

40 313.15 3.193 1023 1.77 1026 5.637 1029 218.994

Then the data is plotted according to Eq. 2.130:

In(k/T)

1/T (Kelvin–1)

Intercept = In = 6.1490

= –7874.37 K

R
Nh

ΔS≠

R
+

Slope = - ΔH≠

R

Intercept5 ln
R

Nh

� �
1

ΔS 6¼

R
or

ΔS 6¼

R
5 Intercept2 ln

R

Nh

� �

In(k/T)

1/T (Kelvin–1)

Intercept = In
R

Nh
ΔS≠

R
+

Slope = – ΔH≠

R

Figure 2.10 Eyring plot used to determine ΔH6¼ from the slope and ΔS 6¼ from the intercept.
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ΔS 6¼

R
5 6:14902 ln

8:3143ðJ mol21K21Þ
6:022 � 1023ðmol21Þ6:6262 � 1034ðJ sÞ6021ðmin s21Þ

 !

The unit of k/T is K21 min21 and the units of (R/Nh) must be the
identical to those before taking the logarithm. Thus, we needed to
convert seconds to minutes in the above equation.

ΔS6¼

R
5 6:14902 27:85435221:7053

R5 8:3143 J mol21 K21 5 1:9872 cal21 mol21 K21

ΔS6¼5221:70533R52180:5 J mol21 K21 5243:13 cal mol21 K21

Slope52
ΔH 6¼

R
527874:37 K

2ΔH 6¼527874:37 K3R.ΔH 6¼565:47 kJ mol21515:65 kcal mol21

It can be seen that ΔH 6¼ �Ea. Then ΔG6¼ can be calculated accord-
ing to Eq. 2.113:

ΔG 6¼5ΔH6¼2TΔS6¼5 65470 ðJ mol21Þ2 298:15 ðKÞ
32180:5 ðJ mol21K21Þ.

ΔG 6¼5 119286 J mol21 5 119:3 kJ mol21 at 25�C ð298:15 KÞ

2.8 SPECIFIC ACID/BASE CATALYSIS AND pH-RATE PROFILES

The hydronium ion, most often represented by H1 or H3O
1, and the

hydroxide ion, OH2, catalyze drug degradation in aqueous solutions.
When H1 catalyzes a reaction it is called specific acid catalysis, when
OH2 catalyzes the reaction it is called specific base catalysis, and
when neither H1 nor OH2 catalyzes the reaction it is called solvent
catalysis. The concentrations of H1 and OH2 vary considerably with
pH, and frequently drugs display a pH of maximum stability. For
example, ethyl p-hydroxybenzoate (ethyl paraben) is an ester that is
hydrolyzed in aqueous solution to form p-hydroxybenzoic acid and
ethanol. Ethyl p-hydroxybenzoate is a phenol with a pKa of about 9
at room temperature [13]. Each of the two ionization forms (i.e., EH
and E2) can undergo specific acid catalyzed hydrolysis (rate constant
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kH), solvent catalyzed hydrolysis (rate constant k0), and specific base
catalyzed hydrolysis (rate constant kOH):

HO C OCH2CH3

O
Ka = 10–9

–O C OCH2CH3

O

kH kOHk0 k'H k'OHk'0

EH E–

We regard the two ionization forms as separate compounds, with
independent rate constants, although in equilibrium with each other.
The pH-rate profile was determined in an aqueous solution (Fig. 2.11).

The profile shows that below pH 4, the rate increases as [H1]
increases, and above pH 4, the rate increases as [OH2] increases. Also,
a break in the straight line is observed at pH� pKa. Eq. 2.131 contains
all six possible reaction rate functions:

2
d½E�T
dt

5 kH H1
� �

EH½ �1 k0 EH½ �1 OH2½ � EH½ �1 k0H H1
� �

E2½ �
1 k00 E

2½ �1 k0OH OH2½ � E2½ �
(2.131)

logkobs

pH94

Figure 2.11 Sketch of the pH�logkobs profile of ethyl p-hydroxybenzoate in aqueous solution. Notice that since
pH is based on the common logarithm (pH�2log[H1]) logkobs is plotted on the Y-axis.
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where [E]T is the total concentration of ethyl p-hydroxybenzoate:

½E�T5 ½EH�1 ½E2� (2.132)

From the profile displayed in Fig. 2.11, we can clearly observe kH
at pH below 4, kOH at pH between about 4 and 9, and k0OH at pH
above 9. It is also quite possible that k0 is present at pH of about 4.
However, k0H and k00 cannot be observed. Thus, the corresponding
functions in Eq. 2.131 can be deleted:

2
d½E�T
dt

5 kH H1
� �

EH½ �1 k0 EH½ �1 kOH OH2½ � EH½ �1 k0OH OH2½ � E2½ �
(2.133)

At pH, 4 Eq. 2.133 becomes:

2
d½E�T
dt
� kH H1

� �
EH½ � (2.134)

and since pH�2log[H1], the slope of the profile should theoretically
be close to 21. At pH between about 4 and 9, Eq. 2.133 approaches

2
d½E�T
dt
� kOH OH2½ � EH½ � (2.135)

and since pH�2log(Kw/[OH2]), the slope of the profile should theo-
retically be close to 11. At pH. 9, Eq. 2.133 approaches:

2
d½E�T
dt
� k0OH OH2½ � E2½ � (2.136)

and, again, the slope should be close to 11. If ko has a relatively large
value, the minimum of the pH 2 logkobs profile will display a plateau,
but it will be sharp if ko is relatively small:

logkobs

Relatively large ko: Relatively small ko:

pH pH

logkobs
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It can also be seen that:

fEH5
½EH�

½EH�1 ½E2� 5
½H1�

½H1�1Ka

(2.137)

and

fE2 5
½E2�

½EH�1 ½E2� 5
Ka

½H11Ka�
(2.138)

and furthermore, that ½EH�5 fEH � ½E�T and ½E2�5 fE2 � ½E�T. Thus,
Eq. 2.131 can be written as:

2
d½E�T
dt

5 kH H1
� �

fEH1 k0fEH1 kOH OH2½ �fEH 1 k0OH OH2½ �fE2


 �½E�T
(2.139)

where kobs in Fig. 2.11 is

kobs5 kH½H1�fEH1 k0fEH 1 kOH½OH2�fEH1 k0OH½OH2�fE2


 �
(2.140)

and

2
d½E�T
dt

5 kobs½E�T (2.141)

Example 2.13: Specific acid and specific base catalysis
The figure below shows the pH-rate profile for ester hydrolysis at
60�C. Estimate the values of kH, k0, and kOH. kobs is in min21 and
pKw is 13.02 at 60�C.

pH

2
–3

–2

–1

0

1

logkobs H2
C

H2
C C

O

O C11H23N+

4 6 8
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Answer:

At pH5 1.0 [H1]5 0.10 and logkobs�20.4 or kobs� 0.4 min21:

kobs5 kH H1
� �

or kH5
kobs

½H1� �
0:4

0:10
5 4:0 M21 min21

At pH5 8.0 logkobs� 0.5 or kobs� 3.2 min21 and ½OH2�5 102ðpKw2pHÞ5 1025:02

kobs5kOH OH2½ � and; thus; kOH5
kobs

½OH2� �
3:2

1025:02
53:43105M21min21:

From kobs5 kH½H1�1 k0 1 kOH½OH2� and logkobs�22.8 (kobs�
1.63 1023 min21) at pH5 4.0, it can be calculated that k0�
8.83 1024 min21.

2.9 GENERAL ACID/BASE CATALYSIS OR BUFFER CATALYSIS

In aqueous solutions, general acid/base catalysis involves acids and
bases other than H1 and OH2 (i.e., compounds other than water that
are able to donate or accept protons). In pharmaceutical formulations,
these proton donors and acceptors are frequently buffer salts and the
process is called buffer catalysis. For a simple ester hydrolysis cata-
lyzed by a buffer (B), the rate equation could be:

2
d½E�T
dt

5 kH H1
� �

E½ �1 k0 E½ �1 kOH OH2½ � E½ �1 kB½B�T E½ � (2.142)

where [B]T is the total buffer concentration:

½B�T5 ½BH�1 ½B2� (2.143)

If k0obs is the observed rate constant when no buffer salts are pres-
ent, then Eq. 2.142 can be simplified to:

2
d E½ �T
dt

5 k0obs E½ �1 kB½B�T E½ � (2.144)

where

kobs5 k0obs1 kB½B�T (2.145)
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To determine the buffer, catalysis kobs is plotted against [B]T at a
constant pH (i.e., where the total buffer concentration varies, but the
molar ratios of the buffer salts are constant):

To determine if the buffer salts are causing general acid or general
base catalysis, the buffer catalysis is determined at two slightly differ-
ent pH values and kBH and kB are calculated by applying the following
equations as shown in Example 2.14:

kobs5 k0obs1 kBH½BH�1 kB½B2�5 k0obs 1 ðkBHfBH1 kBfBÞ½B�T (2.146)

where

fBH5
½BH�

½BH�1 ½B2� 5
½H1�

½H1�1Ka

(2.147)

and

fB5
½B2�

½BH�1 ½B2� 5
Ka

½H1�1Ka

(2.148)

Like other reactions, in catalysis, the buffer salts lower the activa-
tion energy by providing an alternative reaction route to the products
(Fig. 2.13).

Slope = kB

Intercept = k’obs

kobs

[B]T

Figure 2.12 Plot according to Eq. 2.145 to determine buffer catalysis.
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Since the transition state is of lower energy in the catalyzed reac-
tion, more reactant molecules have sufficient energy to react and, con-
sequently, the reaction proceeds faster.

Example 2.14: Buffer catalysis
Guo et al. [14] investigated phosphate buffer catalyzed degradation of
lithospermic acid B at pH 7.05 and 6.50, I5 0.5, and 90�C, and
obtained the following results:

pH [Phosphate]T kobs (h
21)

7.05 0.192 1.114

0.096 0.958

0.048 0.880

6.50 0.192 0.768

0.096 0.660

0.048 0.607

Calculate the buffer catalysis (i.e., the general acid catalysis
(kH2PO

2
4
) and general base catalysis (kHPO22

4
)) for the degradation of

lithospermic acid B under these conditions. pKa2 for phosphoric acid is
7.08 at 90�C.

Reaction coordinate

G
ib

bs
 F

re
e 

E
ne

rg
y

P

A + B

[A–B]≠

ΔG≠

ΔG≠
cat

Figure 2.13 Reaction coordinate diagram showing the effect of catalysis on a bimolecular reaction where
[A2B] 6¼ represents the transition state and ΔG6¼ and ΔG6¼cat the activation energies for the uncatalyzed and the
catalyzed reactions, respectively.
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Answer:

Eq. 2.146: kobs 5 k0obs 1 ðkBHfBH1 kBfBÞ½B�T, where [B]T5 [Phosphate]T

Eq. 2.146 is an equation of a straight line where (kBHfBH1 kBfB) is
the slope and k0obs is the intercept:

kobs 5 k0obs1 kH2PO
2
4
3 fH2PO

2
4
1 kHPO22

4
3 fHPO22

4

� 	
3 ½Phosphate�T

0 0.05 0.1 0.15 0.2 0.25

[Phosphate]T

0.4

0.6

0.8

1.0

1.2
kobs (h

–1)

pH = 7.05:
Slope: 1.6227
Intercept: 0.80216

pH = 6.50:
Slope: 1.1175
Intercept: 0.55311

If we know the pH (i.e., [H1]) and the pKa, we can apply Eq. 2.147
to determine the fraction of the acidic form of the buffer (H2PO4

2)
and Eq. 2.148 to determine the basic form of the buffer (HPO4

22).

pH 7.05:

kobs5 0:802161 1:62273 ½P�T

fH2PO
2
4
5

½H1�
½H1�1Ka2

5
1027:05

1027:051 1027:08
5 0:5173

fHPO22
4
5

½H1�
½H1�1Ka2

5
1027:08

1027:051 1027:08
5 0:4827

pH 6.50:

kobs5 0:553111 1:11753 ½P�T
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fH2PO
2
4
5

½H1�
½H1�1Ka2

5
1026:50

1026:501 1027:08
5 0:7917

fHPO22
4
5

½H1�
½H1�1Ka2

5
1027:08

1026:50 1 1027:08
5 0:2083

pH 7.05: 1.6227 M21 h215 kH2PO4
0.51731 kHPO4

0.4827

pH 6.50: 1.1175 M21 h215 kH2PO4
0.79171 kHPO4

0.2083

Solved together, the two equations give kHPO4
5 2.578 M21 h21 and

kH2PO4
5 0.734 M21 h21

Thus, the general base catalysis is dominating, although some gen-
eral acid catalysis is also observed.

2.10 EFFECTS OF IONIC STRENGTH (SALT EFFECTS)

If the drug is ionized, the reaction rate is influenced by electrostatic
interactions between the drug and other reacting ions, as well as by the
ionic strength of the aqueous reaction medium. The ions attract or
repel each other as well as affect the water structure and hydration of
dissolved molecules and transition states. These effects are called ionic
strength effects or salt effects and are of two types, primary and sec-
ondary salt effects.

Ionic strength (I) of an aqueous solution is a measure of the ionic
concentration:

I5 1/2
X
ðmz2Þ5 1/2 mAz

2
A1mBz

2
B1mCz

2
C 1 . . .


 �
(2.149)

where m is the molality (moles per kg solvent), but using molarity
(moles per liter solution) for aqueous solutions at room temperature
does not cause significant error. The density of liquid water is close
to unity at and below room temperature (e.g., 1.000; 0.997; and
0.992 g/ml at 10, 25, and 40�C, respectively, and 1 atm). z is the elec-
tric charge. For example, if 9.0 g NaCl (MW 58.44 g/mol) is dissolved
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in one liter of pure water (i.e., isotonic saline solution) the concentra-
tion of the two ions will be:

½Na1�5 ½Cl2�5 9:0=55:445 0:162 mol=liter

and the ionic strength of the solution will be:

I5 1/2 ð0:162 � ð11Þ21 0:162 � ð21Þ2Þ5 0:16 mol=kg

Almost all pharmaceutical solutions are rather concentrated
solutions of one or more active ingredient and pharmaceutical
excipients. These are nonideal solutions and, thus, deviate from
ideal behavior. To correct for their nonideality, activity (a) is used
to measure “effective concentration” of different solution species.
The chemical potential of a drug in a nonideal solution, depends
on the activity (a) in the same way that it depends on the drug con-
centration in ideal solutions. The activity is proportional to the
concentration:

a5 γ � ½A� (2.150)

where the proportional constant is the activity constant (γ) and [A] is the
molal concentration of A, but for all practical purposes the molality (moles
per kg solvent) can be replaced by the molarity (moles per liter solution).
The activity coefficient of a given ion (γi) in a dilute aqueous solution is
given by the Debye-Hückel equation (I, 0.01 mol/kg and 25�C):

logγi 52 0:51z2i
ffiffi
I
p

(2.151)

2.10.1 Primary Salt Effect
Primary salt effects are observed when the added salts do not have a
direct catalytic effect on the reaction and do not have any ions in
common with the drug or other reactants. The observed affect on the
reaction rate is then due to changes in the activity coefficient (γ) as a
result of changes in the ionic strength of the reaction medium (see
Fig. 2.9):

A1B���!
K 6¼

 ��� ½A2B�6¼-P

The equilibrium constant for the transition state was given by
Eq. 2.117 in terms of the concentration of the reacting species.
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However, in its more correct form, concentration is replaced by the
activity:

K 6¼5
a
6¼
AB

aAaB
5
½A � B�6¼
½A�½B� �

γ 6¼AB

γAγB
(2.152)

If k0 is the rate constant in an ideal solution (i.e., a very dilute solu-
tion), where I5 0, and consequently γ5 1 (from Eq. 2.151), then from
Eqs. 2.119 and 2.152 we get:

k5 k0
γAγB
γ6¼AB

(2.153)

Taking the common logarithm of Eq. 2.153, gives:

logk5 logk0 1 logγA1 logγB2 logγ 6¼AB (2.154)

where

logγ6¼AB52 0:51ðzA1zBÞ2
ffiffi
I
p

(2.155)

(zA1 zB) is the charge of the transition state (the activated complex).
If we combine Eqs. 2.151, 2.154, and 2.155 we get:

logk5 logk02 0:51z2A
ffiffi
I
p

2 0:51z2B
ffiffi
I
p

1 0:51z2A
ffiffi
I
p

1 1:02zAzB
ffiffi
I
p

1 0:51z2B
ffiffi
I
p (2.156)

or

logk5 logk01 1:02zAzB
ffiffi
I
p

(2.157)

Eq. 2.157 is reasonably accurate in dilute aqueous solutions and
gives some idea of the ionic strength effects in more concentrated solu-
tions. This is due to the fact that Eq. 2.151 is a simplification of more
complex relationships that are observed in more concentrated aqueous
solutions. Eq. 2.158 (the Brønsted-Bjerrum equation) is a slightly more
accurate equation, but still only applicable in relatively dilute
solutions:

logk5 logk01 1:02zAzB

ffiffi
I
p

11
ffiffi
I
p (2.158)

A1B���!k P (2.159)
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Theoretically, when molecules A and B react (Eq. 2.159), the rate
constant (k) will increase with increasing ionic strength (I) if A and B
have the same charge, but k will decrease with an increasing I if A and
B have different charges. If A or B, or both A and B, are uncharged, k
should not be affected by changes in I. However, changes in I will, in
general, result in some changes in k, even when the reactants (A and/
or B) are uncharged.

Since the pH-scale and the pKa values are based on the common
logarithm, it is customary to use it (and not the natural logarithm) in
calculations that relate to pH and pKa values.

2.10.2 Secondary Salt Effect
Changes in I can also change the ionization constants (Ka) of weak
acids and bases, and thereby the concentrations of H1 and OH2.
Since reaction rates depend upon H1 and OH2 concentrations (see
section 2.8), the rates will be affected by I. This phenomenon is known
as the secondary salt effect. At relatively low ionic strength (I, 0.3),
the following can be used to determine the apparent dissociation con-
stant (pK0a) at a given I:

pK0a 5 pKa 1
0:51ð2z2 1Þ

ffiffi
I
p

11
ffiffi
I
p (2.160)

where pKa is the dissociation constant in an ideal (i.e., very dilute)
solution (i.e., thermodynamic dissociation constant) and z is the charge
of the acid.

Example 2.15: Dissociation constant of aspirin
Calculate the apparent dissociation constant of aspirin (acetylsalicylic
acid) in an isotonic saline solution (i.e., aqueous 0.9% w/v NaCl solu-
tion) at 25�C. pKa of aspirin is 3.485 at 25�C.

Answer:

The molecular weight of NaCl is 58.44 g/mol and, thus, the ionic
strength of the solution is calculated as follows:

½Na1�5 ½Cl2�5 9:0=55:445 0:162 mol=liter

I5 1/2 ð0:162 � ð11Þ21 0:162 � ð21Þ2Þ5 0:16 mol=kg
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Then we use Eq. 2.160 to calculate the apparent dissociation con-
stant (pK0a) at I5 0.16 mol/kg, noting that the acid form of aspirin is
uncharged (z5 0):

pK0a 5 pKa 1
0:51ð2z2 1Þ

ffiffi
I
p

11
ffiffi
I
p 5 3:4851

0:51ð23 02 1Þ
ffiffiffiffiffiffiffiffiffi
0:16
p

11
ffiffiffiffiffiffiffiffiffi
0:16
p

5 3:4852
0:513

ffiffiffiffiffiffiffiffiffi
0:16
p

11
ffiffiffiffiffiffiffiffiffi
0:16
p 5 3:4852 0:1465 3:34

Thus, the apparent Ka increases from 3.273 1024 to 4.573 1024

(i.e., aspirin becomes a slightly stronger acid in saline).

2.11 SOLVENT EFFECTS

Frequently, pharmaceutical formulations consist of aqueous solutions
containing not only water, but also organic solvents such as ethanol
and glycerol. The addition of organic solvents to aqueous drug solu-
tions will change the dielectric constant (ε) of the solution media and,
thus, the ability of the media to stabilize (or destabilize) the transition
state (see section 2.7.2):

A1B���!
K6¼

 ��� ½A2B�6¼-P

Solvents composed of polar molecules like water will generally be in
random orientations but will take on an ordered orientation when an
electric field is applied to the solvent. In polar molecules, positive and
negative charges are distributed unevenly. Such molecules are said to
be polar and to possess dipole moments. Polar solvent molecules will
orientate their positive charges toward negative charges of a solute or
a transition state, and their negative charges toward positive charges of
a solute or a transition state. Stabilization of a transition state will
increase the value of K 6¼ and, consequently, lead to an increased reac-
tion rate (Eq. 2.120). The dielectric constant is a measure of solvent
polarity. It measures the reduction of the field strength of the electric
field surrounding a charged particle immersed in a solvent compared
to the field strength surrounding the same particle in a vacuum. In gen-
eral, solvents with ε, 15 are considered nonpolar. At 25�C, the ε of
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water is 78.5, that of glycerol 42.5, ethanol 24.3, acetone 20.7, and
diethyl ether 4.2. If both A and B are ions, with charges zA and zB, the
following equation can be used to determine the effect of changes in
the medium dielectric constant on the reaction rate:

lnk5 lnkε5N2
KzAzB

ε
(2.161)

where K is a constant for a given reaction at some given temperature.
Theoretically, when molecules A and B react (Eq. 2.161), the rate con-
stant (k) will increase with increasing dielectric constant (ε) if A and B
have the same charge, but k will decrease with increasing ε if A and B
have different charges (i.e., are unlike-sign ions). If A or B, or both A
and B, are uncharged, k should not be affected by changes in ε.
However, changes in ε will frequently result in some changes in k, even
when the reactants (A and B) are uncharged.

Example 2.16: Degradation of aspartame
The figure below shows the pH-rate profile for the degradation of
aspartame at 60�C in water and aqueous ethanol solutions [15].
Describe the effect of the medium dielectric constant on the degrada-
tion. How will the addition of ethanol to a soft drink (pH 3.3) affect
the stability of aspartame?

2 3 4 5 6 7

pH

0% Ethanol ε = 67

25% Ethanol ε = 55

46% Ethanol ε = 45

–2.0

–2.2

–2.4

–2.6

logkobs
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Answer:

Aspartame has two ionizable groups:

H
N

O

+H3N

COOH

O
CH3

O
H
N

O

+H3N

COO–

O
CH3

O
H
N

O

H2N

COO–

O
CH3

O

pKa = 3.1 pKa = 7.9

The pKa values for aspartame in pure water at room temperature
are approximately 3.1 and 7.9. The sweetener exists predominantly
as a cation at a pH below 3, as a zwitterion at a pH between 3 and
8, and as an anion at a pH above 8. The figure shows that changes
in ε have a significant effect on the specific acid catalyzed degrada-
tion of the zwitterionic form, but much less of an effect on its spe-
cific base catalyzed degradation or on the specific acid catalyzed
degradation of the cationic form. At a pH between 3 and 4.5, the
rate decreases with an increasing ε. According to Eq. 2.161, kobs will
decrease with an increasing ε if the reactants (i.e., A and B) have
different charges (i.e., negative and positive charges) indicating that
the specific acid catalyzed degradation might possibly involve intra-
molecular catalysis of the carboxylate ion on the protonated ester
bond or on the formation of a cyclic intermediate [16]. Specific base
catalysis (that could, for example, involve an OH2 attack on the
ester bond) is much less affected by changes in ε (since A and B
both carry a negative charge). Apparently, the ammonium ion has
much less of an effect on the reaction rate than the carboxylate
ion does.

The addition of ethanol to a diet soft drink containing aspartame
will destabilize the sweetener.

2.12 DISPERSE COLLOIDAL SYSTEMS (MICELLE EFFECT)

Drug incorporation into micelles, liposomes, and other liquid colloidal
systems can sometimes decrease drug degradation rate. An oil-in-water
emulsion is an example of a colloidal system, a mixture of two liquids
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in which the oil is the lipophilic dispersed phase and water is the aque-
ous homogeneous phase. In oil-in-water emulsions, drug molecules are
distributed between the oil and water (Fig. 2.14).

Kd is the distribution coefficient of the drug between oil and water:

Kd 5
Do

Dw
(2.162)

where Do is the total amount of dissolved drug located within the oil
phase and Dw is the total amount of dissolved drug that is located in
the aqueous phase. The observed first-order rate constant for the
drug degradation within the oil phase to form product (P) is ko, and
the observed first-order rate constant for drug in the aqueous phase is
kw. The observed first-order rate constant (kobs) for drug degradation
within such a system is the weighted average of ko and kw:

kobs5 foko 1 fwkw (2.163)

fo5
Do

Do 1Dw

5
Kd

11Kd

(2.164)

and

fw5
1

11Kd

(2.165)

Example 2.17: Etoposide degradation in emulsion
Etoposide is a hydrophilic anticancer drug with a poor aqueous
solubility (0.15 mg/ml). An aqueous etoposide oil-in-water emulsion
(20% w/v oil in water) was prepared and the pH-rate profile
was determined at a zero buffer concentration and 80�C (kobs is
in h21) [17]:

kwko

Kd
DwDo

PP

Figure 2.14 Drug degradation within an oil-in-water emulsion.
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2 4 6 8

pH

Aqueous solution

20% (w/v) o/w Emulsion
3

0

–3

logkobs

In an emulsion containing 0.1% (w/v) etoposide, about 99% of the
drug was estimated to be located in the oil phase, mainly at the oil/
water interface, and about 1% in the aqueous solution. At pH 5 and
80�C, the kobs was determined to be 1.08 h21 in the aqueous buffer
solution and 1.283 1022 h21 in the emulsion. Estimate ko and kw.
Discuss the observed changes in the pH-rate profile upon introduction
of oil into the medium.

Answer:

The value of kw is equal to kobs at pH 5 (kobs5 1.08 h21). fo� 0.99
and fw� 0.01. Inserting these values into Eq. 2.163 gives

1:283 1022h21 5 0:993 ko 1 0:013 1:08 h21

or ko� 2.0 3 1023 h21 at 80�C. It can also be seen that

Kd5
Do

Dw

� 100

The pH-rate profile in an aqueous buffer solution displays typical
specific acid/base catalysis (i.e., slopes of 21 and 11). However, in
the emulsion, the pH-rate profile does not appear to display typical
specific acid catalysis (i.e., the slope at pH, 5 is.21). Formulating
the drug as an o/w parenteral emulsion, results in a 100- to 1000-fold
increase in the shelf-life (at 80�C) when compared with its shelf-life in
an aqueous solution.
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2.13 EFFECT OF COMPLEXATION

Complex formation between drug and excipients (e.g., cyclodextrins,
water-soluble polymers, or polyalcohols) or impurities (e.g., metal
ions) can lead to the stabilization or destabilization of drugs. The com-
plex formation is a reversible process in which substrate molecules
(i.e., drug molecules) associate with ligand molecules (e.g., cyclodextrin
(CD) molecules) to form a complex (D/CD). In general, the substrate
and ligand are kept together by relatively weak noncovalent forces
such as hydrogen bonding, van der Waals forces, electrostatic interac-
tions, and hydrophobic interactions. Here we use cyclodextrin as an
example of a ligand. In aqueous cyclodextrin solutions, free drug mole-
cules are in dynamic equilibrium with drug molecules bound within
the cyclodextrin complex:

kf kc

kc
D/CDD + CD

Kc is the stability constant of the complex and kf and kc are the
first-order rate constants for the free unbound drug and bound drug in
the complex, respectively. The observed first-order rate constant (kobs)
for the drug degradation is the weighted average of kf and kw:

kobs5 f fkf 1 fckc (2.166)

If one drug molecule forms a complex with one cyclodextrin mole-
cule, then the total drug concentration ([D]T) is the sum of the concen-
tration of the free drug ([D]) and the concentration of the complex
drug ([D/CD]), the following equations are obtained:

½D�T5 ½D�1 ½D=CD� (2.167)

½CD�T5 ½CD�1 ½D=CD� (2.168)

K1:15
½D=CD�
½D� � ½CD� (2.169)

f f 5
½D�

½D�1 ½D=CD� 5
1

11K1:1 � ½CD�
(2.170)

fc5 12 f f 5
K1:1 � ½CD�

11K1:1 � ½CD�
(2.171)
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kobs5
kf 1 kc �K1:1 � ½CD�
11K1:1 � ½CD�

(2.172)

2
d½D�T
dt

5 kobs � ½D�T 5
kf 1 kc �K1:1 � ½CD�
11K1:1 � ½CD�

� �
� ½D�T (2.173)

where K1:1 is the stability constant of the 1:1 D/CD complex. If the
total cyclodextrin concentration is much greater than the total drug
concentration, then it can be assumed that [CD]� [CD]T:

kobs5
kf 1 kc �K1:1 � ½CD�T
11K1:1 � ½CD�T

� �
(2.174)

Equation 2.174 can then be rearranged into different formats,
including that of the Lineweaver-Burk plot where (kf 2 kobs)

21 v
([CD]T)

21 will give a straight line from which kc can be obtained from
the intercept and K1:1 from the slope:

1

kf 2 kobs
5

1

K1:1 � ðkf 2 kcÞ
� 1

½CD�T
1

1

kf 2 kc
(2.175)

Alternatively, kc and K1:1 can be obtained by a simple nonlinear fit-
ting of kobs according to Eq. 2.174. In general, ligands such as cyclo-
dextrins enhance drug stability (kf. kc), but ligands such as metal ions
catalyze drug degradation (kf, kc).

Example 2.18: Effect of cyclodextrin complexation
The degradation of estramustine was determined in aqueous solutions
at pH 7.4 and 80�C [18]. The table below shows the effect of 2-hydro-
xypropyl-β-cyclodextrin (HPβCD) on the observed degradation rate
constant. Calculate kc and K1:1.

[HPβCD] (M) kobs (min21)

0.000 1.493 1022

0.007 1.333 1022

0.014 1.253 1022

0.022 1.203 1022

0.036 1.133 1022

0.073 1.043 1022
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Answer:

We apply Eq. 2.175:
1

kf 2 kobs
5

1

K1:1 � ðkf 2 kcÞ
� 1

½CD�T
1

1

kf 2 kc

[HPβCD] (M) [HPβCD]T
21 (M21) kobs (min21) (kf-kobs)

21 (min)

0.000 � 1.493 1022 �
0.007 142.9 1.333 1022 625

0.014 71.4 1.253 1022 417

0.022 45.5 1.203 1022 345

0.036 27.8 1.133 1022 278

0.073 13.7 1.043 1022 222

Slope = 3.0639 M min = 
1

K11(kf – kc)

Intercept = 192.77 min = 
1

kf – kc

1
kf – kobs

1
[CD]

K1:15 Intercept4Slope5 192.77 min43.0639 M min5 62.9 M21 at
pH 7.4 and 80�C

kf5 1.493 1022 min21

192.77 min5 (1.493 10222 kc)
21.kc5 9.713 1023 min21 at pH

7.4 and 80�C

Question 2.1: When injected into HPLC, why are the retention times
of the drug and the drug/cyclodextrin complex identical? Why do the
drug and the complex not give two separate peaks?

2.14 EFFECT OF LIGHT (PHOTODEGRADATION) AND OXYGEN

Light can enhance drug degradation. Photodegradation is initiated by
absorption of photons of infrared, visible, and ultraviolet light and
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other forms of electromagnetic radiation. A drug molecule forms at
the so-called excited state (D�) upon absorption of a photon of light:

D���!hν ½D��-P

where h is Planck’s constant, ν is the frequency of light, the product
(hν) is the energy of a photon, and P is the degradation product.
Sometimes an excipient (or another component of the system) may
absorb photons and then transfer the energy to the active ingredient to
form D�. The frequency depends on the light wavelength (λ):

ν5
c

λ
(2.176)

where c is the speed of light. Blue light (a short wavelength) consists of
high energy photons, and red light (a long wavelength) consists of low
energy photons. Consequently, drugs and drug products are, in general,
more sensitive toward blue and ultraviolet light than to red light.
However, drugs possess different absorption spectra and, thus, the rate of
photodegradation depends on the overlap of the absorption spectrum of a
given drug with the spectral distribution of light striking the drug product.

Oxygen availability can affect drug oxidation and frequently drug
degradation rate is proportional to the oxygen concentration:

2
d½D�
dt

5 k D½ � O2½ �5 kobs D½ � (2.177)

Under such conditions, protecting the drug product against oxygen
will decrease the drug degradation rate. Oxygen can exist in various
states. The ground state of oxygen is its triplet state (3O2), but its
excited state is singlet oxygen (1O2), which is more reactive than the
triplet form:

Triplet Singlet

hv

Singlet oxygen is highly oxidizing (photooxidation), capable of
oxidizing unsaturated drug moieties. Other oxygen species also exist
(e.g., peroxides), that are capable of reducing or oxidizing drugs and
excipients. Conditions that promote formation of such species (e.g.,
light and metal ions) can enhance oxidative degradation. Light and
metal ions catalyze autoxidation of unsaturated fatty acids.
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CHAPTER 33
Degradation Pathways

3.1 HYDROLYSIS

Hydrolysis indicates cleavage of chemical bonds by the addition of
water. Hydrolysis is one of the most common drug degradation reac-
tions, even in solid dosage forms in the presence of moisture, and the
most common substrates are those that contain the acyl group:

R C

O

X

X

Ester -OR’ Lactone
C

O

O
Thioester -SR’

Amide -NHR’

Acid chloride -Cl Lactam
C

NH

O
Acid anhydride -OCOR’

Imide -NHCOR’

Other substrates susceptible to hydrolysis include imines and alkyl
halides. Fig. 2.6 showed the most common mechanism of specific acid
catalyzed ester hydrolysis in an aqueous solution. The most common mech-
anism of specific base catalysis of ester hydrolysis is shown in Fig. 3.1.

The tetrahedral transition states formed during ester hydrolysis are
very unstable and their formation is usually the rate-determining step
of the reaction (Fig. 3.2).

3.1.1 Aspirin
Aspirin (acetylsalicylic acid) is an ester of an aromatic alcohol and, thus,
is chemically unstable in aqueous solutions as well as in solid state in the
presence of moisture. It is slightly soluble in water (3 mg/ml at 25�C) and
has a melting point of about 143�C (instantaneous method), but is freely
soluble in ethanol. Figure 3.3 shows the pH-rate profile for the degrada-
tion of aspirin in an aqueous solution at room temperature showing
that the drug has maximum stability at a pH of about 2.5. Specific acid
catalyzed hydrolysis occurs below pH 2.5 and specific base catalyzed



hydrolysis takes over at a pH above 10, but solvent catalyzed hydrolysis
occurs at pH levels between 2.5 and 10.

Possible hydrolytic pathways are displayed in Fig. 3.4. Aspirin has
one ionizable group and, thus, has one unionized form and one ionized
form. In theory, each form can then undergo specific acid (kH), solvent
(k0), and specific base (kOH) catalyzed hydrolysis (see Chapter 2,
Section 2.8). However, it has been shown that the unionized form does
not undergo specific base catalyzed hydrolysis and the ionized form
does not undergo specific acid catalyzed hydrolysis:

(3:1Þ

The profile displayed in Fig. 3.3 can be described by Eq. 3.2:

2
d½E�T
dt

5 kH H1
� �

AH½ �1 k0 AH½ �1 k00 A
2½ �1 k0OH OH2½ � A2½ � (3.2)

where kH is the second-order rate constant for the specific acid catalyzed
hydrolysis of the unionized aspirin (AH), k0 is the first-order rate

Figure 3.2 Reaction coordinate diagram showing the specific base catalysis of carboxylic acid ester.

R

O

O
C

R'
OR' R'CR

OH

O–

–O

–OH

R

O
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O

O–
C

Slow
R'

HO

Figure 3.1 Specific base catalyzed ester hydrolysis in aqueous solution.
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constant for the solvent-catalyzed (sometimes called uncatalyzed) hydro-
lysis of AH, k00 is the first-order rate constant for the solvent-catalyzed
hydrolysis of ionized aspirin (A2), and k0OH is the second-order rate
constant for the specific base catalyzed hydrolysis of A2. The fraction of
AH and A2 can be calculated from the pH and pKa values:

fAH 5
½AH�

½AH�1 ½A2� 5
½H1�

½H1�1Ka

(3.3)

Figure 3.3 Sketch of the pH-rate profile for hydrolysis of aspirin in aqueous buffer solution at 25�C. The observed
rate constant has the units of min21[1,2].

Figure 3.4 Scheme showing possible hydrolytic pathways for hydrolysis of aspirin in aqueous solution.
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and

fA2 5
½A2�

½AH�1 ½A2� 5
Ka

½H1�1Ka

(3.4)

Furthermore, ½AH�5 fAHU½A�T, ½A2�5 fA2U½A�T, and [A]T5 [AH]1
[A2]. Thus, Eq. 3.2 can be written as:

2
d½A�T
dt

5 ðkH H1
� �

fAH1 k0fAH1 k00fA2 1 k0OH OH2½ �fA2Þ½A�T (3.5)

where kobs in Fig. 3.3 is

kobs5kH½H1�fAH1 k0fAH1 k00fA2 1 k0OH½OH2�fA2 (3.6)

and

2
d½A�T
dt

5 kobs½A�T (3.7)

At pH5 10 ([H1]� 10210), Eq. 3.4 becomes:

fA2 5
Ka

½H1�1Ka

5
1023:5

102101 1023:5
5 1:0 and thus fAH5 0:0

At pH $ 10, Eq. 3.6 becomes kobs � k0OH½OH2�. Furthermore, it can
be seen that:

Kw5 ½H1�½OH2� and pH52 log½H1�
log½OH2�5 logKw2 log½H1�5 logKw1 pH

log kobs5 log k0OH1 log½OH2�5 log k0OH 1 log Kw 1 pH

Thus, the theoretical slope of the linear profile (logkobsversus pH)
between pH 10 and pH 12 is 11.

At pH5 2 ([H1]� 1022), Eq. 3.3 becomes:

fAH5
1022

10221 1023:5
5 0:97 � 1:0 and thus fA2 5 0:0

66 Drug Stability for Pharmaceutical Scientists



At pH# 2, Eq. 3.6 becomes kobs5 kH½H1�. Furthermore, it can be
seen that:

log kobs5 log kH1 log ½H1�5 log kH2 pH

Thus, the theoretical slope of the linear profile (logkobsversus pH)
below pH 2 is 21.

Between pH 2 and 10 the shape of the profile is partly due to the
ionization of the aspirin molecule. At the minimum (pH� 2.5)
kH½H1�fAH � k0fAH. Then an increase in kobs is observed with increasing
pH with a plateau between pH 5 and 9, where kobs � k0fA2 � k0.
At pH5 pKa, fAH5 fA2 5 0:50 and at pH5 5.0 fA2 5 1:0. Due to intra-
molecular catalysis, the ionized aspirin is more unstable than the unionized
form (Fig. 3.5).

When pH increases from 2.5 to 5.0, fAH decreases and fA2 increases
and, because k00 is larger than k0, kobs increases. The following values
were obtained at 50.8�C, ionic strength (I) 0.10 M, in a zero buffer
concentration (i.e., no buffer catalysis) [1]:

kH5 1.323 1022 M21 min21

k05 1.923 1024 min21

k005 2.113 1023 min21

kOH5 32.3 M21 min21

Notice that due to intramolecular catalysis, k00� 10k0.
In general, for ester hydrolysis, kOHckH and, thus, esters have maximum
stability at an acidic pH. There are, however, some exceptions.

Figure 3.5 Solvent catalyzed hydrolysis of aspirin (nucleophilic attack of water on the ester linkage). The
negative charge on the ionized aspirin “helps” the water molecule to attack the ester linkage (intramolecular
catalysis).
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Under these conditions, the following equation is obtained from
Eq. 3.6:

kobs5 1:323 1022 ½H1�fAH 1 1:923 1024fAH

1 2:113 1023fA2 1 32:3½OH2�fA2

This equation allows us to calculate kobs (and thus the shelf-life) at any
pH at 50.8�C, I5 0.10 M, and zero buffer concentration remembering
that at 50.8�C pKw5 13.262. For example, at pH 2.5, where aspirin has
maximum stability, fAH5 0.91 and fA25 0.09:

kobs5 3:803 1025 1 1:753 1024 1 1:903 1025 1 5:023 10211

5 4:033 1024 min21

It can be seen that at pH 2.5, three out of four rate constants (i.e. kH, k0,
and k00) contribute to kobs. At pH 7.0, I5 0.10 M and 50.8�C
kobs5 2.13 1023 min21 and the shelf-life (t90) is 0.8 h. The activation ener-
gies for the rate constants have been calculated to be 16.7 kcal/mol (69.9 kJ/
mol) for kH, 16.4 kcal/mol (68.7 kJ/mol) for k0, 17.6 kcal/mol (73.7 kJ/mol)
for k00, and 12.5 kcal/mol (52.3 kJ/mol) for kOH [2]. With this information,
we can calculate kobs at various pH values and temperatures (at I5 0.10 M
and zero buffer concentration). For example, at pH 7.0 and 25�C,
kobs5 2.43 1024 min21 and t905 7.3 h. Thus, aspirin is too unstable to be
marketed as an aqueous solution or an aqueous suspension. On the other
hand, aspirin can be found as fast dissolving effervescent tablets that con-
tain aspirin together with sodium bicarbonate and citric acid. The tablets
are dissolved in a glass of water just before intake.

In the solid state, such as in tablets, aspirin degrades in microscopic
water pools (i.e., moisture) and, thus, the rate of degradation increases with
increasing humidity [3,4]. Aspirin dissolves in microscopic water pools in
which it is hydrolyzed to form salicylic acid and acetic acid (Fig. 3.6). The
weak smell of acetic acid from solid aspirin dosage forms or pure solid aspi-
rin indicates aspirin hydrolysis.

The water pools become saturated with aspirin and as aspirin
is hydrolyzed more aspirin is dissolved. Thus, in the solid state,
aspirin degradation follows pseudo zero-order kinetics (Chapter 2,
Section 2.1 and Eq. 2.4):

2
d½A�
dt

5 kobs½A�sat5 ksolid (3.8)
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However, both the value of the observed rate constant (Eq. 3.6)
and the concentration of dissolved aspirin (i.e., the fraction ionized)
are pH dependent. For example, degradation of aspirin in tablets
will depend on the hygroscopicity of the excipients used and the
humidity (i.e., the tablets’ moisture content) as well as on the pH
of the microscopic aspirin solution within the tablets. The pH of
pure aqueous solutions saturated with aspirin is close to 2.5, at which
the drug has maximum stability. Magnesium stearate is a commonly
used excipient in tablets. Magnesium stearate increases the pH of the
water domains to about 4.2. This will both increase the value of kobs
and the amount of aspirin dissolved ([A]sat), both of which will
increase the value of ksolid (Eq. 3.8). Besides hydrolysis, aspirin can
acetylate various drugs and excipients, such as codeine to form acetyl-
codeine [5], acetaminophen (paracetamol) to form diacetylaminophen
[6], and polyethylene glycols [7].

Question 3.1: The sketch in below shows the pH-rate profiles for the
hydrolysis of aspirin (the solid line) and p-acetoxybenzoic acid (the
broken line) at 25�C. Why is p-acetoxybenzoic acid much more
stable than aspirin between pH 2 and 8?

Figure 3.6 Schematic drawing of aspirin degradation in solid dosage forms in presence of moisture.
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3.1.2 Procaine and Procainamide
Procaine is an ester of p-aminobenzoic acid. Its solubility in water
is 5 mg/ml and its melting point is 61�C. Its hydrochloride is very
soluble in water and has a melting point between 154�C and 158�C.
Procainamide hydrochloride is also very soluble in water and has a
melting point between 166�C and 170�C. Procaine and procainamide
have identical structures except that in procainamide the ester linkage
has been replaced by an amide linkage (Fig. 3.7) [8�10].

Based on Fig. 3.8, the equation for kobs can be written as:

kobs5 kH½H1�fBH2
1 k0H½H1�fBH1 k00fBH1 k0OH½H1�fBH 1 kOHv ½OH2�fB

2
d½B�T
dt

5 kobs½B�T
½B�T 5 ½BH2�1 ½BH�1 ½B�

Figure 3.7 Scheme showing proposed hydrolytic pathways for hydrolysis of procaine in aqueous solution.
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fBH2
5

½H1�2
½H1�21 ½H1�Ka1 1Ka1Ka2

fBH 5
½H1�Ka1

½H1�2 1 ½H1�Ka11Ka1Ka2

fB5
Ka1Ka2

½H1�2 1 ½H1�Ka11Ka1Ka2

Maximum stability is at a pH of about 3.5, at which the shelf-life of
aqueous procaine solution is about 2 years at room temperature.

In procainamide, the ester linkage has been replaced by an amide linkage:

C

O
H
N

H2
C

H2
C NH+H2N

C2H5

C2H5

In general, amide linkages have a double binding character and, thus,
are much more stable than an ester linkage:

R C N

O R'

R''
R C N+

O-
R'

R''

Procainamide is much more stable in aqueous solutions than procaine.
Also, in vivo procainamide in vivo procainamide is over 4 times more
stable than procaine.

Figure 3.8 Sketch of the pH-rate profile for hydrolysis of procaine in aqueous buffer solution at 37�C. The
observed rate constant has the units of min21 [9,10].
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3.1.3 Acetaminophen (Paracetamol)
Acetaminophen, with a melting point between 168�C and 172�C and a
pKa of about 9.7, is sparingly soluble in water (about 14 mg/ml at 25�C).
The main degradation products are p-aminophenol and acetic acid.
Its pH-rate profile displays specific acid and specific base catalysis with
maximum stability at a pH of about 6 (Fig. 3.9). The shelf-life (t90) of
acetaminophen in an aqueous solution has been estimated to be over
3 years at pH 6 and 25�C [11].

HN C

O

CH3

OH

NH2

OH

+ CH3COOH

3.1.4 β-Lactam Antibiotics
β-Lactam antibiotics are antibacterial agents that contain a β-lactam ring
in their molecular structure, and they include penicillins, cephalosporins,
monobactams, and carbapenems:

Figure 3.9 Sketch of the pH-rate profile for hydrolysis of acetaminophen in aqueous buffer solution at 25�C. The
observed rate constant has the units of min21 [11].
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The β-lactam ring is a four-member lactam ring that undergoes
hydrolysis. In general, lactams are, like amides, chemically stable, but
due to the structural strain of the four-member ring, the β-lactam ring is
relatively rapidly hydrolyzed in aqueous solutions. The stability of the
lactam ring is affected by the substituents (R). Hydrolysis of the β-lactam
ring is catalyzed by intramolecular catalysis under acidic conditions:

N

S

O COOH

CH3

CH3

H
NCR

O

H+

Substituents that pull electrons away from the oxygen (i.e., electron
withdrawing groups) decrease the rate of hydrolysis, while substituents that
push electrons toward the oxygen (i.e., electron donating groups) enhance
the rate. While ampicillin and amoxicillin are relatively stable under acidic
conditions and can be given orally, benzylpenicillin is very unstable and
is rapidly hydrolyzed in the stomach, which results in an extremely low
oral bioavailability. Amoxicillin can be found in solid dosage forms (i.e.,
tablets and capsules), as oral suspensions, and as solutions for parenteral
administration. Amoxicillin has four ionization forms and the following
degradation pathway is based on the pH-rate profile (Fig. 3.10):
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Based on Fig. 3.10, the equation for kobs can be written as:

kobs5 kH½H1�fAH3
1 k0H½H1�fAH2

1 k00fAH2
1 k0OH½OH2�fAH2

1 kOHv ½OH2�fAH 1 kOHw ½OH2�fA

2
d½A�T
dt

5 kobs½A�T

½A�T 5 ½AH3�1 ½AH2�1 ½AH�1 ½A�

fAH3
5

½H1�3
½H1�3 1 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

fAH2
5

½H1�2Ka1

½H1�3 1 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

fAH5
½H1�Ka1Ka2

½H1�3 1 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

fA5
Ka1Ka2Ka3

½H1�3 1 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

Maximum stability is at a pH of about 5, at which the shelf-life of an
aqueous amoxicillin solution is less than one week at room temperature.
Due to its instability, amoxicillin is marketed, not as ready-made solu-
tions, but as a granular powder for preparation of aqueous suspensions
for oral administration and as a lyophilized powder for reconstitution of a
parenteral solution. Moisture in solid state formulations (e.g., tablets, cap-
sules, and powders) promotes hydrolysis of the β-lactam ring.

Figure 3.10 Sketch of the pH-rate profile for hydrolysis of amoxicillin in aqueous buffer solution at 35�C. The
observed rate constant has the units of h21 [12].
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Polyols (i.e., compounds with several hydroxyl groups like glucose,
sucrose, dextrans, glycerol, mannitol, and sorbitol) catalyze β-lactam
hydrolysis in aqueous solutions [13,14] through the formation of chemi-
cally unstable β-lactam/polyol complexes [15]. Thus, β-lactam antibiotics
should not be dissolved in or mixed with carbohydrates or dissolved in, for
example, isotonic glucose solutions. Likewise, metal ions such as Cu21,
Zn21, and Mn21, catalyze the cleavage of the β-lactam ring through for-
mation of complexes [16],

where kc is much larger than kf. For example, for benzylpenicillin and
Cu21, Kc was determined to be 190 M21, kf to be 0.15 M21 s21, and kc
1.23 107 M21 s21 (kc/kf5 83 107) at 30�C. Thus, minute amounts of
Cu21 ions can have a significant destabilizing effect on β-lactam antibiotics.

3.1.5 Nitrogen Mustards
Nitrogen mustards are an important class of alkylating anticancer drugs
that owe their activity to their ability to form reactive aziridinium ring
by intramolecular displacement of the chloride by the amine nitrogen.
In the presence of water, the reactive aziridinium ring (i.e., the ethylene-
immonium ion) reacts with water to form inactive degradation products:

R
H+

N
CH2CH2Cl

CH2CH2Cl

R N

CH2CH2Cl

CH2CH2Cl

R N+

CH2CH2Cl

Cl- +
H2O

R N

CH2CH2OH

CH2CH2Cl
+ Cl-

R N+

CH2CH2OH

R N

CH2CH2OH

CH2CH2OH

Aziridinium ring

pKa
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The degradation rate is proportional to the formation of the aziridi-
nium ring, and the presence of chloride will shift the equilibrium from
the ring, thus decreasing its relative concentration and consequent
mustard degradation. Protonization of the tertiary amine prevents a
nucleophilic attack on the carbon to form the reactive ring. The pKa

value of nitrogen mustards is frequently about 3. At a pH below this
pKa value, nitrogen mustards are unable to form the aziridinium ring
and, thus, are relatively stable.

Chlorambucil is chemically unstable in water:

H+

N
CH2CH2Cl

CH2CH2Cl
HOOCH2CH2CH2C

N
CH2CH2Cl

CH2CH2Cl
HOOCH2CH2CH2C

N
CH2CH2Cl

CH2CH2Cl

-OOCH2CH2CH2C

pKa1 ~ 3

pKa2 ~ 5

kH2C

kHC

kC

Based on Fig. 3.11, the equation for kobs can be written as:

kobs5 kH2CfH2C 1 kHCfHC1 kCfC

2
d½C�T
dt

5 kobs½C�T

½C�T5 ½H2C
1�1 ½HC�1 ½C2�

fH2C5
½H1�2

½H1�21 ½H1�Ka11Ka1Ka2

fHC 5
½H1�Ka1

½H1�2 1 ½H1�Ka11Ka1Ka2
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fC 5
Ka1Ka2

½H1�2 1 ½H1�Ka11Ka1Ka2

However, since chlorambucil is essentially stable at a very acidic
pH (kH2C � 0), the equation can be written as:

kobs5
kHC½H1�Ka11 kCKa1Ka2

½H1�2 1 ½H1�Ka11Ka1Ka2

3.1.6 Estramustine: How to Determine Degradation Mechanism
Estramustine sodium phosphate is a water-soluble prodrug of estramus-
tine that is practically insoluble in water (solubility 1 μg/ml).
Estramustine is a derivative of estradiol with a nitrogen mus-
tard�carbamate ester moiety that makes it less reactive than, for exam-
ple, chlorambucil. It is unable to form the reactive aziridinium ring due
to the electron withdrawing properties of the carbamate ester moiety.
The degradation mechanism can be revealed by determining the degra-
dation rate under various experimental conditions.

CH3

OC

O

N
ClH2CH2C

ClH2CH2C

O P

O
ONa

ONa CH3

OC

O

N
ClH2CH2C

ClH2CH2C

OH CH3

HO

OH

Estramustine sodium phosphate Estramustine Estradiol

Figure 3.11 Sketch of the pH-rate profile for hydrolysis of chlorambucil in aqueous buffer solution at 40�C. The
observed rate constant has the units of min21 [17].
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The degradation of estramustine was studied in aqueous solutions [18].
The pH-rate profile (Fig. 3.12) is very different from other nitrogen
mustards, such as that of chlorambucil (Fig. 3.11), indicating that
hydrolysis of this nitrogen mustard drug proceeds through a different
mechanism.

Estramustine does not display any pKa values in the pH range from
1 to 11. Based on Fig. 3.12, the rate equation for the disappearance of
estramustine in aqueous solutions is:

kobs5 k01 kOH OH2½ � 2
d½Estramustine�T

dt
5 kobs Estramustine½ �

A liquid chromatographic method was used to monitor the disap-
pearance of estramustine as a function of time (Fig. 3.13). The method
showed the appearance of a degradation product later identified as
estradiol (Fig. 3.14).

Figure 3.12 Sketch of the pH-rate profile for hydrolysis of estramustine in aqueous buffer solution at 80�C. The
observed rate constant has the units of min21[16].

Figure 3.13 First-order plots (ln[drug] versus time plots) for the degradation of estramustine in aqueous solution
at 80�C.
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Figure 3.13 shows that the estramustine degradation follows the
first-order rate equation (see Chapter 2, Eq. 2.15), while Fig. 3.14
shows that the rate of estradiol appearance is equal to the rate of estra-
mustine disappearance. Then the effect of temperature (Table 3.1) and
the dielectric constant (Table 3.2) on the degradation rate was
investigated.

Plotting ln k
T
versus 1

T
according to Eq. 2.130, gives us a straight line

from which the enthalpy of activation (ΔH6¼) is calculated from the slope,
and the entropy of activation (ΔS6¼) is calculated from the intercept
(see Chapter 2, Fig. 2.10). From the values given in Table 3.1, ΔH6¼ was

Figure 3.14 The disappearance of estramustine and appearance of estradiol in aqueous phosphate buffer solution
at pH 7.5 and 80�C.

Table 3.1 The Observed First-Order Rate Constants (Kobs) for the Degradation of
Estramustine in Aqueous Phosphate Buffer Solution at pH 7.5 and Various
Temperatures.
Temperature kobs (min21)

(�C) (K)

86 359 2603 1024

80 353 1543 1024

75 348 94.83 1024

70 343 62.33 1024

Calculated values:

25 298 4.623 1024

5 278 0.033 1024
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determined to be 89.3 kJ mol21 (21.4 k cal mol21) andΔS6¼ to be 262.0 J
mol21 K21(2 14.8 cal mol21 K21). This rather large ΔH6¼ and low nega-
tiveΔS6¼ could indicate a unimolecular reaction (i.e., only one molecule in
the rate-determining step (RDS)). Equation 2.130 can also be used to cal-
culate kobs at 25 and 5�C (pH of 7.5), and from the rate constants, the
shelf-life (t90) can be estimated (Eq. 2.19) to be about 6.7 h at 25�C and
about 24 days at 5�C. Table 3.2 shows that kobs decreases with a decreas-
ing ε, suggesting some charge development in the transition state.

The value of kobs was also determined for deuterium oxide (D2O) at
pH 6.5 and 80�C, and the isotope effect was determined:

Isotope effect5
kH2O

kD2O

5
1:353 1022 min21

1:233 1022 min21
5 1:10

This small isotope effect is probably not due to the cleavage of
an O�H bond, but rather due to some secondary effects. This is con-
sistent with unimolecular RDS. Finally, the addition of chloride ions
(Cl2) to the reaction media did not affect the kobs value, indicating
that Cl2 is not released during the RDS. These observations agree
with the following degradation mechanism:

OCN

O

ClH2CH2C

ClH2CH2C
OCN

O

ClH2CH2C

ClH2CH2C

≠

CN

O

ClH2CH2C

ClH2CH2C
OH

+ Estradiol
Transition state

δ+ δ−

Knowing the degradation mechanism of a given drug can help the
pharmaceutical scientist to design stable formulations containing the
drug.

Table 3.2 The Effect of Dielectric Constant (E) on the Observed First-Order Rate
Constant (Kobs) in Aqueous Phosphate Buffer Solution at pH 7.4 and 80�C
Dioxane (% v/v) εa kobs (min21)

0 60.55 1.4783 1022

10 53.08 1.2733 1022

20 45.77 0.9333 1022

30 38.64 0.6193 1022

aCalculated at 80�C [19].
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Question 3.2: The figure below shows how the half-life (t1/2) for chlor-
ambucil hydrolysis increases with increasing chloride (Cl2) concentra-
tion [20]. Why does the t1/2 increase with increasing [Cl2]?

3.2 OXIDATION

Oxidative reactions are somewhat common drug degradation pathways.
Most drugs exist in their reduced form and oxygen, which participates
in most oxidation reactions, is abundant in the environment (e.g.,
20.95% of the atmosphere). Fresh water in an open vial contains about
6 ml/liter of O2 at 25�C, and about twice as much at 0�C. As in the case
of hydrolytic reactions, the rate of oxidation is both pH- and tempera-
ture-dependent, and as in the case of hydrolysis, oxidative reactions are
much faster in aqueous solutions than in the solid state. In addition,
metal ions and light can have catalytic effects on oxidative reactions.

Oxidation is a loss of electrons or an increase in the oxidation state and
reduction is a gain in electrons or a decrease in the oxidation state. Redox
reaction is an electron transfer process:

Reduced form"Oxidized form1 ne2

where the reduced form loses n number of electrons (e2). A simple oxida-
tion is the oxidation of methanol (CH3OH) to form formaldehyde
(CH2O), formic acid (CHOOH), or carbon dioxide (CO2). A simple
reduction can, for example, be hydrogenation of carbon�carbon double
bonds. In comparison to hydrolysis, the oxidative degradation pathways
are, in general, rather complex.
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3.2.1 Morphine
In its unionized form, morphine is almost insoluble in water (solubility
is about 0.2 mg/ml) but it is most often used in a salt form such as mor-
phine hydrochloride (solubility is about 40 mg/ml at room temperature).
Morphine has two pKa values: pKa15 8.0 (protonated amino group) and
pKa25 9.9 (phenol) at room temperature. The oxidative degradation
pathway of morphine is rather complex in which the phenol group and
the amino group play important roles [21]. Below are some examples of
degradation products:

O

N

HO OH

CH3

O

N

HO OH

CH3

O

N

HO OH

CH3

O

N

OHHO

H3C

OH

O

Pseudomorphine

Morphine

Morphine-N-oxide

HO

N

CH3

Apomorphine

The oxidative degradation kinetics are frequently rather complex,
depending on the oxygen concentration as well as other external factors,
such as pH, temperature, and buffer salts. In aqueous solutions saturated
with oxygen (i.e., [O2]5 constant), the rate constants for morphine degra-
dation are:

kHM5 k0HM½O2�
kM 5 k0M½O2�

When only the protonization of the amino group is considered, then
the equation for kobs is (for pH levels from 2 to 7):

kobs5 kHM
½H1�

½H1�1Ka1

1 kM
Ka1

½H1�1Ka1

5 kHMfHM1 kMfM
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Figure 3.15 shows the effect of pH on kobs. At 95�C, pKa1 was
determined to be 6.77, kHM to be 1.773 1023 h21, and kM to be
8.033 1022 h21. Ea was estimated to be 22.8 kcal/mol at a pH between
5.0 and 6.5 [22].

3.2.2 Ascorbic Acid
L-Ascorbic acid (vitamin C) is a water-soluble compound frequently
used as an antioxidant in food products due to its mild reducing proper-
ties. Ascorbic acid has two pKa values: pKa15 4.2 and pKa25 11.6 at
room temperature.

O O

HO OH

HO

HO
pKa1

L-Ascorbic acid (AH2) Ascorbate (AH-)

H

O O

-O OH

HO

HO H

O O-

O OH

HO

HO H

The rate of oxidative degradation of ascorbic acid is at its maximum
at the pKa value at which [AH2]5 [AH2], suggesting the following deg-
radation mechanism [23]:

AH2 1O2���!
k1

Product

AH2=AH21O2���!
k2

Product

AH21O2 ���!
k3

Product

Figure 3.15 Sketch of the pH-rate profile for oxidation of morphine in aqueous solution at 95�C and in the
presence of excess oxygen. The observed rate constant has the units of h21 [20].
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where k2 is much larger than k1 and k3. Ascorbic acid is available both
in solid dosage forms (e.g., tablets) and in aqueous parenteral solu-
tions. Ascorbic acid degrades in the solid state with discoloration
under the influence of moisture [24]. Both moisture and air accelerate
ascorbic acid degradation in the solid state.

3.2.3 Autoxidation
Autoxidation (auto-oxidation) is a complex oxidation mechanism
that proceeds through a free radical chain process. It is a common
degradation mechanism for unsaturated fats, but a number
of drugs containing carbon�carbon double bonds also undergo

Figure 3.16 Fraction of AH2 (unbroken curve) and AH2 (broken curve) as a function of pH at 67�C [21].

Figure 3.17 Sketch of the pH-rate profile for oxidation of ascorbic acid in aqueous solution under aerobic condi-
tions at 67�C. The observed rate constant has the units of h21[21].
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autoxidation. In general, the free radical chain process consists of
three steps [25]:

Initiation RH-R� 1H�

Propagation

R�1O2-ROO�

ROO� 1RH-
RDS

ROOH1R�

8<
:

Termination
ROO� 1ROO�-Non-radical products

ROO� 1ROOH-Non-radical products

(

A free radical is formed in the initiation step, frequently through
the thermal or photochemical hemolytic cleavage of an R�H bond.
The initiation is catalyzed by metal ions such as Cu21, Ni21,
and Fe31. Molecular oxygen is added to the free radical in the
propagation step and then in the rate-determining step (RDS), the
peroxyl radical extracts the hydrogen atom from RH to form
another R• radical. The rate of the RDS depends mainly on the
strength of the C�H bond that is being cleaved. In the termination
step, the chain reaction is broken when two free radicals react to
form nonradical products. The rancidification of fat, which gives a
distinct rancid smell (due to the formation of volatile aldehydes and
ketones), is an example of autoxidation:

3.2.4 Retinol
Retinol (all-trans-retinol; vitamin A1) is insoluble in water (solubility is
about 0.04 mg/ml at room temperature). Retinol is a polyunsaturated
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compound and as such is susceptible to oxidative degradation as well
as to cis�trans isomerization.

CH3 CH3CH3H3C

CH3

CH3 CH3CH3H3C

CH3

CH3 CH3CH3H3C

CH3

OH OH

O

O OH

Retinol Tretinoin Isotretinoin

Related drugs are all-trans-retinoic acid (tretinoin) and 13-cis-retinoic
acid (isotretinoin). Retinol, tretinoin, and isotretinoin are polyunsatu-
rated compounds with numerous C�C double bonds and are, as such,
subject to autoxidation. Retinyl palmitate (the ester of retinol and
palmitic acid) is less susceptible to autoxidation than the free retinol and,
thus, is used in aqueous parenteral and oral solutions [26].

3.2.5 Antioxidants
Antioxidants are pharmaceutical excipients that prevent or delay oxida-
tive degradation of active ingredients. Antioxidants are classified into
three groups: phenolic antioxidants (sometimes called true antioxidants),
reducing agents, and chelating agents (Table 3.3).

Phenolic antioxidants are sterically hindered phenols that react with
free radicals, blocking the chain reaction.

OH

CC

CH3
CH3
CH3

CH3
H3C

H3C

CH3

COOC3H7

OH

OHHO

OH

C

CH3
CH3
CH3

OCH3

OH

OCH3

C
CH3

CH3
CH3

BHT Propyl gallate BHA

Table 3.3 Classes and Examples of Antioxidants
Phenolic Antioxidants Reducing Agents Chelating Agents

Butylated hydroxyanisole (BHA) Ascorbic acid Citric acid

Butylated hydroxytoluene (BHT) Ascorbyl palmitate Disodium edetate

tetra-Butylhydroquinone Monothioglycerol Fumaric acid

Gallic acid Sodium bisulfite Malic acid

Propyl gallate Sodium metabisulfite Phosphoric acid

α-Tocopherol Sodium sulfite Tartaric acid
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These hindered phenols are radical-trapping antioxidants for oxy-
and peroxy radicals. The phenoxy radicals formed with their bulky
substituents are stabilized by steric hindrance and cannot attach drugs
or unsaturated fatty acids to maintain the chain reaction (propagation
step), for example BHT:

OH

CC

CH3
CH3
CH3

CH3
H3C

H3C

CH3

ROO•

+

O•

CC

CH3
CH3
CH3

CH3
H3C

H3C

CH3

ROOH

+

The radical formed is stabilized by delocalization of the unpaired
electron around the phenol ring to form a stable resonance hybrid (i.e.
low-energy radical):

O

CC

CH3
CH3
CH3

CH3
H3C

H3C

CH3
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CH3
CH3
CH3

CH3
H3C

H3C

CH3

O
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CH3
CH3
CH3

CH3
H3C

H3C

CH3

O

CC

CH3
CH3
CH3

CH3
H3C

H3C

CH3

BHT, propyl gallate, and BHA are examples of synthetic hindered
phenols. An example of a natural hindered phenol is α-tocopherol.

Reducing agents are compounds that have lower redox potentials
and, thus, are more readily oxidized than the drug they are intended to
protect. Reducing agents scavenge oxygen from the medium and, thus,
delay or prevent drug oxidation.

Chelating agents are sometimes called antioxidant synergists. Metal
ions, such as Co21, Cu21, Fe31, Fe21, and Mn21, shorten the induc-
tion period and increase the oxidation rate. Trace amounts of these
metal ions are frequently introduced to drug products during
manufacturing. Chelating agents do not possess antioxidant activity as
such, but enhance the action of phenolic antioxidants by reacting with
catalyzing metal ions to make them inactive.
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Antioxidant synergism is the cooperative effect of antioxidants, or
an antioxidant with other compounds, to produce better antioxidant
activity than the sum of activities of the individual antioxidants when
used by themselves. For example, two or more phenolic antioxidants
can give synergistic effects due to differences in steric hindrance.
Phenolic antioxidants are used in combination with chelating agents
because the chelating agents decrease the oxidation rates by inhibiting
metal-catalyzed oxidation, resulting in the formation of fewer free
radicals.

A commercial vitamin A solution contains 50,000 International
Units of retinyl palmitate in 1.00 ml of an aqueous vehicle consisting
of 12% polysorbate 80 (solubilizer), 0.5% chlorobutanol (antibacterial
and antifungal agent), 0.1% citric acid (chelating agent), and 0.03%
BHA and 0.03% BHT (phenolic antioxidants). The pH is adjusted to
6.8 with sodium hydroxide. In this formulation BHA, BHT, and citric
acid have a synergistic antioxidant effect.

Question 3.3: The sketch below shows the effect of various additives
on the rate of disappearance of COL-3 (a chemically modified tetra-
cycline) from an aqueous pH 10.3 phosphate buffer at 25�C in the
presence of light [27]. The concentration of the additives was in all
cases 0.005% (w/v). Why do the additives increase the stability of
COL-3?
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3.3 ISOMERIZATION

Isomerization is a degradation process in which a drug degrades to
form a product with an identical chemical formula (i.e., isomers).
Isomers have the same chemical composition but a different configura-
tion or structure and possess different physicochemical properties.
Most drug receptors and many enzymes are stereoselective and stereo-
specific; thus, drug isomers will have different biological properties,
including pharmacological and toxicological properties. For example,
the natural L-ascorbic acid has antiscorbutic activity, but the synthetic
D-ascorbic acid does not. Both, however, have antioxidant properties.
There are two main categories of isomers (i.e., stereoisomers and struc-
tural isomers).

3.3.1 Stereoisomers
Ephedrine has two chiral centers (n5 2), giving rise to four stereoisomers
(n25 4). All four stereoisomers are known compounds with known
biological properties:

CHO H

C

NHCH3

HH3C

CH OH

C

NHCH3

CH3H

CHO H

C

NHCH3

CH3H

CH OH

C

NHCH3

HH3C

L-(+)-Ephedrine
(S,R)-Ephedrine

D-(-)-Ephedrine
(R,S)-Ephedrine

D-(-)-Pseudoephedrine
(S,S)-Pseudoephedrine

L-(+)-Pseudoephedrine
(R,R)-Pseudoephedrine

L-(1)-Ephedrine and D-(2)-ephedrine are enantiomers (or mirror
images of each other) and so are D-(2) pseudoephedrine and L-(1)-
pseudoephedrine. L-(1)-Ephedrine and D-(2) pseudoephedrine are
diastereomers. Diastereomers occur when compounds have two or more
chiral centers and different configurations at one or more, but not all,
of the centers (i.e., not mirror images of each other). Racemization refers
to the conversion of a pure enantiomer into a mixture in which two (or
more) enantiomers are present. Racemate is a mixture containing equal
amounts of the enantiomers. Epimers are diastereomers that differ in
configuration at only one chiral center.
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OH O OH O

CONH2
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NHHO
CH3

H H
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H3C

CH3

OH O OH O

CONH2

OH

NHHO
CH3

H H

OH

H3C

CH3

kf

kr

Tetracycline 4-epi-Tetracycline

Cis/trans isomers (also called geometric isomers or E/Z isomers) are
a form of stereoisomers describing the orientation of functional groups
within a molecule, usually around double bonds:

CH3

H

H3C

H

CH3

H

H

H3C

cis or Z isomer trans or E isomer

3.3.2 Structural Isomers
Structural isomers (constitutional isomers) have the same molecular
formula, but the atoms are arranged in a different way. For example,
n-propanol (propan-1-ol) and isopropanol (propan-2-ol) are structural
isomers with the same molecular formula (C3H8O) but different
physicochemical properties, like boiling point and density. Propanol
and isopropanol are position isomers. Tautomers are also structural iso-
mers but they are readily interconverted by a chemical reaction called
tautomerization.

3.3.3 Epinephrine
L-(2)-Epinephrine (l-adrenaline or 4-[(1R)-1-hydroxy-2-(methylamino)
ethyl]benzene-1,2-diol) has one chiral center.

HO

OH

H
N

CH3

HO H

In aqueous solutions, epinephrine undergoes specific acid catalyzed
racemization [28].

90 Drug Stability for Pharmaceutical Scientists



OH

H

R
H+ OH2

+

H

R
RDS

OH2

R

O

H H

δ

δ

H

H

OH2
+

R

H

OH

R
H+RDS

O

H
H

δ δ

O
H

H

However, the main degradation route of epinephrine under aerobic
conditions is oxidation to form adrenochrome (the solution goes from
colorless to pink) and other oxidation products. The rate of oxidation
increases with increasing pH, while the rate of racemization decreases
with increasing pH. The optimum stability of the aqueous epinephrine
solutions has been estimated to be between pH 3.0 and 3.8, at which
the total rate of degradation (i.e., the rate of racemization and the rate
of oxidation) is at its minimum [29].

3.3.4 Tetracyclines

O OHOH O
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NHHO CH3 CH3

H H
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HO H CH3

H3C
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H OH

Tetracycline Doxycycline Oxytetracycline

Tetracyclines form a group of naturally occurring antibiotics con-
sisting of four hydrocarbon rings. The rings are lettered from A to D,
and the numbers begin at the bottom of ring A. Tetracyclines are
fairly stable in aqueous solutions under acidic conditions, but are
somewhat labile under basic conditions. However, under neutral to
acidic conditions, tetracycline and other tetracyclines undergo epi-
merization [30].
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Tetracyclines do also form several tautomeric forms, for example:

OH

NH2

OOOOHOH

NCH3

CH3H3C

OH

OH

NH2

OOOHOOH

NCH3

CH3H3C

OH

H3C H3C

Tetracycline has three pKa values. pKa15 3.3 (tautomeric stabilization
of the anion formed):
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NH+H CH3

CH3
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O
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OO-

NH+H CH3
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pKa25 7.3 (tautomeric stabilization of the anion formed):

O-OOH OO-OH OOHO-OHOOH

pKa35 9.1:
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CH3H3C
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In acidic solutions, tetracyclines undergo epimerization and dehy-
dration (Fig. 3.18):

OH

NH2

OOOOHOH

NH+CH3

H H

HO H CH3

CH3

OH

OH

NH2

OO

+HN H

CH3H3C

OH

OHOH

H3C

epi-anhydro-Tetracycline

anhydro-Tetracycline

Tetracycline 4-epi-Tetracycline

In alkaline solutions, the enolone moiety in position 11�12 is attacked
by hydroxyl ions:

OH O OH O
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H H
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H3C

CH3

OH O OH O

CONH2

OH

NHCH3

H

OH

H3C

CH3

OH-

O

Figure 3.18 Sketch of the concentration profile of the degradation products of tetracycline in aqueous solution at
pH 1.5 and 75�C [31].
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The pH-rate profile of oxytetracycline at 60�C, at zero buffer con-
centration, and at ionic strength 0.5 is shown in Fig. 3.19 [32]. The
three pKa values of oxytetracycline are 3.3, 7.3, and 9.1 at 25�C and,
thus, the drug exists in four ionization forms:

H3O+ H2O+- HO+2- O2-
pKa1 pKa2 pKa3

kH k'''
OH

k0 k'
0 k''

0 k'''
0

Based on Fig. 3.19, the equation for kobs can be written as:

kobs5 kH½H1�fH3O1 kOfH3O1 k00fH2O1 k0vfHO1 k0vfO 1 kOHw ½OH2�fO

2
d½O�T
dt

5 kobs½O�T

½O�T5 ½H3O
1�1 ½H2O

12�1 ½HO122�1 ½O22�

fH3O5
½H1�3

½H1�3 1 ½H1�2Ka1 1 ½H1�Ka1Ka2 1Ka1Ka2Ka3

and so on:

Figure 3.19 Sketch of the pH-rate profile for the degradation of oxytetracycline in aqueous solution at 60�C (I5 0.5).
The observed rate constant has the units of h21 [32].
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The values of the rate constants for the pH-rate profile shown in
Fig. 3.19 were determined at 60�C and I5 0.5 [32]:

kH5 1.7 M21 h21

k05 0.03 h21

k005 0.42 h21

kv05 0.22 h21

kw05 0.30 h21

kwOH5 43.4 M21 h21

Oxytetracycline has maximum stability at a pH of about 2.

3.3.5 Pilocarpine
Pilocarpine (pKa5 7.1 at 25�C) is an antiglaucoma drug administered
as aqueous eye drop solutions. Pilocarpine is a lactone with two asym-
metric carbon atoms that undergoes hydrolysis under both acidic and
alkaline conditions. Under alkaline conditions, epimerization is a
minor degradation pathway (B20%):
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The mechanism of pilocarpine epimerization in alkaline solution is
as follows:

O

R

O

C2H5
HH

OH

O

R

-O

C2H5 H

O

R

O

H
HC2H5

The rate equation can be written as (disregarding the ionization of
pilocarpine):

2
d½P�
dt

5 kH P½ � H1
� �

1 kOH P½ � OH2½ �1 kE P½ � OH2½ �
2 k0H PA½ � H1

� �
2 k0E IP½ � OH2½ �

In aqueous solutions, pilocarpine has maximum stability at a pH of
about 5 at which the shelf-life is greater than 5 years at 25�C.

3.3.6 Cis�Trans Isomerization
Cis�trans isomerization is also called geometrical isomerization, which
describes the relative orientation of functional groups within a mole-
cule that, in general, contain double bonds. Cis�trans isomerization,
however, is also known in ring structures in which the rotation of
bonds is restricted. An example of cis�trans isomerization is the degra-
dation of retinol (all-trans vitamin A1):
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Related drugs, such as all-trans-retinoic acid (tretinoin), 9-cis-retinoic
acid (alitretinoin) and 13-cis-retinoic acid (isotretinoin), are also suscepti-
ble to cis�trans isomerization. However, oxidation is most often the main
degradation pathway of retinol and related compounds.

3.4 PHOTOCHEMICAL DEGRADATION

Numerous drugs can undergo photochemical decomposition, some
more readily than others, and in most cases the reaction mechanism is
rather complex. For example, piroxicam degrades via two pathways: a
hydrolytic pathway and a photochemical pathway [33]:
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The degradation pathway of piroxicam and the relative concentrations
of the products formed depend on the conditions, including the pH of the
medium. Other common photochemical degradation pathways include
dehalogenation (e.g., norfloxacin, ciprofloxacin, and chlorpromazine),
decarboxylation (e.g., ibuprofen and naproxen) and rearrangement (e.g.,
diazepam, metronidazole, and diethylstilbestrol).

3.5 DECARBOXYLATION

Decarboxylation does not have to be a photochemical degradation. For
example, decarboxylation of p-aminosalicylic acid has been shown to be a
rate-controlling proton addition followed by rapid decarboxylation [34].

COO-

NH3
+

OH

H+
COO-

NH3
+

OH

NH3
+

OH

H

+ -CO2

The value of the rate constant at a pH between 1 and 7 depends
on the relative concentration of the zwitterion (pKa15 1.8; pKa25 3.6):

COOH

NH3
+

OH

COO-

NH3
+
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OHAH±
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kobs5 kAH2
½H1�fAH2

1 kAH6 ½H1�fAH6 where kAH6 � 100kAH2

Maximum degradation is observed at the isoelectric point (pH5 2.7)
at which kobs has maximum value (Fig. 3.20). p-Aminosalicylic acid has
maximum stability at a pH between 9 and 10.

3.6 DEHYDRATION

Prostaglandin E2 (pKa5 5.0) dehydrates readily in aqueous solutions
to form prostaglandins A2 and B2 [35,36].

COOH

OH
HO

O O O

Prostaglandin E2 Prostaglandin A2 Prostaglandin B2

The pH-rate profile (Fig. 3.21) displays specific acid- and specific
base-catalysis:

kobs5 kH½H1�fPH1 k0fPH1 k00fP 1 k0OH½OH2�fP
where kH is the rate constant for the specific acid catalyzed dehydration of
unionized prostaglandin E2 (PH), k0 is the solvent catalyzed (or uncata-
lyzed) dehydration of PH, k00 is the solvent catalyzed dehydration of the

Figure 3.20 Sketch of the pH-rate profile for the decarboxylation of p-aminosalicylic acid in aqueous solution at
25�C (I5 0.5). The observed rate constant has the units of h21 [34].
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ionized prostaglandin E2 (P), and k0OH is the specific base catalyzed dehy-
dration of P. Various other drugs have a tendency to undergo dehydration
as a form of degradation, such as erythromycin and streptovitacin A.

Question 3.4: The following figure shows the reaction profile for prosta-
glandin E2 (PGE2) at pH 8.0 and 60�C [35]. Why is prostaglandin B2 more
stable than prostaglandin A2? What type of a reaction is prostaglandin
A2- prostaglandin B2?

O

HO

COO-

OH

O

COO-

OH

O

COO-

OH

Prostaglandin E2

Prostaglandin A2

Prostaglandin B2

Figure 3.21 Sketch of the pH-rate profile for the dehydration of prostaglandin E2 in aqueous 5% (v/v) ethanol
solution at 25�C. The observed rate constant has the units of h21 [33].
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3.7 POLYMERIZATION

Formaldehyde is a gas, but forms a hydrate, methanediol (H2C(OH)2),
in aqueous solutions:

CH2O1H2O"HOaCH2aOH

Methanediol

Methanediol is chemically reactive and reacts with itself to form
polymers:

HOaCH2aOH1HOaCH2aOH-HOaCH2aOaCH2aOH

---HOa½CH2aO�naCH2aOH

An aqueous formaldehyde solution, known as formalin, contains
40% (v/v) formaldehyde, most of which exists as water-soluble
polymers (n# 7). Larger polymers (n. 7) are less water-soluble, and
the precipitate is known as paraformaldehyde. Methanol is fre-
quently added to aqueous formaldehyde solutions to prevent forma-
tion of a white paraformaldehyde precipitation. The water-soluble
cyclic formaldehyde trimer, known as 1,3,5-trioxane ((CH2O)3), also
formed in aqueous formaldehyde solutions.
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Some β-lactam antibiotics, such as ampicillin, are also known to form
polymers [37].

Question 3.5: How does methanol stabilize aqueous formaldehyde
solutions?

Why did the investigator monitor formation of the penicillin tetramer
instead of the polymer?

Why do the formation curves shown in Fig. 3.22 display positive
deviation from linearity?
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CHAPTER 44
Drug Degradation in Semisolid Dosage Forms

Drug degradation in semisolid dosage forms frequently resembles drug
degradation in solutions, especially in those dosage forms that consist of
one liquid phase, such as gels. Gels are semisolid drug dosage forms that
can be as soft as jelly or as hard as solids. They mainly consist of liquid,
but behave like solids due to a three-dimensional network within the liquid.
Thus, from a drug stability point of view, gels are single-phase liquid states.
For example, hydrogels can consist of 99.9% water and only 0.1% water-
soluble polymers that form the network. Drug degradation in hydrogels
follows the same kinetics and degradation mechanisms as in aqueous solu-
tions. Organogels (sometimes referred to as oleogels or lipogels) are gels in
which the homogeneous liquid phase consists of a nonaqueous solvent,
such as an organic solvent, a mineral oil, or a vegetable oil. Ointments con-
sist of single-phase bases in which drugs are dispersed. Ointment bases can
consist of liquid paraffins or vegetable oils with emulsifying agents (water-
emulsifying ointments) or without emulsifying agents (hydrophobic
ointments), or with water-soluble bases, such as macrogols (hydrophilic
ointments). Water-emulsifying and hydrophilic ointments may contain
some water. Creams are emulsions consisting of a lipophilic phase and an
aqueous phase. Hydrophilic creams are o/w emulsions (oil is the dispersed,
and water the continuous, phase) and lipophilic creams are w/o emulsions
(water is the dispersed, and oil is the continuous, phase). Ointments can
contain drug suspensions in which case the drug is partly in a solid phase.
The drug degradation kinetics will then be similar to those of aqueous
drug suspensions (see Chapter 2, Section 2.1 Zero-order reactions). In
creams, the drug is dispersed between the oil phase and the aqueous phase,
and frequently the drug degrades much faster in the aqueous phase than in
the oil phase. The observed rate constant for degradation is the weighted
average of the rate constants of the oil and aqueous phases (see Chapter 2,
Section 2.11 Disperse colloidal systems).

4.1 TRETINOIN

Tretinoin (all-trans-retinoic acid) is marketed as a hydrogel containing
0.05% w/v of dissolved tretinoin in a base consisting of aqueous



ethanolic (15% w/w) solution embedded in a polyacrylate matrix.
When the gel is exposed to light, tretinoin can be isomerized to form
isotretinoin (13-cis-retinoic acid) [1]:

CH3 CH3CH3H3C

CH3

OH

O CH3 CH3CH3H3C

CH3 O OH

Tretinoin Isotretinoin

Light

4.2 BETAMETHASONE 17-VALERATE

Corticosteroid 17α-monoesters are unstable and readily rearrange to
form the corresponding 21-monoesters. Thus, in aqueous solutions and
semisolid dosage forms, betamethasone 17-valerate rearranges to form
betamethasone 21-valerate:

O

HO

F

OH

O

O

O

21

17

O

O

OH

O

Bethamethasone 17-ester Bethamethasone 21-ester

Betamethasone 21-valerate is then hydrolyzed to form the alcohol.
The pH-rate profile for the rate of disappearance of betamethasone 17-
valerate in aqueous solutions is shown in Fig. 4.1. The profile shows
that the drug has maximum stability at a pH between 3 and 4.
Rearrangement from the 17-ester to the 21-ester is known to occur in
both ointments and creams [3]. Dilution of betamethasone 17-valerate
cream with a base having a neutral or alkaline pH can accelerate the
drug degradation (Fig. 4.1).
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Figure 4.1 Sketch of the pH-rate profile for the degradation of betamethasone 17-valerate in aqueous solution at
60�C (I5 0.5). The observed rate constant has the units of h21[2].
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CHAPTER 55
Stability of Peptides and Proteins

Peptides and proteins are subjected to chemical degradation in much
the same way as low molecular weight drugs. In addition, peptides and
proteins can be subjected to physical degradation (i.e., alteration of
their higher order structures (Fig. 5.1)). The primary protein structure
refers to the amino acid sequence of the polypeptide chain. The amino
acids are held together by relatively strong covalent bonds. The sec-
ondary structure refers to the regular substructures of compounds,
such as the alpha helix and beta-sheet. The secondary structure is held
together by hydrogen bonds that are relatively weak. The tertiary
structure is the three-dimensional structure of a single protein molecule
where, for example, hydrophobic moieties are buried within the protein
structure and held together by relatively weak hydrophobic interac-
tions. Enhanced stability can be obtained via salt bridges, hydrogen
bonds, and covalent disulfide bonds. Quaternary protein structure is
the three-dimensional structure of a multisubunit protein. The quater-
nary structure is held together by salt bridges, hydrogen bonds, and/or
disulfide bonds.

5.1 PHYSICAL DEGRADATION

Physical degradation of peptides and proteins involves changes in their
secondary, tertiary, or quaternary structures (i.e., the loss of their native
three-dimensional structures). Denaturation can be due to increases in
temperature, pH changes that alter the ionization of carboxylic acids
and amino acids, changes in ionic strength, and changes from an aque-
ous to an organic solution media. Denaturation frequently leads to the
loss of specific biological activity. Aggregation can be due to the rear-
rangement of hydrophobic protein moieties in such a manner that two
or more protein molecules associate to form an aggregate that can possi-
bly lead to precipitation. Interfacial protein adsorption may enhance
aggregation and precipitation. Both denaturation and aggregation may
be reversible, although they are most often irreversible. Enhanced physi-
cal stability can be obtained through the prevention or the reduction of
protein adsorption to surfaces and the minimization of protein exposure



to air. Polyalcohols, such as sorbitol and glycerol, are known to bind to
the protein surface and protect its three-dimensional structure. Other
excipients may enhance protein stability by protecting its hydration or
by some other mechanisms. It is also important to adjust the pH and
salt content of aqueous protein and peptide solutions.

5.2 CHEMICAL DEGRADATION

The chemical degradation of peptides and proteins occurs through similar
mechanisms to the degradation of small drug molecules, and they are
affected by temperature and pH, as previously described in Chapter 2.
However, their degradation is also affected by their amino acid composi-
tion, sequence, and conformation. For example, deamidation is the
hydrolysis of a side chain amide in asparagine or glutamine residue to
form a free carboxylic acid. Deamidation is a specific acid/base catalyzed
reaction that displays a pH of optimum stability. Insulin is an example of
a drug that undergoes deamidation in aqueous solutions [1]. All amino
acid residues except glycine possess a chiral carbon atom and are subject
to specific acid/base catalyzed racemization and isomerization. Peptides
and proteins in all living organisms consist exclusively of the L-forms of
amino acids (except in certain types of bacteria). However, after death,
proteins and peptides are slowly racemized and by determining the D/L

Deamidation
Precipitated
protein

Partly unfolded
protein

Denatured
protein

Native protein
structure

Aggregated
protein

Covalent
changes

AggregationUnfolding

Refolding

Chemical degradation:

Racemization
Isomerization
Hydrolysis

Oxidation

Disulfide formation/exchange
β-Elimination

Figure 5.1 Scheme showing the main degradation pathways of proteins.
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amino acid ratio of archeological specimens, it is possible to estimate how
long ago the specimen died [2].

The same applies to natural peptides and protein used in medicine.
They are mainly of the L configuration, but are relatively rapidly isom-
erized under alkaline conditions. Hydrolysis is commonly observed
during peptide and protein degradation. Nonenzymatic hydrolysis of
the peptide bonds within a protein’s primary structure (i.e., fragmenta-
tion of the proteins) releases polypeptides. Aspartic acid bonds, such as
the Asp�Gly and Asp�Pro peptide bonds, are the type most suscepti-
ble to hydrolytic cleavage, primarily at the C-terminus and then at the
N-terminus [3]. Proteolysis is hydrolysis (or cleavage by other means)
of proteins into smaller polypeptides and/or amino acids.

Disulfide bonds play an important role in the three-dimensional struc-
ture and stability of some proteins [4]. Thus, formation of the disulfide
bonds or changes in the disulfide bonds (e.g., disulfide bond scrambling)
can lead to changes in the secondary or tertiary structure and loss of
biological activity. For example, human insulin requires the correct for-
mation of both intra- and interchain disulfide bonds to function prop-
erly [5]. Disulfide-linked insulin dimers are, for example, known to be
formed in parenteral formulations. β-Elimination can occur in amino
acids that have β side chains such as Cys, Ser, Thr, Phe, and Lys, and
the reaction is influenced by pH, temperature, and the presence of metal
ions. This can have a significant effect on the stability and biological
activity of proteins such as immunoglobulins [6]. Inactivation of pro-
teins at elevated temperatures can be due to β-elimination of disulfide
bonds from a cysteine residue. Oxidation is one of the major degrada-
tion pathways of peptides and proteins and occurs when oxygen radicals
react with certain amino acids such as the sulfur atoms of Met and Cys
and the aromatic rings of His, Trp, and Tyr.

5.3 INSULIN

The human insulin molecule (MW 5808 g/mol) consists of 52 amino acid
residues in two polypeptide chains, chain A (21 residues) and B (31 resi-
dues), that are linked by two disulfide bonds in addition to one disulfide
loop in chain A. Insulin is characterized as a small globular protein. It is
slightly soluble in water but practically insoluble in organic solvents like
ethanol. The stability of insulin has been evaluated both in aqueous
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solutions and in the solid state [7�9]. Insulin from sources other than
humans (e.g., bovine and porcine insulins) have a slightly different primary
structure, but all have basically the same secondary and tertiary structure.
The quaternary structure is formed through self-association of insulin
monomers. Insulin monomers only exist in very dilute solutions. In more
concentrated solutions (like most pharmaceutical preparations), dimers are
formed and, under certain conditions and especially if zinc ions are present,
three dimers self-associate to form a hexamer. Crystalline insulin hexamers
are the most common solid form found in pharmaceutical products.
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Physical modifications: Globular proteins, like insulin, tend to form some-
what hydrophilic spherical structures with lipophilic moieties buried within
the structure. When an aqueous insulin solution comes into contact with
hydrophobic surfaces (i.e., air�water or plastic�water interphases), the
three-dimensional insulin structure tends to unfold, resulting in hydropho-
bic interactions (i.e., aggregation) of the partial unfolded insulin chains
with consequent precipitation of insulin fibrils. The addition of small
amounts of lecithins and/or metal ions such as Ca11 and Zn11 can pre-
vent the formation of insulin fibrils in aqueous insulin solutions.

Chemical reactions: The two main chemical degradation mechan-
isms are hydrolysis (i.e., deamidation and chain cleavage) and
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intermolecular reactions (i.e., formation of covalently linked insulin
dimers and polymers). For aqueous insulin solutions or suspensions,
under neutral or weakly basic conditions, the deamidation proceeds
through a cyclic imide intermediate:
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Hydrolytic cleavage of the A chain is observed in aqueous rhombohe-
dral crystalline insulin suspensions in the presence of free zinc ions.
The intermolecular reactions proceed in general at much slower rates
than the hydrolytic reactions. In addition to covalent insulin dimers,
oligomers, and polymers, insulin is known to form covalent insulin�
protamine products in pharmaceutical preparations that contain prot-
amine. The maximum insulin stability against hydrolysis and the for-
mation of oligomers and polymers appears to be at a pH between
6 and 7.

The main degradation pathway of insulin in parenteral formulations
is hydrolysis. The deamidation products have essentially the same
potency as the intact insulin molecule. The extent of deamidation dur-
ing the shelf-life of the product (2 years at 2�8�C) is # 7%, resulting
in insignificant changes in potency. Hydrolysis of the peptide chain
results in products that possess only about 2% of the insulin potency.
However, when stored at 2�8�C, the decrease in potency is less than
5% during the product’s shelf-life [7].

Question 5.1: What is the difference between an intermolecular reac-
tion and an intramolecular reaction? What is the difference between
intermolecular catalysis and intramolecular catalysis?
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CHAPTER 66
Drug Degradation in Solid State

Most drugs are in the solid form at room temperature, and most drugs
are administered in their solid dosage forms. The most common phar-
maceutical dosage form by far is the tablet. Thus, the evaluation of
solid-state stability is a very important aspect of drug stability.

Solid-state drug degradation can be divided into physical degradation
and chemical degradation. No covalent bonds are formed or broken dur-
ing physical degradation of drug substances. Frequently, physical degra-
dation involves polymorphic transformations in which unstable crystal
structures or amorphic forms are transformed into more stable crystal
structures. Physical degradation sometimes involves desolvation reactions
in which crystal solvents, such as water, are removed from the solid drug
(e.g., pseudopolymorphic transformations). The more stable crystal struc-
tures (having higher melting points) have, in general, lower aqueous solu-
bilities than corresponding unstable structures (having lower melting
points). Thus, these physical transformations can lead to decreased drug
bioavailability, since only dissolved drug molecules are able to permeate
biological membranes. Chemical degradation involves breakage and/or
formation of covalent bonds (e.g., hydrolysis, oxidation, photochemical
decomposition, and pyrolysis). It mainly occurs in a solution phase and
most often follows pseudo-zero-order kinetics. Moisture present in the
solid dosage form (e.g., crystal water, residual moisture from manufactur-
ing, or absorbed atmospheric moisture) or from the melting of excipients
or melting of the drug itself, can serve as a microscopic solution phase in
which the drug degradation mainly occurs within the solid dosage form
[1�4]. Previously, degradation of aspirin in solid dosage forms has been
described (see Section 3.1.1 and Fig. 3.6). The following are a few addi-
tional examples.

6.1 CHLORAMPHENICOL PALMITATE

Chloramphenicol palmitate is known to exist in four different solid states:
an amorphous form and three crystal forms, polymorphs A, B, and C.
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Polymorph A is the most thermodynamically stable form. It has the
highest melting point and the slowest dissolution rate. Polymorph B
has a somewhat lower melting point and is dissolved much faster.
Polymorph C is the most unstable form and is relatively rapidly con-
verted to polymorph B, for example, during grinding [5]. Polymorph B
is then converted to the most stable form polymorph A. The commer-
cial form of chloramphenicol palmitate is polymorph B, which has rel-
atively good bioavailability after oral administration, while polymorph
A has much lower bioavailability (Fig. 6.1).

6.2 NITROGLYCERIN

Nitroglycerin (melting point 14�C) is a liquid at room temperature.
Nitroglycerin is lipophilic and a volatile compound. It is an ester that
undergoes specific base catalyzed hydrolysis in aqueous solutions, but
is relatively stable under acidic conditions. However, the drug is poorly
soluble in water (solubility is about 1 mg/ml). Decreased potency of
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Figure 6.1 Sketch of plasma concentration profile of chloramphenicol after administration of chloramphenicol pal-
mitate, equivalent to 1.5 grams of chloramphenicol, in an aqueous oral suspension to humans. Polymorph A (bro-
ken curve); polymorph B (solid curve) [6].
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nitroglycerin sublingual tablets is mainly due to evaporation of nitro-
glycerin from the tablets (Fig. 6.2).

In conventional tablets (i.e., tablets without stabilizers), nitroglyc-
erin evaporates from one tablet and enters into another, leading to
uneven drug distribution from one tablet to another (Fig. 6.2).
Furthermore, nitroglycerin migrates relatively easily from tablets to
various materials such as paper, plastic, and cotton. The addition of
excipients (i.e. stabilizers) to the tablets that lower the vapor pressure
of nitroglycerin, such as the addition of 0.5 to 2% polyvinylpyrrolidone
(polyvidone), has been shown to decrease nitroglycerin evaporation
and migration [8]. Nitroglycerin sublingual tablets that are currently
on the market contain stabilizers that enhance their physical stability.

6.3 CHEMICAL DEGRADATION

Chemical drug degradation in solid dosage forms, such as tablets,
most frequently occurs in microscopic drug solutions within the dosage
form, and most frequently these microscopic drug solutions are aque-
ous solutions. One example of this type of solid-state hydrolysis is the
solid-state hydrolysis of aspirin (see Section 3.1.1). Another example is
the solid-state hydrolysis of meclofenoxate hydrochloride (Fig. 6.3).

As in the case of aspirin (Fig. 3.6), meclofenoxate hydrolysis
occurs in the microscopic water domains (or microscopic pools)
within the solid dosage form or the pure solid drug powder. The
size of these water domains will increase with increasing relative
humidity (RH) and, thus, the rate of degradation in the solid state
will increase with increasing RH. Furthermore, both aqueous drug
solubility and the value of the rate constant will increase with
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Figure 6.2 Content uniformity for conventional sublingual nitroglycerin tablets at the time of manufacturing (solid
curve) and after storage for 5 months at 25�C (broken curve) [7].

117Drug Degradation in Solid State



increasing temperature. When a dry solid drug sample is placed in a
chamber of fixed temperature and RH, the sample will absorb water
from the atmosphere within the chamber until equilibrium has been
reached. The solid drug will dissolve in the water domain until satu-
ration concentration has been reached ([A]sat in Eq. 3.8). Then the
solid-state degradation will proceed at a constant rate (ksolid in
Eq. 3.8). The time it takes to reach this steady-state degradation
represents the lag time (i.e., the extension of the linear degradation
profile to the x-axis in Fig. 6.3).

Solid-state degradation of cephalosporins has been shown to depend
on the type of crystal structure, the amorphic form displaying the fast-
est degradation, as well as the moisture content and temperature [10].
The rate of solid-state oxidation of ascorbic acid also depends on the
moisture content and temperature, as well as on the presence of atmo-
spheric oxygen [11]. In general, when degradation occurs in micro-
scopic water domains (i.e., microscopic aqueous pools) within the solid
material, the degradation rate depends on 1) the moisture content
of the solid material, 2) the solubility of a given drug in the water
domains, and 3) the temperature. The moisture content is affected by
the presence of hygroscopic excipients and the RH. The solubility,
especially of ionizable drugs, in the water domains can be affected by
excipients. Temperature will affect both the drug solubility and the
value of the reaction-rate constant, both of which increase with
increasing temperature. Chemical degradation in the solid state can
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Figure 6.3 Sketch of the solid state hydrolysis of meclofenoxate hydrochloride at different relative humidity (RH)
and temperature: 60�C, 49.9% RH (solid curve); 60�C, 43.1% RH (broken curve); 50�C, 49.7% RH (double bro-
ken curve) [9]. The lag time was estimated to be 5, 9 and 15 h respectively.
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also proceed in nonaqueous liquid domains as well as in true solid
states.

Question 6.1: Guillory and Higuchi studied the solid-state degradation
of various vitamin A derivatives in open containers at 50�C and drew
the following plot showing the relationship between the logarithm of the
zero-order vitamin A degradation constant (logk where k is in mol/h)
and the melting point (T in Kelvin) of the derivatives [1]. Explain the
relationship.

2.2 2.4 2.6 2.8 3.0

T–1 × 103 (K–1)

–0.8

–1.6
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CHAPTER 77
Stability Testing

Stability testing of drugs and drug products is required to ensure the
integrity of pharmaceutical products. Testing is carried out mainly dur-
ing product development and registration, but also after the products
have been marketed. A drug product should retain its physical (e.g.,
appearance, dissolution, and uniformity), chemical (e.g., potency),
microbial (e.g., sterility or resistance to microbial growth), therapeutic
(i.e., therapeutic efficacy), and toxicological (i.e., no increase in toxic-
ity) quality during its shelf-life. During product development, acceler-
ated stability tests are performed as a part of stability optimization
(e.g., selection of excipients, pH, medium, and package), and also to
determine storage conditions and to obtain a provisional shelf-life for
the product. Accelerated testing is, in general, performed at elevated
temperatures and the Arrhenius equation is used to predict the shelf-life
at room temperature or with respect to other potential storage condi-
tions, such as refrigeration. The shelf-life of the finished pharmaceutical
product is then determined under proposed storage conditions with final
packaging. It is based on long-term (real-time) stability studies on a
number of batches. Regulatory agencies, such as the European
Medicines Agency (EMA) and the Federal Drug Administration
(FDA), require data from such studies to be included in registration
applications. A specific, stability-indicating assay for quantitative deter-
mination of the drug substance (i.e., the active pharmaceutical ingredi-
ent, or API) must be included in registration applications for all new
drug products. Frequently, it is possible to employ the same analytical
procedure (e.g., high performance liquid chromatography, or HPLC) for
both the assay of the drug substance and the quantitation of impurities.

7.1 GUIDELINES FOR STABILITY TESTING

Stability testing of new active pharmaceutical ingredients and finished
pharmaceutical products has been harmonized at a global level. The
World Health Organization (WHO) has published guidelines that are
available at WHO’s website (www.who.int). The main guidelines are,
however, found at the ICH (the International Conference on the

http://www.who.int


Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use) homepage (www.ich.org). ICH
brings together the drug regulatory authorities of Europe (www.ema.
europa.eu), Japan (www.pmda.go.jp), and the United States (www.fda.
gov). In addition, the Association of South East Asian Nations (www.
asean.org) has harmonized stability testing of pharmaceutical products.
Although most regional areas of the world follow the ICH stability
guidelines, they do sometimes deviate from the ICH guidelines and
may post some additional requirements. The WHO guidelines do also
in some cases differ from the ICH guidelines [1]. The ICH stability
guidelines consist of numerous publications, including:

• Q1A(R2) Stability Testing of New Drug Substances and Products,
• Q1B Stability Testing: Photostability Testing of New Drug

Substances and Products,
• Q1C Stability Testing for New Dosage Forms,
• Q1D Bracketing and Matrixing Designs for Stability Testing of

New Drug Substances and Products,
• Q1E Evaluation of Stability Data,
• Q1F Stability Data Package for Registration Applications in

Climatic Zones III and IV, and
• Q5C Stability testing of Biotechnological/Biological Products.

A brief summary of the ICH guidelines is given in Table 7.1.
According to the ICH, the purpose of stability testing of pure drugs
and pharmaceutical products is to provide evidence of how the quality
of drug substances and drug products change with time under the
influence of a variety of environmental factors such as temperature,
humidity, and light. Stress testing of drug substances, excipients, and
drug products are used to identify degradation pathways and degrada-
tion products (potential impurities), as well as the intrinsic stability of
the compounds under various conditions. For example, stress tests of a
drug substance (i.e., an active pharmaceutical ingredient (API)) are
performed at temperatures above those used during accelerated stabil-
ity testing, for example at $ 50�C in 10�C increments (e.g., 50, 60, and
70�C) and at $75% relative humidity (RH). When appropriate, oxida-
tion and photolysis studies should also be performed. Stress testing
may include the following:

1. Degradation studies in an aqueous hydrochloric acid solution,
2. Degradation studies in an aqueous sodium hydroxide solution,
3. Degradation studies in the presence of hydrogen peroxide,
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4. Photostability studies (e.g., in sunlight or under a UV light), and
5. Evaluation of stability during sterilization (e.g., during heating in

an autoclave).

Stability testing of the finished pharmaceutical product should be
conducted on the product as packaged in the container closure system

Table 7.1 Brief Summary of the ICH Guidelines for Testing of Drug Substances
and New Drug Products.
Parameter ICH Stability Testing Requirements

Drug Substances1 Drug Products2

Batch
selection:

Data from three primary batches are required

Container
closure
system:

The stability studies should be conducted
on the drug substance packed in the same
container closure system as proposed for
storage and distribution

The stability studies should be conducted
on the drug product packed in the same
container closure system, i.e. both primary
and secondary, as proposed for marketing

Specifications: Combination of physical, chemical, biological and microbiological tests and acceptances
criteria that the drug substance/product should meet throughout its shelf-life

Testing
frequency:

Accelerated: 0, 3 and 6 months
Intermediate: 0, 6, 9 and 12 months
Long term: 0, 3, 6, 9, 12, 18 and 24 months and then every 12 months through the
proposed re-testing period

General
storage
conditions:

Accelerated: 406 2�C/756 5% RH
Intermediate: 306 2�C/656 5% RH
Long term: 256 2�C/606 5% RH or 306 2�C/656 5% RH

Refrigerator
storage
conditions:

Accelerated: 256 2�C/606 5% RH
Long term: 56 3�C

Freezer
storage
conditions:

Long term: 2206 5�C

Stability
commitment:

If the long term data on does not cover the proposed substance re-test period or product
shelf-life granted at the time of approval then a commitment should be made to continue
the stability studies to firmly establish the re-test period or shelf-life.

Evaluation: Based on the evaluation of the stability data the re-test period of a drug substance or the
shelf-life of a drug product should be established.

Photostability: For drug substances, photostability testing
should consist of two parts: forced
degradation testing and confirmatory
testing relating to normal handling of the
substance.

i) Test on the exposed drug product, then
if necessary
ii) test on the product in primary package,
and then if necessary
iii) test on the product in the marketing
package.

The light source can be an artificial daylight fluorescent lamp combining visible and
ultraviolet outputs.

1ICH: the unformulated drug substance that may subsequently be formulated with excipients to produce the
dosage form.
2ICH: The dosage form (e.g. tablet, capsule, solution, cream, eye drops) in the final immediate packaging
intended for marketing.
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proposed for marketing, including both the primary and secondary
packaging with labels. The storage conditions displayed on the labeling
should be based on these stability studies of the drug product.

It should be mentioned that although normal manufacturing and
analytical variations are to be expected, it is important that a drug
product provides 100 percent of the labeled amount of the drug sub-
stance at the time of batch release.

7.2 DORZOLAMIDE EYE DROPS

Dorzolamide ((4S,6S)-4-(ethylamino)-6-methyl-5,6-dihydro-4H-thieno
[2,3-b]thiopyran-2-sulfonamide 7,7-dioxide) has two pKa values (i.e.,
6.4 and 8.5). It is mainly in its cationic form at a pH below 6.4, mainly
unionized at a pH between 6.4 and 8.5, and mainly in its anionic form
at a pH above 8.5. At room temperature, its aqueous solubility is
about 40 mg/ml at pH ,5.5 and about 4 mg/ml at pH 7.4 [2,3].
Dorzolamide has maximum stability at a pH between 4 and 6 [4]. Due
to photochemical instability, aqueous dorzolamide eyedrops should be
stored in light-resistant containers at 15�30�C. The commercial prod-
uct is an isotonic aqueous solution containing 20 mg/ml dorzolamide
at pH 5.6. Stress tests have shown, according to the European
Pharmacopoeia, that the main impurities found in aqueous dorzola-
mide solutions (Fig. 7.1) are impurity A ((4R,6R)-4-(ethylamino)-6-
methyl-5,6-dihydro-4H-thieno[2,3-b]thiopyran-2-sulfonamide 7,7-dioxide),
impurity B consisting of enantiomers ((4RS,6SR)-4-(ethylamino)-6-
methyl-5,6-dihydro-4H-thieno[2,3-b]thiopyran-2-sulfonamide 7,7-dioxide),
impurity C ([2-[[(4S,6S)-6-methyl-7,7-dioxo-2-sulfamoyl-4,5,6,7-tetra-
hydro-7λ6-thieno[2,3-b]thiopyran-4-yl]amino]ethyl]boronic acid), and
impurity D ((4S,6S)-4-amino-6-methyl-5,6-dihydro-4H-thieno[2,3-b]
thiopyran-2-sulfonamide 7,7-dioxide). The analytical method used for
the quantitative determination of dorzolamide has to be able to separate
the impurities from the active compound. It is not sufficient to determine
the characteristics for only the active compound; the identity and the
amount of the different impurities also have to be determined. According
to the European Pharmacopoeia, the maximum allowable amount of
impurity A in the drug substance (dorzolamide) is 0.5%. The maximum
allowable amount of the other impurities is 0.3%, including a maximum
of 0.15% of impurity C. The maximum amount of impurity A in an
aqueous dorzolamide eyedrop solution is frequently set at 1.0%, and the
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total amount of other related substances is set at 4.0%, including a maxi-
mum of 1% of impurity of C. The dorzolamide content of the eyedrops
should be between 95 and 105% of the labeled amount.

In addition, aqueous dorzolamide eyedrop solutions have to pass
other tests and requirements, such as those for pH, viscosity, osmolal-
ity, particle size, and sterility.

REFERENCES
[1] H. Patel, B.R. Sudeendra, V. Balamuralidhara, K.T.M. Pramod, Comparison of stability test-

ing requirements of ICH with other international regulatory agencies, Pharma Times 43(9)
(2011) 21�34.

[2] H.H. Sigurdsson, E. Stefánsson, E. Gudmundsdóttir, T. Eysteinsson, M. Thorsteinsdóttir, T.
Loftsson, Cyclodextrin formulation of dorzolamide and its distribution in the eye after topical
administration, J. Control. Rel. 102 (2005) 255�262.

[3] T. Loftsson, P. Jansook, E. Stefánsson, Topical drug delivery to the eye: dorzolamide, Acta
Ophthalmol. 90 (2012) 603�608.

[4] C.-H. Chiang, C.-H. Hsieh, D.-W. Lu, K.-D. Kao, Stability of topical carbonic anhydrase
inhibitor 6-hydroxyethoxy-2-benzothiazole sulfonamide, J. Pharm. Sci. 81 (1992) 299�302.

O O

HH3CH2CHN

S

O O

H
H3C S S

NH2

and epimer

Dorzolamide

A B

C D

O O

HH3CH2CHN

S

O O
H

H3C
S S

NH2

O O

H NHCH2CH2B(OH)2

S

O O

H
H3C S S

NH2

O O

H NH2

S

O O

H
H3C S S

NH2

O O

H NHCH2CH3

S

O O

H
H3C S S

NH2

Figure 7.1 The chemical structure of dorzolamide and the four impurities (A, B, C and D) identified by the European
Pharmacopoeia.
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CHAPTER 88
Problems

The following problems are based on experimental data extracted from
various original research publications in international peer-reviewed
journals. In many cases the data shown has been modified from the
original data and, thus, does not show the normal experimental varia-
tion frequently observed in such data.

8.1 RACEMIZATION OF (R)-OXAZEPAM

Aso et al. [1] studied the racemization of (R)-oxazepam in an aqueous
solution at pH 12 and 0�C. Their results are displayed in the
table below. Calculate t90.

Cl N

N
H

OH

OH

Time (min) % (R)-Oxazepam

15 86.6

30 76.8

45 69.6

60 64.4



8.2 CONSECUTIVE DEGRADATION OF PROSTAGLANDIN

Prostaglandin degrades in an aqueous solution at pH 8.0 and 60�C as
follows:

COOH

OH
HO

O O O

PGA2PGE2 PGB2

k1 k2

The table below shows how the PGA2 concentration changes with
time. The initial PGE2 (5[A]0) was 0.100 M and the initial PGA2 was
0.000 M. Calculate k1 and k2. What is the shelf-life (t90) of PGE2 at
these conditions?

Time (h) [PGA2]3 102 (M)

1 1.71

2 3.10

5 5.82

10 7.55

20 7.41

40 5.28

60 3.65

80 2.52

100 1.74

8.3 EFFECT OF BUFFER SALTS ON LOMUSTINE DEGRADATION

Various pharmaceutical excipients, such as buffer salts and water-
soluble polymers, can affect drug degradation through the formation
of drug/excipient complexes. When the anticancer drug lomustine was
dissolved in an aqueous solution containing Tris buffer (pH 8.0 and
55�C), it was observed that Tris decreased the degradation rate
through the formation of a lomustine/Tris (1:1) complex [2]. Calculate
kc and K1:1 for the complex.
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[Tris] (M) kobs (mín21)

0.000 0.4234

0.050 0.2856

0.125 0.2482

0.175 0.2251

0.250 0.2137

0.500 0.2044

8.4 pH-RATE PROFILE FOR AMOXICILLIN

Zia et al. [3] determined the pH-rate profile for amoxicillin at zero
buffer concentration and 35�C (I5 0.5), and the following degradation
rate constants were calculated based on their results:

N

S

O COOH

CH3

CH3

H
NC

H
C

O+H3N

HO

(See also section 3.1.4 β-Lactam antibiotics)

At 35�C and I5 0.5:

pKa15 2.87
pKa25 7.28
pKa35 9.65
pKw5 [H1]3 [OH2]5 13.6

pH kobs (h
21)

1.00 15.313 1022

1.50 6.1663 1022

2.00 3.2363 1022

2.50 1.9053 1022

3.00 1.0233 1022

3.50 0.4473 1022

4.00 0.1583 1022

5.00 0.1703 1022

6.00 0.1583 1022

7.00 1.4453 1022

7.50 2.1403 1022

8.00 3.2363 1022

9.00 5.0123 1022

10.00 32.363 1022
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A. Draw the pH-rate profile for amoxicillin at 35�C.
B. Determine the rate equation for amoxicillin from the pH-rate pro-

file, and calculate the rate constants for specific acid, specific base,
and uncatalyzed degradation.

C. kobs is 1.703 1023 h21 at pH 5.0 and 35�C. The Ea value of the
rate constant is 18.1 kcal/mol. Estimate ΔG 6¼, the probability fac-
tor (P), and ΔS 6¼.

8.5 EFFECT OF GLUCOSE ON AMOXICILLIN DEGRADATION

It is common practice to dissolve antibiotics, such as β-lactams, into
intravenous solutions. Isotonic glucose (dextrose) injections contain
5.0% (w/v) glucose. Glucose catalysis degradation of amoxicillin (see
3.1.4 β-Lactam antibiotics). The table shows the effect of glucose on
the rate constant of amoxicillin degradation at pH 7.5 and 75�C. Write
the rate equation and calculate the kinetic constants shown in the rate
equation.

Glucose (% w/v) Glucose (mol/liter) kobs (min21)

0 0.000 2.38 1022

5 0.278 8.18 1022

10 0.556 13.30 1022

8.6 pH-RATE PROFILE AND SPECIFIC ACID/BASE CATALYSIS

The pH-rate profile of lithospermic acid B was determined in aqueous
buffer solutions at 90�C and I5 0.50 (the unit of kobs is h

21), see table
[4]. Determine the rate equation for amoxicillin from the pH-rate pro-
file, and estimate the rate constants for specific acid, specific base, and
uncatalyzed degradation. At 90�C, the pKa values of the acid are 3.14
and 5.52, and the value of pKw is 12.45.
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OH

pH
2
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–0.8
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–0.2

0.0logkobs

4 6

8.7 AZTREONAM POLYMERIZATION

Aztreonam is a monobactams antibiotic (see section 3.1.4 β-Lactam
antibiotics) that forms dimers, trimers, and other oligomers in aqueous
solutions. The sketch below shows the effect of initial aztreonam con-
centration on the formation of a polymeric product P in aqueous solu-
tion at pH 5.0 and 25�C [5]. Write the rate equation for the dimer and
trimer formation. Why does the formation of P increase with an
increase in the initial aztreonam concentration? Will the degradation
rate be independent of the initial aztreonam concentration?
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8.8 AQUEOUS DRUG SUSPENSION

An aqueous antibiotic suspension is to be prepared for oral delivery.
The first-order degradation rate constant (kobs) of the dissolved anti-
biotic in the media was determined to be 2.03 1026 s21 at pH 7.0 and
35�C. The solubility (S0) of the antibiotic in the media was determined
to be 10 mg/ml at pH 7.0 and 25�C. The total antibiotic concentration
in the aqueous pH 7.0 suspension will be 25 mg/ml.

Estimate the shelf-life (t90) of the aqueous antibiotic suspension at
25�C.
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Estimate t90 at 5�C (i.e., refrigerator temperature), assuming that
the antibiotic solubility will not change when the temperature is
lowered.

8.9 RACEMIZATION OF ROPIVACAINE

Ropivacaine ((S)-N-(2,6-dimethylphenyl)-1-propylpiperidine-2-carbox-
amide) undergoes racemization in aqueous solutions [6]. The results in
the following table were obtained at 100�C and pH 5.5:

CH3

NH CO

H

N
CH3 C3H7

CH3

k1

k–1

NH CO

H

N
CH3 C3H7

Time (Days) % Ropivacaine (i.e., the S-form)

0.0 100.0

1.0 94.6

2.5 84.3

5.0 75.9

10 62.2

15 56.2

Calculate k1 and k21. What is the shelf-life (t90) at pH 5.5 and
100�C?

8.10 DEGRADATION OF SCOPOLAMINE

See the following table for the observed rate constants (kobs) for
the degradation of scopolamine at zero buffer concentration and 25�C
[7, 8]. Scopolamine is only hydrolyzed at a pH below 3, but undergoes
concurrent isomerization at a pH above 3. The hydrolysis accounts for
96% of the degradation at a pH between 3 and 7, but 72% at a pH
above 8. Draw the pH-rate profile for scopolamine, determine the rate
equation, and estimate the rate constants for specific acid, specific
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base, and uncatalyzed degradation. At 25�C, the pKa value of the
hydrobromide is about 7.6, and the value of pKw is 14.00.

H3C
NH+ Br–

OH

O

O

O

pH kobs (h
21)

1.0 4.533 1025

2.0 3.603 1026

3.0 2.273 1027

3.7 5.713 1028

4.0 1.143 1027

5.0 1.143 1026

6.0 7.183 1026

7.0 7.183 1025

8.0 3.603 1024

9.0 1.803 1023

10.0 1.803 1022

11.0 1.803 1021

8.11 PRIMARY SALT EFFECT

The chemical stability of apaziquone (EO9) was investigated, including
the influence of ionic strength at pH 4.0 and 25�C [9]:

I (mol/liter) kobs (s
21)

0.10 3.163 1023

0.25 7.943 1023

0.31 8.513 1023

Estimate the shelf-life of a dilute apaziquone pH 4.0 solution in
pure water as well as in an aqueous 0.9% (w/v) NaCl solution.
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8.12 LEAVING GROUPS

The sketch below shows the pH-rate profiles of aspirin (the solid line)
and methylsalicylate (the broken line) at 25�C, where kobs is min21.
Determine the rate equations for aspirin and methylsalicylate. Why is
methylsalicylate much less susceptible to hydrolysis at a pH below 8?

pH

2

–6

–4

logkobs

4 86 10

O

C OH

O C

O

CH3

O

C O

OH

CH3

pKa = 10.2

pKa = 3.5

8.13 THE SHELF-LIFE OF TETRACYCLINE UNDER ACIDIC
CONDITIONS

In an aqueous solution, tetracycline (TC), see section 3.3.4 and
Fig. 3.17, undergoes both epimerization to form 4-epi-tetracycline
(ETC) and dehydration to form anhydro-tetracycline (ATC) and then
epi-anhydro-tetracycline (EATC):

ETC

EATCATC

TC

k3 k4

k–1

k1

k–2

k2
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The following rate constants were obtained at pH 1.5 and 60�C [10]:

k15 0.414 h21

k215 0.373 h21

k25 0.659 h21

k225 0.665 h21

k35 0.323 h21

k45 0.206 h21

Calculate the shelf-life (t90) of tetracycline at pH 1.5 and 60�C.

8.14 PARENTERAL FORMULATION CONTAINING β-LACTAM
ANTIBIOTIC

The following figure shows the pH-rate profile (kobs in h21) and pH-
solubility profile of a β-lactam antibiotic at 25�C. You are asked to
formulate this drug as an aqueous parenteral solution containing
200 mg/ml of the drug without the usage of solubilizers such as surfac-
tants, complexing agents, and organic solvents.
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APPENDIX

ANSWERS TO LEARNING QUESTIONS AND PROBLEMS

Question 2.1
There are two main reasons for this: 1) In general, the mobile phase
contains organic solvents that decrease the drug affinity for the cyclo-
dextrin cavity. 2) The drug molecules bound within the complex are in
a very dynamic equilibrium with free drug molecules in the solution
and are very rapidly released upon dilution at the time the sample
enters the HPLC column. However, it is possible to affect the drug
retention time by the addition of cyclodextrin to an aqueous mobile
phase (thus preventing drug release upon dilution).

Question 3.1
Both profiles can be explained by Eq. 3.6, that is, specific acid (kH) and
solvent (k0) catalyzed hydrolysis of the unionized form, and solvent (k00)
and specific base (k0OH) catalyzed hydrolysis of the ionized form is
expressed:

kobs5 kH½H1�fAH1 k0fAH 1 k00fA2 1 k0OH½OH2�fA2

However, due to intramolecular catalysis, k0 is smaller than k00 for
aspirin (the acetoxy moiety in ortho position), while no intramolecular
catalysis is possible in the case of p-acetoxybenzoate. Consequently, k0 is
larger than k00 when the acetoxy moiety is in the para position.

Question 3.2
As shown in the following figure, the first step of the reaction is the forma-
tion of the aziridinium ring, which is followed by the nucleophilic attack
of water:

CH2CH2CI

CH2CH2CI

Aziridinium ring

CH2CH2CI

CH2CH2OHH2O k2k1

k–1 CH2CH2CI
N: R+ N+ R NCI–R



The rate equation for this first step is:

2
d½Chlorambucil�

dt
5 k1 Chlorambucil½ �2 k21 Aziridinium ring½ � Cl2½ �

Thus, the equilibrium shifts toward the left with increasing chloride con-
centration, and the concentration of the cyclic intermediate (the aziridinium
ring) decreases. The next step is the nucleophilic attack of water on the
intermediate:

2
d½Aziridiniumring�

dt
5k21 Aziridiniusmring½ � Cl2½ �

1k2
0 Aziridiniumring½ �½H2O�2k1 Chlorambucil½ �

Since the reaction takes place in an aqueous solution, the concentration
of water will remain essentially constant or k2½H2O� � k2

0 . Furthermore,
it can be assumed that the concentration of the aziridinium intermedi-
ate will remain constant (see Chapter2, section 2.6.4 Steady-state
approximation):

2
d½Aziridinium ring�

dt
5 05 k21 Aziridiniusm ring½ � Cl2½ �

1 k2
0 Aziridinium ring½ �2 k1 Chlorambucil½ �

Aziridinium ring½ �5 k1

k21½Cl2�1 k2
0 Chlorambucil½ �

The rate equation for formation of the product is:

d½Product�
dt

5 k2 Aziridinium ring½ � H2O½ �5 k2
0 Aziridinium ring½ �

or

d½Product�
dt

5
k1k2

0

k21½Cl2�1 k2
0 Chlorambucil½ �5 kobs Chlorambucil½ �

kobs5
k1k2

0

k21½Cl2�1 k2
0

The value of kobs will decrease with increasing chloride concentra-
tion ([Cl2]).
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Question 3.3
Apparently, COL-3 is susceptible to oxidative degradation. Ascorbic
acid, sodium bisulfite, and EDTA (edetic acid or its sodium salt disodium
edetate) are antioxidants (see section 3.2.5). Ascorbic acid and sodium
bisulfite protect COL-3 by being reducing agents (have lower reduction
potentials than COL-3 and, thus, are more susceptible to oxidation than
COL-3). EDTA is a chelating agent that inactivates oxidative catalysis
by metal ions. In general, chelating agents are not antioxidants as such,
but are used in combination with antioxidants (such as reduction agents)
to improve their efficacy.

Question 3.4
Prostaglandin B2 has conjugated double bonds. In general, conjugated
double bonds are more stable than isolated double bonds.

Prostaglandin A2-prostaglandin B2 is a type of isomerization.

Question 3.5
Methanol has just one OH group and, thus, terminates the polymeriza-
tion. Formation of a penicillin dimer is the first step in the penicillin
polymerization, then the trimer is formed followed by the tetramer, the
pentamer and so on. Thus, the penicillin polymer consists of polymers
of different chain lengths. It is difficult to monitor formation of all the
different polymer chain lengths. The investigators selected to monitor
the pentamer concentration. In the beginning the concentrations of
dimers and trimers are low but but it increases with time. As the con-
centration of the trimer increases the rate of the tetramer formation
increases resulting in positive deviation.

Question 5.1
An intermolecular reaction is reaction between molecules while an intra-
molecular reaction is a reaction within a molecule (e.g., intramolecular
thiol/disulfide exchange reactions in proteins).

Intermolecular catalysis is the catalysis of a chemical reaction in
one molecule through involvement of another molecule or ion (e.g.,
buffer catalysis or general acid/base catalysis). Intramolecular catalysis
is a catalysis of a chemical reaction at one site of a molecule through
involvement of another catalytic group within the same molecule (e.g.,
intramolecular catalysis of aspirin hydrolysis in Fig. 3.5).
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ANSWERS TO PROBLEMS IN CHAPTER 8:

8.1:
The results are arranged (see table) and plotted according to Eq. 2.52:

t5
1

ðkf 1 krÞ
ln
½A�0 2 ½A�eq
½A�2 ½A�eq

ln
1002 50

86:62 50
5 ln

50

36:6
5 0:312

ln
1002 50

76:82 50
5 ln

50

26:8
5 0:624

and so on. . .

Time (min) % (R)-Oxazepam
ln

A½ �0 2 A½ �eq
A½ �2 A½ �eq

15 86.6 0.312

30 76.8 0.624

45 69.6 0.903

60 64.4 1.245

Racemization: kf5 kr, K5 1.00, and [A]eq5 [B]eq5 50%

Slope = (kf + kr)
–1 = 48.216 min

⇒ kf + kr = 2.074 × 10–2 min–1

or kf = kr = 1.04 × 10–2 min–1

[A]0 – [A]eq

[A] – [A]eq
In

Time

t905
1

ðkf 1 krÞ
3 ln

1002 50

90� 50
5 48:2163 ln 1:255 10:8 min
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8.2:
We will apply Eq. 2.70 to solve this problem:

A���!kA
B���!kB

C B½ �5 kA½A�0
ðkB2 kAÞ

ðe2kAt 2 e2kBtÞ;

but after some time virtually all A has degraded to form B (see the
figure that follows in which the Y-axis is in a common log scale):

At 40 hours, virtually all A (i.e., PGE2) has been converted into B
(i.e., PGA2), and Eq. 2.70 can be simplified to:

½B�0 5 kA½A�0
ðkA2 kBÞ

ðe2kBtÞ

From 40 hours:

ln½B�05 ln
kA½A�0

ðkA2 kBÞ

� �
2 kB3 t

20 40 60 80 100

Time (h)

[B
]×

10
2  

(M
)

10.0

1.0

From 0 to 20 hours, we can use the following equation to calculate kA:

½B�0 2 B½ �5 kA½A�0
ðkA2 kBÞ

ðe2kAtÞ
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or

ln ð½B�02 B½ �Þ5 ln
kA½A�0

ðkA2 kBÞ

� �
2 kA3 t

Time (h) [B] 102 (M) ln ([B] 102) [B]0 102 (M) ([B]0 2 [B]) 102 (M) ln([B]0 2 [B])

1 1.71 10.8682 9.1582 22.3905

2 3.10 10.6689 7.5689 22.5811

5 5.82 10.0929 4.2729 23.1529

10 7.55 9.2011 1.6511 24.1037

20 7.41 7.6469 0.2369 26.0453

40 5.28 22.941 5.2818 �
60 3.65 23.310

80 2.52 23.681

100 1.74 24.051

t from 40 to 100 h:

Slope52kB 521:85053 1022h21.kB5 1:853 1022h21

ln
kA½A�0

ðkA2 kBÞ

� �
5 Intercept522:2004.e22:20045 0:1108 M

t from 1 to 20 h:

Slope52kA 520:1923 h21.kA 5 0:192 h21

ln
kA½A�0

ðkA2 kBÞ

� �
5 Intercept522:1933.e22:19335 0:1115 M

The shelf-life of PGE2 is calculated from Eq. 2.19:

t905
0:105

kA
5

0:105

0:192 h21
5 0:55 h
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8.3:
The problem can be solved by a nonlinear fit of the experimental data to
Eq. 2.174. However, here we use the Lineweaver-Burk plot (Eq. 2.175),
where (kf2 kobs)

21 versus ([Tris]T)
21 will give a straight line from which

kc can be obtained from the intercept and K1:1 from the slope:

1

kf 2 kobs
5

1

K1:1 � ðkf 2 kcÞ
� 1

½CD�T
1

1

kf 2 kc

5
1

K1:1 � ðkf 2 kcÞ
� 1

½Tris�T
1

1

kf 2 kc

[Tris] (M) [Tris]21 (M21) kobs (mín21) 1

kf 2 kobs

0.000 � 0.4234 �
0.050 20.00 0.2856 7.2569

0.125 8.00 0.2482 5.7078

0.175 5.71 0.2251 5.0429

0.250 4.00 0.2137 4.7687

0.500 2.00 0.2044 4.5662

1

[Tris]

Slope = 0.1523 M min =
K1:1(kf – kc)

1

kf – kobs

1

Intercept = 4.2589 min =
kf – kc

1

K1:15 Intercept4Slope5 4.2589 min40.1523 M min5 28.0 M21

kf5 0.4234 min21 (from the previous table at [Tris]5 0.000)

4:25895
1

0:42342 kc
.kc5 0:1886 min21

192.77 min5 (1.493 10222 kc)
21.kc5 9.713 1023 min21
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kf5 0.42 min21, kc5 0.19 min21 and K1:15 28.0 M21 at pH 8.0
and 55�C

8.4:
A:

pH kobs (h
21) logkobs

1.00 15.313 1022 20.815

1.50 6.1663 1022 21.21

2.00 3.23631022 21.49

2.50 1.9053 1022 21.72

3.00 1.0233 1022 21.99

3.50 0.4473 1022 22.35

4.00 0.1583 1022 22.80

5.00 0.1703 1022 22.77

6.00 0.1583 1022 22.80

7.00 1.4453 1022 21.84

7.50 2.1403 1022 21.67

8.00 3.2363 1022 21.49

9.00 5.0123 1022 21.30

10.00 32.363 1022 20.490

20 4 6 8 10 12
pH

pKa1 pKa2 pKa3

–2.0

–2.5

–1.0

–1.5

0.0

–0.5

–3.0

–3.5

logkobs

B:
Each of the four ionic species can, in theory, display specific acid�
catalyzed (kH), uncatalyzed (k0), and specific base catalyzed (kOH)
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degradation. However, the pH-rate profile indicates that some of these
do not occur in the pH interval in which given ionic species are present
in the degradation media. Only one of the four ionic forms displays all
three types of degradation (see Chapter 3, Section 3.1.4):

HO
H
C C S CH3

CH3

kH

k’H

k’0

k’OH

k’’OH

k’’’OH

COOH

O
O

pKa1 = 2.87

N+H3N

H
N

HO
H
C C S CH3

CH3

COO–

O
O

pKa2 = 7.28

pKa3 = 9.65

N+H3N

H
N

HO

–O

H
C C S CH3

CH3

COO–

S CH3

CH3

COO–

O
O

N

N

+H2N

H
N

H
C C

O
O

H2N

H
N

kobs5 kH½H1�fAH3
1 kH

0 ½H1�fAH2
1 k0

0 fAH2
1 k0OH½H1�fAH2

1 kOHv ½OH2�fAH 1 kOHw ½OH2�fA

2
d½A�T
dt

5 kobs½A�T

½A�T5 ½AH3�1 ½AH2�1 ½AH�1 ½A�

fAH3
5

½H1�3
½H1�31 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

fAH2
5

½H1�2Ka1

½H1�31 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

147Appendix



fAH5
½H1�Ka1Ka2

½H1�3 1 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

fA5
Ka1Ka2Ka3

½H1�31 ½H1�2Ka11 ½H1�Ka1Ka21Ka1Ka2Ka3

At pH5 1.0:

fAH3
� 1:00 and, thus, kobs � kH½H1�3 1:005 0:1531 h21. [H1]5

1021 M

kH5
0:1531 h21

1021M
5 1:53 M21h21

At pH5 5.0:

Relatively flat bottom and kobs5 0.1703 1022 h21. fAH2
� 1:00 and,

thus, kobs 5 k00 3 1:00.k00 5 0:1703 1022h21

At pH5 3.0:

fAH3
5

½H1�3
½H1�3 1 ½H1�2Ka1 1 ½H1�Ka1Ka2 1Ka1Ka2Ka3

5
ð1023Þ3

ð1023Þ3 1 ð1023Þ2 3 1022:97 1 ð1023Þ3 1022:97 3 1027:28 1 1022:97 3 1027:28 3 1029:65

5
1029

2:07163 1029
5 0:483

fAH2
� 0:517

kobs5 1:0233 1022 5 kH½H1�fAH3
1 k0H½H1�fAH2

1 k00fAH2
.

1:0233 1022h21 5 1:53 M21h213 1023M3 0:483

1 k0H3 1023M3 0:5171 0:1703 1022h213 0:517

1:0233 1022h215 7:5433 1024h21 1 k0H 3 0:5173 1023M

1 8:7893 1024h21

k0H5 16:6 M21h21
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At pH5 10.0:

Here we have to assume that fA � 1:00 and kobs �
kOHw ½OH2�fA5 kOHw 3102ð13:6210:0Þ31:000:3236 h21 5 kOHw 3 1023:6M.

kOHw � 1300 M21h21. However, this value is not very accurate since
pKa3 is 9.65, and consequently fA5 0.69 and fAH5 0.31. Thus, it is
not correct to completely ignore the contribution of kOHv at pH 10.0.

At pH5 9.0:

fA 5
Ka1Ka2Ka3

½H1�3 1 ½H1�2Ka1 1 ½H1�Ka1Ka2 1Ka1Ka2Ka3

5
1022:97 3 1027:28 3 1029:65

ð1029Þ31 ð1029Þ2 3 1022:971ð1029Þ3 1022:97 3 1027:2811022:9731027:2831029:65

5
1:25893 10220

6:9893 10220
5 0:18

fAH � 0:82

kobs5 kOHv ½OH2�fAH1 kOHw ½OH2�fA.
5:01231022h21 � kOHv 31024:6M30:8211300M21h2131024:6M30:18

5kOHv 32:06031025M15:87831023h21

kOHv 52150M21h21

There is some error in this value, since the value of kOHw is somewhat
inaccurate.

At pH5 7.0:

fAH2
5

½H1�2Ka1

½H1�3 1 ½H1�2Ka1 1 ½H1�Ka1Ka2 1Ka1Ka2Ka3

5
ð1027Þ2 3 1022:97

ð1027Þ3 1 ð1027Þ2 3 1022:97 1 ð1027Þ3 1022:97 3 1027:28 1 1022:97 3 1027:28 3 1029:65

5
1:07153 10217

1:63523 10217
5 0:655

fAH 5 0:345

kobs 5 k00fAH2
1 k0OH½H1�fAH2

1 kOHv ½OH2�fAH.
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1:4453 1022h215 0:1703 1022h213 0:6551 k0OH3 1027M3 0:655

1 2150 M21h213 1027M3 0:345

1:4453 1022h21 5 1:11353 1023h211 k0OH3 6:553 1028M

1 7:41753 1025h21

k0OH 5 2:023 105M21h21

The equation for the observed rate constant for the degradation of
amoxicillin in an aqueous solution at 35�C and I5 0.5 is:

kobs 5 1:53 M21h21½H1�fAH3
1 16:6 M21h21½H1�fAH2

1 0:1703 1022h21fAH2
1 2:023 105M21h21½H1�fAH2

1 2150 M21h21½OH2�fAH1 1300 M21h21½OH2�fA

C:
We will use Eqs. 2.100, 2.101, 2.113, and 2.125 to 2.128 to solve this
problem.

According to k5PZe2
Ea
RT (Eq. 2.100) and k5Ae2

Ea
RT (Eq. 2.101,

Arrhenius equation), A5P3Z.

Furthermore, P5 e
ΔS6¼
R (Eq. 2.127) and Z5

RT

Nh
(Eq. 2.126).

Using the Arrhenius equation, we can calculate the value of A (the
frequency factor):

1:703 1023h215A3 e
2 18100 cal mol21

1:9872 cal mol21K21 3 308 K.A5 1:1845964 � 1010h21

A5 e
ΔS6¼
R 3

R3T

N3 h
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1:184596431010h21

5e
ΔS6¼
R 3

8:31433107ergmol21K213308K360 smin21360minh21

6:02231023mol2136:6262310227erg s

.P5e
ΔS
R

6¼
55:127431026.ΔS 6¼=R5214;483.

ΔS 6¼5228.8 cal mol21 K2152120 J mol21 K21, and P5

5.123 1026

ΔH 6¼ �Ea5 18.100 cal/mol

ΔG 6¼5ΔH 6¼2T3ΔS 6¼5 181002 308 (228.8)5 26.970 cal/mol5
27.0 kcal/mol5 113 kJ/mol

8.5:
Glucose catalyzes the degradation through the formation of an amox-
icillin/glucose complex:

Kc

kckf

D + Glucose D/Glucose

[Glucose]

kobs

kc

kf

151Appendix



1

kf 2 kobs
5

1

K1:1 � ðkf 2 kcÞ
� 1

½Glucose�T
1

1

kf 2 kc

Glucose (% w/v) Glucose (mol/liter) [Glucose]21 M21 kobs (min21) 1

kf 2 kobs

0 0.000 � 2.38 1022 �
5 0.278 3.60 8.18 1022 217.24

10 0.556 1.80 13.30 1022 29.158

[Glucose]–1

Slope =
Kc× (kf – kc)

1
kf – kobs

1

Intercept = 
kf – kc

1

Intercept521:076 min.kf � kc520:9294 min21

.kc5 kf 1 0:92945 0:953 min21

K1:1 5 Intercept4Slope521:076 min424:49 M min5 0:24 M21

kf 5 2:38 1022min21; kc5 0:953 min21; and K1:1 5 0:24 M21

at pH 7:4 and 75�C

8.6:
Here, we estimate the rate constants from the pH-rate profile. First we
determine the equation for kobs based on the possible ionization species
and the shape of the pH-rate profile:

kobs5 kH½H1�fH2A1 k0fH2A1 kOH½OH2�fH2A1 k0OH½OH2�fHA2

1 kOHv ½OH2�fA22
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2 4 6
pH

–0.8

–1.0

–0.4

–0.6

0.0

–0.2

–1.2

–1.4

lo
gk

ob
s

H2A

pKa1 pKa2

HA– A2–

fH2A 5
½H1�2

½H1�2 1 ½H1�Ka11Ka1Ka2

fHA5
½H1�Ka1

½H1�2 1 ½H1�Ka11Ka1Ka2

fA5
Ka1Ka2

½H1�21 ½H1�Ka11Ka1Ka2

Then we estimate the individual rate constants:

pH57:0: fH2A54:531027� 0:00 fHA50:002 fA51:00

kobs5kOHv ½OH2�fA22or 0:795kOHv 35:553102631:00

kOHv � 1:43105M21h21

pH54:5: fH2A� 0:00 fHA50:5 fA50:5

kobs5k0OH½OH2�fHA21kOHv ½OH2�fA22 kobs51020:6350:23h21or

0:235k0OH31027:9530:5011:4310531027:9530:50

k0OH� 4:1107M21h21

153Appendix



pH53:1: fH2A50:5 fHA50:5 fA� 0:00

kobs5kOH½OH2�fH2A1k0OH½OH2�fHA2 kobs51021:150:08h21

0:085kOH31029:3130:5014:1310731029:3130:50

kOH� 2:9108M21h21

pH50:5: fH2A51:00 fHA� 0:00 fA� 0:00

kobs5kH½H1�fH2A kobs51020:8350:15h21

0:155kH31020:531:00 kH� 0:5M21h21

pH52:0: fH2A50:93 fHA50:07 fA� 0:00

kobs5kH½H1�fH2A1k0fH2A1kOH½OH2�fH2A1k0OH½OH2�fHA2

kobs51021:450:04h21

0:0450:53102230:931k030:9312:93108310210:4530:93

14:13107310210:4530:07

0:0454:65310231k030:9319:573102311:0131024

k0� 0:03h21

8.7:
Formation of the dimer (D) is probably a second-order reaction in which
two molecules of aztreonam collide to form the dimer (A1A-D), see
Eqs. 2.26, 2.30, and 2.31:

d½D�
dt

5 k2½A�2 or t5
1

k2

1

½A� 2
1

½A�0

� �
and t1/2 5

1

k2½A�0
:
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Formation of the trimer (T) could be a third-order reaction
(A1A1A-D):

d½T�
dt

5 k3½A�3 or t5
1

2k3

1

½A�2 2
1

½A�20

 !
and t1/2 5

1

2k3½A�20
:

It is also possible that the trimer is formed when a dimer reacts with
a monomer, a tetramer is formed when two dimers react and so on. The
figure shows that the rate of formation of P (d[P]/dt) increases rapidly with
increasing aztreonam concentration. However, the rate equations show
that the rate of dimer formation is proportional to the second power
and the formation rate of the trimer is proportional to the third power of
the aztreonam concentration and, thus, the increase is perhaps less than
expected. In fact, it has been shown that the value of the observed second-
order rate constant, k2, decreases with increasing aztreonam concentration
and that the stability of aztreonam cannot be predicted from its stability
in dilute solutions due to differences in its degradation mechanism [1]. One
would assume that the dimer formation would dominate at a low aztreo-
nam concentration, but that the rate of formation of the trimer and higher
order oligomers would rapidly increase with increasing initial aztreonam
concentration leading to changes in the degradation mechanism.

8.8:
Use the Q10 method (see Chapter 2, section 2.7.1) to estimate kobs at
25�C. The value of Q10 is between 2 and 4. Thus, the estimated maximum
value (Q105 2) of kobs at 25�C will be 13 1026 s21 (min. kobs value
(Q105 4) at 25�C is 0.53 1026 s21). The zero-order rate constant (k0)
will then be:

k0 5 kobs3 S0 5 13 1026s21 3 10 mg=ml5 13 1025 mg

s ml

t905
0:10 ½Drug�total

k0
5

0:103 25
mg

ml

13 1025 mg

s ml

5 2:503 105s5 69 h5 2:9 days

This is shelf-life a bit too short as most antibiotic therapies last for
about one week or more. We should be able to at least double the
shelf-life (assuming a Q10 of at least 2) by lowering the storage temper-
ature by 10�C. Thus, the shelf-life will be at least 5.8 days at 15�C
and 12 days at 5�C. Greater shelf-life enhancement will be observed
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if Q10 is greater than 2 and/or if the solubility lowers with decreasing
temperature.

If Q10 is 4, then t905 43 43 2.95 46 days at 5�C. It can be assumed
that t90 of the antibiotic mixture will never exceed a few months, even
if the solubility will be somewhat lower at 5�C than at 25�C. Thus, this
antibiotic suspension will never be distributed as a ready-to-use antibi-
otic formulation. It will be distributed as a powder for oral suspension.
The common shelf-life of such powders is three years, but is only
between one and two weeks after reconstitution as an oral suspension.

8.9:
Eq. 2.52 is applied to solve this problem:

t5
1

ðk1 1 k21Þ
3 ln

½A�0 2 ½A�Eq
½A�2 ½A�Eq

or ln
½A�02 A½ �Eq
½A�2 ½A�Eq

5 ðk1 1 k21Þ3 t

Racemization and, thus, K5 1.00 and [A]Eq5 50.

Time (days) % Ropivacaine (i.e. the S-form) A2AEq
ln
½A�0 2 ½A�Eq
½A�2 ½A�Eq

1.0 94.6 44.6 0.114

2.5 84.3 34.3 0.377

5.0 75.9 25.9 0.658

10 62.2 12.2 1.411

15 56.2 6.2 2.087

0 2 4 86 1210 1614

Time (days)

2.5

2.0

1.5

1.0

0.0

0.5

Slope: 0.14026 days–1 (R: 0.9994)[A]0 – [A]Eq

[A] – [A]Eq
In
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k11k2150:14026 days21 KEq51:00 and; thus; k15k21.k15k215

7:0131022days21

t90: ln
100250

90250
50:140263 t90.t9051:59 days:

8.10:

pH kobs (h
21) logkobs

1.0 4.533 1025 24.344

2.0 3.603 1026 25.444

3.0 2.273 1027 26.644

3.7 5.713 1028 27.243

4.0 1.143 1027 26.943

5.0 1.143 1026 25.943

6.0 7.183 1026 25.144

7.0 7.183 1025 24.144

8.0 3.603 1024 23.444

9.0 1.803 1023 22.745

10.0 1.803 1022 21.745

11.0 1.803 1021 20.745

20 4 10 126 8
pH

–5.0

–6.0

–3.0

–4.0

0.0

–2.0

–1.0

–7.0

–8.0

logkobs

kH k0 kOH k’OH

SH+ S

pKa = 7.6
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kobs5 kH½H1�fSH1 k0fSH1 kOH½OH2�fSH1 k0OH½OH2�fS

At pH5 2:0: kobs5 kH½H1�fSH or 3:603 1026 h21

5 kH3 1022 3 1:00 kH 5 3:603 1024 M21 h21

At pH5 6:0: kobs5 kOH½OH2�fSH or 7:183 1026 h21

5 kOH 3 102ð1426Þ3 1:00 kOH 5 718 M21h21

At pH5 10:0: kobs5 k0OH½OH2�fS or 1:803 1022 h21

5 kOH3 102ð14210Þ3 1:00 k0OH 5 180 M21h21

At pH5 3:7: kobs5 kH½H1�fSH 1 k0fSH 1 kOH½OH2�fSH or

5:713 10285 3:603 10243 1023:73 1:001 k0 3 1:00

1 7183 102ð14:023:7Þ3 1:00

5:713 10285 7:1833 1028 1 k0 1 3:5603 1028 ðk0 , 0Þ.k0 � 0 h21

or kobs5 3:603 1024½H1�fSH 1 718½OH2�fSH1 180½OH2�fS
However, there are two parallel reactions (see Chapter 2, Section

2.6.2) at pH .3 (i.e., hydrolysis and isomerization) and the relative
contribution can be calculated from the relative concentration of the
product according to Eqs. 2.61 and 2.62. For the protonated form
(SH1) we have:

kHY5 kOH
½A�

½A�1 ½B� 5 7183 0:965 689 M21h21

kIS5 kOH
½A�

½A�1 ½B� 5 7183 0:045 29 M21h21
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For the uncharged drug (S) we have:

k0HY 5 k0OH

½A�
½A�1 ½B� 5 1803 0:725 130 M21h21

k0IS5 k0OH

½A�
½A�1 ½B� 5 1803 0:285 50 M21h21

Thus, the more correct equation for the observed rate constant is

kobs5 kH½H1�fSH1 kHY½OH2�fSH 1 kIS½OH2�fSH
1 k0HY½OH2�fS1 k0IS½OH2�fS

or kobs5 kH½H1�fSH 1 ðkHY1 kISÞ½OH2�fSH 1 ðk0HY1 k0ISÞ½OH2�fS

8.11:
Isotonic (0.9% w/v) NaCl (molecular weight 58.44 g/mol) solution
contains:

½Na1�5 ½Cl2�5 9:0=55:445 0:162 mol=liter

I5 1/2ð0:162 � ð11Þ2 1 0:162 � ð21Þ2Þ5 0:16 mol=liter � 0:16 mol=Kg

We will apply Eq. 2.158:

logkobs5 logk01 1:02zAzB

ffiffi
I

p

11
ffiffi
I

p 5 logk01 Slope3

ffiffi
I

p

11
ffiffi
I

p

I (mol/liter) OI
ffiffi
I

p

11
ffiffi
I

p
kobs (s

21) logkobs

0.10 0.316 0.240 3.163 1023 22.500

0.25 0.500 0.333 7.943 1023 22.100

0.31 0.557 0.358 8.513 10-3 22.070

0.00 0.000 0.000 k05 3.893 1024 logk0523.410

0.16 0.400 0.286 k0.165 4.813 1023 logk0.16522.318
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0.250.20 0.30 0.400.35

–2.5

–2.3

–2.4

–2.0

–2.2

–2.1

–2.6

logkobs

Slope = 0.3.8232
Intercept = logk0 = –3.4098
R = 0.990

1 + √I

√I

Eq. 2.19 is applied to calculate t90:

At I5 0:00: t905
0:105

k0
5

0:105

3:893 1024s21
5 270 s5 4:5 minutes

At I5 0:16: t90 5
0:105

k0:16
5

0:105

4:813 1023s21
5 22 s5 0:4 minutes

The pH-rate profile for the apaziquone degradation on aqueous solu-
tion is V-shaped, displaying maximum stability at pH 8.6. At this pH,
apaziquone is over 10,000 times more stable than at pH 4.0 (t90 at pH 8.6
and 25�C is about 3.8 days) [2].

8.12:
Aspirin: kobs5 kH½H1�fAH 1 k0fAH1 k00fA2 1 k0OH½OH2�fA2

Methylsalicylate (at pH below 10): kobs5 kH½H1�1 k01 kOH½OH2�
The phenols (pKa of about 10) are better leaving groups than aliphatic

alcohols like methanol (pKa about 16), and thus phenol esters are in
general hydrolyzed much faster than aliphatic alcohols.
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8.13:

ETC

EATCATC

TC

k3 k4

k–1

k1

k–2

k2

The following rate equations are involved:

A:
d½TC�
dt

5 k21 ETC½ �2 ðk1 1 k3Þ TC½ �

B:
d½ETC�

dt
5 k1 TC½ �2 ðk211 k4Þ ETC½ �

C:
d½ATC�

dt
5 k3 TC½ �1 k22 EATC½ �2 k2 ATC½ �

D:
d½EATC�

dt
5 k2 ATC½ �1 k4 ETC½ �2 k22 EATC½ �

We will only use equations A and B to solve the problem. If we
assume that the concentration of ETC remains constant (see Chapter 2,
section 2.6.4 Steady-state approximation), then:

d½ETC�
dt

5 05 k1 TC½ �2 ðk211 k4Þ ETC½ � or

ETC½ �5 k1

k211 k4
TC½ �:

Substitution into A gives

d½TC�
dt

5 k21
k1

k211 k4
TC½ �2 ðk11 k3Þ TC½ �

5
k1k21

k21 1 k4
2 ðk1 1 k3Þ

� �
TC½ �5 kobs TC½ �
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kobs5
k1k21

k21 1 k4
2 ðk1 1 k3Þ

5
0:414 h213 0:373 h21

0:373 h211 0:206 h21
2 ð0:414 h21 1 0:323 h21Þ520:470 h21

This will give us a simple first-order equation (see Eq. 2.12):

2
d½TC�
dt

5 0:470 h21 TC½ �

The shelf-life (t90) can then be calculated according to Eq. 2.19:

t90 5
0:105

k0
5

0:105

0:470 h21
5 0:22 h5 13:4 min at pH 1:5 and 60�C:

8.14:
This is a question of finding optimal pH for solubility (.200 mg/ml)
and stability. The problem can be solved as follows.

–4

–1

–2

–3
–3

0

1

2

40

160

120

80

200

240logkobs

pH
4 6 108 12

S
ol

ub
ili

ty
 (

m
g/

m
l)

The solubility of the drug in the parenteral formulation has to be
greater than 200 mg/ml to prevent drug precipitation due to, for example,
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pH fluctuations and solvent evaporation. At pH 8.3, the solubility of the
drug is about 240 mg/ml. However, at this pH the shelf-life at 25�C is:

t90 5
0:105

k0
� 0:105

1:03 1022h21
5 10:5 h

Applying the Q10 method to estimate the shelf-life in a refrigerator
(5�C), shows that it is less than one week at pH 8.3. The drug has
maximum stability at a pH between 3 and 6, but even at that pH it is
very unstable (t90� 4 days at 25�C and less than two months at 5�C). Due
to its instability, the drug has to be marketed as lyophilized powder for
reconstitution of parenteral solution. Furthermore, due to its low aqueous
solubility at acidic and neutral pHs, the pH of the reconstituted solution
has to be greater than 8, preferably greater than 8.3. For example, the
sodium salt of the drug (β-lactam antibiotic) can be used, and Na2CO3

can be included in the lyophilized powder for pH adjustment. Once
reconstituted, the solution should not be stored for longer than a couple of
hours at room temperature.
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