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Solubility and
distribution phenomena

Introduction

* A solution can be defined as a system in which molecules
of a solute are dissolved in a solvent vehicle.

(B
» Solubility is defined as the maximum solute concentration

in a certain solvent at a certain temperature.
2. 3-

Solute concentration < solubility — undersaturated solution

Solute concentration = solubility — saturated solution

pll
Solute concentration > solubility — supersaturated solution
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Expressions of solubility

* The solubility of a drug can be expressed in terms of

Eoncentratioanuch as: .

N 312y [Jumst B

— Molarity
Normality
Molality

Mole fraction

|

|

percentage (% w/w, % w/v, % v/v).
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Expressions of solubility

» The pharmacopeias used the following less specific way
to denote to solubility

Descriptive term

Approximate volume of solvent in
milliliters per gram) of solute

very soluble less than 1
freely soluble from 1 to 10
soluble from 10 to 30

sparingly soluble

from 30 to 100

slightly soluble

from 100 to 1000

very slightly soluble

from 1000 to 10 000

practically insoluble

more than 10 000
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Prediction of solubility

* Solubility depends on chemical, electrical & structural
effects that lead to mutual interactions between the solute
and the solvent.

—— “like dissolves like”.
* A solute dissolves best in a solvent with similar chemical
properties. 1.e.

solutes dissolve in polar solvents. e.g salts & sugar
dissolve in water .

—@solutes dissolve in non polar solvents. Eg.
naphtalene dissolves in benzene.

Prediction of solubility

» Ifthe solventis A and the solute B and the forces of
attraction are represented by A—A, B—B and A—B, one
of three conditions will arise: Cohesiug_ L Ao”’es“‘a

1. If A—A >> A—B, i.e. the affinity of a solvenf molecule
for its own kind is markedly greater than its affinity for a
solute molecule, the solvent molecules will be attracted
to each other and form aggregations from which the
solute is excluded (e.g. benzene in water). = <45 T4\

2. If B—B >> A—B, the solvent will not be able to break
the binding forces between solute molecules and disperse
them (e.g. sodium chloride in benzene).

3. If A—B > A—A or B—B, or the three forces are of the
same order, the solute will disperse and form a solution.




Factors influencing solubility
Polar solvents
 Polar solvents dissolve ionic solutes and polar substances.
 The solubility of a drug in polar solvent depends on:
1. The polarity of the solvent (measured@ dielectric constant)
2. The ability of the solute to form hydrogen bonds.

—  Water dissolves Phenols, alcohols. aldehydes, ketones, amines,
and other oxygen- and nitrogen-containing compounds that can
form hydrogen bonds with water

3. The ratio of polar to nonpolar groups of the molecule
— As the length of a nonpolar chain_of an aliphatic alcohol
increases, the solubility in waterGecreas@ (e.g. Straight chain
monohydroxy alcohols, aldehydes, and acids with more than 4
carbons cannot enter into the hydrogen- bonded structure of water
and hence are only slightly soluble).

Dielectric constant

* A molecule can maintain a separation of
electric charge either through (induction )by
an_external electric ﬁeldby a permanent
charge separation within a polar molecule.

* Dielectric constant (relative permittivity) of
a material is its (absolute) permittivity
expressed as a ratio relative to the
permittivity of vacuum.
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Dielectric constant

* Consider two parallel conducting plates, such as the plates

of an electric condenser, which are separated by some
medium across a distance - and apply a potential across the
plates.

Electricity will flow from the left plate to the right plate
through the battery until the potential difference of the
plates that of the battery supplying the initial

potential difference. P skt
Qs+ P \ Q Charge
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Dielectric constant

The capacitance, C (in farads), is equal to the quantity of
electric charge, g (in coulombs). stored on the plates,
divided by the potential difference, V' (in volts), between
the plates: —~e

c=qv C-1
The capacitance of the condenser depends on the type of

medium separating the plates as well as on the thickness
7 bSO ol 8T 3 s R i 1le 5

When a vacuum fills the space between the plates, the
capacitance is (.

This value is used as a reference to compare capacitances
when other substances fill the space.
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Dielectric constant
If water fills the space, the capacitance is increased, since
the water molecule can orientate itself so that its negative
end lies nearest the positive condenser plate and its
positive end lies nearest the negative plate.

This alignment provides additional movement of charge
because of the increased ease with which electrons can
flow between the plates.

Thus, additional charge can be placed on the plates per

unit of applied voltage. paratel Plates Sl
Q+ / \\ =
P :-/
A .|
+ R -

Dielectric
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Dielectric constant
The capacitance of the condenser filled with some
material, C,, divided by the reference standard C,, is
referred to as the dielectric constant, 1/%:

e =C/C

The dielectric constant ordinarily has no dimensions,
since it 1s the ratio of two capacitances.

Vacuum ¢l 1.0 (by definition)

Metals Infinite Aafl Sl Sad
Gases 1.00) (at one atmosphere) @4t
Water 87.9 (0°C) t0 55.5 (100°C)

Hexane 1.8865 {20°C)

Cyclohexane 2.0243 (20°C)

Benzene 2.285 (20°C)

Viriryd;t;cré;bon 72] ro }4 (;oio;tremperatureli 7
lubrication oils

Table 1. Dielectric C: of C Materials
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Dielectric constant _,
* The capacitance of the condenser filled with some
material, C,, divided by the reference standard €, is
referred to as the dielectric constant, 1£: -~

e =C/C,

» The dielectric constant ordinarily has no dimensions,
since it is the ratio of two _eapacitances.

Vacuum 1.0 (by definition)
Metals 4 Infinite
Gases / 1.00xx I'ét- one 5imosbheré)
Water 87.9 (0°C) to 55.5 (100°C)
1" Hexane 1.8865 (20°C)
" | Ccyclohexane 2.0243 (20°C)
Benzene 2.285 (20°C)
Hydrocarbon 2.1 to 2.4 (room temperature)
lubrication oils
Table 1. Dielectric C of C Materials

Dielectric constant

* The dielectric constants ofsolvent mixtures can be related to drug
solubility:

E 0.20 4 1-.bmanol — 50 F [ﬂ VDMfd J|
© 015 4 .
% ethanol bAw#mblc
0.10 4 .
% 0.05 methanol }Udmf b'./,C O\SSS
. I REA B
150 250 35.0

Dielectric constant

Solubility of morin flavonoid in alcohols (Joumal of Molecular Liquids. Volume
233,2017)
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Factors influencing solubility

Polar solvents

* When additional polar groups are present in the molecule,
water solubility increases greatly.

T <
Name Chemical formula  structure Solubility s

Hexanoic acid|  C,H,,0, % | 2/100 ml
Adipic acid CsH,,0,
Citric acid CsHgO,

LU
Lk 3 <ty

Factors influencing solubility

Polar solvents

» Branching of the carbon chain reduces the nonpolar effect
and leads to increased water solubility (e.g. Tertiary butyl
alcohol is miscible in all proportions with water, whereas
n-butyl alcohol dissolves to the extent of about 8 g/100
mL of water at 20°C).

7 N0H OH

n-butanol tert-butanol




Factors influencing solubility

Polar solvents

Table 5.2 Solubilities of pentanol isomers in water®

. .“)(. Compound Solubility Surface area Boiling point Structure
(P’w’i . (molality, m) (nm?) )
ANRYY d s
C)))Q) nPentanol 26107 3.039 ) PIp A~ ~_H
a°
3-Methyl-1-butanol 3.11 x 10" 2914 131.2 )\/\
OH
2-Methyl-1-butanol 3.47 %107 2.894 128.7 /Y\OH
OH
2-Pentanol 53x10°"! 2.959 119.0 /\/J\
3-Pentanol 6.15% 1077 2935 1153 /Y\
OH
3-Methyl-2-butanol 6.67 x 107" 2.843 111.5 )\<
OH
2-Methyl-2-butanol 2.825 1920 /7<
- s it bp O51 OH
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Factors influencing solubility

Nonpolar solvents

» Non polar solvents are unable to reduce the attraction
between the ions due to their low dielectric constants.

* They arto form hydrogen bonds with non
electrolytes.

» Non polar solvents can dissolve non polar solutes through
weak van derWaals forces

» Example: solutions of oils & fats in carbon tetrachloride

or benzene.




Factors influencing solubility

Semipolar solvents

» Semipolar solvents, such as ketones can induce a certain
degree of polarity in non polar solvent molecules.

» They can act as intermediate solvents to bring about
| miscibility 9f polar & non polar liquids.

« Example: acetone increases solubility of ether in water.

Solubility of gases in liquids

» Examples of pharmaceutical solutions of gases include:

pe=ielg2 = i THCL, ammonia water & effervescent preparations

S\ Qe
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containing CO, maintained in solution under pressure.

* The solubility of a gas in a liquid 7s the concentration of
dissolved gas when it is in equilibrium with some of the

pure gas above the solution.
* The solubility depends on:
— molecular weight of gas
— the pressure
— temperature
— presence of salts

— chemical reactions that sometimes the gas undergoes with the
solvent
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Solubility of gases in liquids

Effect of molecular weight of gas

* The solubility of gas molecules typically increases
with ‘increasing_] molecular weight of gas due to
stronger London and Debye forces between gas and
solvent molecules. 0a el &

Effect of pressure

» The effect of the pressure on the solubility of a gas is
expressed by FHenry's law, which, states that in a very
dilute solution at constant temperature, the
concentration of dissolved gas is proportional to the
partial pressure of the gas above the solution at
equilibrium.

Solubility of gases in liquids

Effect of temperature
* As the temperature increases, the solubility of

gases decreases, owing to the greater
tendency of the gas to expand, increased kinetic
energy of gas molecules, leading to breaking of
intermolecular forces.

Presence of salts

» Gases are often liberated from solutions in which
they are dissolved by the introduction of an
electrolyte such as sodium chloride and sometimes
by a nonelectrolyte such as sucrose. This
phenomenon is known as sal/ting out.
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Solubility of gases in liquids
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Solubility of gases in liquids
Effect of chemical reactions
« Henry's law applies strictly to gases that ar
slightly soluble in solution and that do not reactin
any way in the solvent.
| » Gases such as hydrogen chloride, ammonia, and
carbon dioxide show deviations as a result of
chemical reaction between the gas and solvent,
usually with a resultant increase in solubility.

» Accordingly, hydrogen chloride is about 10,000
times more soluble in water than is oxygen.
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Solubility of gases in liquids

Solubility of liquids in liquids
» Liquid-liquid systems may be divided into 2 categories:

1) Systems showing complete miscibility such as alcohol &
water, glycerin & alcohol, benzene & carbon
tetrachloride.

» Complete miscibility occurs when the adhesive forces
between different molecules (A-B) >>cohesive forces
between like molecules (A-A or B-B).

2) Systems showing Partial miscibility as phenol and water;
two liquid layers are formed each containing some of the
other liquid in the dissolved state.
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Solubility of solids in liquids

Effects of substituents

Substituents can influence solubility by affecting the solute
molecular cohesion and its interaction with water molecules.

Polar groups such as —OH are capable of hydrogen bonding
(high solubility). 2 0H & 2 carborglic

E.g. Hydroxy acids, such as'tartaric and citric acids, are quite
soluble in water because they are solvated through their

hydroxyl groups. o 4 on O. OH
\ O (0]
- OH
A\ HO OH
HOH 0 OH

Non-polar groups such as —CH; and —ClI are hydrophobic (low
solubility). e

Factors influencing solubility

Table 5.4 Substituent group classification

Substituent Classification
=—CH, Hydrophobic
—CH,— Hydrophobic
N —=Cl, —8r, —F Hydrophobic
e 25 =NICH,), Hydrophobic
—SCH, Hydrophobic
—OCH,CH;, Hydrophobic
—OCH;, Slightly hydrophilic
—NO, Slightly hydrophilic
—CHO— alddbgk 3¢ Hydrophilic
—COOH Slightly hydrophilic
—COO- WVery) hydrophilic
—NH, Hydrophilic
—NH; @hydrophilic
—OH Very hydrophilic

bz sha_sbens L LilG) Bl oy N stoymaditsos -
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Factors influencing solubility

Table 5.5 The effect of substituents on solubility of
acetanilide derivatives in water

Derivative X Solubility
(mg dm~3)

NHCOCH; H 6.38

Methy! 1.05

Ethoxyl 0.93

Hydroxyl 13.9
Nitro 15.98
e Aceto 9.87

Solubility of solids in liquids

Effects of substituents

Thof the substituent on the molecule can affect the
solute molecular cohesion and its_interaction with water
molecules, and hence its solubility.

E.g. the OH group of salicyclic acid cannot contribute to the

solubility because it is involved in an intramolecular
hydrogen bond.

O\ o 083 e aarborylic_5 OYf ey
OH oS coyyaalls hydroghilic 220
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Solubility of solids in liquids
Effects of substituents

E.g. the aqueous solubility of o-, m- and p-dihydroxybenzenes
are 4, 9 and 0.6 mol/L, respectively

VLY s &WO‘ o
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Symmetric particles pdlhydroxybenzenes) can be less
soluble than unsymmetric ones (m-dihydroxybenzenes)
because they form a compact crystals (which require more
work to separate the particles), while the unsymmetric
particles pack less efficiently in crystals.

Solubility of solids in liquids
Effects of solid state
» The less stable solid state (e.g. metastable polymorph,
amorphous or anhydrous state) will be more soluble than the
stable state.

Particle size

» Above a certain size, solubility is not influenced by the
particle size of the solid solute. However, the reduction in
the size of particles to micron or sub-micron size can
: igs sl
influence solubility.

* A micronized drug may have an increase in solubility if the
micronization process breaks down the crystal lattice of the
solid.
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Solubility of solids in liquids

Effects of salt form

* The solubility of the drug in aqueous media may be
markedly dependent on the salt form.

Table 5.13 Solubilities of salts of an antimalarial drug (XIX)°

Salt Melting Eoint Solubility
("C) (mg cm™)
Free base 215 7-8
Hydrochloride 331 32-15
dHactate 172 (dec) 1800
Hactate 193 (dec) 900
2-Hydroxy-1-sulfonate 250 (dec) 620
Methanesulfonate 290 (dec) 300
Sulfate 270 (dec) 20

2 Reproduced from S. Agharkar, S. Lindenboum and T. Higuchi, L. Pharm. Sdi., 65, 747 (1976).

% |dec) - with decomposition.
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Solubility of solids in liquids

Table 5.3 Correlation between melting points of
sulfonamide derivatives and aqueous solubility

Compound Melting point Solubility
(*C)

Sulfadiazine 253 1gin13.dm?
(0.077 g dm=3)

Sulfamerazine 236 1gin5dm?
(0.20 g dm3)

Sulfapyridine 192 1gin3.5dm?®
(0.29 g dm~3)

Sulfathiazole 174 1gin1.7 dm?
(0.59 g dm™3)

o= 1L fer
dm® = 1000 mL




Solubility of solids in liquids

Effect of temperature

L_Jall =f>» A rise in temperature will lead to an ﬁcreas@ in the

solubility of a solid with an endothermic dissolution.” P

Conversely, in the case oi the less commonly occurring
systems that exhibit exothermic dissolution, an increase in
temperature will give rise to a decrease in solubility.

Plots of solubili& &ersu& teml_gerature) which are referred
to as solubility curves, are often used to describe the
effect of temperature on a given system.

Most of the curves are continuous; however, abrupt
changes in slope may be observed with some systems if a
change in the nature of the dissolving solid occurs at a
specific transition temperature.

Solubility of solids in liquids

Effect of temperature

Sodium sulphate exist as the
decahydrate Na,SO,,10H,0 up to
32.5°C, and its dissolution in
water is an endothermic process. 0.8

Its solubility therefore increases
with rise in temperature until
32.5°C is reached.

Above this temperature the solid
is converted into the anhydrous
form Na,SO,, and the dissolution
of this compound is an exothermic
process.

0.6

0.4

(CHacOO),Ca 2H,0,
d»cw\.\“

02t
The solubility therefore exhibits a A ' f N '
change from a positive to a 0 20 40 60 80 100
negative slope as the temperature Temperature (°C)

exceeds the transition value.

Solubility (kg per kg of water)
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Solubility of solids in liquids

we4
Influence of pH on solubility of weak electrolytes <:we
Systems of solids in liquids include the most frequent and

important type of pharmaceutical solutions. 5r.—

2 957. PSX ()4
Most drugs belong to the class of wea[? acids and bases. They
react with strong acids or bases to form water soluble salts.

Acidic drugs (e.g. NSAIDs), are more soluble in alkaline

solutions where the ionized form is the predominant.
[Tonized]

[Unionized]
Basic drugs (e.g. ranitidine), are more soluble in acidic

solutions where the ionized form of the drug is predominant.
[Unionized|

[ITonized]

pH — pK, = log

pH —pK, = log

\ R acic]
e base

Solubility of solids in liquids
Influence of pH on solubility of weak acids

* If we represent the drug as HA and the total
saturation solubility of the drug as S, and if'S, 1s
the solubility of the undissociated species HA

e
then:

§ lasosw 2
o
b So JJ Lows Dk
welc sl pHypha s
S, 1s termed intrinsic solubility o pH shsie Slubi Lot
HA I L)

pH —pK, = log

HA = HY +A4°~

S=[#A] +[A7] PH N deagy A7

& = [HAJ PH Ol ez cigy HE 3\ xS

l?amzcaJ = 8- 80 ~{A7)
Unronizeo < &,
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Solubility of solids in liquids

® Example

What is the pH below which sulfadiazine
(pK, = 6.48) will begin to precipitate in an
infusion fluid, when the initial molar
concentration of sulfadiazine sodium is
4 x 1072 mol dm™ and the solubility of sulfa-
diazine is 3.07 x 10~ mol dm~*?

* Answer
The pH below which the drug will precipitate
is calculated using equation (5.11):

4.00x10%-(3.07x 107*
pH=6.48+log( S J=4 D )
3.07x107*

@@ Ls inkrinsi ¢ Sol}«bi‘a
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Solubility of solids in liquids
Influence of pH on solubility of weak bases

* If we represent the basic drug as B and BH+ and
the total saturation solubility of the drug as S, and
1S, 1s the solubility of the unprotonated species B
then:

H - pi=logl- 29
p pa—ogs_so
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Solubility of solids in liquids
Influence of pH on solubility of weak elgs%a ou}/tes

Carboxylic acids containing more than 5 carbonsvare relatlvely
insoluble in water; however, they react with dilute NaOH,

carbonates, and bicarbonates to form soluble salts.
0

h )‘\/\/\
. CH3

0o

The fatty acids (> 10 carbon) form soluble soaps with the alkali
metals and insoluble soaps with other metal ions.
OH
Phenol is weakly acidic andslightly soluble in water
but is quite soluble in dilute sodium hydroxide.

Solubility of solids in liquids
Boiling point and melting point

In general, aqueous solubility decreases with increasing
boiling and melting point.
This is because the higher the boiling point of liquids and

melting point of solids, the stronger the interactions between
the molecules in the pure liquid or the solid state.

Solubility increases with decreasing particle size, due to the
increased particle surface area; meaning more of the solid
is in contact with the solvent.




