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INTRODUCTION

Dispersed Systems, It is important that the pharmacist
understand tne theory and technology of disperse
systems. Although the guaniitative aspeets of this
subject are not as well developed as are those of
micromolecular chemistry, the theories that can be
proposed in the field of colioidal chemistry are guite
helpful in approaching the puzziing probiems that arise
in the preparation and dispensing of emulsions, suspen-
sions, ointments, powders, and compressed dosage
forms. A knowledge of interfacial phenomenz and a
familiarity with the characteristies of colloids and small
particles are fundamental to an understanding of the
behavior of pharmaceutical dispersions.

Dispersed systems consist of partieulate matter,
known as the dispersed phase. distributed throughout a
continuous, F@mﬁe dispersed
material may range in size from particles of atomic and
molecular dimensions to particles whose size is mea-
sured in millimeters. Accordingly, 2 convenient means
of classifying dispersed systems, is on the basis of t.he
mean particle diameter of the dispersed material, Thri
nggmwm,

T dispersions, collowdal dispersions, and coarse
persions. The mmm thGe'aEf:,
Togeter with some of the associated characteris:ics,
are shown in Table 15-1. The size limits are somew hat
arbitrary, there being no distinct transition between
either molecular and colloidal dispersions or colloidal
and coarse.dispersions. For example, certain macro-
(l.e., large) molecules, such as the polysaccharides,
proteins, and polymers in general, are of sufficient size
that they may be classified as forming both molecular
and colloidal dispersions. Some suspensions and emul-
sions may contain = range of particle sizes such that the

smaller particles lie within the colloidal range while the
larger ones are classified as coarse particles.

Molecular dispersions are homogeneous in charaeter
and form true solutions. The properties of these
systems have been discussed in the previous section of
this text. Colloidal dispersions will be considered in the
present chapter, powders and granules in Chapter 16,
and coarse dispersions in Chapter 18; all are examples
of heterogeneous svstems.

Size and Shape of Colloidal Particles. Particles lying in
the colloidal size range possess a surface area that is
enormous compared with the surface area of an equal
volume of larger particles. Thus, a cube having a 1-em
edge and a volume of 1 cm® has 2 total surface area of 6
em®. If the same cube is subdivided into smaller cubes,
each having an edge of 100 pm, the total volume
remains the same, but the total surface arez increases
to 600,000 em® This represents 2 10%-fold inerease in
surface arez. To compare quantitatively the surface
areas of different materials, the term specific surface is
used. This is defined as the surface area per unit weight
or volume of material. In the example just given, the
first sample had a specific surface of 6 em%em®, while
the second sample had z specific surface of 600,000
em%em®. The possession of z large specific surface
results in many of the unique properties of colloidal
dispersions. For example, platinum is effective as a
catalyst only when in the colicidal form as platinum
black. This is because catalysts act by adsorbing the
reactants onto their surface. Hence, their catalytic
activity is related to their specific surface. The color of
colloidal dispersions is related o the size of the particles
present. Thus, as the particles in a red gold sol increase
in size, the dispersion takes on a2 blue color. Antimony
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TE Classification of Dispersed Systsms on the Basis of Particle Size*

Range of

Class Particle Sizet Charactenistics of System Examples
S,

Malecular Less than 1.0 nm (mpu) PamclesWQrEq_ COxygen.molecules, ordinary wons,
on S i microscgpe: pass through uitrafiiter jucase
gt L

vl ke e
undi rapid gi Q.
LColloidal 1.0 nm to 0.5 um Particles not resolved by ordinary.

micrescope although they may be
ultramicroscope;
- pass

(‘ellmcal silver sals, natural and

synthetic palymers =™
T i ————

VESE‘Q_WM-
through filter paper but do nat pass

dispersion P —_
Q 7P —SuD “""D detected under
v
Coarse Greater than 0.5 pm () Particles visipje ui
ispersion

Y Sun am

ne; diffuse,

microscope; do Grains af sand, most pharmaceutical
fiot pass throu per or %‘m_iﬁisﬁd suspensions, red blood
dialyze through g@mmg% cells = = a4

w particles de not diffusa,
——

*Modified Irom Oswaid: Kunn's Kolloid chemisches Taschenbuch, as quoted in part from H. 9. Weiser, Colloid Chemistry, 2nd Edition, Wiley, New York, 1949,
A micrometer (wm), formerly cailed a micron (), is a unit of length 2qual to one thousandth of a millimeter or 10~ mm. A nanometer (nm), formerty cailed a
millimicron (my), is one thousandth of a micron or 10~% mm, It follows that 1 cm is equal to 10% wm or 107 nm.

and arsenic trisuifides change from red to yellow as the
particle size is reduced from that of a coarse powder to
that within the colloidal size range.

ecause of their size, colloidal particles may be
séparated from molecular particles with relative ease.
The technique of separation, known as dialysis, uses a
semipermeable membrane of collodion or cellophane,
the pore size of which will prevent the passage of
~olloidal particles, yet will permit small molecules and
ions, such as urea, glucose, and sodium chloride, to pass
through. The principle is illustrated in Figure 15-1,
which shows that, at equilibrium, the colloidal material
is retained in compartment A, while the subcolloidal
material is distributed equally on both sides of the
membrane. By continually removing the liquid in
compartment B, it is possible to obtain colloidal mate-
rial in A that is free from subeolloidal contaminants.
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Fig. 15~ 1, Sketch showing the removal of electrolytes from colloidal
material by diffusion through a semipermeable membrane. Condi-
tions on the two sides, A and B, of the membrane are shown at the
start and at equilibrium. The open circles are the colloidal particles
that are too large to pass through the membrane. The solid dots are
the electrolyte particles that pass through the pores of the mem-
brane.

Dialysis may also be used to obtain subcolloidal material
that is free from colloidal contamination—in this case,
one simply coilects the effluent. Ultrafiltration has aiso
been used to separate and purify colloidal material.
According to one variation of the method, filtration is
conducted under negative pressure (suction) through a
dialysis membrane supported in a Biichner funnel.
When dialysis and ultrafiltration are used to remove
charged impurities, such as ionic contaminants, the
process may be hastened by the use of an electric
potential across the membrane. This process is called
electrodialysis. )
Dialysis has been used increasingly in recent years to
study the binding of materials of pharmaceutical signif-
icance to colloidal particles. Dialysis occurs in vivo.
Thus, ions and small molecules pass readily from the
blood, through a natural semipermeable membrane, to
the tissue fluids; the colloidal components of the blood
remain within the capillary system. The principle of
dialysis is utilized in the artificial kidney, which re-
oves small-molecular-weight impurities from the body
y passage through a semipermeable membrane,
The shape adopted by colloidal particles in dispersion
is important, since the more extended the particle, the
greater its specific surface and the greater the oppor-

tunity for attractive forces to develop between the -

particles of the dispersed phase and the dispersion

medium. A colloidal particle is something like a hedge- -

hog—in a friendly environment, it unrolls and exposes
maximum surface area. Under adverse conditions, it
rolls up and reduces its exposed area. Some represen-
tative shapes of spherocolloids and fibrous colloids are
shown in Figure 15-2. As will be seen in later
discussions, such properties as flow, sedimentation, and

osmotic pressure are affected by changes in the shape of -

colloidal particles. Particle shape may also influence
pharmacologic action. Cromoglycic acid, an agent ad-
ministered by inhalation to control asthmatic attacks,
was found by Chan and Gonda® to be suitaoly deposited

%
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Fig. 15-2. Some shapes that may be assumed by colioidal particles: (a) spheres and globules; (b) short rods and prolate ellipsoids; (c) oblate
ellipsoids and flakes; (d) long rods and threads; (¢/ loosely coiled threads; (f) branched threads.

in the respiratory tract when prepared as well-formed
rod-shaped crystals.

/ Pharmag%‘ Applications of Colloids. Certain medic-
i ve Deen foun possess unusual or increased
therapeutic properties when formuiated in the colloigal
state. Collpidal silver chloride; silver iodide, and silver
protein are effective germicides and do not cause the
irritation that is characteristic of ionic silver salts.
Coarsely powdered sulfur is poorly absorbed when
administered orally, yet the same dose of colloidal
sulfur may be absorbed so completely as to cause a toxic
reaction and even death. Colloidal copper has been used
in the treatment of cancer, colloidal gold as a diagnostic
agent for paresis, and colloidal mercury for syphilis.
Many natural and synthetic polymers are important
in contemporary pharmaceutical practice. Polymers are
--macromolecules formed by the polvmerization or con-
densation of smaller, noncolioidal, molecules. Prateins
are important natural eolloids and are found in the body
as components of muscle, bone, and skin. The plasma
proteins are responsible for binding certain drug mole-
cules to such an extent that the pharmacologic activity
of the drug is affected Naturally occurring plant
macromolecules such as starch and cellulose that are
used-as pharmaceutical adjunets are capable of existing
in the colloidal state. Hydroxvethyl starch (HES) is a
macromolecule nsed as & plasma substitute. Other
synthetic polymers are applied as coatings to solid
dosage forms to protect drugs that are susceptible to
aumospheric moisture or degradation under the acid
conditions of the stomach. Colloidal electrolytes (sur-
face-active agents) are sometimes used to increase the

solubility, stability, and taste of certain compounds in
aqueous and oily pharmaceutical preparations.

TYPES OF COLLOIDAL SYSTEMS

e e e

Colloidal systems are best classified into three
groups—lyophilie, lyophobie, and association— on the
basis of the interaction of the particles, molecules, or
ions of the dispersed phase with the molecules of the
dispersion medium.

Lyophilic Colloids. tems containing colloidal parti-
cles that interact to an appreciable extent with the
" dispersion medium are referred to as lyophilic (solven

ispersion medium are to as lyop (solvent-
Toving) colloids. Owing to their affinity for the disper-
sion medium, such materials form colioidal dispersions,
or sois, with relative ease. Thus, lyophilic colloidal sols
are usually obtained simply by dissolving the material
in the solvent being used. For example, the dissolution
of acacia or gelatin in water or celluloid in amy] acetate
leads to the formation of & sol.

The various properties of this elass of colloids are due
to the attraction between the dispersed phase and the
dispersion medium, which leads to solvation, the
attachment of solvent molecules to the miecules of the
dispersed phase. In the case of hydrophilic colloids, in
which water is the dispersion medium, that is termed
hydration. Most lyophilic colloids are organic mole-
cules, for example, gelatin, acacia, insulin, albumin,
rubber, and polystyrene. Of these, the first four
produce lyophilic colloids in aqueous dispersion media
(hydrophilic sols). Rubber and polystyrene Hornt lyo-
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philic colloids in nonagueous, organic, solvents. These
materials accordingly are referred to as lipophilic
colloids. These examples illustrate the important point
that the term lyophtlic has meaning only when applied
to the material dispersed in a specific dispersion
medium. A material that forms a lyophilic coiloidal
system in one liquid (e.g., water) may not do so in
another ligud (e.g., benzene).

Lyophobic Colloids. The seco [ colloids is
composed of materials that have little attraction, if an
for the dispersion medium. These are the [y %b%;
(solvent-hating) colloids and, predictably, their proper-
ties differ from those of the lvophilic colloids. This is
due primarily to the absence of a solvent sheath around
the particle. Lyophobic colloids are generally composed
of inorganic particles dispersed in water. Examples of
such materials are gold, silver, sulfur, arsenous suifide,
and silver iodide.

In contrast to lyophilic colloids, it is necessary to use
special methods to prepare lyophobic colloids. These
are (a) dispersion methods, in which coarse particles
are reduced in size, and (b) condensation methods, in
which materials of subcoiloidal dimensions are caused to
aggregate into particles within the colloidal size range.
Dispersion may be achieved by the use of high-intensity
ultrasonic generators operating at frequencies in excess
of 20,000 cycles per second. A second dispersion method
involves the production of an electric arc within a liquid.
Owing to the intense heat generated by the arc, some of
the metal of the electrodes is dispersed as vapor, which
condenses to form colloidal particles. Milling and grind-
ing processes may be used, although their efficiency is
low. So-called colloid mills, in which the material is
sheared between two rapidly rotating plates set close
together, reduce only a small amount of the total
particles to the colloidal size range.

The required conditions for the formation of lyopho-
bic colloids by condensation or aggregation invoive a
high degree of initial supersaturation followed by the
formation and growth of nuclei. Supersaturation may
be brought about by change in solvent or reduction in
temperature. For example, if sulfur is dissoived in
alcohol and the concentrated solution is then poured
into an excess of water, many small nuclei form in the
supersaturated solution. These grow rapidly to form a
colloidal sol. Other condensation methods depend on a
chemical reaction, such as reduction, oxidation, hydrol-
ysis, or double decomposition. Thus, neutral or slightly
alkaline solutions of the noble metal salts, when treated’
with a reducing agent such as formaldehyde or pyro-
gallol, form atoms that combine to form charged
aggregates. The oxidation of hydrogen sulfide leads to
the formation of sulfur atoms and the production of a
sulfur sol. If-a solution of ferric chloride is added to a
large volume of water, hydrolysis occurs with the
formation of a red sol of hydrated ferric oxide. Chro-
mium and aluminum salts alse hydrolyze in this man-
ner. Finaily, the double decomposition between hydro-
gen suifide and arsenous acid resuits in an arsenous

sulfide sol. If an exceess of hydrogen sulfide is used,
HS~ ions are adsorbed onto the particles. This creates
a large negative charge on the particles, leading to the
formation of a stable sol.

Assaciation Colloids: Miceiles and the CMC. Associa-
toM, OF amphipralic, colloids form the third group in
this classification. As we have seen in Chapter 14,
which dealt with interfacial phenomena (p. 370), certain
molecules or ions, termed amphiphiles or surface-
active agents, are characterized by having two distinet
regions of opposing solution affinities within the same
molecule or ion. When present in a liquid medium at low
concentrations, the amphiphiles exist separately and
are of such a size as to be subcoiloidal. As the
concentration is increased, aggregation oceurs over a
narrow concentration range. These aggregates, which
may contain 50 or more monomers, are called miceiles.
Since the diameter of each micelle is of the order of 30
A, micelles lie within the size range we have designated
as colloidal. The concentration of monomer at which
micelles form is termed the critical micelle concentra-
tion, or eme. The number of monomers that aggregate
to form a micelle is known as the aggregation number of
the micelle.

The phenomenon of micelle formation can be ex-
plained as follows. Below the cme, the concentration of
amphiphile undergoing adsorption at the air-water
interface increases as the total concentration of am-
phiphile is raised. Eventually a point is reached at
which both the interface and the bulk phase become
saturated with monomers. This is the eme. Any further
amphiphile added in excess of this concentration aggre-
gates to form micelles in the bulk phase and, in this
manner, the free energy of the system is reduced. The
affect of micellization on some of the physical properties
of solutions containing surface-active agents is shown in
Figure 15-3. Note particularly that surface tension
decreases up to the cme. From Gibbs’' adsorption
equation (p. 370), this means increasing interfacial
adsorption. Above the cme, the surface tension remains
essentially constant, showing that the interface is
saturated and micelle formation has taken place in the
bulk phase.

In the case of amphiphiles in water, the hydroearbon
chains face inward into the micelle to form, in effect,
their own hydrocarbon environment. Surrounding this
hydrocarbon core are the polar portions of the am-
phiphiles associated with the water molecuies of the
continuous phase. Aggregation also occurs in nonpolar
liquids. The orientation of the molecules is now re-
versed, however, with the polar heads facing inward
while the hydrocarbon chains are associated with the
continuous nonpolar phase. These situations are shown
in Figure 15-4, which also shows some of the shapes
postulated for micelles. It seems likely that spherical
micelles exdst at concentrations relatively ciose to the
cme. At higher concentrations, laminar micelles have an
nereasing tendency to form and axist in eguilbrium
with spericai miceiles. The student is cautioned against
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Fig. 15-3. Properties of suriace-active agents showing changes that
occur sharply at the critical micelle concentration. (Modified from
Preston, W. J. Phys. Coll Chem. 52, 85, 1948. Copyright © 1948, The
Wilhams & Wilkans Co., Baltimore.)
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regarding micelles as solid particles. The individual
molecules forming the micelle are in dynamic equilib-
rium with those monomers in the bulk and at the
interface. ’

As with lyophilic sols, formation of association col-
loids is spontaneous, provided that the concentration of
the amphiphile in solution exceeds the emc.

Amphiphiles may be anionic, cationic, nonionic, or
ampholytic (zwitterionie), and this provides a conve-
nient means of classifying association colloids. A typical
example of each type is given in Table 15-2. Thus,
Figure 15-4a represents the micelle of an anionic
association colloid. A certain number of the sodium ions
are attracted to the surface of the micelle, reducing the
overall negative charge somewhat. These bound ions
are termed gegenions.

Mixtures of two or more amphiphiles are usual in
pharmaceutical formulations. Assuming an ideal mix-
ture, the emce of the mixture can be predicted from the
eme values of the pure amphiphiles and their mole
fractions z in the mixture, according to the expresssion®
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TAB! Classification of Association Colloids

Type Compound Ampniphile Gegenions
Anionic Sodium lauryl suifate CH4(CH,),,0S07 Na+
Cationic Cetyl timethylammonium bromide CH4(CH4) gNT(CH,)4 3r~
Nonionic  Polyoxyethylene lauryl ether CH4(CH4) oCH,0(CH,0CH)pgH  —

Amohaiytic Dimethyldodecylammonic-oropane sulfonate CHy(CH,),N*(CH,)5(CH,),080; —

TABLE 15—3. Comparison of Properties of Colloidal Sois*

Lyoghiiic

Association (Amohiphilic)

Lyophobic

Dispersed phase consists generally of large
arganic moiecules lying within coiloidal size

Dispersed phase consists of aggregates
micelles) of small orgamic moiecules or

Dispersed phase crdinarily consists af
inorganic particles, sucn as goid or silver,

range. 10ns whose size individually is below the

colloidal range.
Moiecules of the dispersad phase are
solvated, i.e., they are associated with the
malecules comprising the dispersicn
medium,
Maiecules disperse spontanecusly to form
colloidal solution.

nanagueogus.

{emc).

Viscasity of the dispersion medium ordinarily
is increasaed greatly by the presance of the
dispersed phase. At sufficiently high
cancentrations, the sol may become a gel.
Viscosity and gel formation are related to
salvation effects and to the shape of the
molecules, which are usually highly
asymmelric.

Disgersions are stable generally in the
presence of electrolytes. They may be salted
aut by high concentrations of very saluble
electrolytes. Effect is due primarily to
desolvatien of Iyophilic malecules,

asymmelric.

Hydropailic ar lipophilic portion of the
molecule is soivated, depending on whether
the dispersion medium IS aqueous or

Viscaosity of the system increases as the
concentration of the amphipnile increases,
as micelles increase in number and become

In aqueous solutions, the critical rniceile
cencentration is reduced by the addition of
electrolytes. Salting-out may occur at higher
salt concentrations.

Littte, it any, interaction (solvation) occurs
between particles and dispersion medium.

Colloidal aggregates are formed spontaneously Material does not disperse spontaneously, and
when the concentration of amphiohile
exceeds the critical micelle cancentration

special procegures therefore must be
adopted to produce cailoidal dispersion.

Viscasity of the dispersion medium is not
greatly increased by the presence of
lyophabic cotloidal particles, which tend to
be unsoivated and symmetric.

Lyophabic dispersions are unstable in the
presence of aven small concentrations af
electrolytes. Effect is due to neutralization
of the charge an the particles. Lyopnilic
colloids exert a protective efact.

"From J. Swarbrick and A. Martin, American Pharmacy, 6th Edition, Lippincatt, Philadelpnia, 1968, p. 161.

1 Ty 2 &
= + {(15-1)
cme cmc, cmcs |

Example 15-1. Compute the cme of a mixture of n-dodecyl
octaoxyethylene glycol monoether (Cy;Eq) and n-dodecyl 8-D-malto-
side (DM). The eme of C,,Eq is eme, = 8.1 x 10~% mole/liter and its
mole fraction is z; = 0.75; the cme of DM is cme, = 15 x 10°%
moledditer,

2= (1 -2z)=(1-075 =025
From equation (15-1),
1 0.75
eme 8.1 % 1078
E:
10926
The experimental value is 9.3 % 10~* mole/liter.

(1 -0.75)

= 10926
15 x 10-8

= 9.15 x 107® mole/liter

Teme =

The properties of lyophilic, lyophobie, and association
cotloids are outlined in Table 15—3. These properties,
together with the relevant methods, will be discussed in
the following sections.

-

OPTICAL PROPERTIES OF COLLOID

The Faraday—Tyndall Effect. When a strong beam of
light Is passed through a colloidal sol, a visible cone,
resulting from the scattering of light by the colloidal
particles, is formed. This is the Faraday-Tyndall
effect.

The wltramicrescope, developed by Zsigmondy, al-
lows one to examine the light points responsible for the
Tyndall cone. An intense light beam is passed through
the sol against a dark background at right angles to the
plane of observation, and, although the particles cannot
be seen directly, the bright spots corresponding to
particles can be observed and counted.

Electron Microscope. The use of the ultramicroscope
has declined in recent years since it frequently does not
resolve lyophilic colloids. The electron microscope,
capable of yielding pictures of the actual particles, even
those approaching molecular dimensions, is now widely
used to observe the size. shape, and structure of
colloidal particies. ‘




The suecess of the eleciron microscope is due to its
high resolving power, which may be defined in terms of
d, the smallest distance by which two objects are
separated and vet remain distinguishabie. The smaller
the wavelength of the radiation used, the smaller js d
and the greater the resolving power. The optical
microscope uses visible light as its radiation source ang
it only able o resolve two particles separated by about
200 A. The radiation source of the electron microscope
is a beam of high-energv electrons having wavelengths
in the region of 0.1 A. With current instrumentation,
this results in & being approximately 5 A, a much
increased power of resolution over the optical micro-
seope.

Light Scaftering. This property depends on the
Faraday-Tyndall effect and is 2 widely used method
for determining the molecular weight of colloids. 1t may
also be used to obtain information as to the shape and
size of these particles. Scattering may be described.in
terms of the turbidity, 7, the fractional decrease in
intensity due to scattering as the incident light passes
through 1 em of solution. It may be expressed ac the
intensity of light scattered in all directions, 1,, divided
by the intensity of the incident light, . At a given
concentration of dispersed phase, the turbidity is
proportional to the molecular weight of the lvophilic
colloid. Because of the low turbidities of most Ivophilie
colloids, it is more convenient to measure the scattered
light (at 2 particular angle relative to the incident beam)
rather than the transmitted light.

The turbidity can then be caiculated from the inten-
sity of the scattered light provided tha: the dimensions
of the particle are small compared with the wavelength
of the light used. The molecular weight of the colioid
may be obtained from the following equation:

Heiz = 1/M + 2Be

in which = is the turbidity in em ™. ¢ the concentration
af solute in giem® of solution. M the welght average
molecuiar weight in g/mole or daltons, and B an
inieraction consiant (see osmotic pressure, pp. 401 -
402). H is constant for a particular svstem and is
wriiten

(15-2)

_ 3?_73112(0;.?”(1:}2
3N

in which n (dimensionless) is the refractive index of the
solution of concentration ¢ (griem®) at a wavelength A 1n
em™!, (dn/de) is the change in refractive index with
concentration at ¢, and N is Avogadro's number. A plot
of He/s against concentration, Figure 15-3. results in 2
straight line with z slope of 2B. The intercept on the
Heir axis is 1/M, the reciprocal of which vields the
molecular weight of the calloid (see Problem 152,

When the molecule is -asymmetric, the intensity of
the scattered light varies-with the angle of observation.
Data of this kind permit an-estimation of the shape and
size of the particles. Light scattering has been used to

H
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Fig. 15-5. A plot of Ho/~ against the concentration of 2 polymer
(colloid) (see Problem 15-2).

study proteins, synthetic polvmers, association colioids.
and lyophobic sols.

Chang and Cardinal® used light scattering to study
the pattern of seli-association in agueous solution of the
bile salts sodium deoxycholate and sodium taurodeoxy-
cholate. Analysis of the data showed that the bile salts
associate to form dimers, trimers, and tetramers, and a
larger aggregate of variable size.

Racev et al used quasi-elastic light scattering
(QELS). & new light-seattering technigue that uses
laser light and may determine diffusion coeficients and
particie sizes (Stokes' diameter, p. 425) of macromole-
cules in solution. Quasi-elastic Light scattering allowed
the examination of heparin aggregates in commercial
preparations stored for various times and at various
temperatures. Both storage time and refrigeration
caused an increase in the aggregation state of heparin
solutions. 1t has not vet been determined whether the
change in aggregation has any efiect on the biologie
activity of commercial preparations.

Light Scattering and Micelle Molecular Weight. Equa-
tion (15-2) can be appiied after suitable modification to
compute the molecular weight of colloidal aggregates
and micelles. When amphiphilic molecuies associate to
form micelies, the turbidity of the miceliar dispersion
differs from the turbidity of the solution of the am-
phiphilic molecules because micelies are now also
present in equilibrium with the monomeric species.”
Below the cmc, the concentration of monomers in-
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creasas linearly with the total concentration, c; above
the cme the monomer concentration remains nearly
constant; that is, Cmonomer = ¢me. The concentration of
micelles may therefore be written

Cricelle = € — Crmgmomer = £~ Come (15-3)

The corresponding turbidity of the solution due to the
presence of micelles is obtained by subtracting the
turbidity due to MONOMErS. Tronomer = Temes YOM the
total turbidity of the solution:

Tmie. = T 7 Teme (15-4)
Accordingly, equation (15-2) is modified to

M 5 o g BB - (15-5)

(5 = Tome) M
where the subscript eme stands for turbidity or concen-
tration at the eritical micelle concentration, and B and
H have the same meaning as in equation (15-2). Thus,
the molecular weight M of the micelle and the second
virial coefficient B (p. 401) are obtained from the
intercept and the slope, respectively, of a plot of H(c —
Come)(T = Teme) VeIrsus (¢ — Come). Equation (15-3) is
valid for two-component systems, that is, for a micelle
and 1 molecular sur{actant in this instance.

% 12n the micelles interact neither among themselves
nor with the molecules of the medium, the slope of a
plot of equation (L5-3) is zero; that is, the second virial
coefficient B is zero and the line is parallel to the
horizontal axis, as seen in Figure 15-6. This behavior is
tvpical of nonionic and zwitterionic micellar systems in
which the size distribution is narrow. However, as the
concentration of micelles increases, intermicellar inter-
actions lead to positive values of 8, the slope of the line
having a positive value. For ionic micelles the plots are
linear with positive slopes, owing to repulsive intermi-
cellar interactions that result in positive values of the
interaction coefficient, B. A negative second virial
coefficient is usually an indication that the micellar
system is polydisperze.®S

Erxample 15-2. Using the following data compute the molecular
weight of miceiles of dimethylalkylammoniopropane sulfonate, a
swAtterionic surfactant investigated by Herrmann®:

—
1S
&
1 M
H(C - C [Fre <
( e x 10%
T Teme 1+
1] ! = I
0 0.1 0.2 0.3 0.4 05

C - Cone x 10°

Sig, i5-8. A 0I0C OF HIC = famellT = Teme VETSUS L=y % il fora
switlenonie surfactant in wnicn 8 is zero.”

(€ = Come) % 10° (g/mL) 098 198 298 198 4.

w
w

Q

(1]
o
o
o
w

Hl‘c = c-_m}: x 108 (moieg) 166 1.65

Teme |

UUsing equation (15-3), the miceilar molecular weignt s obtained

Ceme)

Hie - y
from a plot ai~—T—:_— versus (¢ — ¢.,.) (see Fig. [3-4): the inter-

cept is —lh; = |66 x 107% molesg; therefore, M = 60,241 gmole. The

siape is zero; that is, 25 in equation (15-3) is zero.

\K]NE’TIC PROPERTIES OF COLLOIDS

Grouped undar this heading are severai properties of
colloidal systems that relate to the motion of particles
with respect to the dispersion medium. The motion may
be thermally induced (Brownian movement, diffusion,
osmosis), gravitationally induced (sedimentation), or
applied externally (viscosity). Electrically induced mo-
tion is considered in the section on electric properties of
colloids.

Brawni ion, . Long before Zsigmondy had de-
seribed the random movement of colloidal particles in
the microscopic field, Robert Brown (1827) studied this
phenomenon. The erratic motion, which may be oo-
served with particles as largs as about 5 pm, was later
explained as resuiting from the bombardment of the
particles by the molecules of the dispersion medium.
The motion of the molecules cannot be observed, of
course, since the molecules are too small to see. The
velocity of the particles increases with decreasing
particle size. [ncreasing the viscosity of the medium,
which may be accomplished by the addition of giyeerin
or a similar agent, decreases and finally stops the
Brownian movement.

Diffusion. Particles diffuse spontaneously from a
region of higher concentration to one of lower concen-
tration until the concentration of the system is uniform
throughout. Diffusion is a direct result of Brownian
movement.

According to Fick's first law (p. 325), the amount dq
of substance diffusing in time dt across a plane of area
§ is directly proportional to the change of concentration
dc with distance traveled dz.

Fiek’s law is written

dq = ~DS 5 dt (15-6)
D is the diffusion coefficient, the amount of material
diffusing per unit time across a unit area when dc/dz,
called the concentration gradient, is unity. D thus has
the dimensions of area per unit time. The coefficient
may be obtained in colloidal chemistry by diffusion
axperiments in which the material is allowed to pass
through a porous disc. anu :ampies are removed and



analyzed periodically. Another method involves mea-
suring the change in the coneentration or refractive
index gradient of the free boundary that is formed when
the solvent and eolloidal solution are brought together
and allowed to diffuse.

If the colloidal particles can be assumed to be
approximately spherical. the following equation, sug-
gested by Sutherland and Einstein, can be used to
obtain the radius of the particle and the particle weight
or molecular weight:

o kT
6mnr

or

RT

= g‘rnT (15-7)

in which D is the diffusion coefficient obtained from
Fick’s law as already explained, k is the Boltzmann
constant, R is the molar gas constant, 7 is the absolute
temperature, m is the viscosity of the solvent, r is the
radius of the spherical particle, ané N is Avogadro’s
number. Equation (15-7) is called the Sutherland-
Einstein or the Stokes-Einstein equation. The mea-
sured diffusion coefficient may be used to obtain the
molecular weight of approximately spherical molecules,
such as egg albumin and hemoglobin, by use of the
eguation,

p= BT 8;77; (15-8)

in. which M is molecular weight and # is the partial
specific volume (approximately equal to the volume in
em® of 1 gram of the solute, obtained from density
mesurements).

Example 15-3. The diffusion coefficient for 2 spherical protein at
20° Cis 7.0 x 107" cmé/sec and the partial specific volume is 0.75
em¥g. The viseosity of the salvent is 0.01 poise (0.0] grem sec).
Compute (a) the molecuiar weigh: and (&) the radius of the protein
particie.

(a) By rearranging equation (15-8), we obtain

101 YRy

s 1621":7\?) (D—nj

- 1 ] ) ['r&:n x 107) x 293\

162 X 0.75\3.14 x (6.02 x 10%) 7.0 » 107 % 0.0

&= 100.000 grmole

(b) From equation (15-T):
.-

6mND

(£.31 x 10%) x 293
6% 3.14 x 0.00 x (6.02 x 10¥ x (7.0 x W0°7)
=31 x10%em =31 A

Dsmotic Pressure. The van't Hoff eguation
= =cRT (15-9)

can be used to caleulate the molecular weight of a colioid
in a dilute solution. Replacing ¢ with ¢/M in equation
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(15-9), in which ¢, is the grams of solute per liter of
solution and M is the molecular weight, we obtain

- 2 5-10)
W= i RT (15-10)
Then,
% _ RT 2
& =% (15-11)

which applies in a very dilute solution. The quantity
/¢, for a polymer having a molecular weight of, say,
50,000 is often a linear function of the coneentration €
and the following equation can be written:

T a RT(.I_ + Bcg) (15-12)

o M /
in which B is a constant for any particular solvent/solute
system and depends on the degree of interaction
between the solvent and the solute molecules. The term
Be, in equation (15-12) is needed because eguation
(15-11) holds only for ideal solutions, namely, those
containing Jow concentrations of spherocolloids. With
linear lyophilic molecules, deviations occur because the
solute molecules become solvated, leading to a reduc-
tion in the concentration of “free” solvent and an
apparent inerease in solute concentration. The role of B
in estimating the asymmetry of particies and their
interactions with solute has been discussed by Hie-
menz.”

A plot of m/c, against ¢, generzlly results in one of
three lines (Fig. 15-7). depending on whether the
system is ideal (line I) or real (lines II and 11l
Equation (15-11) applies to line 1, and eguation (15-12)

m

Fig. 15-7. Delermination of molecular weight by means of th
esmotic pressure methed. Extrapolation of the line to the vertical axis
where ¢, = 0 gives RT/M, from which M is obtained. Refer to text for
significance of hnes 1. I, .and II1. Limes 11 and 11} mre taken to
Tepresent two sampies of a species of hemogiobin.
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deseribes lines [I and III. The intercept is RT/M, and if
the temperature at which the determination was car-
ried out is known, the molecuiar weight of the solute
can be calcuiated. In lines [I and III, the slope of the
line is B, the interaction constant. In line [. B equals
zero and is typical of a dilute spherocoiloidai system.
Line III is typical of a linear coiloid in a solvent having
a high affinity for the dispersed particles. Such a
solvent is referred to as a “good” solvent for that
particular colloid. There is a marked deviation from
ideality as the concentration is increased and B is large.
At higher concentrations, or where interaction is
marked, type [1I lines can become nonlinear, requiring
that equation (15-12) be expanded and written as a
power series:

E o R\ L + eyt Cart + o)

l -
!.'7 M

in which C is another interaction constant. Line II
depicts the situation in which the same colloid is present
in a relatively poor solvent having a reduced affinity for
the dispersed material. Note, however, that the extrap-
olated intercept on the w/c, axis is identical for both
lines II and III, showing that the calculated molecular
weight is independent of the solvent used.

(15-13)

Example 15-4. Let us assume that the intercept (w/c,), for line [II
in Figure 15-7 has the value 3.623 x 10~ liter atm/gram, and the
slope of the line is 1.80 x 107" liter® atm g~% What is the molecular

~o1rhr and the second viral coefficient 8 for a sample of hemoglobin
;"2 data given here?

[n Figure 15-7, line [II crosses the vertical intercept at the same
point as line 1I. These two samples of hemoglobin have the same
limatang reduced osmotic pressure, as (w/e,), is called, and therefore
have the same molecular weight. The B values, and therefore the
shape of the two samples and their interaction with the medium,
differ as evidenced by the different slopes of lines IT and III.

At the intercept (w/c,), = RT/M, Therefore,

0.08206 liter atm/deg mole)(298° K)
3.623 x 1074 liter atm g~}
M = 67,496 g/mole (daltons) for both hemoglobins.

The slope of line {II, representing one of the hemoglobin samples,
is divided by BT to ootain 8, as abserved in equation (15-12):

8 = 1.30 x 1077 liter” atm g~*(0.08206 liter atov/mole degxX298° K)
= 7.36 x 10™* liter mole g~*

The other hemoglobin sample, represented by line 1I, has a slope of
4.75 % 107? liter® atm g2, and its B value is therefore caleulated as
follows:

B = 4.75 x 1077 liter" atm g~*(0.08206 liter atm/mole degX298° K)
= 1.94 x 107" liter mole g%

M = RTNwicy), =

What would you estimate the 8 value to be for the protein

represented by line I? Would you assume its molecular weight to be
larger or smaller than that of samples II and III? Referring to
equations (15-11) and (15-12) will assist you in armiving at your
answers.

‘Se'djy.enuti\u'r_l‘.re’?he velocity v of sedimentation of
spherical particles having a density p in a medium of
density p, and a viscosity m, is given by Stokes' law:

N 2r(p — 0,9

1514
e 1)

in which g is the acceleration due to gravity. [f the
particles are subjected only to the force of gravity, then
the lower size limit of particles obeying Stokes’ equa-
tion is about 0.5 pwm. This is because Brownian
movement becomes significant and tends to offset
sedimentation due to gravity and promotes mixing
instead. Consequently, a stronger force must be applied
to bring about the sedimentation of colloidal particles in
a quantitative and measurable manner. This is accom-
plished by use of the wltracentrifuge, developed by
Svedberg in 1925, which can produce a force a million
times that of gravity.

[n a centrifuge, the acceleration of gravity is replaced
by w’z, in which w is the angular velocity and z is the
distance of the particle from the center of rotation.
Equation {15-14) is accordingly modified to

_dz _ 27 — pou’s
1 Mo

The speed at which a centrifuge is operated is
commonly expressed in terms of the number of revolu-
tions per minute (rpm) of the rotor. It is frequently
more desirable to express the rpm as angular acceler-
ation (w®x) or the number of times that the force of
gravity is exceeded.

Example 15~ 5, A centrifuge is rotating at 1500 rpm. The midpoint
of the cell containing the sample is located 7.5 cm from the center of
the rotor (i.e., £ = 7.5 em), What is the average angular acceleration
and the number of “g’"s on the suspended particles?

Angular acceleration = w'z
2 (15{)0 revolutions 2_.1)‘ B
; minute
= 1.851 x 10° cvsec”
188t % 10 ewlons®
981 crvsec”
= 188.7 “g"s
that is, the force produced is 188.7 times that due to gravity.

Number of "g"s =

=i

The instantaneous velocity v = dx/dt of a particle in a
unit centrifugal field is expressed in terms of the
Svedberg sedimentation coerficient s,

dz/dt
=

2
w T

(15-15)

Owing to the centrifugal force, particles having a high
molecular weight pass from position x, at time ¢, to
position z, at time f,, and the sedimentation coefficient
is obtained by integrating equation (15-15) to give

In (zo/zy)
g Tl

= (15-16)
w(ts — )

The distances r, and . refer to positions of the
boundary between the solvent and the high-molecular-
weight component in the centrifuge cell. The boundary
is located by the change of refractive index, which may
be attained at any time during the run and translaced
into a peak on u onotograpnic plate. Photograpns are
taken at Jdetinite intervais, ind the peaks of the



schiicren patierns, as they are called, give the positior
z of the boundary at each time, ¢. If the sample consiste
of a component of a definite molecular weight, the
schlieren pattern will have a single sharp pezk at any
moment during the run. If components with different
molecular weights are present in the sample, the
particles of greater weight will settle faster, and
several peaks will appear on the schlieren patterns.
Therefore, ultracentrifugation is useful not only for
determining the molecular weight of polymers, partic-
uiarly proteins, but also may be used to ascertain the
degree of homogeneity of the sample. Gelatin, for
example, is found to be a polvdisperse protein with
fractions of molecular weight 10,000 to 100,000. (This
accounts in part for the fact that gelatin from various
sources is observed to have variable properties when
used in pharmaceutical preparations.) Insulin, on the
other hand, is a monodisperse protein composed of two
polypeptide chains, each made up of a number of amino
acid molecules. The two chains are attached together by
disulfide—S—S— bridges to form a definite unit
having & molecular weight of about 6000.

The sedimentation coefficient s may be computed
from equation (15-16) after the two distances zy and z,
are measured on the schlieren photographs obtained at
times £, and t; the angular velocity w is equal to 2%
times the speed of the rotor in revolutions per second.
Knowing ¢ and obtaining D from diffusion data, it is
possible to determine the molecular weight of a poly-
mer, such 2s a protein, by use of the expression

_ RTs
D - Tpo)
in which R is the molar gas constant, T is the absolute
temperature,  is the partial specific volume of the
protein, and p, is the density of the solvent. Both s and

D must be obtained at, or corrected to, 20° C for use in
equation (15-17).

M (15-17)

Example 15-6. The sedimeniation coefficient ¢ for = particular
fraction of methyleellulose at 20° C (282° K} is 1.7 x 10~ gec, the
diffusion coefficient D is 13 x 107 em?/sec. the partial specific voiume
t of the gum is 0.72em¥g, and the density of water at 20° C is 0.99%
grem®. Compute the molecular weight of methyicellulose. The gas
constant R 15 8.3]1 x 107 ergfideg mole).

M= (8.31 x 107) x 283 x (1.7 x 1073
15 x 10771 = (0.72 x 0.958))
= 9800 grmoie

Kirschbaum® has reviewed the usefulness of the
analytic ultracentrifuge and has used it to study the
micellar properties of drugs (Fig. 15-8, b). Richard *
determined the apparent micellar molecular weight of
the antibiotic fusidate sodium by ultracentrifugation.
He concluded the primary micelles compased of five
monomer units are formed, followed by aggregation of
these pentamers into larger micelles at higher salt
concentrations.

The sedimentation method already deseribed is
known as the sedimentation velocity technique. A

Cranwr 13 » Colina. 404

Opuca! |

|

Mirror -7__._| f

Quarz | Detecior |
Wmﬁow\ |
s | BT
{ 1 r| v
‘!T Shatt
| Rotor Balancing
Ly i [~ cel
Cell — | H— X — \ i

L
L//I:I ﬁd_'_L:J_,

Vacuum
Quanz ! -
Window ! e
=T
bl
. H Lens Monochromatic
Siit Light
a
Air Solvent

Solution

)

o. Centrifugal Force

Fig. 15~B. (a) Schematic of the ultracentrifuge. (b) Centrifuge cell.
(From H. R. Alicock and F. W. Lampe. Contemporary FPolymer
Chermstry. Prenuce-Hall, Englewood Cliffs. N.J.. 1981, pp. 366. 367.
reproduced with permission of the copyright owner.)

second method, involving sedimentation equilibrium,
may dlso be used. Equilibrium is established when the
sedimentation force s just balanced by the counteract-
ing diffusional force and the boundary ic therefore
stauonary. In this method, the diffusion coefficient
need not be determined: however, the centrifuge may
have to be run for several weeks to attain equilibrium
throughout the cell. Newer methods of calculation have
been developed recently for obtaining molecular
weights by the equilibrium method without requiring
these long periods of centrifugation, enabling the
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protein chemist to obtain molecular weights rapidly and
accurately.

Molecular weights determined by sedimentation ve-
locity, sedimentation equilibrium, and osmotic pressure
determinations are in good agreement, as may be seen
from Table 15-4.

Viscosity. Viscosity is an expression of the resistance
to flow of a system under an applied stress. The more
viscous a liquid, the greater the applied force required
to make it flow at a particular rate. The fundamental
principles and applications of viscosity are discussed in
detail in Chapter 17. The present section is concerned
with the dow properties of dilute colloidal systems and
the manner in which viscosity data can be used to obtain
the molecular weight of material comprising the dis-
perse pnase. Viscosity studies also provide information
regarding the shape of the particles in solution.

Einstein developed an equation of flow applicable to
dilute colloidal dispersions of spherical particles,
namely,

n = no(l + 2.54) (15-18)

In equation (15-18), which is based on hydrodynamic
theory, n, is the viscosity of the dispersion medium and
7 is the viscosity of the dispersion when the volume
fraction of colloidal particles present is &. The volume
fraction is defined as the volume of the particles divided
by the total volume of the dispersion: it is therefore
equivalent to a concencration term. Both m, and n may
be determuned using a capillary viscometer, described
on pp. 4681-462.

Several viscosity coefficients may be defined with
respect to this equation. These include relative viscos-
ity, specific viscosity (n,,), and intrinsic viscosity [7].
From equation (15-18),

Trel = L= 1 + 2.5 (15-19)
Mo
and
= = =
Mg =L = 1=——2 =230 (15-20)
un Mo
TABLE 15-4. Molecular Weights of Proteins in Aqueocus
Salution*
Molecular Weight
Sedimentation  Sedimentation  Osmotic:
Matenal Velocity Equilibrium Pressure
Ribanuclease 12,700 13.000 —
Myaglobin 16,900 17,500 17,000
Ovalbumin 44,000 40,500 45,000
Hemoglobin (horse) 68.000 68,000 67,000
Serum albumin (horse) 70.000 68,000 73,000
Serum globulin (horse) 167.000 150,000 175.000
Tobacco maosaic virus 59,000.000 == .

*Fram 0. J, Shaw, introduction ta Calleid and Surface Chemistry, Bulterworths,
“gngen. 1970. 2. 32, For an sxtensive listing of maiecuiar wignts of
macromoiecuies, ee C, Tanrord, Ahysical Chemistry of Macromamcures, Wiley,
New Yok, 1961

or

3’_°.=95

b

Since volume fraction is directly related to concentra-
tion, equation (15-21) may be written as

(15-21)

Do
[+

=k (15-22)

in which ¢ is expressed in grams of colloidal particies
per 100 mL of total dispersion. For highly polymeric
materials dispersed in the medium at moderate concen-
trations, the equation is best expressed as a power
series:

i i 5
—a‘u'= Ky T+ kr_»c+k3c-

c

(15-23)

By determining n at various concentrations and know-
ing m,, 7y, can be calculated from equation (15-20). [f
TMso/C is plotted against ¢ (see Fig. 15-9, and the line
extrapolated to infinite dilution, the intercept is k,
(equation [15-23]). This constant, commonly known as
the intrinsic viscosity, [n], is used to caleulate the
approximate molecular weights of polymers. According
to the Mark- Houwink equation,

[n] = KM® (15-24)

in which K and @ are constants characteristic of the
particular polymer-soivent system. These constants,
which are virtually independent of molecular weight,

. are obtained initially by determining (n] experimentaily

for polymer fractions whose molecular weights have
been determined by other methods such as light
scattering, osmotic pressure, or sedimentation. Once K
and a are known, measurement of [n] provides a simple
yet accurate méans of obtaining molecular weights for
fractions not yet subjected to other methods. The
details of the calculation are brought out by working
through Problem 15-19. Intrinsic viscosity [n], to-
gether with an interaction constant &', provides an
equation, n/c = [n] + &'[n]%c, for use to choose solvent

0 1 L 1 1
0 0.02 004 006 0.08

Cancentration (/100 cm?)

Fig. 15-9. Determunation of moiecuiar weight using viscosity data.
‘D. R. Powell J. 3waronek and G. 3. Banker, J. Pharm. Sei. 33, 601,
1966, renroduced with permission of copyrient owner.)



mixtures for tabiet film coating polymers such as ethyl
cellulose.

The viscosity of colloidal dispersions is affected by
the shapes of particles of the disperse phase. Spherocol-
loids form dispersions of relatively low viscosity, while
systems containing linear particles are more viscous.
As we have seen in previoys sections, the relationship
of shape and viscosity reflects the degree of solvation of
the particles. 1f a linear colloid is placed in a solvent for
which it has a low affinity, it tends to “ball up,” that is,
to assume a spherical shape, and the viscosity falls. This
provides a means of detecting changes in the shape of
flexible colloidal particles and macromolecules.

The characteristics of polymers used as substitutes
for blood plasma (plasma extenders) depend in part on
the molecular weight of the material. These character-
istics include the size and shape of the macromolecules
and the ability of the polymers to impart the proper
viscosity and osmotic pressure to the blood. The
methods described in this chapter are used to deter-
mine the average molecular weights of hydroxyethyl
starch, dextran, and gelatin preparations used as
plasma extenders. Ultracentrifugation, light scatter-

Crapier 15 = Colioids  40:

ing, x-ray analysis (small-angie x-ray seattering’), and

- other analytic tools’® were used by Faradies to deter-

mine the struetural properties of tyrothricin, a mixture
of the peptide antibioties gramicidine and tyrocidine B.
The antibiotic aggregate has a molecular weight of
28,600 daltons and was determined to be 2 rod of 170 A
in length and 30 A in diameter.

ELECTRIC PROPERTIES OF COLLOIDS

The properties of colloids that depend op, or are
affected by, the presence of a charge on the surface of
a particle are discussed under this heading. The various
ways in which the surface of particles dispersed in a
liquid medium acguire a charge has already been
outlined in Chapter 14 (which treated interfacial phe-
nomena) (p. 386). Mention was also made of the zeta
(electrokinetic) potential and how it is related to the
Nernst (electrothermodynamic) potential. The poten-
tial versus distance diagram for a spherical colloidal
particle may be represented as shown in Figure 15-10.
Such a system may be formed, for example, by adding

Fixed portion of
double layer Mobile or difiuse Bulk solution
Particle ! portion of double layer (electroneutralry)
Suriace - A 5 2 A -~
—F-- - -+ - + -4 = - 4 = 4 —
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S i R Tk U L e
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a dilute 'solution of potassium iodide to an equimolar
solution of silver nitrate. A colloidal precipitate of silver
iodide particles is produced and, because the silver ions
are in excess and are adsorbed, a positively charged
particle is produced. [f the reverse procedure is
adopted, that is, if silver nitrate is added to the
potassium iodide solution, iodide ions are adsorbed on
the particles as the potential-determining ion and result
in the formation of a negatively charged sol.

lectrokineti enomena, The movement of a charged
surface with respect to an adjacent liquid phase is the
basic_principle underlying four electrokinetic phenom-
ena: (glectrophoresis, electroosmosis, sedimentation po-
tential, and streaming potential.

Electrophoresis involves the movement of a charged
particle through a liguid under the influence- of an
applied potential difference. An electrophoresis cell,
fitted with two electrodes, contains the dispersion.
When a potential is applied across the electrodes, the
particles migrate to the oppositely charged electrode.
Figure 15-11 illustrates the design of a commerciaily
available instrument. The rate of particle migration is
observed by means of an ultramicroscope and is a
function of the charge on the particle. As the shear
plane of the particle is located at the periphery of the
tightly bound layer, the rate-determining potential is
the zeta potential. From a knowledge of the direction
and rate of migration, the sign and magnitude of the
zeta potential in a colloidal system may be determined.
The relevant eguation

(=2xMx@xiehy  (5-29
which yields the zeta potential ({) in volts, requires a
knowledge of the velocity of migration v of the sol in
cmsec in an electrophoresis tube of a definite length in

Particles viewed by reflected light

?-\ Electrode
Microscope ( /

(Used as ultnmu:mscoy Electropharesis

cell

Lamp

Electronegative colloid
Fig. 15—11. Principle of zeta potential measurement (based on Zeta
Meter; showing uitramicrocooe ana flow ceil.

em, the viscosity of the medium 7 in poises (dyne
sec/em?), the dielectric constant of the medium e, and
the potential gradient £ in volts/cm. The term wE is
known as the motiity.

[t is instructive to carry out the dimensional analysis
of equation (15-25). In one system of fundamental
electric units, E, the electric field strength, can be
expressed in electrostatic units of statvolt/em (a cou-
lomb is equal to 3 x 107 statcoulombs, and 1 statvoit
equals 300 practical volts). The dielectric constant is not
dimensionless here, but rather trom Coulomb's law may
be assigned the units of statcouiomb™(dyne em?). The
equation

v 4
A= E

€

(15-26)
may then be written dimensionally, recognizing that
statvolts X stateoulombs = dyne em, as

cr/sec

7 Statvoits/em

dyne sec/em’
statcoulomb®/(dyne em”

= statvolts
(15-27)

It is more convenient to express zeta potential in
practical volts that in statvolts. Since 1 statvoit is equal
to 300 practical volts, equation (15-27) is multiplied by
300 to make this conversion, that is, statvoits x 300
practical voits/statvolt = 300 practical voits. Further-
more, E is ordinarily measured in practical volts/em and
not in statvolt/cm, and this conversion is made by again
multiplying the right-hand side of equation (15-27) by
300. The final expression is equation (15-25), in which
the factor, 300 x 300 = 9 x 10% converts electrostatic
units to volts.

For a colloidal system at 20° C in which the dispersion
medium is water, equation (15-25) reduces approxi-
mately to

r = X
g»ldlE

The coefficient, 141, at 20° C becomes 128 at 25° C.

(15-28)

Example 15—7. The velocity of migration of an aqueous ferric
hydroxide sol was determined at 20° C using the apparatus shown in
Figure 15-11 and was found to be 16.5 x 10~ emysec. The distance
betwaen the electrodes in the cell was 20 em, and the applied emf was
110 volts. What is (a) the zeta potencial of the sol and (b) the sign of
the charge on the particles?

(@)

E = 110720 voltsiem
{ =141 x (3 x 107" = 0.042 voit
(b) The particles were seen to migrate toward the negative

electrode of the electrophoresis ceil; therefore, the coiloid is positively
charged. The zeta potential is often used to-esumate the stability of

=3 % 107 em* volt™! sec™!

colloids, as discussed in a later section.

Electroosmosis is essentially the opposite in princi-
ole to that of alectropnoresis. In the latter, the



application of a potential causes a charged particle to
move relative to the liquid, which is stationary. If the
solid is rendered immobile (i.e., by forming a capil-
lary or making the particles into a porous plug),
however, the liguid now moves relative to the
charged surtace. This is electroosmosis, so called
because liquid moves through a plug or membrane
across which a potential is applied. Electroosmosis
provides another method for obtaining zeta potential
by determining the rate of flow of liquid through the
plug under standard conditions.

Sedimentation potential, the reverse of electrophore-
sis, is the creation of a potential when particles undergo
sedimentation. Streaming potential differs from elec-
troosmosis in that the potential is created by forcing a
liquid to flow through a plug or bed of particles.-

Schott'® studied the electrokinetic properties of
magnesium hydroxide suspensions that are used as
antacids and laxatives. The zero point of charge oc-
curred at pH = 10.8, the zeta potential, {, of magne-
sium hydroxide being positive below this pH value.
[ncreasing the pH or hydroxide ion concentration
produced a change in the sign of { from positive to
negative, with the largest negative { value occurring at
pH 11.5.

Takenaka and associates' studied the eleetropho-
retic properties of microcapsules (pp. 516-531T) of
sulfamethoxazole in droplets of a gelatin-acacia coac-
ervate as part of a study to stabilize such drugs in
microcapsules.

Crommelin'® determined the effect of adding charge-
inducing agents such as stearylamine or phosphatidyi-
serine on the zeta potential of liposomes (p. 513) of
phosphatidylcholine and cholesterol in aqueous media.
The physical stability of the/liposomes was predicted on
the basis of the Derjaguin—Landau-Verwey-Over-
beek (DLVO) theory (p.-08). The physical stability
predicted from the theory did not, however, correlate
with the experimentally obtained stability.

Schott and Young '® determined the electrophoretic
mobility of the gram-positive Séreptococcus faecalis and
the gram-negative E scherichia coli as a function of ionic
strength and pH. An increase in concentration of buffer
electrolytes (increased ionic strength) reduced the
mobility, wE, of S. faecalis. Both E. coli and §. faecalis
were negatively charged over the pH range studied.
The chemical group responsible for the charge at the
surface of both bacteria presumably is the carboxyl
group.

The magnitude and sign of the electric charge of
ampholytic drugs (p. 149) at physiologic pH influences
their absorption from the gastrointestinal tract and
their passage through bacterial membranes. Schott and
Astigarrabia'? determined the isoelectric points (p. 149)
of four very slightly soluble sulfonamides by electro-
phoresis of their suspensions as a function of pH. The
isoelectric points of all four sulfonamides were between
2.5 and 4.6, indicating that the sulfonamides are weak
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acids rather than zwitterions at the normal physiologic
pH of 7.4.

onnan Membrane Equilibrium. [f sodium chloride is
p N _solution on one side of a semipermeabie
membrane, and a negatively charged coiloid, together
with its counterions R~ Na T, is placed on the other side,
the sodium and chloride ions can pass freely across the
barrier but not the colloidal anionic particlesy The
system at equilibrium is represented in the following
diagram, in which R~ is the nondiffusible colloidal anion
and the vertical line separating the various species
represents the semipermeable membrane. The voiumes
of solution on the two sides of the membrane are
considered to be equal.

outside (o) L inside (9)
1 R
, Na® i Na*
GE || CF

After equilibrium has been established, the concentra--
tion in dilute solutions (more correctly the activity) of

sodium chloride must be the same on both sides of the

membrane, according to the principle of escaping
tendencies (p. 106). Therefore,

[Na™L,[Cl"], = (Na~}{(Cl™) (15-29)

The condition of electroneutrality must also apply. That
is, the concentration of positively charged ions in the
solutions on either side of the membrane must balance
the concentration of negatively charged ions. There-
fore, on the outside,

[Na*], = [CI"), (15-30)
and inside, ;
(Na") = [R7) + [CI"} (15-31)

Equations (15-30) and (15-31) may be substituted
into (15-29) to give

[Cl7]? = ([CI"} + (R7IICI7E

R -
= B - — -32
[k o {1 - cx-l,-) (15-32)
(Il _ \/1 , R -
[Crk (1l

Eguation (15-33), the Donnan membrane equilid-
rium, gives the ratio of concentrations of the diffusible
anion outside and inside the membrane at equilibrium/
The equation shows that a negatively charged polyelec-
trolyte inside a semipermesble sac would influence the
equilibrium concentration ratio of a diffusible anion. It
tends to drive the ion of like charge out through the
membrane. When [R); is large compared with [C17],
the ratio roughly equais V/[R"L. If, on the other hand,
[Cl~); is quite large with respect to [R7];, the ratio in
equation (15-33) becomes equal to unity, and the
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concentration of the sait is thus equal on poth sides of
the membrane.

The unequal distribution of diffusibie electrolyte ions
on the two sides of the membrane will obviously result
in erroneous values for osmotic pressures of polyelec-
trolyte solutions. If, however, the concentration of salt
in the solution is made large, the Donnan equilibrium
effect can be practically eliminated in the determination
of molecular weights of proteins involving the osmotic
pressure method.

Higuchi et al.’® modified the Donnan membrane
equilibrium, equation (15-33), to demonstrate the use
of the polvelectrolyte sodium carboxymethyleellulose
for enhancing the absorption of drugs such as sodium
salicylate and potassium benzylpeniciliin. 1f [Cl7] in
eguation (15-33) is replaced by the concentration of the
diffusible drug, anion [D~] at equilibrium, and [R7]is
used to represent the concentration of sodium car-
boxymethylcellulose at equilibrium, we have a modifi-
cation of the Donnan membrane equitibriu
iffusible drug anion, (D~}

‘
D, T

ol - (15-34
o\ D =

1t will be observed that when (R™1,/[D"); = &, the ratio
[D-1AD7); = 8, and when [R™1AD™); = 99, the ratio
[D-1,1D"); = 10. Therefore, the addition of an anionic
polyelectrolyte to a diffusible drug anion should en-
hance the diffusion of the drug out of the chamber. By
kinetic studies, Higuchi et al.'® showed that the
presence of sodium carboxvmethylcellulose more than
doubled the rate of transfer of the negatively charged
dve. scarlet red sulionate.

Other investigators have found by in vive experi-
ments that jon-exchange resins and even sulfate and
phosphate jons that do not diffuse readily through the
intestinal wall, tend to drive anions from the intestinal
iract into the blocodstream. The opposite effect, that of
retardation of drug absorption, may occur i the drug
complexes with the macromolecule.

Example 15—8. A solution of dissociated nongiffusibie CArDOXYImE
thvicelluiose is equilibrated across a semupermeabie membrane with a
soiution of sodium sabeyiate. The membrane allows free passage of
the salicyiate ion. Compute the ratio of salicvlate on the Two sides of
the membrzne at equilibnum. 2ssuming that the equilibrium coneen-
wration of carboxvmethyicellulose 1s 1.2 % 10~% gram equivalentAier
and the equiliprum concentration of sodium salicviate is 6.0 x 107*
gram equivalentliter. The modified Donnan membrane eXpresson,
equation (15-34), 1s used:

7 },.,Ell
o YV o)
h...}:",x_m.-_,gl.n
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Stability of Colloid sgms. The presence and magni-
tude, or absence, of a e on a colloidal particle is an
important factor in the stability. of colicidal systems.
Stabilization is accomplished essentially by two means:
providing the dispersed particles with an electric

charge, and surrounding each particie with a protecuve
solvent ‘sheath that prevents mutual adherence when
the particles collide as a result of Brownian movement.
This second effect is significant only in the case of
Ivophilic sols.

A lvophobie sol is thermodynamically unstable. The
particles in such sols are stabilized only by the presence
of electric charges on their surfaces. The like charges
produce a repuision that prevents coagulation of the
particles. If the last traces of ions are removed from the
system by dialysis, the particles can agglomerate and
reduce the total surface area, and, owing to their
increased size, they may settle rapidly from suspension.
Hence, addition of a small amount of electrolyte to a
lvophobic sol tends to stabilize the system by imparting
a charge to the particles. Addition of electrolyte beyond
that necessary for maximum adsorption on the parti-
cles. however, sometimes results in the accumulation of
opposite ions and reduces the zeta potential below its
critical value. The critical potential for finely dispersed
oil droplets in water (oil hyvdrosol) is about 40 millivelts,
this high value signifying relatively great instability.
The critical zeta potential of a gold sol, on the other
hand, is nearly zero, which suggests that the particles
require only a minute charge for stabilization; hence,
they exhibit marked stability against added electro-
lytes. The valence of the ions having a charge opposite
to that of the particles appears to determine the
effectiveness of the electrolyte in coagulating the
colloid. The precipitating power increases rapidly with
the valence or charge of the jons, and a statement of
this fact is known as the Schulze— Hordy rule.

These observations permitted Verwey and Over-
beek!® and Derjaguin and Landau® to independently
develop a theory that describes the stability of lyopho-
bic colloids. According to this approach, known as the
DLVO theory, the forces on colloidal particles in a
dispersion are due toc electrostatic repulsion and
London-type van der Waal's attraction. These forces
result in potential energies of repulsion, Vg, and
attraction, V.. between particles. These are shown in..
Figure 15-12 together with the curve for the composite
potential energy, V. Therc isa deep potential “well” of
attraction near the origin ard 2 hig= potential barrier of
repuision at moderate distances. A shallow secondary
trough of attraction (or minimum) is sometimes ob-
served at longer distances of separation. The presence
of 2 secondary minimum is significant in the controlled
fiocculation of coarse dispersions (see Chapter 18).
Following this principle, one can determine somewhat
guantitatively the amount of electrolyte of a particular
valence type required to precipitate 2 colloid.

Nat only do electrolytes bring about coagulation of
colioidal particles; the mixing of oppositely charged
colloids can also result in mutual aggiomeration.

Lyvophilic and association colicids are thermodynam-
ically stable and exist in true solution o chat the system
constitutes a single phase. The addition of an electro-
lyte to a lyophilic colloid in moderate amounts does not
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fig. 15—12. Potential energy versus interparticle distance {usually given in angstroms) for particles in suspension.

result in coagulation, as was evident with lyophobic
colloids. If sufficient salt is added, however, agglomer-
ation and sedimentation of the particles may result.
This phenomenon, referred to as “salting-out,” was
discussed in the chapter on solubility.

Just as the Schulze—Hardy rule arranges ions in the
order of their capacity to coaguiate hydrophobic col-
loids, the Hofmeister or lyoiropic series ranks cations
and anions in order of coagulation of hydrophilic sols.
Several anions of the Hofmeister series in decreasing
order of precipitating power are citrate, tartrate,
sulfate, acetate, chloride, nitrate, bromide, and iodide.
The precipitating power is directly related to the
hydration of the ion and hence to its ability to separate
water molecules from the colloidal particles.

sleohol and acetone ean 2lso decrease the sowuoility of
Avdroohilie colloids so that the addition of a smail

amount of electrolytes may then oring about coagula-
tion. The addition of the less polar solvent renders the
solvent mixture unfavorable for the colloid, and elee-
trolytes can then sait out the colloid with relative ease.
We may thus regard flocculation on the addition of
alcohol, followed by salts, as a gradual transformation
from a sol of a lyophilic nature to one of a more
lyophobic character.

When negatively and positively charged hydrophilic
colloids are mixed, the particles may separate from the
dispersion to form a layer rich in the colloidal aggre-
gates. The colloid-rich layer is known as a coacervate,
and the phenomenon in which macromolecular solutions
separate into two liquid layers is referred to as
coacervation. As an examole, consider the mixing of
geiatin and acucia. Gelatin ac a pil beiow 4.7 iits
isoeiectric point) is positively charged: acacia carries a
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negative charge that is relatively unaffected by pH in
the acid range. When solutions of these colloids are
mixed in a certain proportion, coacervation results. The
viseosity of the upper layer, now poor in colloid, is
markedly decreased below that of the coacervate, and
in pharmacy this is considered to represent a physical
incompatibility. Coacervation need not involve the
interaction of charged particles; the coacervation of
gelatin may also be brought about by the addition of
alcohol, sodium sulfate, or a macromolecular substance
such as starch. :

Takenaka et al.?' microencapsulated (p. 516) sul-
famethoxazole in a gelatin-acacia coacervate, and
reported on the particle size, wall thickness, and
porosity of the microcapsules.

Badawi and El-Savec® investigated the eguilibrium
solubility and dissolution rate of a coacervate of sulfa-
thiazole complexed with povidone. They found the
dissolution rate to be enhanced by coacervation. In
forming the coacervate, an amorphous precipitate is

formed when the sulfonamide is treated by acid or base-

in agueous solution or when an aleoholic solution of the
drug is diluted with water. In the presence of povidone
a complex is formed with the partially precipitated
sulfathiazole, resulting in a coacervate. The addition of
resorcinol, a coacervating agent for povidone, to an
aqueous mixture of sulfathiazole sodium and povidone
also resulted in coacervation.

wm&gww_m The addi-
tion of 2 small amount of hydrd ¢ or hvdrophobic
colioid to a hvdrophobic colloid of opposite charge tends
to sensitize or even coagulate the particles. This is
considered by some workers to be due to a reduction of
the zeta potential below the critical value (usually about
20 to 50 miliivolts). Others attribute the instability of
the hydrophobie particles to & reduction in the thickness
of the jonic layer surrounding the particles and a
decrease in the coulombic repulsion between the parti-
cles. The addition of large amounts of the hydrophile
(hydrophilic colloid), however. stabilizes the system,
the hydrophile being adsorbed on the hydrophobic
particles. This phenomenon is known as protection. and
the added hvdrophilic sol is known as z protective
colloid. The several wayve in which stabilization of
hydrophobic eolioids can be achieved (Le., prolective
action) have been reviewed by Schott.®

The protective property is expressed most frequently
in terms of the gold number. The gold number is the
minimum weight in milligrams of the protective colloid
{dry weight of dispersed phase) required to prevent a
color change from red to violet in 10 mL of a gold sol on
the addition of 1 mL of a 10% solution of sodium
chloride. The gold numbers for some common protec-
tive colloids are given in Table 15-5.

A pharmaceutical example of sensitization and pro-
tective action is provided when bismuth subnitrate is
suspended in a tragacanth dispersion; the mixture
forms a gel that sets to a hard mass in the bottom of the

TABLE 15-5. The Goid Number of Protective Colloids

Protective Colloid Goid Number
Gelatin 0.005-0.01
Alpumin 0.1

Acacia 0.1-0.2
Sodium oleate 1-5
Tragacanth 2

container. Bismuth subcarbonate, a compound that
does not dissociate sufficiently to liberate the bismuth
ions, is compatible with tragacanth.

These phenomena probably involve a sensitization
and coagulation of the gum by the Bi** ions. The
fiocculated gum then aggregates with the bismuth
subnitrate particles to form a gel or 2 hard cake. If
phosphate,.citrate, or tartrate are added, they protect
the gums from the coagulating influence of the Bi**
ions, and, no doubt, by reducing the zeta potential on
the bismuth particles, partially flocculate the insoluble
material. Partially flocculated systems tend to cake
considerably less than defloccuiated systems, and this
effect is significant in the formulation of suspensions™
(Chapter 18).

SOLUBILIZATION

An important property of association colloids in
solution is the ability of the micelles to increase the
solubility of materials that are normally insoluble, or
only slightly soluble, in the dispersion medium used.
This phenomenon, known as solubilization, bas been
reviewed by many authors including Mulley,® Naka-
gawa,? Elworthy and coauthors,® and Attwood and
Florence.?® Solubilization has been used with advan-
tage in pharmacy for many vears; as early as 1892,
Engler and Dieckhoff® solubilized 2 number of com-
pounds in soap solutions.

¥rowing the location, distribution, and orientation of
solubiiized drugs in the micelle i important o under-
standing the kinetic aspect of the solubilization process
and the interaction of drugs with the different elements
that constitute the micelle. These factors may also
affect the stability and bioavailability of the drug. The
jocation of the molecule undergoing solubilization in 2
micelle is related to the balance between the polar and
nonpolar properties of the molecule. Lawrence™ was
the first to distinguish between the various sites. He
proposed that nonpolar moiecules in agueous systems of
jonic surface-active agents would be located in the
hvdrocarbon core of the micelle, while polar solubili-
zates would tend to be adsorbed onto the micelle
surface. Polar—nonpolar molecules would tend to align
themselves in an intermediate position within the
surfactant molecules forming the micelie. Nomonic
surfactants are of most pharmaceutical interest as
polubilizing agents because of their lower taxicity.



Their micelles show a gradient of increased polanty
from the core to the polyoxyethylene-water surface.
The extended interfacial region between the core and
the aqueous solution, that is, the poiar mantle, is
greatly hydrated. The anisotropic distribution of water
molecuies within the polar mantle favors the inclusion
(solubilization) of a wide variety of molecules.** Solubi-
lization may therefore occur in both the core and the
mantle, also called the paiisade layer. Thus, certain
compounds (e.g., phenols and related compounds with a
hydroxy group capable of bonding with the ether
oxygen of the polyoxyethylene group) are held between
the poiyoxyethylene chains. Under these conditions,
such compounds may be considered as undergoing
inclusion within the polyoxyethylene exterior of the
micelle rather than adsorption onto the miceile surface.
Figure 15-13 depicts a spherical micelle of 2 nonionic,
polyoxyethylene monostearate. surfactant in water.
The figure is drawn in conformity with Reich's sugges-
tion™ that such a micelle may be regarded as a
hydrocarbon core, made up of the hydrocarbon chains of
the surfactant molecules, surrounded by the polyoxy-
ethylene chains protruding into the continuous aqueous
phase. Benzene and toluene, nonpolar molecules, are
shown solubilized in the hydrocarbon interior of the
micelle. Salicylic acid, a more polar molecule, is ori-
ented with the nonpolar part of the molecule directed
toward the central region of the micelle and the polar
group toward the hydrophilic chains that spiral outward
into the aqueous medium. Parahydroxybenzoic acid, a
predominantly polar molecule, is found completely
between the hydrophilic chains.

Nuclear magnetic resonance (NMR) and spectro-
scopic imaging techniques employing the visible and
ultraviolet regions of the spectrum are used to establish
the site of solubilization. Some ultraviolet spectroscopic

Fig. 15-13. Artist’s conception of a spherical micelle of nonionic
surfactant moiecules. {a) A nonpolar molecuie solubilized in the
nonpolar region of the micelle. (4) A more polar molecule found partly
embedded in the central region and partly extending into the palisade
region. (¢} A polar moiecule found lying well out in the nasisade ayer
attracted by 2ipolar forces to the potyoXyethviene caains.
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characteristics are sensitive to the poiarity of the
medium. Thus the spectral shifts of compounds solubi-
lized in micelles are used to determine the microenvi-
ronmental poianty of their sites of solubilization.
Mukerjee and coworkers® determined the dielectric
constant 0 of the microenvironment of henzene solubi-
lized both in sodium dodecy! sulfate, an anionic surfae-
‘ant, and in cetyltrimethylammonium chloride, a cat-
tonic surtactant. The results of the dielectric constant
study show quite polar and similar microenvironments
(D = 40) in the two miceiles of different charge type,
suggesting that benzene is mainly located at the
surface, that is, in the polar part of the miceile rather
than in the core.

These researchers®® proposed a two-state model of
solubilization. The less polar state involves the hydro-
carbon core and is called the dissoived staze. The other
region is the micelle-water interface, the adsorped
state, where the environment is more poiar. In this
model, the total solubilizing power of a micelle is the
sum of the “adsorbed” fraction and the “dissolved”
fraction of solubilizate. When adsorption oceurs, the
solubilization is increased beyond that can be attributed
alone to the solvent power of the core. Another
interesting finding predicted by the model is that-the
microenvironmental polarity of solubilizate shows little
dependence on the kind of charge on the micelle. The
equilibrium between the “adsorbed” and “dissolved”
states can be assumed to be similar to that in bulk
systems such as in the immiscible liquid pair dodecane-
water. Thus, a quantitative estimate of the solvent
power of the hydrocarbon core for the solubilizate can
be obtained from the dodecane—water partition coeffi-
cient of the solubilizate.

However, for a more detailed picture, the core is
subjected to a substantial Laplace pressure, which
reduces its solvent power as compared with dodecane.
The Laplace pressure P is due to the curved interface
and is given by the relation (p. 365)

P = 2vir (15-35)

where v is the intertacial tension and r is the radius of
the micelle. The pressure P opposes the entry of all
guest molecules to be solubilized. The factor x by which
the solubility is reduced is related to the partial molar
volume of the solubilizate according to the relation-
chind34
snip

Py =RThy (15-386)

Equation (15-36) indicates that x varies exponentially
with P and therefore with l/r when surface tension, v,
is constant. Using equation (15—-36) and knowing K, the
dodecane-water distribution coefficient, it is possible
to estimate the partitioning of a solubilizate between
the hydroearbon core and the aqueous medium—that
is, the solubilizing power of the core.

Zxampre (5-3. () Compute the faczor ¥ 12 reducing the soinbility of
1 few 1cesthetic that i3 soiubilizea 2 the core of sodium dodecyl
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sulfate micelies. The partial molar volume of the anesthetic drug. 7,
is 178 cm¥mole. The micelle-water interfacial tension is 31.3
erg/am®, and the radius r of the micelle is 18 A.

(b) If the partition coefficient, dodecane-water, of the drug
compound is K = 21.8, what is the partition coefficent of the
anesthetic solubilizate in the core-water system?

(a) First, we compute the Laplace pressure P for the micelies of the
surfactant, sodium dodecy) sulfate. Using equation (15-33),

P = 2 4ir = (2 x 313 erglem®/(1& x 10~ em)
P = 3.48 x 10° dyne/cm® or 343 atm
(1 dyne/em? = 9,869 x 1077 atm)
Notice how great is the pressure (343 atm) inside the micelie core
when its radius is small ( = 18 A)! From equation (15-36),
g Pi _ (348 x 10° dype/em?) x (173 em*/mole)
RT  §3143 x 107 erg deg™' mole ™ x 298" K
Iny =243, x = 1136
Thus the solubility of the new anesthetic drug in the hydrocarbon core
of the surfactant is reduced by a factor of 11.36 relative two its
solubility in dodecane, due to the Laplace pressure on the micelie.

(b) The partition coefficient of the new compound in the micellar
core—water system is obtained by dividing the partition coefficient K
in dodecane- water by the x valiue obtained in part (a)- ;

Partition coefficient (core-water) = 21.6/11.36 = 1.93

Thal is Lo say, the distribution of the drug compound in the core of the
micelle is roughly twice that in the water phase.

The fraction of drug located at the surface of the
micelle in the “adsorbed” state is related to the surface
sctivity of the drug. Benzene is mederately surface-
active at the heptane-water interface. However, its
surface activity is greatly magnified in micellar solution
owing to the extremely high surface-te-volume ratio of
the micelles. Thus, the surface activity of benzene in
micelles provides an explanation of its location mainly
at the surface, that is. in the “adsorbed” siate.

The pharmacist must give due attention to several
factors when attempting to formulate solubilized sys-
tems successfully. It is essential that, at the concentra-
tion emplayed. the surface-active agent, if taken inter-
nally, be nontoxie, miscible with the solvent (usually
water), compatibie with the material to be solubilized.
free from disagreeable odor and taste, and relatively
nonvolatile. Toxieity is of paramount importance. and.
for this reason, most solubilized systems are based on
nonionic surfactants. The amount of surfactant used is
important: a large excess is undesirable, from the point
of view of both possible toxicity and reduced absorption
and activity; an insufficient amount can lead Lo precip-
jtation of the solubilized material. The amount of
material that can be solubilized by & given amount of
surfactant is a function of the polar—nonpolar charac-
teristics of the surfactant (commonly termed the Avdro-
phile - lipophile balance, or HLB: see p. 371) and of the
molecule being solubilized.

1t should be appreciated that ehanges in absorption
and biologic availability and activity may occur when
the material is formulated in a solubilized system.
Drastic changes in the bactericidal activity of certain
eompounds take place when they are solubilized, and

the pharmacist must ensure that the concentration of
surface-active agent present iz optimum for that par-
ticular system. The stability of materials against oxida-
tion and hydrolysis may be modified by solubilization.

Solubilization has been used in pharmacy to bring
into solution 2 wide range of materials including volatile
oils, coal tar and resinous materials, phenobarbital,
sulfonamides, vitamins, hormones, and dyes.*"

A pew antimalarial drug, p-arteether, isolated in
China from the plant Artemesia annua L., is highly
active against both chloroquine-sensitive and chloro-
quine-resistant forms of Plesmodium falciparum, the
protozoa that spends part of its life cycle in the
Anopheles mosquito. The drug is very insoluble (17
mg/L) in water but guite soluble (>200 g/L) in various
organic soivents. Krishna and Flanagan® studied the
solubilization of B-arteether in a number of anionic,
cationie, and nonionic surfactant solutions above their
critical micelle concentrations. They found that anionic
and cationic surfactants increased the solubility dra-
matieally by micellar solubilization, while nonionic
surfactants showed little effect in enhancing the solu-
bility of the drug. The increase in solubility of B-
arteether with inereasing micellar concentration of two
anionic surfactants and one cationic surfactant is shown
in Figure 15-14. On the vertical axic is given the
relative solubility of the drug, expressed as S/S,.
where S, is the total solubility of B-arteether in micellar
solution and S, is the solubility of the drug in water
alone.

O’'Malley et al.%" investigated the solubilizing action
of Tween 20 on peppermint oil in water and presented
their results in the form of a tenary diagram as shown
in Figure 15-15. They found that on the gradual
addition of water to 2 50:50 mixture of peppermint oil
and Tween 20, polvsorbate 20, the system changed
from 2 homogeneous mixture (region 1) to a viscous gel
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Fig. 15-14. Relative solubility, S.'S,. versus micelle concentration of
p-arweether. Key: O = decy] sodium sulfate; © = tetradecyl sodium
sulfate: ® = hexadecy] trimethyiammonium bromide. (From A. K
Krishna and D. R, Flanagan, J. Pharm. Sci. 78, 574, 1989. reproduced
with permission of the copynight owner.)



Peppermint oil

Fig. 15=15. Phase diagram for the ternary system water, T'ween 20,
and pepperrrunt od.

(region II). On the further addition of water, a clear
solution (region III) again formed, which then sepa-
rated into two layers (region IV). This sequence of
changes corresponds to the results one would obtain by
diluting a peppermint oil concentrate in compounding
and manufacturing processes. Analyses such as this
therefore can provide important clues for the research
pharmacist in the formulation of solubilized drug sys-
tems.

Determination of a phase diagram was also carried
out by Boon and co-workers® in order to formulate a
clear, single-phase liquid vitamin A preparation con-
taining the minimum quantity of surfactant needed to
solubilize the vitamin. Phase equlibrium diagrams are
particularly useful when the formulator wishes to
predict the effect on the phase equilibria of the system
of dilution with one or all of the components in any
desired combination or concentration.

Factars Affecting Solubilization. The solubilization ca-
pacity of surfactants for drugs varies greatly with the
chemistry of the surfactants and with the location of the
drug in the micelle. If a hydrophobic drug is solubilized
in the micelle core, an increase of the lipophilic aikyl
chain length of the surfactant should enhance solubili-
zation. At the same time, an increase in the micellar
radius by increasing the alkyl chain length reduces the
Laplace pressure, thus favoring the entry of drug
molecales into the micelle (see Ezample 15-9).

For micelles consisting of ionic surfactants, an in-
crease in the radius of the hydrocarbon core is the
principal method of enhaneing solubilization,* whereas
for micelles built up from nonionic surfactants, evidence
of this effect is not well-grounded. Attwood et al.*
have shown that an increase of carbon atoms above 16
in an n-polyoxyethylene glycol monoether—a nonionic
surfactant—increases the size of the micelle but, for a
number of drugs, does not enhance seolubilization.
Results from NMR imaging, viscosity and density
testing*! suggested that some of the polar groups of the
micelle, that is, some poiyoxyethviene groups cutside
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the hydrocarbon core of the micelle, double back and

intrude on the core depressing its melting point and
producing a duid micellar core (Fig. 15-16). However,
this movement of polyethylene groups into the hydro-
carbon core disrupts the paiisade layer and tends to
destroy the region of solubilization for polar-nonpolar
compounds (semipolar drugs).

Patel et al.** suggested that the solubilizing nature of
the core be increased with 2 more polar surfactant that
would not disrupt the palisade region. Attwood et al.®
investigated the manner in which an ether or keto group
introduced into the hydrophobic region of a surfactant,
octadecylpolyoxyethylene giycol monoether, affects the
solubilization and micellar character of the surfactant.
It was observed that the ether group lowered the
melting point of the hydrocarbon and thus was able to
create 2 liquid core without the intrusion phenomenon,
Which reduced the solubilizing nature of the surfactant
for semipolar drugs.

The principal effect of pH on the solubilizing power of
nonionic surfactants is to alter the equilbrium between
the ionized and un-ionized drug (soiubilizate). This
affects the solubility in water (pp. 233-234) and
modifies the partitioning of the drug between the
micellar and the aqueous phases. As an example, the
more lipophilic un-ionized form of benzoic acid is
solubilized to a greater extent in polysorbate 80* than
the more hydrophilic ionized form. However, solubili-
zation of drugs having hydrophobic parts in the mole-
cule and more than one dissociation constant may not
correlate with lipophilicity of the drug. Ikeda et al*
studied the solubilization of tetracycline by nonionic,
anionic, and cationic surfactants. Tetracycline deriva-
tives may exist in solution as positively and/or nega-
tively charged species (zwitterions, p. 149) as a function
of pH. At the pH range of 2.1 to 5.6 the species present
dre the cationic form and the zwitterionie form, and
both contribute to the apparent partition coefficient in a
micelle—water system. The equilibrium can be repre-
sented as*

Palisade

@ )

Fig. 15—16. Schematic of nonionic miceile of n-polyoxyethylene glycol
monoether showing intrusion of polyoxyethylene chains into the
micelle core. (a) Micelle with palisade environment intact. () Palisade
ayer parnally destroyed by i0ss of polyoxyetoyiene groups mco the
2ydropnodic cor=.
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- K, + K& - Kg &

Cwm Cr Cr Cu
where K; is the first dissociation constant of tetracy-
cline derivatives and K, and K. are the partition
coefficients for the svstem, micelle-water, for the
cationic (+) and zwitterionic (=) species. C,, and C,.
denote the drug concentration in the micellar and
agueous phases, respectively. The apparent partition

coefficient K, is related to pH as follows®:

Kopp [H*) + Ky) = K[H") + K.K, (15-37)

where [H™] is the hydrogen ion concentration in the
agueous phase. Using this equation, K, and K. can be
estimated from the slope and the intercept of a linear
plot or a regression of K, ((H*],. + K,) against [H* ],

Example 15-10. The apparent partition coefficient K, (micelle-
water) of Letracycline solubilized in micelles of the nomomc surfactan:
polyaxyethylene lauryl ether, at 25° C and at several pH values, is
given in the following table:

pH 21 3.0 3.9 5.6
Keop 8.05 7.61 6.54 5.68

Compute the partition coefficients of the zwitterionic, K, and
cationie, K,, species. The dissociauon constant given by Ikeca et al*
for tetracveline 36 K; = 4.68 x 1074

First, we compute the term K, ((H*), + K,) at the several pH
values. For example, at pH = 2.1, [H*), = 7.943 x 10"* and K,
qH"), + K,) = E05 [(7.943 x )0°% + (4.68 x 1079) = 0.068
Analogous calcuiations give the results in the table below, where pH
is converted into [H™ ], concentration:

0.0025
0.00Z7

[H*], x 1¢* 7.94 1.00 0.126
K,(B*L+K) 0.068 0.011 0.0039

Now we regress K,,, ((H"], + K,) against [H], from the values
gven In the table Lo obtain the slope, K, = 8.2] and the intercept,
KK, = 2.776 x 1072 Soiving for K_ we have
= o n= -5
K. = 2.776 » 10 = 5.9
4.68 x 107

The results indicate that the cationic form is more
solubilized than the zwitterionic form, thatis. K, > K.
Ikeda et al. suggested that the greater solubilization of
the cationic form of tetracycline is due to the formation
of hydrogen bonds between an acidic proton of the
cationic species of tetracyeline and the oxygen atom of
the polvoxyethylene chain of the nonionic surfactant.
Since the zwitterionic form of tetracyeline has lost its
acidic proton it cannot hydrogen-bond; thus, it is
solubilized to a lesser extent. !

Tetracycline is solubilized much more in micelles of
an anionic surfactant, sodium lauryl sulfate. than in
micelles of cationic surfactants, such ac trimethyl
ammonium,  particularly at pH 2.1. The catiome form
of tetracyvcline predominates at pH 2.1. At this pH
value, Ikeda et al.* found that K,,, = 2850 in the
anionic surfactant. This is due to the greatest inter-

action occurring at pH 2.1 between the protonated
species of the drug and the anionic micelies of sodium
lauryl sulfate. On the other hand, the electrostatic
repulsion between the cationic form of the drug and
dodecyltrimethyl ammonium, the cationic micelle, does
not result in solubilization at pE 2.1; thus, at this pH
value K,,, = 0. The repulsion is reduced as the pH
increases since the cationic nature of the drug de-
creases. Conseguently, solubilization of tetracveline in
the cationic surfactant micelles becomes greater with
an increase of pH.

Thermodynamics of Solubilization.*® Solubilization may
be considered as 2 partitioning of the drug between the
miceliar phase and the aqueous environment. Thus, the
standard free energy of solubilization, AG,° can be
computed from the partition coefficient K of the micelle/
agueous medium:

AG,® = -RTIn K (15-38)
The standard free enthalpy and entropy of solubiliza-
tion can be computed from the usual relationships:

]

s 1
7 constant

InK =

(15-39)

and
AG,® = AH,® — TAS,® (15-40)

The sign and magnitude of the thermodynamic fune-
tions AH,°and AS,° may be related to the location of the
solubilized drug in the micelle as follows. The solubili-
zation of 2 hydrocarbon in the hydrophobic core is
similar to hvdrocarbon transfer from water to an
organic medium. In both cases the thermodynamic
functions are of the same order of magnitude. The
standard free enthalpy is 2pproximately zero or a small
positive number; and AG.° ordinarily is negative. The
main contribution to the negative AG.“ is a strongly
positive entropy change. Due to their hydrophobicity,
hydrocarbons dissolve mainiy in the core of the micelle.

For z polar solute. AG,* of transfer from an agueous
to an-organic medium i¢ positive and AS. is negative.
These unfavorable terms may be associated with poor
penetration of the solute into the organic phase. This
argument can be applied to the penetration of a polar
solute into the core of a micelle. The thermodynamic
functions for transfer of various solutes of different
polarity from water to micellar solutions and to organic
solvents at 25° C are given in Table 15-6. Benzoic acid
is considered to be mainly adsorbed on the micellar
surface of nonionic surfactants: the thermodynamic
functions AG,°, AH.® and AS,° for benzoic acid solubi-
lization are negative (see Table 15-6). Barbituric acid
derivatives solubilized in sedium alky| sulfonate, an
anionic surfactant, show AG,°, AH,° and AS,° valves
similar to those of benzoic acid. Barbiturates must be
distributed in the most exterior part of the micelle—
the polvoxyethylene region—rather than the hydrocar-
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TABLE 15—8. Transter of Solutes from Water to Organic Solvents or Miceiles at 25° C*3

Solute Qrganic Medium
Ammanium cnionce Ethanol

Methane Cyclohexane
Amooarbital Micellar solution*®
Barbutal Micellar salution”
Benzaic acid Micellar solutiont
Ethane Micellar solution
Phenobarbital Micellar solution”
Propane Micellar salution”

AG° AH® AS?

(cat/mole) {cat/mole} [ca(mole deg)]
-5010 -2830 -26.3

-2280 -2380 -15.6

-2340 -1700 -2.1

-790 -2600 -3.0

-2320 -3700 -4.7

-3450 +2000 ~18.3

-18s50 -3800 -a.5

-4230 -10C0 +17.5

“Sodium lauryl suifate, 0.06 molesliter,
ta-Alkylpaiyoxyethylene, £, gH, .

bon core owing to their negative AS? value. These
results with benzoic acid and barbiturates can perhaps
be expiained by the reasoning given in Table 11-11, p.
276, where it is shown that the thermodynamic func-
tions AH® and AS, are due to several kinds of interac-
tions. [n Table 11-11, donor-acceptor and hydrogen
bonding are associated with both negative AH” and
AS®, the large negative AH° values overcoming the
unfavorable entropy change. Thus, AG,” is negative and
the solubilization process is spontaneous.

Example 15-11. The apparent partition coefficients, K, for the

transfer of barbital between water and sodium alkyl suifonate at
several temperatures are*®

Temperature (°C) 25 35 45 35
Partition coefficient, K 3.8 3.5 3.2 235

Compute AG,%, AH.°, and AS,°.

From equation (15-39), a regression of In K against U/T (Kelvin
degrees) gives AH,® from the slope. The values needed for the
regression are shown as

uT x 10¢ 3.36 3.25 3.14 3.06
In £ 1.335 1.253 1.163 0.916

The equation obtained is In K = 1274.35 UT -~ 2.91.
AH,” = (slope) x (R) = —(1274.35)(1.98T2) = —2.5 keal/mole
AG,” is obtained from equation (15-38):
at 25° C, AG,” = —(1.9872)(298X1.335) = -730.57 cal/mole
Analogous calculations give AG,* = -766.91, -734.93, and -597.05
cal/mole at 35°, 45°, and 55° C.

The A8.,° value is obtained using equation (15-40) at each
temperature; at 25° C,

AH® - AG,” _ =2500 - (~790.5T) aal/mole
T 208° K.
= =3.7 cal/(mole deg)

AS,°is —=5.6, —5.6, and —5.8 cal/(mole deg) at 35°, 45°, and 53° C,
respectively. Notice that the constant in equation (15-19) is ASYR
(see equation (11-52]). Therefore, AS® can aiso be obtained from the
intercept of the regression line on a plot of In X versus U/T; that is,
AS? = (intercepe) x (R) = (-2.91)1.9872) = -35.8 cali{mole deg), a
value very similar to the values obtained by the use of equation
(15-40) at several temperatures. The AG,* values obtained are not
strongly negative owing to the unfavorable negative value of AS,°
The negative AH *and AS,” may he reiated to nydrogen bonding (see

a§,° =

Table 11-11) of the barbiturates within che polyoxyethylene palisade
of the mucelles.

Krafft- Point and Cloud Point. Another feature of
miceile-forming surfactants is the rapid inerease in
solupility above a definite temperature, xnown as the
Krajft povnt, K,. The Krafft point is the temperature at
which the solubility of the surfactant equals the cme.
Below X, an increase in the concentration of the
surface-active agent leads to precipitation rather than
miceile formation. The surfactant has a limited solubil-
ity, and below the Krafft point, the solubility is
insufficient for micellization. As the temperature is
elevated, the solubility increases slowly. At the Krafft
point, corresponding to the critical miceile concentra-
tion, the surfactant crystals meit and are incorporated
into the micelles. The micelles are highly soluble;
therefore, a rapid inerease in solubility occurs with
increasing temperature above K, Not all surfactants
show a rapid increase in solubility above a certain
temperature. Only certain ionic and nonionic surface-
active agents, for example, have been reported to show
a Krafft temperature. ®

The Krafft point, K,, can be obtained by plotting the
logarithm of molar solubility for a surface active
carboxylic acid at several pH values against the inverse
of the absolute temperature, as seen in Figure 15-17.%
For a surfactant solution that has a Krafft point the log
solubility-reciprocal temperature profle exhibits a
break, that is, a change in slope; the temperature at
which the break in the curve occurs at a definite pH is

“the Krafft point. Actually, a curvature rather than a

sharp break oceurs in the slope, suggesting that K, is a
temperature range rather than a definite point on the
temperature scale. The Krafft point at each pH value is
estimated from the intersection of the tangents to the
two line segments of different slope shown in Figure
15-17 (see Problem 15-25 for the caleulation of K, for
a surface active benzoic acid derivative at pH 7.0). For
ionic surfactants, pH has a definite effect on the Kraift
point, as observed in Figure 15-17.

A lower consolute temperature, as discussed on page
41, is also observed for many nonionic, polyoxyethy-
lated surfactants in solution. This temperature. 100ve
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fig. 15-17. A plot of log solubility against a reciprocal temperature
to obtain the Krafft point for a surface-active carboxylic acid at two
pH values. (From N. K. Pandit and J. M. Strykowsld, J. Pharm. 5a.
78, 768, 1989, reproduced with permission of the copyright owner.)

which cloudiness suddenly appears, is known as the
cloud point. The surfactant separates as a precipitate,
or when in high concentration as a gel, from aqueous
solution at an elevated temperature because of seli-
association and loss of water of hydration of the
individual molecules. Schott and Han*® have reported
on the effects of various salts on the Krafft and cloud
points of nonionic surfactants, and Schott*® has com-
pared HLB to the cloud points of 2 large number of
nonionic surfactants.

Coacervation and Cloud Point Phenomena. Solubilization
may change certain properties of micelles such as the
coud point and the size of the micelles. Organic
solubilizates generally decrease the cloud point of
ponionic surizetants. Aliphatic hydrocarbons tend to
raise the cloud point, whereas aromatic hydrocarbons
and alkanols may lower or raise the cloud point of the
surfactant, depending on its concentration. For exam-
ple, both indomethacin, an antiinflammatory drug, and
sorbitol lower the cloud point of 2% agueous solutions of
the nonionic surfactant polysorbate .80. The effect 1s
more pronounced for sorbitol and increases linearly
with sorbitol concentration.*® Indomethacin, a drug of

- very low agqueous solubility, can be considered to be
entirely Jocated within the micellar phase of polysor-
bate 80 in aqueous solution. Solubilized indomethacin
increases the micellar size due not only to incorporation
of drug molecules in the polysorbate micelles but also to
2n increase in the number of polysorbate monomers per
micelie, that is, the aggregation number. The increase
in micellar size suggests a restructuring of the micelle
to accommodate the indomethacin molecules, the larger

size producing 2 more symmetrical micelle with greater
hydration.

That solubilizates may favor the transition from
rodlike to globular micelles has been recently investi-
gated. ® Rod-shaped micelles are found in nonionic as
well as jonic surfactant solutions in which the charge on
the micelle is shielded by salt ions or by strongly
binding counterions. The solubilizing capacity of these
systems is particularly large when near to coacervate
formation. An example is the phase separation of
nomionic surfactants above the cloud point. The long
rods are transformed into globular micelles after a
certain amount of aliphatic or aromatic hydrocarbon is
solubilized. The difference between the solubilization of
aliphatic and aromatic hydrocarbons by rod-shaped
micelles is that the aromatic compounds can lead to
coacervate formation before the aggregates shrink and
are transformed into spherical micelles. This process is
explained as follows. After solubilization of the aro-
matic hydrocarbon by rodlike aggregates the system
separates into two phases with formation of a coacer-
vate. Coacervation can be described 2s a transition
from a solution with rodlike micelles in the gaseous
state into two solutions, one of which is in a2 more
condensed state and the other in 2 more dilute state.
The condensed micellar aggregates can still accommo-
date more hydrocarbon; and after further addition of
hydrocarbon the transition from rods to globules takes
place. The attractive forces between the small globules
are weak and the system cannot simultaneously be in a
condensed and a gaseous state. It reverts back to the
isotropic single-phase state. Thus, these systems show
the interesting phenomenon that a two-phase binary
surfactant system (a coacervate) can be transformed
into a single-phase solution by solubilization of hydro-
carbons™ in the micelles.

The fact that rodlike micelles can be changed into
globular micelles has considerable interest in the prac-
tical application of surfactants. Surfactant systems with
rodlike micelles may have high viscosities. If highly
viscous systems are not desired, one can solubilize
enough hydrocarbon to break the rods. When the long
rods are transformed into globular micelles the attrae-
tive forces between the micelles become smaller and the
cloud point of nonionic surfactants is increased. That is,
the solubility of the surfactant in the medium becomes
greater. Thus, rod—sphere transitions provide an ex-
planation for the rather unusual increase of the cloud
point by solubilization of hydrocarbons in the micelles.
Aleohols stabilize the rods and for this reason lower the
clond point.* That is to say, alcohols decrease the
solubility of the surfactant.

ADDENDUM: THERMODYNAMICS OF MICELLIZATION

Two models can be used to explain the properties of
mieellar solutions.® According to the phase-sepayation



model, micellization can be considered as the formaticn
of a separate phase in a bulk aqueous medium. Below
the cme, the system contains surfactant molecules
{monomers) molecularly dispersed in water. Above the
cme, the system contains two phases in equilibrium: one
consisting of monomers of the surfactant in aqueous
solution and the other represented by micelles of the
surfactant. In this model, micellization is not a progres-
sive association of the surfactant monomer but rather a
one-step process.>

The second approach is provided by the mass-action
model. According to this view, micellization can be
considered as a stepwise association of monomers to
form an aggregate. This model is appropriate when
miceiles are relatively small. Thoma and Christian®
have shown that the phase-separation model is a special
case of the mass-action model when the aggregation
number of the micelles is large. (The aggregation
number is simply the number of surfactant molecules
that come together to form a single micelle.) Both
models can be combined to derive an expression for the
standard free energy micellization.

[n the formation of an ionic micelle from an anionic
surfactant, such as sodium lauryl sulfate
(CyHasSO7 Na*, abbreviated R™X*) n amphiphilic
ions R~, together with m counterions X~, form a
negatively charged micelle:

aR™ + mX*t = [Ra Xl (15-AD

where Q" is the net charge on the micelle, @™ =n —m,
n is the aggregation number, and m is the number of
counterions bound to the micelle (see Fig. 15-18). For
example, for a micelle of C;oHs30,"Na”, the aggre-
gation number® n = 50 (Cy3Has3047), or 30 negatively
charged lauryl sulfate ions, and m = 45 Na”, or 45
positively charged sodium ions. Therefore, the charge
on the micelle is @ = n — m = 5 negative charges.

&2 5
@
®
® @ ——— Negatively
1 charged
Positively surlactant
charged

counter ions

Fig. 15-18. Schematic of an anionic micelle where n = T and the
charge @ = T = 4 = 3. The four positive ions needed for
electroneutrality are immediately outside the micelle, The dgure
shows monomers of the dissociated surfactant in equiibrium with the
micelle. 25 expressed in equation (15— Al). A more realistic exampie
‘s qiven wn the text wnere n = 38,

" AP =
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To give electroneutrality, five positively charged
Na~ ions must also be present in solution in the outside
palisade region of the micelle; they are not considered in
equation (15-Al). From the mass-action law, the
equilibrium constant is

(Rl 5
i ———— (15-A2)
BT
or, as for the example above,
C12H2s304 )50 (Na")gs)®
_ ((Cr2Has504 Jso (Na")ys] (15-43)

(C12H0s30," % - [Na™]®

The standard free energy of micellization, AG” ., that
is, the standard free energy per mole of surfactant

. .monomer, AG*/n, is

%: il (15-A4)

——ln &
n
Notice that each term is divided by the aggregation

number n to give the free emergy per indindual
monomer. From equations (15— A3) and (15-A4),

RT. [(RaXal¥

o (RTXTTM

.').Gam,'c = =
According to the phase-separation model, at the cme
the concentration of monomers is [R™] = [X"] = cme.
Rearranging equation (15— A5), we have

AG%m = —RT[% In (RaXnl®
— In (eme) — % In (cme)
(15-A8)

At the eme, the term ln In [R,X,]?" may be
rieglected.™ Thus, equation (15— A6) reduces to

AG°mic = RT (1 - —n”l) In(cme)  (15-AT)

or, since m = n — @, equation (15-AT7) can also be
written

AG"mic = RT(z - Qn—) In (eme)  (15-A8)

Knowing the cme, the aggregation number m, and the
charge on the micelle, one can calculate AG? . for an
anionic micelle. The same equation can be applied to a
cationic micelle, substituting @~ in equation (15-A8)
with the positive charge @™ on the micelle (see Problem
15-29). @ and Q™ are determined from the degree of
ionization (p. 130) of the surfactant, which in turn is
obtained by light scattering, EMF, or conductivity
measurements. .

For nonionic micelles, m = 0 and equation (15-A8)
becomes

A" i = BT 'n {cmce) [15=-49)
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The standard enthalpy and entropy changes of micelli-
zation can be computed from the expressions
AHomk 1 + Asom:t

E T R

In (eme) = (15-A10)

and
AG e = AH % — TAS % (15-A1l1)

The standard iree energy for a nonionic micelle is
calculted in Problem 15-31.

References and Notes

1. K. K. Chan and 1. Gonda, J. Pharm. Sci. 78, 176, 1989,

2 C.J. Drummond, G. G. Warr, F. Grieser, B. W. Nihaen and D.
F. Evans, J. Phys. Chem. 89, 2103, 1985.

3. Y. Chang and J. R. Cardnal. J. Pharm Sci. 67, 994, 1878

4. T.J. Racey, P. Rochon, D. V. C. Awang and G. A Nevilie, ..
Pharm. Sci. 76, 314, 1987; T. J..Racey, P. Rochon. F. Mor and
G. A. Nevilie, J. Pharm. Sei. 78, 214, 1988,

5. P. Mukerjee, J. Phys. Chem. 76, 565, 1972.

6. K. W. Herrmann, J. Colloid Interface Sci. 22, 352, 1966,

7. P. C. Hiemenz, Principles of Colloid and Surface Chemistry,

nd. Edition, Dekker, New York, 1986, pp. 127, 133, 148

N‘

& J. Kirschbaum, J. Pharm. Sci 63, 981, 1974.

9. A.J. Richard, J. Pharm. Sci. 64, B73, 1975.

10. H. Arwidsson and .. Nicklasson, Int. J. Pharm. 58, 73, 1990.

11. H. H. Paradies, E.. J. Biochem. 118, 187, 1981,

12. H. H. Paradies, J. Yharm. Sci 78, 230, 1989

13. H. Schott, J. Pharm.. Sci. 70, 486, 1981.

14 H. Takenaka, Y. Kawashima and S. Y. Lin, J. Pharm, Sci. 70,
302, 1981.

15. D.J. A. Crommelin, J. Pharm. Sc. 73, 1558, 1984.

16. H. Schott and C. Y. Young, J. Pharm. Sci. 61, 182, 1972,

1i. H. Schott and E. Astigarrabia. J. Pharm. Sei. 77, 918, 1988,

18. T. Higuehi, R. Kuramoto. L. Kennon, T. L. Fianagan and A.
Polk, ). Am. Pharm. Assoc., Sci. Ed. 43, 646, 1954,

19. E.J. W. Verwey and J. Tn. G. Overbeek. Theory of the Stability
of Lyophobic Colioics, Elsevier. Amsterdam, 1948,

20. B. Derjaguin and L. Landau, Actz Physice. Cum.. USSR, 14,
663, 1941; J. Exp. Theor. Physics, USSR, 11, 802, 1941.

21. H. Takenaks, Y. Kawashima and S. Y. Lin, J. Pharm. Sci. 69,
513, 1480.

A. A. Badawi and A. A. El-Saved, J. Pharm, Sci. 69, 492, 1980.
H. Schott, in B gton's Phar tical Sciences, 16th Edi-
tion, Mack Publishing, Easton, Pz, 1880, Chapter 20

B. Haines and A. N. Martin, J. Pharm. Sci. 50, 228, 753, 756,
1561,

B. £ Mulley, in Advanees m Pharmaceutical Scrences, Ace-
demic Prese, New York. 1964, Vol. 1, pp. 87-1%4.

T. Nakagawa, In Nomonuc Surfactents, M. J. Schick. Dekker,
New York, 1967, :
P. H. Elworthy, A. T. Fiorence and C. B. Macfarlane, Solubili-
z2ation by Suriace-Active Agents, Chapman & Hall, London, 1968
D. Auwood and A. T. Florence, Surjactant Systems, Chapman &
Ball, London and New York, 1983,

C. Engler and E. Diecknoff. Arch. Pharm. 230. 561, 1892.

A. S. C. Lawrence. Trans. Faraday Soc. 33, 815, 1937.

E. e.h S. Partyka anc S. Zaini, J. Colloid lnterface Sci. 129,

.5‘??2!3’-.5?.?3[3

RER R

L ech..] Phyvs. Chem. 60, 260, 1956.

L3 nkcr_beelnd.] Cardinal. J. Phys. Chem. 82, 1620, 1978
C.R.-.mnch:ndrmR.A..PMmdP Mukerjee, J. Pnys. Chem.
86.398 1982

E. W. Barry and D. 1. El Emi, J. Pharm. Pharmacol 28. 21C,

K Krishna and D. R. Flanagan. J. Pharm. Sci. 78, 574, 1889,
".J. O'Maliey, L. Pennati and A. Martin, J. Am. Pharm. Assoc.,
. 47, 834, 1958,

F . Boon, C. L. J, Coies and M. Tait, J. Pharm. Pharmacol.

2007, 1961.
Wnuﬂ? H. Eiworthy, J. Pharm. Pharmacol. 32, 381,

. Attwood, P. A Elworthy and M. J. Lawrence, J. Pharm.
Phanmenl.ﬂ,m.m

KL B S’&F!

5853

41 P. H. Elworthy and M. S. Patel, J. Pharm. Pharmacol. 36, 565,
ibid. 36, 116, 1884,

M. S. Patel, P. H. Eiworthy and A. K. Dewsnup, ibid, 33, 64P,
X

J

981,

. H. Collett and L. Koo, J. Pharm. Sq. 64, 1253, 1975,

K. Ikeda, H. Tomida and T. Yotsuyanagi, Chem. Pharm. Bull.

25, 1067, 1977

45, V. Vaution, C. Treiner, F. Puisieux and J. T. Carstensen. J
Pharm. Sci. 70, 1238, 1981.

46. :ié.a&gou and S. K. Han, J. Pharm. Sci. 65, 979, 1976; ibid. 66,

3. 1977.

47. N. K. Pandit and J. M. Strykowskd, J. Pharm. Sd. 78, 767, 198¢.

48. H. Schott, J. Pharm. Sci. 58, 1443, 1969.

49, D. Attwood, G. Ktisus, ¥, McCormick and M. J. Story, J.
Pharm. Pharmacol. 41, 83, 1989.

50. H. Boffmann and W. Ulbricht, J. Colloid Interface Sci. 129, 388,

1989,

51 ?ésciggmm 8. D. Chnstian, J. Colloid Interface Sei. 78,

52. W. Binans-Limbele and R. Zanz, Colloid Polymer Sei. 267 440,
1989,

53. D. Attwood and A. T. Florence, Surfactant Systems, Chapmar &
Hall, London and New York, 1883, p. 93.

5i. P. C. Hiemenz, Principies of Colloid and Surface Chemistry, 2nd
Edition, Dekker, New York, 1986, pp. 44144,

5. D9 Attwood and O. K. Udeala, J. Pharm. Pharmacol. 26, 854.
1974

5. H. V. Tartar and A. L. M. Lelong, J. Phys. Chem, 59, 1185, 1956.

57. A. Einstein, /nvestipatwns on the Theory of Hrowman Move-
men!, Dover, New York, 1956.

58. D. J. Shaw, Introduction to Colloid and Surface Chevstry,
Butterworths, Boston, 1970, pp. 20, 21.

59. L. J. Ravin. E. G. Shami and E. 8. Ratue, J. Pharm. Seci. 64.
1830, 1975,

60. S. Chibowsld, J. Colloid Interface Sei. 134, 1, 174, 1990

61. H. Schott, J. Pharm. Sci. 65, 835, 1976.

62. X A. Johnson. G. B. Westermann-Clark and D. Q. Shah, J
Colloid Interface Sci. 130, 480, 1988

63. M. J. Rosen et 2l., J. Phys. Chem. 86, 541, 1982, ibid., Colioids
Surf. 3, 201, 1881

Problems

15-1. The equivalent conductivity A of & solution containing &
surface active agent decreases sharply al the critical micelle concer-
tration owing to the lower mobility of micelles. A plot of A (vertica!
axis) against the concentration or the square root of the concentration
of the surface active agent shows an inflecuon point at the criucal
micelle concentration. (See Figure 15-3)

Chloreyelinine hydrochloride. an antinistamine usec for the

O )
0.

Chiorcyclizine Hydrochlicride

relief of urucaria and hay fever, is surface active and forms micelies
n aqueous solution. The dependence of A in mho m® moie ™' (see p.
127 for the unit, mho) on V¢ 18 given below (parually based on the
data of Attwood and Udealz® 1

1

Data for Problem 15-1

A x10° L7 |51
mbo m* mole™’

6.0 |66 |7.0 {7.5 |80 |BT

Ve (moletiter)® | 0.32 o.m]o.zﬂo.a 0.23{0.20 017 | 0.14




Plot A versus V¢ and estimate the cme.

Answer- cme = 0.053 molesliter

15-2. The turbidity v of an aqueous sodium dodecyibenzene
sulfonate (SDBS) soluton was determined in a lght-scattenng
paotometer At various concentrations above its cme (modified from
data in Tartar and Lelong™).

Data for Problem 15-2

cx 10 2.68 758 | 13.20 | 215
| (e ! |
| o> 10 1.09 Lo | 208 ‘ 2.3
e }
Bl | .

The turbidity t increases with concentration because the surfactant
molecules aggregate to {orm structures with molecuiar weights much
greacer than the molecular weight of the monomer 3DBS, namely,
H9 gimole. The value of H in equation (15-2), page 399, is
1.00 % 107% moie em* g~%. Plot Heir versus ¢ and using equation
(15~2) obtain the molecular weight of the aggregate in the aqueous
solution. Also give the wvaiue of the solute-solvent interaction
constant 3. The degree of aggregation is obtained by dividing the
molecular weignt of the aggregate by the molecular weight of the
SDBS monomer. What is the degree of aggregation?

Answer: M = 17,170 g/mole; slope = 28 = 0.0147; B = 7.35 x 10~?
mole em® g~ Degree of aggregation = 49, that is, each micelle
contains an average of 49 molecules of SDBS.

15=3. The average displacement, ¥ in meters, of a microscopic
particie is related to its diffusion D (m%¥sec) and the time ¢t of
movement. The relation according to Einstein® is 2 = V2Dt. If a
particle moves in a fluid medium with a diffusion coeficient of D =
272 x 107'% meser/sec, what is its average Brownian displacement
over a time interval of 2.20 sec?

Answer: 2 = 3.54 x 107 meter = 3.54 x 107" cm,

15-4. For spherical particles we may express the diffusion in
terms of their radii r, the viscosity = of the medium, and the absolute
temperature T (equation (15-T), p. 401). In 1908 Perrin used this
equation and a suspension of gamboge particles of accurately
determined size to calculate Avogadro's constant N,. He obtained
values lying between 5.5 x 10% particlesmole and § x 10
particlesmole. Currently™ the accepted value of N, is 8.022 x 107
mole ™",

- Using equation (15-7) in the expression Z = V2Dt we obtain an

equation, £ = /ﬂ for the caleulation of the mean Brownian
\ 3TN,
dispiacement af a particle.

For a particle of radius r = 107% meter (107" cm) in water (q = 0.01
poise) at a temperature of 20° C, T" = 293.15° K, its displacement Z is
to be observed over a period of 1 hour (¢ = 3600 sec). R is the gas
constant, expressed in units of 8.3143 % 107 erg deg™" mole™". The
poise is expressed as dyne sec/em® or ery secfem®. Calculate the mean
Brownian displacement to be expected. How might you use this
equation to determine Avogadro's number?

Answer: £ = 3.93 x 107 em = 39.3 um or 3.93 x 107° meter
displacement in 1 hour. )

15-5. When insulin solutions are stored at room temperature, a
process of self-association occurs and the molecules aggregate. The
degree of aggregation is affected by pH. ionic strength, and
temperature. The aggregation process was studied in the tempera-
ture range of room temperature (20° C) to human body temperature
(~35" C) at pH 7.5 and ionic strength u = 0.1. The diffusion
coefficients of aggregates at the various temperatures and viscosities
of the solvent are found at the top of the next column.

Compute the hydrodynamic radii of the aggregates at the vanous
temperatures. See the Stokes- Einstein equation. The poise is equal
w0l gem ! sec!

Answer: equation (15-7) may be used. It gives 28.4. 4.5, 78.9,
and 104 A at tne four temperacures,
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Data for Problem 15-5°

1 TCO 2 25 En %

|

| Dx 10" (em*see” ' | 7.3 16 3.7 3.0

| 7 (powses) 0.0097 | 0.0087 | 0.0076 | 0.0072

*Oata from H. B. onidar, Collowd Polym. Sei. 267, 159, 1939,

15-6. A sample of horse albumin in an aqueous solution at a
concentration of ¢, = 3,20 grams per liter was piaced in an osmometar
at 28" C. [ts osmotic pressure w was measured and found to be
0.00112 atm, What is the molecular weight of the serum albumin,
assuming the solution is sufficiently dilute for the use of equation
(15~11)? The gas constant R = 0.0821 liter atm/mole deg.

Answer: 70.641 gram/mole

15-7. The osmotic pressure = of a fraction of polystyrene was
jetermined at 25° C at various concentrations ¢, as recorded here:

Data for Problem 15-7

T
wle, x 108 12.5 16.3 200 | 28 -
(1atm g™

c, (g/liter) 6.0 12 | 18 24

Calculate the molecular weight and the second virial coefficient, B,
for the polystyrene fraction. Use equation (15-13) disregarding the
C % c,* and higher terms. Can this large molecular weight be
determined by the osmotic pressure methed? What other methods
are available'to obtain the molecular weight of such a large molecule?

Answer: M = 2.797 x 10° or 279,700 daltons; 8 = 2.56 x 107" liter
mole g~

15-8. An ultracentrifuge is operated at 6000 rpm. The mid-point of
the cell with the sample in place is 1.2 em from the center of the rotor.
What is the anguiar acceleration and the number of “g’s” acting on the -
sample?

Answer: Angular acceleration = 4.737 x 10° radisec®, and the
number of “g’s” is 483 or a force 483 times that of gravity acting on the
sample.

15-9. What is the angular vslocity w of an ultracentrifuge such
that a micelle moves from a position in the centrifuge cell of z, = 5.957
em to 2, = 6.026 cm in 15 minutes? (15 x 60 sec per min = 900 sec.)
The sedimentation coefficient ¢ is 7.756 x 10~'® sec.® Express the
result in rpm.

- Answer: 38,787 rpm. More realistically it is rounded to 38,800 rpm.

15-10. Find the angular acceleration in rad/sec” for an ultracen-
trifuge with a rotor of radius 6.5 cm rotating at 1200 rpm. Convert
this angular acceleration into “g’s,” assuming that the acceleration
due to gravity is 981 cm/sec.

Answer: 10.26 x 10* rad/sec”, or 105 “g's”

15—11. Determine the molecular weight of egg albumin from the
following ultracentrifuge data obtained at 20° C: the Svedberg
constant, 3 = 3.6 x 10-'3 sec, D = 7.8 x 1077 cm¥sec, the partial
specific volume, 3 = 0.75 erm?/g, and the density of water at 20° C is.
0.998 giem®.

Answer: 44,727 g/mole = 45,000 g/mole

15-12. The sedimentation coefficient 5 at 20° C of saramycetin, an
antifungal antibiotic, is 5.3 svedberg (1 svedberg = 107'% sec), the
diffusion coefficient is D = 6 X 10~7 em? sec™}, and the partial specific
volume is 3 = 0,507 em® g~ (9 is obtained by use of an accurate
pycnometer and a microbalance) (selected data from Kixuhbau_m‘).

{a) Compute the molecular weight of saramycetin. The density of
the solvent is 0.998 g/em?,

(b) Compute the radius of the saramycetin particle. Assume U\aE
the particles are spherical. The viscosity of the solvencis 1.002 % 1077

ise.
m.-ln.rwm: (@) 34.613 or 34.500 dalton: th) radius. r = 26, A
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15-13. Compute Lhe molecular weight of a celiuiose nitrate
fraction using equation (15-24) where K = 4.0 x 10™*and a = 0990
2t 27 C. The intrinsic viscosity of the fraction is 2.40 em® g~*

Answer: 67,063 g/mole or 67,000 dalton

15-14. (a) Use the Mark-Houwink expression, equation (15-24),
o calenlate the intrinsic viscosity [n) in dLig of a methylcelluiose
polymer having a number average molecular weight of 15,200 gimole.
The constant X is equal to 1.1 x 107* dL mole g~°, where dL stands
for deciliters, which equals 100 em®. The exponent, a, of equation
(15-24) 15 0.983 and is dimensionless.

(b) The units of dL mole g™° on K are not quite correct in the
problem. Can you suggest the exact units?

Answers: (a) 14.2 dL/g; (b) dL mole® ™ gram~'*. These units
would differ, however, for each polymer having a different a value.
Since the Mark—Houwink equation is an empiric one, in practice, the

wmits on K are obtained disregarding altogether the M* units. The 5

units on K then become the same as those on intrinsic viscosity, dL/g.
15-15. The variation of reduced viscosity 7, Jc with concentration
for 2 new nonionic surfactant is given in the tabie below.

Data for Problem 15-15*

el 896 | 938 | 9.82 | 1025 | 10.69

¢ (mole/kg) 0.005 0.0 0.015 0.02 0.025

*Duta from D. Attwood, P. H. Eiworthy and M. J. Lawrence, J. Pharm
Pharmacol. 41, 585, 1989

Compute the intrinsic viscosity, [n), of the surfactant.

Answer: [q) = 8.53 kg/mole of solvent = 8.58 molality ~

15-16. It requires 40 seconds for a volume of water, density 1.0
gor®, 1o fiow through a capillary viscometer and 614 seconds for an
equal volume of a glvcenn s-oluuon having a density of 1.12 giem”.
What is the viscosity at 25° C and the relative viscosity of this
solution? The viscosity of water at 25° C is 0.01 poise ar 1.0 cp. See
pages 454455 and 461-462.

Answer: Viscosity of the solution is 0.172 poise. Relative viscosity
n,m. = 17.2 (dimensionless).

15-17. The molecular weight of a spherical protein is 20.000 gimole
and the partial specific volume # is 0.80 em*g at 20° C. The viscosity
of the solvent is 0.0] poise. Calculate the vaive of D, the diffusion
evefficient at this temperature. (See equation (15-8).) Notice that ane
1s dealing with a cube root.

Answer: D = 11.15 x 1077 em¥sec

15-18. Polyvinyl aleohe! was separated into four fractions of
various molecular welghu by means of a column packed with the
chromatographic gel, Sephadex G-150. Compuie the moalecular
weight of these fractions from the intrinsic viscosities using the
Mark - Houwink eguatior.. The value of ¢ it €.71 (dimensionless) anc
K527 % 107¢ em® g~'. The expenmental intnnsic viscosilies are
0.463, 0.875, 1.09, and 1.15 em¥g.®

Answer: 36,000, 88,000, 120,000, and 128,000 g/mole

15-14. The intrinsic viscosities [n) of several molecular weigh:
fractions M of 2 new cellulose plasmz exlender were obtained by
ploting 7,.ic for each fraction versus the concentration ¢ in g/dL
(where 1 dL = 100 em?®) as seen ir. Figure 15-9. The resulting
intrmsic viscosities, together with the molecular weights M deter-
rmned separately by osmolic pressure (equation (15-12) a1 25° C, are
given as:

Data for Problem 15-1%

i M (g/mole) 67.820 153,756 206.200 329150

I {m) (dLig) 1.2) 2.6 854 556 |

4a) Plot Injm) as the dependent variable versus In M (M =
smolerulsr weight) 1o obtain the constanis K and a of the Mark-
Heuwink equation.

(b) Use the values of K and @ in the Mark- Houwink expression
{equation (15-24)) 1o calculate the molecular weight of a newly
syntheszed cellnlose pl extender, the experimentally deter-
mined mtninsic viscosity of which is 7.83 dL/g.

Answers: K = 260 x 10 dL g™', @ = 0.966. Using the
Mark-Houwink equation in Jogarithmic form, the molecular weight
of the mewly synthesized sample is found to be 469,583, or 470,000
dalons.

15—2. The mobility v/E of a siiver jodide sol at 20° C in a Burton
electropboresis cell was observed 1o be 25 » 107* em?® volt =¥ sec™
Compute the zeta polential of the colioid.

Answer: { = 35.3 milbvolts

15-21. The zetz potential { for a colloidal system in an aqueous
electrolyte solution is given by the formula

-{"—;‘EISx 104

where 9 x 10* converts electrostatic units into volts.

4m

(a) The term {9 x 10% is given on page 406 as equal

appraxmately to 128 at 25° C and 141 at 20° C. Refer to a handbook
of chemisiry and physics for the viscosity in poise (dyne sec/em?) or
g/(em sec) and the dielectric constant € at 20° C and 25° C and verify
the valwes 128 and 141 for this Lerm in equation (15-28).

(b) The electrophoretic mobility, »/E (in cm/sec per voluem) for
bentonite in water is given by Schott®’ as —2.39 (=0.07) x 10" at 24*
C. The quantity =0.07 in parentheses indicates that the value —3,39
was measured experimentally Lo within a precision of —3.39 =0.07 x
107 to —8.39 +0.07 x 10~*. The electrophoretic mobility of bismuth
subnitrate particles (13.18% w/w) in waler at 24° 1o 25° C is +2.20
=(0.09) x 10~ em/sec per volticm. Caiculate the zela potential of
bentonste and of bismuth subnitrate at 25° C. Why do we find both
positive and negative zeta potential values in this problem?

Partial Answer: Bentonile, { = —43.4 millivolis; bismuth subni-
trate, { = + 28.2 millivolts. The reader should see the paper by
Schout for the reason for the positive and negative { values.

15-22. Compute the ratio of concentrations at equilibrum of
diffusibve benzyipeniciliin jons ontside to those mside a semiperme-
able membrane when the concentration of an anionic polvelectrolvte
inside the sac is 12.5 x 107 gram equivalent per liter and that of
benzylpenicillin inside the sac is 3.20 » 10~* mole/iiter 2t eguilibrium.
Set up the Donnan membrane equilibrium (see equation (15-34)) and
solve the equation for the ravo of diffusible benzyipeniciliin ions
outside Lo those inside the membrane.

Answer: 222 t0 1

15-22. The Donnan efiect i¢ important 1n concenirating ions in
vanous body fiuid compartments. Tne interstitial fiwd of the body bes
pelween the vascular svsiem with 1s plasma and ervthrocyvies and
thé ussue cells of the body. Tne plasma and the cells contan
nondiffusible protemn anions, whereas the interstitial fiuid contains
only diffusible ions such a2« K™, N2~ , and CI™. Therefore the Donnan
membrane effect in the body is to influence the distribution of the
diffusile jons. The protein anions tend to attract and retamn small
catians (K° and Na”) in the tissue celis and biood vessels, and repel
smab amons (C]17) into the swrounding interstitial fiuid

1n the normal body the concentration of plasma protein is 16 mEq
liter and that of the chioride ions is 113 mEq/bier. What is the ratic
of chlarde jons across the interstitial (Awd, ouse: —Pplasma ...}
memirane? Hint: The Donnan membrane principle (equation (15-33))
is used to calculate the ratio of chioride lons

Angwer: [C17]1CI7] = 1.07t0 1

15—-24. The diffusion of 2 drug compound. solubilized in & micelle
and himdered by passage through microporous membranes, provides
3 method Lo control the release of the drur.

The ratio of the diffusion coefficient of a spherical particie in &
cvhndrical pore (D)) relative to the diffusion coefficient of the same
particle in free solution (D) is given by Lhe following equation®™:

DJD = (1 = £¥1 = 21044 §* + 2.089 £* - 0.948%) (15-41)
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free in solution
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Fig. 15— 19. Passage of pyrene, both free in solution and enclosed in a tmiceile, through large pores of a memorane.

where & is mr,, the ratio of the particie-to-pore radii, and D, is the
‘ntrapore diffusion coefficient. When the radius of the particie is much
smailer than the raaius of the pore. the intrapore diffusion coefficient
is practically the same as the diffusion coerfcient in free solution.

The diffusion of pyrene. solubilized in miceiles of the surfactant
sodium dodecyl sulfate, across microporous membranes at 25° C was
studied by Johnson et al."™ The radius of the micelle is 26 A and the
viscosity of the solvent 0.089 poise. The pore radius of the membrane
is 293 A.

(a) Compute the diffusion coetficient D of the miceile in the free
solution (see equation (15-7), p. 401).

(b) Compute the diffusion coefficient, D,. of the micelle particie in
the pore, Compare this value to the diffusion coefficient of free pyrene
(not present in miceilar form), which is determined in 2 separate
experiment. Dy, = 5.6 x 107" cm%sec. The radius of the pyrene
molecule is approximately 2.5 4.

{c) Comment on your resuits. Figure 1619 is helpful in viewing
the problem more clearly.

Answers: (a) D =9.4 x 107" cm¥sec; (b) D, = 7.6 x 107" em*sec;
{c) Hint: Is the radius of the pyrene “particle” larger in the mscelle or
in free solution? Are the diffusion coefficients directly or inversely
proportional to the radii? How can this information be used to design
a drug for passage through the membrane pores of a new dosage
form?

15-25. The change in molar solubility 5 with temperature of 2
surface active carboxylic acid, 3-(4-heptobenzyi) benzoic acid (HBB),
in aqueous solution at pH 7.0 is given in the table below (data read
from Figure 2 of Pandit and Strykowski*™). :

Plot log S (vertical axis) against UT (see Fig. 15-17) and estimate
the Kraflt point &, of the surfactant. See page 415 for an understand-
ing of the Krafft point.

Answer: K, = 43.3°C

15-26. According to Pandit and Strykowski'™ the Krafft point can
be estimated from a plot of the surface pressure = of saturated
solutions of the surfactant as a function of temperature (°C). The
surface pressure w 1§ the difference between the surface tensions of
the solvent and solution at a fixed temperature, = = v, 0 = Yasistson:
The surface pressure increases with temperature usually because the
concentration of surfactant in the saturated solution (the solubility)
also increases with temperature. When the Kraflt point is reached,
any further increase in temperature {and consequently. any increase
in concentration of surfactant) causes no additional change in surface
pressure. Therefore, the profile of surface pressure versus tempera-
ture reaches a plateau above the Krafft point. The K, value can be

sstimated from the intersection point of the two segments of the plot.

The surface pressure values = (dynescm) of saturated solutions of
1 surfactant at severai temperatures are is follows «data read ac pH
T from Figure 3 of Pandit and Strykowsid*").

Data for Problem 15-26

= (dyneiem) | 0 | 40 | 20 ‘ 23 | 213 i 13.8

T 1 ]
44 16|03 |
1

s e | |

T e lsa |52 |50 42|38 125

Plot the = values (vertical aws) against T (°C) and estimate the
Krafft point of the surtactant.

Answer: K, =49°CatpH 7

15-27. Cloud points of nonionic surfactants have been related to
praperties of micelles such as the critical micelle concentration (cme)
and the weight of the miceile. The etfect of various concentrations of
alconol and sodium suifate in soiutions of a nonionic surfactant on the
cloud point, the eme, and the aggregation number is shown in the
table.

Data for Problem 15-27

Additive Na, 80, None | Ethyl aicohol
Concentration | 0.5 N | D3N | 0.1 N | 0 | 5% wv | 15% viv
Cloud point 42.7 [ 49.7 | 58.0 |B4.0 | 759 107.0
(o)} |

| eme x 10¢ 48 { 4 1 60 |68 |75 1L.0

| (wt%) | |
Aggregation | 301 im 142 |1.es 06 |78
no. (n) i | |

Plot on a singie graph both the cmc and the aggregation number. #.
along the vertical axis against the cioud point (horizontal axis). Find
a linear relationship becween aggregation numoer and cloud point and
hetween cme and cloud paint. Use any transiormation of the
dependent variable (the vamable on the vertcal axis). to the
logarithm, the square root. or the reciprocal as necessary to produce
straignt lines. Then, compute the slope and the intercept. Comment
on your resuits; for example, note the sign of the slope obtained. and

Data for Proalem 15-25

|-1.:os]—2. 2

'1.354% —3.833“ -4.0

szl -
, 2
UT < 10eken 205 Lotos |

o)

1o |

—4.167} —4.375{ -4.708 ]
1 ]

vy
o

1

3

RY

319

3220 5.2¢
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the fact that the aggregation number n is related Lo the size of the
micelle.

15-28. The standard free energy of micellization AG™,, is related to’
the standard free energy of adsorption AG',, at the (air-saturated
monolaver) interface through the following relationship:

BG s = AG” = (TemeT mas) (15-42)
where =, is the surface pressure at the eritical micelie concentra-
tion; and the surface excess .., (pp. 373-375) is the maximum

adsorption (in number of moles per unit area) at the air-saturated *

‘monolaver interface.

The standard free energy of micellization of n-dodecyl B-D-
mahoside (DDM) in aguecus solution at 25° C is AG*,, = —31.8 kJ
mole™!. The surface tension of the solution at the critical micelle
concentration, measured by the Du Noily ring method, i v = 36.22
mN m~! a: 25° C;zand the surface tension of water at 25° C is 71.97
mN m~? (millinewton per meter). The minimum area per molecule
A e 8t the air—saturated monolayer interface was found by Drum-
mond et al? to be 48.% A% (1 A = 107" meter. therefore
1 A? = 1072 meter®.) The maximum value of I', the suriace excess.
corresponds Lo the minimum arez per molecule of DDM, I'n,

L —!-. where N, is Avogadro's number. I',,, is expressed in

Na Amn

mole/m?.
Compute the standard free energy of adsorption of n-dodecyl

g-D-maltoside at the air-solution interface. You will need the

A $ 1
EXPTessions, Teme = Yuster ~ Yeme 200 Ty = 55- 2
A Amin

Answer: AG",, = —42.6 kJ mole™ = —4,26 x 10" erg mole™’ =
=10,182 cal/mole. For an explanation ofthew'aumequmnn (‘15—421
and its applications, see Rosen et al @

15-29. Bromodiphenhydramine, an antihistaminic drug. shows
surface activity and forms micelles of aggregation number n = 11 at
302° K. The degree of jonizatoin « and the critical micelle concentra-
tian, oblained from Light-scatiering experimenis, are a = @/n = 0.20
and emc = 9.5 x 107 expressed as mole fraction. ** Compute the free
epergy of micellization per mole of monomeric drug. Express the

results in kl/mole. Hint: You will need equation (13- AB). Appendix
at the end of this chapter.

Answer: AG* = —31.6 kl/mole

15-30. Compute AG®, AH*, and AS® of micellization of an alicyl
dimethyiaminopropane sulfonate (a zwitlenonic surfactant). A" and
AS® can be computed from a regression uf Intemc) versus 1/T. The emc
varies with temperature as follows:

Data for Problem 15-30*

eme X 10° (mole fraction) 3 24 2.7

T () 15 2% i 35

*Dais based on B. Sests and C. La Mesa. Colloid Polym. Sci. 267. 748, 1882

Answer: (Hint: AG® = RT Inleme) = AH® — TAS".) AH® = 932
calimole, AS* = 14.76 e.u.; AG* = —3326 cal/mole, —3462 cal/mole,
and —3622 calmole at 15%, 25°, and 35° C, respectively

15-2L. (a) Compute AG p.e ior the nonionic surfactan of formuls
C2HadOC.H,)-OH 1n agueous solution at 10°. 25° and 40° C.
knowing that the eme in mole/liter = mole/kg water (molality units) in
this dilute solution. Therefore, the eme values at these 3 tempera-
tures are given s 12.1 x 10°*m. 8.2 x 10°*m, and 7.3 x 10"* m
respectively.

(b) Compute AG",,,... first changing the emc values of part (a) into
mole fraction units. The molecular weight of the soivent medium
(water) is 18.015 grmole. Does the value of AG* depend on the units
used for eme?

(e) Compute AH",, and AS®,,. using mole fraction uniis for the
eme in eguation (15- A10) (Appendix al the end of this chapier).

(d) Discuss the magnitude and rign of the thermodynamic quanti-
ties oblained for the micellization process in lerms of the several
kinde of interactions shown in Table 11-11. page 276

Partial Answer: (a) Using molabity units on eme. 8G*,,,. (10°C) =
-5.0 keal'mole; (b) using moie fraction units on eme., AG*y,, (10°C) =
-7.3 keal/mole and AG®,.. (40° C) = —8.4 keal/mole: (¢) over this
temperature range ANy, = +3.2 kealmole; A8, = +37.16 cal
(deg male) s



