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PREFACE

This thesis is the result of a general study of the phenomenon of
steric stabilization, which is the stabilization of colloidal dispersions
by adsorbed macromolecules. The main objectives were:

i) to develop a theory, in terms of experimentally determinable quantities,

| which gives a satisfactory prediction of the distance dependence of
the interaction between monodisperse stericaily stabilized latex
particles.

ii) to consider the use of Flory's free volume theory of polymer solutions
as a means of improving the theory 6f steric stabilization.

iii) to ensure that the experimentally observed correlation between the
critical flocculation point of a sterically stabilized latex and the
@-point for the stabilizer in free solution is reflected in the
predictions of the theory.

iv) to prepare and characterize a sterically stabilized latex which

_ flocculates on heating in a non-aqueous medium.

V) to study the effects of pressure on the critical flocculation point

' of sterically stabi]ized latices and on its correlation with the
®-point for the stabilizer in free solution.

vi}) to investigate the use of low molecular weight non-ionic polymers as
flocculants for sterically stabilized latices.

vii) to determine the quantitative effect of van der Waals attraction (as
calculated using Lifshitz theory) on the total interaction in

sterically stabilized latices.
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ABBREVIATIONS FOR POLYMERS

PAA poly(acrylic acid)

PAAM polyacrylamide

PAN polyacrylonitrile

PDMS polydimethylsiloxane

PE polyethylene

PEQ poly{ethylene oxide)

PHS poly(12-hydroxystearate)
PIB polyisobutylene

PMAA poly(methacrylic acid)
PMMA poly(methyl methacrylate)
PPO poly(propylene oxide)
PVA ' poly(vinyl acetate)

PVOH poly(vinyl alcohol)

PVP polyvinylpyrrolidone '

PLMA . poly(lauryl methacrylate)
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CHAPTER I

STERIC STABILIZATION




GLOSSARY OF SYMBOLS FOR CHAPTER I

(excluding appendices)

area per particle at slip-plane of close-packed monodisperse latex
particle radius

surface separation of spheres along line of centres

force along line of centres

normal component of force

free energy of mixing
excess free energy of mixing per unit area

osmotic free energy of interaction per unit area for two uncharged
sterically stabilized flat plates

AGOS for uniform segment density model

elastic free energy of interaction per unit area for two sterically
stabilized flat plates '

AGe] for random flight model
AGe] for uniform segment density model

AGe1 for Gaussian model

total free energy of interaction per unit area for two sterically
stabilized flat plates

excess enthalpy of mixing per unit area

Boltzmann constant
measured barrier layer thickness
contour length of polymer chain

length of polymer segment




average polymer molecular weight

number-average polymer molecular weight

weight-average polymer molecular weight

Avagadro's number

number of segments per polymer chain

number of solvent molecules

number of polymer molecules A

total disjoining pressure of stericéT]y stabilized Tatex

excess osmotic pressure in an uncharged sterically stabilized
latex

elastic pressure in a sterically stabilized latex

van der Waals attraction pressure in a latex
PT for uniform segment density model
POS for uniform segment density model
Pe1 for uniform segment density model

gas constant

elastic interaction parameter for sterically stabilized flat plates
Re1 for uniform segment density model

Ray for Gaussian model

Rel for random ffighﬁ model

quadratic approximation for Re]

unperturbed v.m.s. end-to-end distance of polymer chain

r.m.s. end-to-end distance of polymer chain {= a<r2>?)

elastic interaction parameter for sterically stabilized spheres



3e1 for uniform segment density model
Se1 for Gaussian model

Se] for random flight model

Se] quadratic approximation for Sel
excess entropy of mixing per unit area

elastic entropy of compression of an adsorbed chain between two
flat plates

Ase1 for uniform segment density model
ASe] for Gaussian model

absolute temperature
volume after deformation
volume before deformation

volume of Solvent molecule
molar volume of solvent
volume of polymer molecule
molar volume of polymer

volume of polymer seament
volume fraction of polymer in solution
specific volume of polymer

volume fraction of polymer in adsorbed layer at a distance x from
the adsorbing surface

mean volume fraction of polymer in adsorbed layer

normalised volume fraction distribution on one coated flat plate
with a second plate at distance d. '




mirror image of Gd on second plate
Gd for d + «

osmotic free energy of interaction for two uncharged sterically
stabilized particles (uniform segment density mode1)

elastic free energy of interaction for two sterically stabilized
particles (random flight model)

elastic free energy of interaction for two sterically stabilized
particles (uniform segment density model)

total free energy of interaction for two sterically stabilized
particles

intramolecular expansion factor

reduced distance of separation of coated flat plates (= d/L)
reduced distance of separation of coated spheres (= d /L)

ratios of the dimensions of a volume element after deformation to
those before deformation

ratio of the dimensions of a volume element parallel to an

y=5z)

theta or Flory temperature

adsorbing surface (= &

enthalpy of dilution parameter at infinite dilution
relative excess chemical potential of solvent

number of adsorbed polymer chains per unit area of one surface

extension parameter for adsorbed polymer chains (= L/<r2>%)

excess osmotic pressure

normalized segment density distribution of adsorbed polymer on a
flat plate with a second plate at distance d '



ﬁd. mirror image of £, on second plate

B ﬁd when d + =

T tetrahedral angle (= cos~1(-1/3))

¢, apparent maximum volume fraction of core particles whend =0
-¢p theoretical volume fraction of core particles

¢pm measured volume fraction of core particles

X reduced residual chemical potential of solvent or exchange free

energy parameter

Xy x in the limit of infinite ditution
X2 initial slope of x versus poiymer concentration plot
Xy coefficients of power series expansion of x in terms of polymer

concentration (i = 1,2,3 ....)
X' exchange free energy parameter

x; coefficients of power series expansion of x' in terms of polymer
concentration (i = 1,2,3 ....)

Y, entropy of dilution parameter at infinite dilution

w weight of adsorbed polymer per unit area



1. INTRODUCTION

One of the most significant experimental observations to be made in the
field of steric stabilization is that the 1imit of stability correlates, in
general, with the ©-point for the stabilizing macromolecules in free solution
(1-5). Exceptions have been noted (6) but these are usually associated with
extremes in experimental conditions {e.g., poor anchoring, multipoint anchoring),

which will be discussed in more detail in the following section.

The general thermodynamic conditions relating to the point of incipient
instability of a latex have been presented by Napper (7) and can be illustrated
using a stabjlity diagram (Fig.1). In a later chapter we shall use a similar
diagram to indicate the influence of pressure on a latex. Note that all
temperature changes can be represented by transition parallel to the entropy
axis and that the enthalpy axis is an impassable barrier (T = 0 K). A latex
which is entropically stabilized or combined entropically/enthalpically
stabilized cannot be made enthalpically stabilized (or vice versa) unless aH

and AS are changed (e.g., by changing the solvent medium (8)).

We may introduce the close correlation between the ©-point and the

critical flocculation point by placing

E .
AHM = AH
and
E .
ASM“AS

in Fig.1l, where AHE and Asﬁ are the excess enthalpy and entropy of mixing



Fig.1l. Stability diagram for sterically stabilized dispersions - methods
of thermal flocculation. Distance from the AG = 0 line is exaggerated

for reasons of clarity.
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free stabilizer polymer with solvent mediuin (but only include second and perhaps
third virial coefficients). Essentially, we are saying that all other contrib-
utions play a relatively small part in determining the point of incipient
instability of a sterically stabilized latex. Obvious exceptions include (i)
elastically stabilized latices (92,10) for which AHﬁ and Asﬁ are negligible
compared with the configurational entropy change of the stabilizer and (ii)
charged particles, which could remain stable in aqueous media of low ionic

strength even when the interpenetration of adsorbed polymers is favourable.

Iﬁ theory, we are concerned with uncharged particles stabilized by non-
jonic macromolecules; consequent]y we may ignore electrostatic effects. In
practice, electostatic contributions are likely to be small in non-aqueous
media and in aqueous media of high ionic strength. Generally, studies of the
flocculation behaviour of sterically stabilized dispersions in aqueous media
require ionic strengths of the order of 1 (11), which is more than sufficient
to negate any electrostatic effects due to charged particles or ionic stabil-
jzers. We feel justified, therefore, in ignoring these effects for the majority

of cases.

To begin this chapter, we discuss the development of previous theories
and compare them with published experimental results. After enumerating some
of the inadequacies of these theories, we develop a more general theory which
allows, in part, for the concentration dependence of the interaction parameter.
In addition, we present a simple means of estimating the elastic interaction
between sterically stabilized particles for the case of uniform stabilizer

density. The derivation of this elastic effect is not intended to be rigorous,



but gives similar results to those obtained by random walk statistics, which

often require extensive numerical calculations {(12,13).

After extending the theory to spheres, using the Derjaguin approximation
(18), we present a general method for calculating the excess pressure of a
stable concentrated latex in terms of the volume fraction of core particles or
the particle separation. The theory will be compared with some experimental
results (from the Titerature), which describe the distance dependence of the
steric interaction. As will be shown, the experimental systems studied in the
literature are far from being ideal model systems. This makes comparison with
theory very difficult. A1l numerical calculations will be performed using the
uniform segment density model described in the text so as not to intrude on a
subsequent thesis by Smitham that will discuss other distribution functions
(e.g., Gaussian, exponential). Finally, we shall demonstrate that our theory
predicts the experimentally observed correlation between the point of incipient
instability of sterically stabilized latices and the ©-point for the stabilizer

in free solution.

As steric stabilization theory is based mainly on the theory of polymer
solutions, we also looked at the possibility of using a "state of the art"
polymer solution theory such as Flory's free volume theory (FVT). The results

of this investigation will be discussed in appendix 1.1.



2. COMPARISON OF PREVIOUS THEORIES WITH EXPERIMENT

There have been many attempts (e.g.,11,12,15-27) in the past quarter |
century to formulate qualitative and, more recently, quantitative theories of
‘steric stabilization. It has been shown (6) that the “"entropy theories" (e.qg.,
16,18,19-23) suffer from the serious neglect of solvency contributions. Recent
experimental studies (1-5) on model sterically stabilized latices show that the
solvency of the dispersion medium critically determines their stability. Neglect
of the dispersion medium leads to the erroneous conclusion that all sterically
stabi]iied dispersions are stable solely by virtue of the configurational
entropy of the adsorbed polymer chains. Fischer (17), in 1958, was the first to
acknowledge the importance of solvency. His stability theory is based upon the
generation of an excess osmotic pressure caused by an increase in stabilizer
concentration in the interaction zone. The resulting solvent diffusion gradient
opposes this increase in concentration, thereby resisting the approach of the

particles. A uniform segment density in each stabilizer sheath is assumed.

Meier (12) and Hesselink et al (13,28,29) have derived segment density
distribution functions for adsorbed "tails" and "loops" at planar interfaces
and have calculated the configurational entropic repulsion between opposing
pairs of such interfaces. Meier's calculations are incorrect owing to the
inclusion of certain forbidden conformations in his segment density distrib-
utions. Both authors have combined this entropy of repulsion with a solvency
term based on Fischer's resqu but using their calculated segment densities.
However, in spite of this seemingly great improvement in the gquantitative

accuracy of the theory, the Hesselink, Vrij and Overbeek (HVO) formulation (13)



is at odds with the experimental evidence (1-5,30,31). Moreover, while
Fischer's model behaves at least qualitatively in accordance with experiment,
the HVO model seems to fail even at this level. Before going into possible
reasons for this disagreement, the predictions of the above proposed theories

will be compared with available experimental results.

In essence, Fischer's theory states that the free energy of repulsion AGR
between sterically stabilized particles is directly proportional to the second
virial coefficient (Az) of the polymer in free solution:

AGR e AZ

Qualitatively, this theory predicts (i) that instability should be evident in
solvents worse than 9-solvents (since A, becomes negative), (ii) that the point
of incipient flocculation should occur close to the ©@-point where A2 = 0 and
(i11) that no marked dependence of the incipient flocculation point upon the
molecular weight of the stabilizer or the particle radjus should be observed.
A1l of these qualitative predictions have been confirmed by experiment (1-5,30,

31).

The corresponding predictions of the HVO theory are represented in Fig.2
(13). Incipient flocculation 1ines,above which the dispersions are stable, are
calculated for dispersions of flat plates stabilized by tails. Similar results
are expected for loops. If the Derjaguin method (14) is used to calculate the
repulsion for spheres from the repulsion for flat plates, qualitatively similar
findings regarding stability are evident (32). The intramolecular expansion
factor a is répresented on the abscissa in Fig.2. This is a measure of the

qua]ify of solvency of the dispersion medium for the stabilizing macromolecules.



Fig.2.

Lines of demarcation between stable and unstable dispersions
of flat plates according to the HVO theory. M is the molec-
ular weight of the adsorbed tails, o is the intramolecular
expansion factor {(a = 1.00 at the ©-point).
Lines: {1) square particles of side 200 nm ,

(2) square particles of side 100 nm .

Amount of adsorbed polymer = 2 x 1072 g cm=?

Hamaker constant = 10 x 1072! J.
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TABLE 1

Molecular Weight Dependence of the Critical Flocculation Temperature (6)

Stabilizing

Moiety <M> Cft/K e/K
PEO 1.0 x 108 317 + 2 315 + 3
PEQ 8.0 x 10° 316 316
PEO 3.2 x 10° 315 314
PEQ 9.6 x 10% 316 315
PEC 4.9 x 10* 316 314
PEO 2.3 x 10% 314 315
PEQ 1.0 x 10" 318 319
PAA 9.8 x 10° 287 + 2 287 +'5
PAA 1.9 x 10" 289 287
PAA 5.2 x 10" 283 287
PAA 9.0 x 10* 281 287

Results for PEQ are from ref.2 and those for PAA are from ref.5.
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The following comparisons of the predictions of the HVQ theory (13) with

experiment may be made:

i)

Stability is predicted in solvents worse than ©-solvents {o < 1.00).
There is no special significance placed on the points corresponding to
a=1.00 (i.e., the ©-point). Table 1 displays some typical experimental
results which show that the ©-point corresponds closely to the Timit of

stability of sterically stabilized dispersions. Over forty different

critical flocculation points (cfp's) have been shown to correlate with

the corresponding ©@-points for the stabilizing macromolecules in free
solution (1-5,30,31). The same conclusion is reached whether flocculation
is induced by addition of non-solvent, by heating or cooling the latices
or by applying pressure (see chapter on high pressure studies). This

correlation is not apparent in Fig.2.

The HVQ theory implies that the cfp is strongly dependent on the molecular
weight (M) of the stabilizer (Fig.2). We have shown (6) that, according
to the HVO theory, two latices stabilized by polymer chains which differ
in molecular weight by a factor of ten should differ in their cfp's by

~ 100 K. Again, we see from Table 1 that this prediction is not substant-
jated by experiment. The critical flocculation temperatures (cft's) of
the latices stabilized by poly(ethylene oxide) (PEQ) were achieved by
heating; the cft's of the latices stabilized by poly(acrylic acid) (PAA)
(5) were achieved by cooling. Note that the molecular weight of the PEQ
varies over three decades and that of the PAA varies over one decade. Cft

variations are at least an order of magnitude less than those predicted by



iii)

10
the HVO theory. The molecular weight dependence of the cfp observed by
Heller (33,34) and Molau (35-37) has been explained in terms of desorption
or lateral movement of stabilizer in the interaction zone (6). Such
effects are expressly forbidden by the HVO model which requires the stabi]-.
izer to be irreversibly anchored to the particle surface. Heller (34)
found that electrostatically stabilized dispersions which were additfona]]y
stabilized by unanchored PEO could be flocculated by, e.g.,0.5 M KC1 at 20 C.
We have confirmed this observation and repeated the experiment using
anchored PEQ of similar molecular weight. The latices stabilized by
anéhored PEQ are stable in 0.5 M KC1 and, in fact, stable in 3.0 M KC1,
which is a much worse solvent for PEO. HVO have suggested (13) that the
observed insensitivity to molecular weight may be due, in part, to extra
adsorption of the PEQ segments. This would decrease the nominal molecular
weight. Apart from the arguments against this possibility proposed in
ref.6 it seems highly unlikely that polymer molecules with molecular
weights ranging from 10* to 10° would automatically adsorb to give loops
of such a constant molecular weight that the cft corresponds with the ©-
point for the polymer in free solution. Indeed, the extension data is
against this proposal (38). This process would have to allow automatically

for particle size and surface concentration of polymer.

The HVO theory predicts stability to be possible in solvents considerably
worse than O-solvents. Moreover, they assume that the stabilizer has the
same solution properties whether or not it is adsorbed (i.e., their
stability curves are constructed using the free solution properties). For

the purposes of the model this is not unreasonable. However, the only
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instances which have been recorded in which sterically stabilized latices
were shown to be stable in worse solvents than ©-solvents can be explained
in terms of "enhanced” steric stabilization (39). We have observed that
stabilizer molecules, even when anchored at a sufficient number of points
along the chain, cease to exhibit the free solution properties. It is

then no longer valid to compare the cfp with the @-point in free solution.

jv)  The HVQ theory predicts that the stability of latices should be inversely
proportional to the particle radius in Derjaguin's approximation. Our
results show that the cfp's of aqueous and non-aqueous latices are

relatively insensitive to the particle radius (1,2,5).

So far we have seen that the entropy theories proposed by Mackor and van
der Waals (15,16), Jickel {18) and Clayfield and Lumb (19-23) fail as general
theories because they ignore the effect of the solvent medium completely. We
found that Fischer's solvency theory (17) is in qualitative agreement with
experiment but it cannot be used for situations in which the particles are
separated by distances less than the barrier layer thickness {compression region).
This theory also disregards virial coefficients higher than the second and
represents the stabi]izer segment density distribution as a step function; thus
the quantitative aspects of the theory are in doubt. Finally, we have seen
that the hybrid entropy plus solvency theory of Meier (12) and Hesselink (13,28,
29) fails to predict the stability properties of model latices (1-5,30,31).

We will now examine the more recent solvency theories (24-27,40,41).

Basically, they all state that the free energy of repulsion is zero at the ©-
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point becaus2z only excess mixing terms are considered. The belief that the

entropic volume restriction or elastic contribution is unimportant relative

to the mixing or osmotic contibution is supported by the conclusions of Dorosz-
kowski and Lambourne (40) whose experiments on steric barriers are explained
best by models which ignore volume restriction. Ottewill and Walker (24) have
interpreted Fischer's model (17) in terms of dilute polymer solution theory
(42). Doroszkowski and Lambourne (40) allow relaxation of segments away from
the lens-shaped interaction zone, as does Bagchi (25). Napper, Evans and
Smitham (27,41) use an interpenetration and compression model applied to

uniform, Gaussian and Hesselink-type segment density distribution functions.

The only osmotic theory which does not predict a close correlation between
the cfp and the o-point is that of Bagchi (25,26), although the author states
expressly that these points coincide. His error lies in an improper "improve-
ment" in the formulation of the free energy of mixing in the interaction zone.
In the past, the concentration dependence of both the entropy and enthalpy of
mixing has been ignored. Bagchi has inc]ﬁded the full concentration dependent
gn%épy term from the lattice theory (42) but has ignored the concentration
dependence of the enthalpy. Inclusion of one without the other results in the

destruction of the correlation between the cfp and the 0-point.

Recently, Dolan and Edwards (43,44) have developed a novel theo%& of
steric stabilization which incorporates both elastic and osmotic contributions
in a single model. They treat the entire problem as one of conffgurational
repulsion. The presence of the solvent is accounted for indirectly by assigning

a thermodynamic excluded volume to the polymer. The number of possible
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configurations of the adsorbed polymer chains is reduced by: i) the exciuded
‘volume of the polymer on the surface considered; ii) the excluded volume of the
polymer on the surface of the second approaching particle; ii1) the surface of

the second approaching particle.

By using a self-consistent field approach, which was originated by Hartree
(45) and adapted by Edwards (46), allowance can be made for the change in
configuration of the adsprbed polymer due to the excluded volume effect. The
self-consistent field approach involves extensive iterative computations and the
problem cannot as yet be solved analytically. Basically, the method consists
of replacing the required segment density distribution by a self-consistent
potential field and solving the random walk problem in the presence of this
field. The field itself is the solution to this random walk problem. For a
general treatment of the self-consistent field approach to the excluded volume

effect, see Yamakawa (47).

Unfortunately, the complete theory of stertc stabilization,. as proposed
by Dolan and Edwards (44), is ana1ytica11y intractdble. Nevertheless, such a
theory is necessary if only to compare it with the entropy plus solvency
theories. Shortcomings of the theory include the neglect of the concentration
dependence of the interaction parameter x (42) (embodied in their excluded
volume parameter u = (3 - X1)) and its present inability to account for negative
excluded volumes (i.e., X1 < k). Until thg theory is extended to negative
values of u, no reliable predictions can be made concerning the cfp of steric-

ally stabilized particies.
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Approximations for the excluded volume effect have been presented by
Dolan and Edwards (44) but these offer no advantage over the Flory-Krigbaum type
mixing effect. In fact, the best approximation to the complete solution is

probably that given by the usual entropy plus solvency theories.

One final point to note is that when the excluded volume is zero (i.e., at
the 0-point) the results of Dolan and Edwards coincide with those of Hesselink
et al for random flight chains. Dolan and Edwards have derived very useful

approximations for the configurational entropy of confined adsorbed random flight

chains (43) and we shall have occasion to use their results in the section on

elastic repulsion.
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3. BARRIER LAYER THICKNESS AND PARTICLE SIZE IN MODEL LATICES

The comparison of theory with experiment requires that the latices conform
to the specifications of a single model. A general theory that describes the
behaviour of all possible types of latex has not been formulated. In the mean-
time a series of theoretical models that, hopefully, approximate to the real
latices must be postulated. The comparative dearth of experimental results
available at present indicates that many of the models so far suggested in the

Titerature have not been tested satisfactorily for validity.

The most popular models in uSe (13,24,25,40,41,48) all rely upon polymer
solution theory and statistical thermodynamics, all assume‘irreversib]e
stabilizer adsorption and all neglect the effects of bound charges. Despite
their apparent similarity, they yield not only quantitatively different but also
qualitatively different predictions. It appears that, in part, the disagreement
is a consequence of the approximations made on the basis of a single parameter.
This parameter is the ratio of the barrier layer thickness L to the particle
radius a. Apart from a mention of enhanced steric stabilization, the following
discussion applies only to stabilizers which do not interact specifically with

the particle surface except through the anchor polymer.
i) a<<lL
Under these conditions, the adsorbed polymer is essentially unperturbed

by the presence of the particle. We have, in effect, a very large polymer

molecule 1in free solution with a small particle imbedded in the centre.
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The particle creates a "super" polymer molecule by adsorbing several
stabilizer polymer molecules, thus reducing the translational entropy of
the polymer. During collisions, the particles present small cross-
sections to the approaching polymer chains. -Configurational changes
should therefore be small and the elastic or volume restriction effect
(12) negligible. In any case, before the elastic effect can begin to
operate, so much stabilizer would have interpenetrated that solution
thermodynamics easily determines stability. In fact, the flocculation
process would be very similar to that of phase separation of "infinite"
molecular weight polymer (27).

a~L

The polymer is perturbed by the particle and must extend into the solvent
medium in order to partially regain lost configurational entropy resulting
from the loss of available space (53). Under these conditions we expect
that stability is still determined by the solution properties of the
polymer which, according to the lattice model (42}, are reasonably
independent of the configuration of the polymer as long as it remains
constant (49). In highly concentrated latices (50-52), when the external
pressure is made to overcome this thermodynamic contribution, the elastic
effect can become important. A1l latices are expected to resist
compression at sohe stage, even when flocculated, because of the elastic
effect, which is relatively insensitive to solvency conditions. The high
curvature of the particles also reduces the elastic effect with regard to
stability in uncompressed latices (40). In a flocculated latex, the
elastic and thermodynamic(or osmotic)effects tend to balance when the

particles are separated by a certain equilibrium distance at which the
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interaction energy is a minimum. If a flocculated latex were so concen-
trated that the average interparticle distance were significantly less
than this equilibrium distance, then the latex would appear to be stable.
For example, a latex of particle radius 100 nm and with a stabilizer layer
of thickness 30 nm would probably resist compression to much less than a
volume corresponding to an interparticle separation of ~30 nm, even when
the segment mixing term is favourable. The elastic effect, as we shall
see, becomes dominant fairly soon after the particles start to compress
the adsorbate. For the above latex, apparent stability should be observed
at core particle volume fractions greater than ~0.5 since there is no
opportunity for the particles to form preferential contacts. The result
would presumably be a gel-like latex such as that observed by Cairns and
Ottewill (50). Similarly, electrostatically stabilized dispersions, which
are stable, can be flocculated at high concentrations because the electro-
static potential barrier is overcome by the confining boundary of the
latex. Thus the term "stability" is used in the present context to

describe the resistance to spontaneous aggregation in dilute latices.
a >>L (including flat plates)

Elastic repu]sionlmay significantly contribute to stability in this extreme
case. The configuration of the stabilizer polymer may be sufficiently
perturbed by the particle to render free solution thermodynamics inapplic-
able to the adsorbed polymer, unless the stabilizer chains are long. The
reason for this stipulation is that short polymer chains have been found

to be much more affected by adsorption than long chains; experimental
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results (e.g.,54,55) indicate that short chains can be almost fuliy
extended when adsorbed at one end. Terminal adsorption of {uncharged)
long chains could not reasonably be expected to result in such an
unfavourable configuration. For example, if we consider a freely jointed
chain of n segments, each of length %, the one-dimensional root-mean-
square end-to-end distance is R(n/B)lﬁ (42). Suppose that adsorption
changes this dimension by a factor £ normal to the interface. The
absolute change 1is l(n/B)%(g - 1) and the change measured in units of the
contour length (n&) is (& - 1)(3n)'%. This last expression can be consid-
ered a measure of the perturbation caused by extension. Monte Carlo
-calculations (56) indicate that £ is insensitive to chain length.
According to these simple calculations, we would expect the perturbation
to increase with decreasing chain length. By using very large particles
or flat plates, therefore, we could have long adsorbed chains and still
have a >> L. The chains would be only slightly perturbed so that free
solution thermodynamics should give a reasonable guide to the behaviour
of the stabilizer (and latex). More often, the particles would be of
average size (~100 nm) and, in order to satisfy the condition that a >> L,
the stabilizer would have to be in the form of short tails and/or loops.
Long chains may be transformed to short loops by multipoint anchoring,
which could result in enhanced steric stabilization {39). In fact,
enhanced steric stabilizatjon may be partially attributable to the inter-
vention of the elastic effect. Large particle/short chain latices would
be expected to exhibit stability in worse than ©-solvents if the tendency
for the stabilizer to overlap is overcome by the configurational entropy

loss before sufficient segment-segment contacts are made to ensure



18

flocculation. Finally, if the stabilizer layer is very thin, van der
Waals attraction may cause flocculation regardless of the properties of

the adsorbed layer.

Variation of the ratio a/L in experimental model latices would be expected
to yield results which supported the solvency theories (Fischer, Napper and
Evans, Bagchi, Doroszkowski and Lambourne, Ottewill and Walker) when a/L is not
too large, and the solvency plus entropy theories (Meier, Hesselink) when a/L

is very large and L is small {short chains).

“In the following sections we shall develop a theory of steric stabilization
which allows for the concentration dependence of both the entropy and enthalpy

of mixing.
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4. A GENERAL THEORY WHICH ALLOWS FOR THE CONCENTRATION DEPENDENCE OF X

The excess free energy of dissolution of stabilizer polymer in the solvent
medium can be obtained by a straightforward application of Flory's theory for
concentrated polymer solutions (42), modified to allow for the concentration
dependence of the interaction parameter. Approach of the coated particles
during Brownian collisions results in changes in stabilizer concentration and
the concomitant free energy changes contribute to the total interaction potential

between the pértic1es.

‘We make the assumption that the osmotic and elastic or configurational
effects are separable. At present, alternative assumptions (44) Tead to non-
analytical solutions, as in the self-consistent field approach of Dolan and

Edwards (43,44,46).

4.1. Free Energy of Mixing Adsorbed Polymer and Solvent

According to the original lattice theory (42), the free energy of mixing

n, polymer molecules with n, solvent molecules is given by
AGM = kT(nllnv1 +n,lnv, + x'nlvz) {1}

where v, and v, are the volume fractions of solvent and polymer in the mixture
and y' is the contact exchange free energy parameter for the particular system
considered. Qur use of this expression will be confined to calculations
involving adsorbed polymer. The second term within the brackets of eq.{1}
arises from the entropy associated with the number of ways of distributing the

centres of gravity of the polymer molecules over the volume of the mixture
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compared with distributing them over the volume of the pure polymer. Since the
average configuration of the macromolecules is overwhelmingly dominant, we can
neglect all others in our entropy calculations (57). The position of the centre
of gravity of a polymer molecule attached to an interface may be assumed fixed

at the average position under a given set of equilibrium conditions. Only one
arrangement is possible for fixed points, therefore the ideal entropy of attached

polymers is 1nl1 = 0.

The excess free energy of mixing attached polymers with solvent 1is

86k = KT n,{In(1 - v,) + x'v,} {2}
=kT%U-vQHM1-%)+wH} (3}
V%
where n, =
1
v, = (1 - vz)
V1 = yolume of solvent molecule
V = volume of solution

This equation holds only for uniform v,. In general, v, depends on
position in V; the free energy of mixing must be found by summing over all

volume elements small enough to contain a uniform local segment density:

1

s(a6f) = KL (1-v,)0In(1 - v,) + x'v, 3oV . {4}

Differentiation of this expression with respect to n, and multiplication by

Avegadro's number yields the excess chemical potential of the solvent:
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“E = RT{In(1l - vz) v, +7iv:} . {5}

x is an exchange free energy parameter not necessarily equal to x' unless
they are independent of v,. Originally (42}, x and x' were assumed to be
independent of concentration. This assumption is still made by workers in the
field of steric stabilization (e.g.,12,13,24-27,44), although it is well estab-
1ished that y and x' depend strongly on concentration for the majority of

systems (49).

¥ is often expressed {e.g.,58) as a power series in v:
X =X, XV, t xav: + ... 6}
To allow for differentiation, Koningsveld et al (58,59) have shown that if y'

is given by

PULE TR AR A HE I {7}

the coefficients are related by
x; = 104 - x4y > {8}

where i is an integer greater than zero. Summing on both sides we have

I == 1 %+ X
i=1 ' i=1 i=1
= X!
Similarly,

X, © Z T s
i=2
© Y.

X, = 1 —%— etc.
o i
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In general,

w Y.
xé = 7 -}- . {9}
i=j
Therefofe
ooy o« < Xas
v, = v, I he il e vl
i=1 i=2 i=3 '
=12 {10}
=1 i=j !
As a poWer series in v, ,
@ ]
n(l-v)=-1 .2 {11}
=1 7

Substituting eqs.{10} and {11} into eq.{4} we find the free energy of mixing

in the volume element as a power series in v,:

E kT e S X1
6(aGy) = Tl(1 v,) 1 v (] T‘ - )
j=1 i=j
i+l
«© ¥ © Y.
o - xev - Mva- 1 De o a2
1 _ 1 : -

1 1

Summing over all volume elements, we arrive at the total free energy of mixing '

in the adsorbed layer:

1,1 | i+1 kT v X
Ll -y J"l o - Kooy S Jvzd\' {13}
1 0 ! =1 '

E . KT
AGM = w

n o~ 8

.i
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It is general practice (e.g.,13,44) to assume that the surface coverage
of polymer is high enough to make the segment density uniform in any surface
parallel to the adsorbing surface. v, depends only on the direction normal to
the surface (denoted the x-direction). Therefore, the free energy of disso]utioﬁ

per unit area is

1, 1 i+l kT T X
;‘(i+1 = X ) va dx - <1q(1 -] —70 vadx {14}
1 0 i=1 1 0 7

kT
V

1

E
AGM

N ~18

i

where Vy is the volume fraction of polymer at a distance x from the surface.

If Q@ is the normalized volume fraction distribution when the second
barrier is at infinite distance, Gd the corresponding distribution at separation
d and v the average segment density in one adsorbed Tayer of experimental

thickness L, we have

-} N * ® oy,
: - + ~44 -
seh=) = AT p o el - ) [l - BTwa- 1 h ., s
1 . 1 h|
i=1 0 i=1
where
S vn_V
G - 5 S ,
L
v = number of adsorbed chains per unit area of one surface
ng = number of seagments per chain
Vs = yolume of .one segment.

This is the normalised free energy of dissolution of adsobed polymer per
unit area of two flat plates separated by a distance d == . The corresponding

expression for any distance d is:
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d
E S PR P N PR | A A vt 2kT v 4
she) = & T 0™ e - %) Jig+ 9 e - Hlaa Zl L
i=1 0 j=

where Gd' is the mirror image of ;d on the second surface (12).
4.2. Mixing Term for the Interaction of Two Coated Flat Plates

The change in free energy during the approach of the two coated surfaces

is
0s M M ’
where the subscript 05 indicates that this is an osmotic effect. Thus
d (-]
o 1 . .
- kT (vi )1+ 1 " ~ i+l ~i+1
MGos = V ) (ifl - Xi) {]{vg * Vd') dx - 2 |v_ “dx}. {18}
i=1 o 5

This free energy may be expressed in terms of normalized segment density

distributions {5) by placing

~ ~

p=v (Note: oV, = v)
and
vn_V
G - S S
L
d
i+l ®
_k T (”nsvs) a A yitl ~1+1
AGOS = Tl 2 1 (1+1 - 1) { (pd + pd.) dx - ZJDW dx} . {19}
i=1 0 0

The first term of the series in eq.{19} is:
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d d -
A6 = ZTy2a2v2(y - x,) {J 24y + Ja By dx - ]ade} (20}
0S(i=1) \f1 Xy d"d °°
9 0 0

which is the equation used by Meier (12), Hesselink et al (13) and Evans and
Napper (27) for the change in free energy of mixing per unit area between
approaching coated plates. By including a further term we can allow, to some

extent, for the concentration dependence of X. The next term in the series is:

d d d o
% - "Tv“st—- ){J sdx + 3 [p2p, dx + 3 (3,53 dx - [pldx). (21}
0s(i=2) - Y, X 2 |PdPe 7 2 |Pdd
0 0 0 0

Although this and higher terms have previously been neglected, it can be shown
that the ratio of GOS(1=2) to GOS(1=1) is often of the order of v when the

stabilizer layers overlap extensively.
4.3. Extension to Spherical Particles

The Derjaguin approximation provides a convenient method of calculating
the interaction between spheres from that between flat plates (14). The great
advantage of such a general procedure is its independence of the nature and
distance dependence of the interaction energy. The only major disadvantage is
that it can only be used with precision for particles of radius appreciably
greater than the range of the interactions (which can usually be arranged
experimentally). We shall use this consistent procedure in preference to the
more artificial geometric approaches (e.g.,25,52) which rely heavily on the

geometry of the interaction zone.
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The potential energy of interaction between two jdentical spheres of
radius a, whose surfaces are separated by the distance d0 (measured along the

line of centres), is (14):

o0

My = ﬂaJAGOSd(d) . (22}
. |

0
This is the osmotic contribution from therchange in free energy of mixing.

AGOS is obtained from eq.{18}. After substitution:

d
kT Tyttt o Aon vt ~j+1
AVOS = mal v Y ; (1-+1 - Xi) { (vd + vd.) dx - 2|v_ “dx}d(s) , {23}
.i=1 Q 1} 0

where separations of the particles are measured in units of the barrier layer
thickness L (8, = d /L and & = d/L).
As § —+ = Qd - Qm
and Gd|+ Gw -
To use these expressions, we must formulate the segment density or volume

fraction distribution functions and find ;.

In these derivations, we have expanded the logarithmic entropy term and,
in so doing, eliminated the significance of the point v, = 1, which is the
maximum possible value of the polymer volume fraction. Under most circumstances
this point will not be approached and if it is, no existing theory of steric
stabilization will apply. However, for the sake of completeness, we include
in appendix 1.2 a treatment of the above work which retains the logarithmic

form of the entropy of mixing.
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5. THE CONCENTRATION DEPENDENCE OF X.

5.1. Theory

The solvency conditions under which the osmotic free energy of inter-

penetration and compression (eq.{18}) becomes zero are given by:

o0 [+ ¢} 1
) Xy < 234—1 {24}
i=1 i=1
The simplest set of solutions which satisfies this equation is
1
X'i = -i'_*'-—f . {25}

When 1 = 1 we have the familiar relationship (42)
Xy = %

which is used to represent x in di}ute solutions at the O-point and is legit-
imate whether x is concentration dependent or not. However, it is also common
practice to use x, = % = X, (eq.{1}) for dilute solutions at the ©-point
(e.g.,13,25,27). This is valid only when x' and x are independent of conc-
entration. To be precise, in the 1imit of infinite dilution, at the O-point

(eq.{9}):

>
e

x)= I =1 {26}

and x; = % only when ) s . The significance of this last stipulation
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is that all higher powers of concentration {than the second) in the combinat-
orial entropy term are made to cancel with those in the enthalpy term; i.e.,
the third and higher virial coefficients are placed equal to zerc under all
conditions. It has been shown theoretically that the third virial coefficient
is 11ke1y to be negligible at the ©-point (42,60). However, its neglect in
good solvents may make a significant difference to the distance dependence of
the interaction between coated particles. VThis difference may be particularly
noticable when the theory is applied to the results of experiments performed
on highly concentrated latices (50-52) in which segment densities can be very

high indeed.

® Y.
Although we cannot avoid the difficulty of requiring that ) f%-= 1 at

i=1
the O-point, we can start by assuming that x, = % and X, = %—are reasonable at
the ©-point; which leaves us with
T X1
y T35 - (27}
i=3

There are indications that even x, = % is not unreasonable (see below). The
only ad hoc assumption needed in that case would be
X

.T
4

=% {28}

H ~18

i
Equation {28} is partially justifiable in that our theory requires that a
o-solvent behaves as such for all concentrations of polymer. Such a solvent
would be a perfect 0-solvent. We do not expect the tHeory to apply, in pract-

jce, when the polymer concentration exceeds 20-30%. Additional]y,.according
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to statistical theory (60,61), all of the virial coefficients are positive
(in good solvents) if the superposition approximation is valid (60). Accord-

ingly, in good solvents, X; < T%T and the only way we can have

X ,
—g—= 1 at the 0-point is for each X4 to approach ;%T-from below (although
1

it o~ 8

.]‘
not necessarily at the same rate). Thus statistical theory supports eq.{25}
as a thermodynamically valid set of solutions to eq.{24}.

Having accepted that x, = % and x, =-% at the @-point, we go further and

suggest that
2X,
X = T {29}
3
is a reasonable first approximation near the @-point. The theoretical justif-

jcation for the dependence of X, O X, is as follows (62):

i) (% - x,) and (%—- X,) are related directly to the second and third osmotic
virial coefficients T, and T, because they are coefficients of the square

and cube of the concentration respectively. Expanding eq.{5} for example:
E - 10 2, (L. P+ }
WE e RTL0s - VI (G Vet e )

The excess osmotic pressure of the solution is

3
nE=--“TI=+~—{(%-X1)V§+(%'Xz)"g” v b
1
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This is a virial expansion with I', and T, as the second and third coeff-
jcients (the ideal term is zero). Quantitatively, the lattice approach is
unsatisfactory for predicting the behaviour of T, (62), therefore we will

not equate T, with.(% - Xl) or T'_ with (%—- X, It is expected, however,

).
that when T, and T, are zero, x, = % and X, = %u
Stockmayer and Casassa (60) have shown that when ', is zero, T, is zero.
Even for an array of hard spheres this is true (60). We may infer that as
X, > 3, X, * %3 in keeping with the abovementioned requirements of
statistical theory. Equation {29} was chosen as the simplest possible
form of the dependence of x, on x, which allows the third virial coeff-
jcient to vanish with the first. At most, eq.{29} may be considered a
semi-empirical relationship, useful for many systems when x, is not too
different from %. We will now test eq.{29} on several systems reported in

the Titerature.
Experimental Evidence

The data and results of free volume theory calculations represented in

Figs.3 to 8 were transcribed from the following references:

Fig. ref(s).
3a 63

3b 59,64
4a 65

4b 66

5 67,68
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Fig. ref(s).
6a 69,70
6b 71

7a 69,72
7b 71

8a 73

8b 74

Only two systems could be found that were investigated under G-conditions:
polyisobutylene (PIB) in benzene at 297.5 K (63,68) and polystyrene (PS) 1in
cyclohexane at 307 K (59,75). Both systems, as pointed out by Krigbaum and
Geymer (62), exhibit x, = %-(1ines 1). Even the additional assignment of
X; = % (1ines 2) gives a reasonable fit to the data at high concentrétions.

The general placement of X3 = T%T at the 9-point is not justified by this
experimental evidence; instead we must 1imit our use of the interaction formulae
to moderate concentrations. Note that ianigs.4b and 7b the two sets of data
for polydimethylsiloxane (PDMS) in benzene yield X, values which may be accurate
to only #0.03. This is a totally unacceptable situation. The temperature
dependence of X, is such that IaxlfaTi ~ 1073 K-! may be considered typically
of the right order of magnitude (59,67,68,75) near the ©-point. Therefore, an
error of +0.03 in x, could result in a very large uncertainty in © (~30 K).
Since no theory can as yet accurately predict the ©-point of a polymer solution
from first principles, we are forced to fit the theory to the experimental

data - particularly in the region of the ©-point, which.must be found

accurately.



Fig.3. Concentration dependence of the interaction parameter X.
(a) PIB in benzene at 298 K,
(b) PS in cyclohexane at 307 K.

15(1 + 2v,/3),

5(1 + 2v,/3 + vi/2),

Lines: (1) x
(2) x

(3) Predictions of free volume theory (FVT).






Fig.4. Concentration dependence of the interaction parameter X.
(a) PIB in n-pentane at 298 K,
(b) PDMS in benzene at 298 K.
Lines: (1) x = X1(1 + 2v,/3},
(2) FVT .
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Fig.5. Concentration dependence of the interaction parameter X.
Lines: (1) PDMS in chlorobenzene at 298 K,
(2) PDMS in chlorobenzene at 333 K,
(3) PDMS in toluene at 293 K,
(4) PIB in benzene at 297.5 K,

all lines fitted to x = x, (1 + 2v,/3).
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F'ig.S. Concentration dependence of the interaction parameter x.
(a) PS in methyl ethyl ketone at 298 K,
(b) PDMS in toluene at 298 K.
Lines: (1) x = x,(1+ 2v,/3),
(2) FVT .
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Fig.7. Concentration dependence of the interacti
(a) PS in ethylbenzene at 298 K,
(b) POMS in benzene at 298 K.
Lines: (1) x = x,(1+ 2v2/3),
(2) FVT .

on parameter X.
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Fig.8. Concentration dependence of the interaction parameter X.

(a) PIB in n-octane at 298 K.
Lines: (1) x = x,(1+ 2vé/3),fitted,
(2) FVT.fitted

(b} PEQ in benzene.

Lines: (3) x = x,{1+2v,/3); T
(4) x = x,(1+2v,/313 T
(5) FVT; T = 330.9 K.

330.9 K,

333.2 K,
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In most cases, free volume theory can be made to fit the data quite well.
It should be pointed out that the free volume theory predictions in, for
example, Figs.6b and 7b have been fitted to the heat of dilution data at .
intermediate polymer concentrations (71). Therefore, a poor fit at very low
concentrations is expected. Note also, our steric stabilization theory is
‘based upon polymer volume fractions while segment fractions are most often
émployed in modern polymer solution theories (49). Although this does not
significantly effect our present results, future theories of steric stabiliz-
ation may use segment fractions. We take a brief look at the possibility of
using Flory's free volume theory in appendix 1.1.

Although the semi-empirical approximation x, = Eél is not expected to
be useful far from the ©-point, we include some results (74) for PEQO in benzene
which behave unusually "well" considering the large magnitude of (% - x;) (see

Fig.8b).

Instances were found in the literature that definitely do not follow the
simple theory. The most notable example is PS in toluene (69) for which x
actually decreases with increasing concentration. Apparently, even free volume
theory cannot account for this phenomenon {63). Other examples include PDMS
in dimethylsiloxane oligomers (71) which tend to have a reasonably constant x;

again, free volume theory is of 1ittle help.

Such systems are, however, far from the ©-point. For example, the ©-

temperature for the system PS/toluene is ~160 K (42) and the measurements
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which yield a negative concentration dependence of X were taken at 298 K.

Our studies are concerned mainly with the point of incipient 1nstabiiity
of sterically stabilizéd latices. As we remarked earlier, this point is
usually associated with the ©-point of the stabilizer in free solution. There-
.fore, the behaviour of x very close to @ is of the greatest interest and our
attention is accordingly concentrated on Fig.3. Summarizing the experimental

comparisons, we have:

L at O,

2. x, %at o,

1. X,

it

% is not unreasonable at O,

[F1)
>
w
1

. 0y,
4. Z-él is unknown but less than % at @,

2X
5. X, = —§l is an acceptable semi-empirical approximation for many

systems,

We now apply this theory to steric stabilization. The above results may
be applied in general, but henceforth we shall use the uniform segment density

model.
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6. UNIFORM SEGMENT DENSITY MODEL

It has been found {(41) that, given the barrier layer thickness L as

measured experimentally and the amount of adsorbed polymer w or v, the distance

dependence of the osmotic interaction is not very sensitive to the exact form
of the segment density distribution. The results so far presented apply to
any distribution. We will henceforth resort to a uniform segment density mode
primarily because of its extreme ease of manipulation. The model will be
shown, in section 9, to give a reasonable indication of the behaviour of real

systems.

A further simplifying assumption which we make and which has been made by
other authors (40,25,76) is to maintain a uniform total segment density distrib-
ution at all separations less than d = 2L. Previous authors (40,25) have used
this condition to allow continuous relaxation of stabilizer away from the
interaction zone. If this were the case, a very large elastic repulsion would
occur owing to a loss in configurational freedom of the polymer. Neglect of
this elastic effect may be partially juétified in that experimental determin-
ations of the parameters describing the free solution properties of polymers
must automatically include any configurational relaxation effects due to inter-
penetration. It seems very unlikely that configurational relaxation of

adsorbed chains can be accounted for entirely by these experimental parameters.

An alternative explanation involves no configurational relaxation until

d = L at which point elastic effects commence (see next section). We merely
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assume that the segment density distribution is such that overlap results in
the same free energy change as would be obtained from the osmotic component of
the uniform segment density "denting" process (see Bagchi (25,26)). The result
is a distribution less abrupt than a step function. We have "softened" the
interaction free energy and obtained a model more physically realistic than

the continuous relaxation model which ignores the configurational consequences

of relaxation.

There is, as yet, no experimental confirmation of the accuracy of any
proposéd segment density distribution apart from apparent barrier layer thick-
ness measurements (e.g.,55). Ne'suspect that there will be no unique form for
the distribution in real systems and that the form will depend on the method of
preparation of the latex (e.g., whether the stabilizer is adsorbed onto the
preformed particles or the particles are grown in the presence of the stabil-
izer). It has been suggested by Edwards and Freed (77) that high molecular
weight polymers are probably not in configurational equilibrium because of the
time required to anneal. If kinetic factors are dominant or if the time taken
to produce a latex is too short to allow configurational equilibrium of the
stabilizer, the adsorbed chains will be permanently in a thermodynamically

unfavourable configuration.

A further point concerns whether the real chains can be considered
"production" chains (47). Confiqurational statistics of adsorbed polymers
are generally studied ﬁsing random flight methods. Consider, for example, an
adsorbed "loop". The number of ways in which the polymer can be "“grown"

starting from and ending at the surface has generally been accepted (e.g.,12,



43

28,29,43) as indicating the configurational entropy of a loop. In other words,
each loop has been formed by "producing" a chain. Suppose now that the chain
already exists as an adsorbed loop. A great many of the configurations possible
for the production chain are no longer possible because covalent bonds would
have to be broken in order to make these configurations accesible. This
problem does not exist in principle for free linear chains or adsorbed "tails";
however, in practice, the unraveiling of knots_may take far too long to allow

continuous equilibration.

The difference between having a knot and having a simple loop could be a
matter of a very small deviation during the growth of a production chain, but

a matter of virtual permanence for an already existing chain.

In effect, the validity of random flight methods (including Monte Carlo
experiments) in steric stabilization relies upon the assumption that the
formation of knots is directly proportional to the number of possible config-
urations at each distance of separation of the particles in a given system.

A "knot", in this context, is any configuration which cannot change in a time
much shorter than the collision time of two particles. This assumption may be
reasonable at Tow polymer concentrations but as the concentration increases the
approach to equilibrium should become slower {(cf. denting mechanism (25)). The
study of polymer dynamics by inelastic neutron scattering techniques (78) may

be very useful in this area.

Other complications for real systems include possible surface interactions
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which alter the segment density distribution (39), the coexistencé of loops and
tails and the polydispersity of the adsorbed polymer. The complete description
of the segment density distribution of real adsorbed polymers may prove to be
impos§ib1e from a theoretical viewpoint, which is why the relative insensitivity

of the interaction to the distribution is encouraging.

We begin our simplification of eq.{18} for the flat plate case by placing

20 =1
‘a7 Ve d {30}
and
e Tt {31}
oo L L .
Thus
u _ 2L T g i
AGos = 7 ) 3 (1+1 - xi){(2/6) -1}, {32}
1 i=1

where ﬁl is the molar volume of solvent, R is the gas constant and the super-

script u indicates the uniform segment density model.

Interaction starts at a particle surface separation of 2L or § = 2.

Evaluation of eq.{18} requires the substitution:

o 2L
IG:"ldx - JQEHdX : {33}
¢ ]

We have shown that up to moderate polymer concentrations, x = x1(1 + 2v2/3).
Neglecting terms of the order v* in eq.{32}, we find for the osmotic interaction

between sterically stabilized flat plates:
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a6 = B (5 - x)02E - DO

V.

1

(=+ 1)} . {34}

w|<
o™

Proceeding in the same manner from eq.{23}, we have the osmotic interaction

between equal spheres:

2 -
_ Avgs = 4ra E%E [VZ(% - Xl)(1n-% + -% - 1)

1

w i+l _ )
+ Ty (1 - )@+ () 3 - B, o

i=2
which simplifies to:
AVY_ = 4ra BII—‘-2(‘ - x. WW*{1n 2, %. 1+ g-‘1(2'*‘ 9. 2)} + 0(v") {36}
0s R & 2 3, 2 '

1

The above equations are, in effect, first order perturbation qpproximations
and as such cannot be used when terms of order v? become comparable with terms
of order v2. If these terms are comparable, then we are not justified in
ignoring 0(v*). Estimation of x, is much more difficult than the estimation
of X, from experimental data since we require the curvature of the x versus v,
plots. Although x, = % may be reasonable at @, the uncertainty in experimental
data precludes any reliable estimate away from ©. Since we cannot extend the
equation to higher terhs readily, we must resort to the conditions that

v <0.15
and
8, 2 0.5

although these conditions are sensitive to the behaviour of x.
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7. ELASTIC REPULSION

When the distance of separation of two sterically stabilized particles

is less than the maximum possible extension of a stabilizer molecule, elastic
repulsion may begin to contribute to stabilization. This repulsion was first
proposed from a phenomenological viewpoint by Jackel (18). The elastic term
arises from the loss in configurational entropy of the stabilizer chains during
approach of the particles and, as such, is equivalent to the volume restriction
effect proposed by Meier (12), Hesselink (13) and, more recently, by Dolan and
Edward§ (43,44). By using the term "elastic" in this context we are following

the nomenclature of Flory (42).

In this section we shall extend a slightly modified version of the results
of Dolan and Edwards (43) to cover the elastic interaction between spheres.
For the purposes of utilizing the uniform segment density model, we derive a
further expression for elastic repulsion based upon the condition that the
stabilizer layer is in thermodynamic equilibrium when uncompressed. We use
the initial premise that each adsorbed polymer molecule can be replaced by an
equivalent confined ideal gas molecule. Both of the above models will be
compared with that of the one-dimensional deformation of Gaussian chains (42,

48).
7.1. Extension of Formulae of Dolan and Edwards to Spheres

Dolan and Edwards, in their first paper on configurational repulsion (43),

derived approximate closed expressions for the elastic free energy of mono-
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terminally adsorbed chains confined between parallel flat plates. Their

approximation applied to large separations of coated flat plates yields:

AGR. = -2kTvIn{l - 2exp(:§g:)} | {37}
el 24L
where v = number of monodisperse chains per unit area on one plate,
2 = length of one segment,
L' = contour length of a chain,
d = separation of the plates,

superscript R indicates random flight model and subscript el refers to the
elastic effect.

Placing L' = nsl, where n_ is the number of segments per chain, we see that

S

which is the mean-square end-to-end distance of the unperturbed hypothetical
freely jointed chain in free space. The Markoff nature of the chain.(named
after A.A. Markoff who formulated the general form of the random flight problem
in 1912 (79)) is indicated by the fact that the mean-square end-to-end distance
is directly proportional to the number of segments ng (47).

The r.m.s. end-to-end distance of a real polymer chain differs from (nszz)%
in two ways. First, the inclusion of bond angle and rotational restrictions
and any other "short range" effects usually results in an increase in the
r.m.s. end-to-end distance (80). Second, excluded volume ("long range")
effects cause not only a change in this characteristic distance, but also a

change in the form of the segment density distribution function (46,47).
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It has been shown that the short range effects do not destroy the Markoff
nature of an unperturbed chain (47,80) as long as the number of segments is

large enough. We may therefore write, for the unperturbed r.m.s. end-to-end
%

distance <r2>0

of a real chain:

Excluded volume or long range effects depend upon the entire segment
density distribution. According to Yamakawa (47), for example, the peripheral
regions of a free chain are expanded more than the internal regions by the
effect of a positive segmental excluded volume. Uniform expansion does not

occur and therefore we cannot strictly write:

a2t = a<r2>? {38}

for the perturbed r.m.s. end-to-end distance of a real chain. The Markoff
nature has been destroyed because a depends upon the number of segments in the

chain {46,47,80). Several authors (e.g.,46,47,80) have found that

<r?> « n: .

where vy =1.2.

Despite the non-Markoff nature of perturbed chains, the results of Dolan
and Edwards (44) suggest that a fourfold increase in chain length results in
negligible change in free energy of an adsorbed chain when the separation of
the surfaces remains at a constant reduced distance d/(szi'q This appears to

be true for both the random flight chains and for chains with excliuded volume.

For our purposes, therefore, it seems reasonable to use eq.{38} and treat
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all real chains as Markoff chains. Natura]]y, this argument must break down-
when the chains are short (47) but, for the present, we shall simply replace

2L' by <r?> in eq.{37} and consider the result as applying to equivalent freely
Jjointed chains:

R

d2
86 = -2KTVIn{l - Zexp(z23)} . {39}

We emphasise that our use of <r'2>li as a unit of length does not mean that

we have accounted for interpenetrational excluded volume effects; it is merely
a scaling factor which gives a better indication of the range of the interaction

1 1
than does (2L'}* or <r?>:

We have assumed above that the dimensions of an adsorbed chain are
affected by the same amount as those of a free chain. Expanding eq.{39}, we
have:

R -3d?

el 2kT\){28XP(2<r2>) + zexP(<r2>) + 2

g-exp(—iggfd + .01 . {40}

AG 2<ri>

Negigct of all but the leading term leads to an underestimate of the repulsion
of 23% at d = <r2>? . Retention of the second term reduces this error to 6%.
if the coefficient of the second term is arbitrarily. increased from 2 to 2.5,
the error in AGE] is reduced to less than 2% for all d > <r‘2>!i . Therefore,
to a good approximation {(better, in fact, than the parent expression {39},

which is itself and approximation):

R

86y = 2kTv{2exp(2<r2>) + 2.50p(22)) {41}

<r2>

One problem associated with the application of this equation, and the 7
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similar equations of Hesselink (13) and Meier (12), to our model lies in the
difference between the reduced distances used. We have found it more convenient
to use the parameter & = d/L where L is the measured barrier layer thickness.
If we place

E = |./<:r2>"5 , {42}
which is an experimental ratio identical to the extension factor f in ref.41,
we find:

a6k = 2KTu{Zexp(- 5 £262) + 2.5exp(-3£262)} . {43}

Once again, we may apply the Derjaguin method (14) to find the elastic

repulsion between two coated spheres:

o

Av§1 - waLJAGgld(ﬁ) {44}

where & = d,/L and d, = surface separation of spheres. Therefore,
aWR = 2makTuLE! (n/3)%(2% erfc(3/2)" g5, + (5/4)erfc3®es,} {45}

where erfc is the complementary error function (81).

The complementary error function is readily calculated from a slightly
modified version of a polynomial approximation in the "Handbook of Mathematical
Functions" (81):

erfc(x) = (1 + x(a, + x(a, + x(a, + x(a, + x(a, + asx))))))'16
{46}
with an error of less than 3 x 10-7 , '
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where a, = .07052 30784
a, = .04228 20123
a, = .00927 05272
a, = .00015.20143
a, = .00027 65672
a. = .00004 30638

By placing
avR. = omakmoL SR {47}
el el
we have

521 = £-1(n/3) 2% erfc(3/2)% €5, + (5/8)erfc 37E5,} . s}

This expression holds for

§, 2 E71 . {49}

R
el

differing values of £ (Fig.9). These results will be compared with those of

From eq.{48} we can construct a family of curves relating S to §, for

two other segment density distributions in the following sections.

7.2. Construction of a Model Consistent with Uniform Segment Density

Requirement

We mentioned previously that the choice of segment density distribution
does not seriously affect the distance dependence of the osmotic contribution
(41) as long as the experimental barrier layer thickness and the amount of
polymer adsorbed have been determined. It will prove interesting to see what

effect on the elastic term is produced by changing the segment density
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Plots of the elastic interaction parameter SE] for random walk
monoterminally adsorbed chains on spheres versus the distance
parameter §,.

1.8, (2) £=12.0, (3) £=2.2, (4) £ = 2.4,
2.6.

Lines: (1) £
(5) €
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distribution.

To begin, we know that our future calculations of the osmotic effect will
be enormously simplified if we are permitted the use of a uniform segment
density distribution. If, in fact, we find that the precise distribution is
not needed, we will be justified in using two different models for the calc-
ulation of the total osmotic plus elastic interaction. We need not go to the
extreme of using completely different models, but we must establish that our
use of a "softened" uniform segment density distribution for the osmotic effect
in section 6 does not conflict with our use of a "hard" uniform distribution
for the elastic effect. Recall that we "softened" the distribution for the
osmotic effect by making the total segment density between the two flat plates
uniform. A "hard" distribution is merely a step-function (as used, for

example, by Fischer (17), Ottewill and Walker (24) and Bagchi (25)).

The most obvious method of ensuring that the probabiiity of finding a
segment at any point in the stabilizer layer is constant, is to replace the
adsorbate with a confined ideal gas. We can show, using the results of
calculations by Edwards and Freed (77), that it is not unreasonable to replace

each adsorbed chain by a hypothetical point molecule able to move over the

volume originally available to the chain. Edwards and Freed found that the
pressure which a highly confined polymer molecule exerts on the walls of a

rectangular box is "1ike that of a perfect gas" of m molecules, where
2
m= 5 (/v {50}
and V is the volume of the box. Our polymer is adsorbed so that we may neglect

any ideal contributions to the entropy (or préssure).
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For real polymer molecules, we may use (as before) L' = <r?>. If we
place the volume of the confining box V equal to that of a square box with
sides 1.8<r2>z~i , we find m = 1. Smaller boxes would give larger values for m.
Nevertheless, we see that our one-to-one correspondence of adsorbed chains to

hypothetical ideal gas molecules is justifiable as a first approximation.

The change in the number of possible positions of our hypothetical point
molecule is directly proportional to the change in available volume. Let the
ratios of the dimensions of a volume element after deformation to those before

deformation be éx, éy and 62. The available volume ratio is therefore:

vV .
v, 5xsy‘sz
= 2
styz ,
where Gyz = Gy = 52 paraliel to the surface. The change in entropy of the

molecule is:

= -kIné_82_ . {51}

u
S -kIn xSy

- v
el V

0
The dimensional change 8 normal to the interface must be equal to the
compressional ratio d/L = §, where L is the thickness of the stabilizer before

contact with the second flat plate and d is the separation of the flat plates

(d < L). The entropy change is therefore

Asg] = -k1naa;z {52}

for one adsorbed chain.
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Having obtained an expression relating the entropy of the confined
molecule to the separation of the flat plates, we are confronted with two

boundary conditions:

Ase1 = 0 at d=1L {53}
and
3AS
el _ —

The first requires repulsion to commence when compression of the stabilizer
commences. The second requires the stabilizer layer to be at equitibrium
when no external forces are applied (we ignore solvent effects here, assuming
them to be separable to a first approximation). Treatment of the adsorbed
layer as a confined gas problem satisfiesrthe uniform segment density condition
but does not necessarily satisfy the above boundary conditions. There is,
however, a convenient method of satisfying these conditions, provided we can
make the assumption that lateral expansion of the volume available to the
equivalent point molecule occurs during normal compression. We may assume
that the entropy components due to dimensional changes of the volume available
to the point molecule in the directions normal and parallel to the interface

are uncorrelated.

Applying condition {53} to eq.{52} we have

Gyz =1 when & =1. {55}

Applying condition {54} ,



56

9 > __.k 3 2
-k 53 nss}, = s},
k 8 z
- (82, + 286, —42)
U 56;2 8y2 738
=0 when & =1
Therefore
ad 7
—22 = - when §=1 . {56}
The simplest expression for Gyz which obeys eq.{55} and eq.{56} is
_ 3-8 .
6yz = S5 {57}

Since there is no justification for using higher order expressions, we shall

use eq.{57}. Substitution into eq.{52} yields:

3 - 82
ASe1 = -kIns( )2 {58}
Therefore, the elastic free energy of repulsion is
u _ _ 3-8 2
AGE1 2kTv1nd( > ) {59}
= 2kTvRe] {60}
where
u _ 3-6 2

Note that by allowing lateral expansion, we have apparently ignored the
condition that the segment density remains uniform throughout the stabilizer
layer. The layer becomes laterally discontinuous when adjacent polymer
molecules overlap. However, we do not introduce this discontinuity into the

free .energy of mixing expression because it is merely an artifact of this
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elastic model (the real chains need not spread at all). In addition, since
each polymer molecule is assumed independent of every other polymer molecule
in the elastic model, we see that in the final analysis, the stabilizer layer

may be considered to be isotropic at all compressions.

Making use of the Derjaguin method (14), we find for the elastic repulsion

between coated spheres:

i

u u
A 2wakTvLIRe1d6
8

0

u
2'|T::\kT\)LSe-I {62}
where

Sy

- ! -8
1" 6o1n6°(§—§———)2 - 6InEm2

2

Se , +3(1-6,). {63}

The integral is terminated at &, = 1 because R:] does not remain mathematically
zero at §, > 1 (in reality Rg] must be zero at all §, > 1 unless we allow

"bridging" to take place (13)).
7.3. Comparison with Flory's Elasticity Theory

At this stage it would be interesting to compare the random flight model
and uniform segment density model with the linear deformation of free Gaussian

chains.

Flory (42) has derived an approximate expression for the entropy of

deformation of an unattached freely jointed chain:
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G - 2 2 2
Sy = -k{(&] + 8+ 8y - 3)/2 - 1n8 8.6}

where the superscript G indicates the Gaussian model and the 61 retain their

previous significance. Replacement of & and 52 each by Gyz and application

. y
of conditions {53} and {54} yield:

Gyz =1 for all &
and
SG

a el

= -k{(éi - 1)/2 - s} . {64}

We now have a problem concerning the relationship between Gx and the
compression ratio 5. Monte Carlo calculations (56} indicate that for random
flight chains between planar barriers Gx is proportional to & after a certain
compressional stage is reached; however, as § ~ =, ax + 1 and GX/d asymptotic-
ally approaches zero. It seems unlikely, therefore, that we can place 8y = )
for a single Gaussian chain. Alternatively, we can consider the chain as one.
in a network of chains (42), in which case the compressional force will be

transmitted equally to all parts of the chain. Uniform dimensional changes

result and we may place ax = §:
asd = ki(s? - 172 - ne} - {65}
or
p63, = 2KTo{(e? - 1)/2 - Tné} = 2KTuRS, {66}
where
RSy = (82 - 1)/2 - 1Tns {67}

for two surfaces, each having v associated chains. Equation {66} was used by
Smitham et al (48) to describe the elastic repulsion of sterically stabilized

particles.
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Again, extension to spheres is strajghtforward (14):

G _ G : ‘
AVe-I = 2wavkTL Se-l , {68}

where
SS = 6,In8, - 63/6 - 8,/2 + 2/3 . {69}

7.4. Simple Approximations and Comparison of Results

Before comparing the three models, we note that by expanding the logarithm
in eq.{67} and integrating we can find simple quadratic and cubic approxim-

ations for the elastic repulsion parameters:

A _
and
R _

where the superscript distinguishes these quantities as approximations.

Figs.10 and 11 compare the distance dependences of the elastic repulsion
parameters for flat plates and spheres respectively. The value of £ = 2.1 was
chosen for the random flight case to fit the other curves. This value for the
extension parameter lies midway between the values calcutated on the basis of
number- and weight-average stabilizer molecular weights in section 9. We have
assumed that <Mw>/<Mn> =23 <M> and L are given in Table 2 (at the end of
section 9) for three stabilizer polymers. A more accurate estimate of £ awaits

barrier layer thickness measurements using monodisperse stabilizer polymers

adsorbed at one end only.

A11 models predict similar elastic ~ behaviour. From a theoretical point
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of view, the random flight model of Dolan and Edwards is to be preferred. In
practice, however, there would be considerable difficulty in experimentally
distinguishing the various models. As we pointed out previously, random flight
statistics break down for small chains and the number of equivalent freely
jointed links in a real chain is probably an order of magnitude less than the
number of mer units {47,80). Therefore, if only to retain nominal seif--
consistency, we shall use the uniform segment density elastic model in con-

junction with the uniform segment density mixing (or osmotic) model.

From these results and results for various osmotic models (41) we see that
the choice of models does not seriously affect the quantitative predictions of
the theory of steric stabilization provided. that the barrier layer thickness and

amount of adsorbed polymer are determined.

Rewriting equations {59} and {62} we have for flat plates:

-2RTL -, (3 = 8y2
86, = TEE= VIns(55—) | {72}

Y

and spheres:

8 |

avdy = 2ma BE RTL 75, s (__3 - 6'In-——2——° +3(1-6,) {73}
V2

vV

Na

where Vv =
L

V, is the molar volume of the adsorbed polymer

and NA is Avogadro's number.

These results and those for the osmotic interaction will now be combined
in a theory'of the equilibrium disjoining pressure of concentrated sterically

stabilized latices.
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Fig.10. Elastic interaction parameter for flat plates Re1 plotted against
theé  reduced distance of separation §.

)s

Lines: (1) Uniform segment density model (Rg]
(2) Gaussian model (Rg]),
(3) Random flight model (£ = 2.1) (RL),

(4) Quadratic approximation (Rz]).
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Fig.11. Elastic interaction parameters for spheres Sel plotted against
the reduced distance of separation §,.
Lines: (1) Uniform segment density model (521)=
(2) Gaussian model (Sg]),
(3) Random Flight model (£ = 2.1) (Shy),
(4) Cubic approximation (52]).
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8. EQUILIBRIUM DISJOINING PRESSURE OF CONCENTRATED LATICES

Experimental studies of the distance dependence of the interaction energy
between sterically stabilized particles have been carried ocut by several
authors (50-52,86) using a variety of methods. The most promising {and direct)
method appears to be that of the measurement of the equilibrium disjoining
pressure of a bulk Tatex as a function of Tatex volume (or volume fraction)
at constant particle number (50,51). We shall now derive a simple relation-

ship between this disjoining pressure and the separation of the core particles.

When the particles in a stable monodisperse latex are packed close enough
to suppress Brownian motion, several workers (83,84,85,86) have found that the
latex exhibits a predominantly close-packed structure. It will be assumed in
the following treatment that all concentrated latices are close-packed with no
defects (see appendix 1.3). At the walls of the container, the particles are
considered to form an hexagonal array (85). The overall disordering effect of
the surface of the container on the array should be insignificant when the
radius of curvature of the container is many orders of magnitude greater than
the particle radius. Therefore, the foIiowing derivation is equivalent to
calculating the pressure on one side of a hypothetical plane inserted into the
latex along a slip-plane. Accordingly, we assume that the area A occupied pef
particle at the wall (or hypothetical plane) is equal to that of a regular
hexagon constructed about an inscribed circle of radius (a + d0/2), where a
is the particle radius and d; is the surface separation of two adjacent
particles: |

A= 2/3a + d /2)% . (75)
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The force on each particle at the wall is transmitted equally to three
others, which form the other three apices of a regular tetrahedron. The normal
component of the force exerted by each of these three particles on the one at
the wall is:

Fy = -Fcost

where T is the tetrahedral angle and F is the force along the line of the
centres. The total force on the particle at the wall is therefore

3FN = -3FcosT
= F ; 1
= since cost=-3

The force exerted per unit area by the latex on the container is simply F/A.

We know the total interaction enerqy between two sterically stabilized

spheres is AVT. The force is

BAVT :
F=- {76}
ad,
We recall that AVT can be obtained from the total interaction energy
between flat plates AGT by Derjaguin's method:
avy = ma a6y (d)d(a)
d,
Therefore:
F=- :c,%— JAG (d)d(d)} {717}
d,

nadGy(d,) (78)
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and the total pressure on the walls of the container is

ﬂaAGT(dn )

= F/A = {791}

Pr
2/3(a + d,/2)*

It must be remembered that the derivation of this expression relies on
the validity of the Derjaguin approximation and is therefore subject to the
condition that the particle radius be considerably greater than the steric
barrier thickness L or the range of the interaction. Under this condition
and provided that the latex is stable in order for it to adopt a predominantly
close-hacked configuration, eq.{79} is a general expression for the disjoining

pressure in a concentrated, monodisperse latex.

This pressure is the sum of four principal component pressures:

Pr = Pos * Per F P * Ry o

where POs = excess osmotic pressure due to mixing of polymer ,
Pe] = elastic pressure ,
Pe = electrostatic osmotic pressure. ,
PA = van der Waals pressure of attraction.

The present theory deals with uncharged particles and stabilizers (Pe = 0).
Additionally, we assume, for the time being, that the van der Waals attraction
js negligible compared with the osmotic and elastic terms (P =~ 0). There are

A
two remaining contributions:

. maaG, ()
05 2/3(a + d,/2)?

{80}
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ﬂaAGe1(6°)

Pe'l = . {81}
‘ 2/3(a + d,/2)?
Using eqs.{34} and {72} (uniform segment density model):
pU o TaRTL (L yg2(z/s, - 1)1+ Yess, + 1)) (82}
05 /3(a + d,/2)%, : ooy
and
u o _ maRTLv n 4 (83}

el '/g(a + dnlz)zvz 50(3 - 60)2

Therefore, the excess pressure of a concentrated uncharged latex due to the

osmotic and elastic terms is:

pU = maRTL — (% - x Wwi(2/8, - 1){1 + 2(2/6 + 1)}
T A+ d,/2)%, o T
+ v E}]n‘ 4 {84}
T RN -
when 8 <1, and
pY - maRTL (s - x,)¥2(2/8, - 1){1 + %{2/50 + 1)} {85}

T i v3(a + dn/2)2\71

when 1< 60 < 2.

These expressions require the following data:

1. particle radius (a)

(AN

. distance of separation of particles (du)
molar volume of solvent (Vl)

. barrier layer thickness (L)

o B W

. surface concentration of adsorbate (w)
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6. specific volume of adsorbate (vsp)

7. molecular weight of adsorbate (M)

where mvsp/L =v, d,/L =34, and Mvsp =V,.
In practice, §, or d, must be calculated from the volume fraction of core
particles. We include in appendix 1.3 a derivation of the relationship between

the core particle volume fraction (¢P) and the separation parameter (§,).

Also, in appendix 1.4, we perform a brief calculation justifying the
neglect of van der Waals attraction in our disjoining pressure theory. The
above proposed theories will now be tested using experimental results from the

literature.
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9. INTERPRETATION OF EXPERIMENTAL RESULTS REPORTED IN THE LITERATURE

Very little experimental work has been done on the distance dependence of
the interaction between sterically stabilized colloidal particles. The results
of four studies will be examined here in terms of our uniform segment density
model. In general, comparisons between theory and these results are difficult
to make because the systems studied are not readily describable in terms of
any theoretical model so far proposed. THe difficulties arise mainly from the
experimental use of one or more of the following:

(1) short stabilizer chains

(2) very high segment densities

(3) polydisperse stabilizer chains

(4} polydisperse core particles

Nevertheless, the values of the parameters regquired to fit the experimental
data can be justified, to some extent, by comparison with values from

independent sources.

9.1. Doroszkowski and Lambourne (52), using a surface balance technique, found

the repulsion between polyacrylonitrile (PAN) spheres sterically stabilized by
PS in toluene at 297 K. Fig.12, line 1, represents the experimental distance

dependence of the repulsion. The authors computed the repulsion potential per
particle by assuming hexagonal packing in the particulate monolayer. Electron

microscopy studies substantiated this assumption.

We have chosen the barrier layer thickness L to be 14.5 nm, which is equal

to thé average contour length of the stabilizer (molecular weight = 6000).
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This is consistent with Doroszkowski's and Lambourne's empirical estimation of
the barrier layer thickness (15 nm), although later we shall discuss reasons
for possible overestimation of this thickness. The surface concentration w of
PS stabilizer was measured chemically as 5.2 x 1078 gcm~2. This figure,
together with the specific volume vsp of PS (0.95 cm®g~!) and the barrier layer
thickness, yields the average volume fraction of PS in the stabilizer layer:

v = wv_/L = 0.034

The only other parameters required are X, and X, Although we have shown
that, for many systems, y, = 2X,/3, the system under consideration is a known
exception. We have examined the experimental data of Schick et al (87) and
Gandhi and Williams {88), who measured the osmotic pressures of moderately
concentrated PS solutions in toluene. Our conclusion is that, within experi-
mental error, x is almost -independent of concentration and has a small tendency
to decrease with increasing concentration. Accordingly, we have chosen x, = 0.
It is assumed that (% - Xz) is much less sensitive to changes in molecular
weight than is (% - xl),.since X, is close to % and x, far from %n The value
of x, has been obtained (41) from viscosity measurements on toluene solutions
of PS having a similar molecular weight to that of the stabilizer used by
Doroszkowski and Lambourne., The parameters found were:

v, = 0.07

X, = 0.47 = % -y, (1 - &/T) ,
where © = 160 K (42), T = 297 K and ¢, is the entropy of dilution parameter (82).
As we have not used the relationship x, = 2X;/3 we must calculate the osmotic

repulsion on the basis of eq.{35}. Accordingly:
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u _ EIL[ 2, % vl 2, % ] S
Vos = 4ma : vi (g - xl)(1n 50+ 5 - 1) + 5{3 - Xz)(q,+ 5 2)1 + 0{v*). {86}
1

When du < L, we add the contribution from the elastic effect, as represented by

eq.{73}.

The data for this system and the three systems to be discussed later are
listed in Table 2. Fig.12 compares the predictidns of our theory (line 1) and
the experimental results of Doroszkowski and Lambourne. Agreement is excellent
for separations greater than 10 nm, especially in view of the fact that
virtua11y no adjustment of parameters is required. Line 2 is the result
according to the denting model of Bagchi (25) and line 3 indicates the effect
of ignoring the third virial coeffecient. The denting model overestimates the
interaction energy by a factor of about two because the elastic term starts at
d, = 2L, while neglect of the third virial coefficient (represented by (%-— %)}

underestimates the interaction energy at intermediate separations.

A1l theoretical predictions asymptotically approach infinity as d, - 0.
We suspect that the experimental points at close separations, as drawn on the
graph, do not represent the true behaviour of the particulate monolayer. The
experimental curve suggests that the repulsion increases steadily to a finite
value on contact of the core particles, whereas the intervening stabilizer
would have reached its solid state density at approximately 1 nm separation.
Experiments on other systems (50,86) suggest that the repulsion does indeed
rise almost vertically as thé particles approach to a finite surface separation.
One possible reason for the absence of a steep rise in the interaction curve

from the surface balance experiments is that the monolayer may tend to expel
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Fig.12.r Interaction potential VT versus the minimum surface separation
d, of two PAN spheres stabilized by PS in toluene.
Dashed line and points: experimental results of Doroszkowski
and Lambourne (52),
Lines: (1) theoretical calculation based upon data in Table 2
and eqs.{73} and {85},
(2) theoretical prediction of denting model (25),
(3) as for line 1, but with x, =-% (i.e., ignoring

terms of 0(v?®) and higher).
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particles under high compressive forées, particularly since the monolayer units
are spherical and the only force preventing upward displacement of a particle
appears to be gravitational. The volume of the added dispersion in toluene
was approximately 0.01.cm®; the total area of the monolayer was of the order of
100 cm?, therefore the thfckness of the toluene layer was approximately 1000 nm,
'assuming negligible evaporation. No contact with the toluene/air interface by
the particles (diameter 200 nm) is possible if the monolayer is supported at
the water/toluene interface. Therefore, the toluene/air interface is unlikely
to oppose the upward displacement of particles. The vertical component of the
compressive force on each particle is small only while the centre of each
particle remains close to the plane of centres. Even a small degree of poly-
dispersity would result in large vertical forces at high compressions. Any
particies significantly larger or smaller than the mean would probably be
expelled from the layer rather easily. Unfortunately, the micrograph of the

PS latex published in ref.52 is not sharp enough to permit a reasonable estimate
of the particle size distribution. However, in a separate papeh, Doroszkowski
and Lambourne (40) pub]iﬁhed an electron micrograph of a compressed dispersion
with the same degree of polydispersity as the one studied here (coefficient of
variation ~6%). Several particles much larger than the mean are evident, The
total area occupied by these large particles is approximately 5% of the area
occupied by all other ﬁarticles. Qur calculations indicate that a 5% reduction
in monolayer area caused by vertical expulsion of these particles would result
in a 25% increase in the apparent barrier layer thickness {the true thickness
being 20% less than the measured thickness). The onset of repulsion would
involve these large particles, but they would not be accounted for at high

compressions. Even the presence of only 1% of area due to large particles
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could result in an overestimate of ~0.6 nm of the barrier layer thickness. This
could be achieved by having'on1y one particle in four hundred with a diameter
twice that of the mean. The expulsion of particles having a diameter close to
the mean would require much more energy than the expulsion of a particle with

a diameter far from the mean. The lack of a vertical rise in the experimentally
measured repulsion may be due to successive expulsion of partfc1es different

from, but approaching the mean.

An alternative explanation is that the point of complete barrier collapse
may have been chosen at too great a distance of particle separation. Extrapol-
ation of the pressure-area isotherms to zero pressure gives a reasonable
estimate for the area per particle, however, the area under the isotherm (which
is integrated to yield the energy of repulsion) must be extremely sensitive to
the position of the asymptote cutting the area axis. A slight shift of this
asymptote toward a smaller area would result in a very large increasé in the

calculated energy of repulsion at small distances.

For the above reasons, we believe that the surface balance technique is
most useful for determining repulsive forces at large distances of separation,
where the forces are comparatively small, but may be misleading at close separ-
atipns, especially if fhe compressive energy can be dissipated by processes

other than steric barrier collapse.

We have not as yet determined whether our theory predicts flocculation
under worse than g-conditions for the stab11121ng moieties. Doroszkowski and

Lambourne (52) have examined a system comprised of PAN particles coated with
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PS in cyclohexane at ~9 K below the @-temperature for free PS in cyclohexane
(~306 K(59,75)). They found a residual repulsion between the particles even
though the latex was seen to be flocculated (52). For the PS/cyclohexane '
system at the ©-point, detailed information is available concerning the concen-
tration and temperature dependence of x (59,75). Koningsveld et al (59) have
found that their results are best fitted by:

x = 0.2035 + 90.65/T + 0.3092v, + 0.1554v§ s
and Kuwahara et al found:

x = 0.2798 + 67.50/T + 0.3070v, + 0.2589v2 .

Using the results of Koningsveld et al (59), we have:

X, = 0.2035 + 90.65/T ,
X, = 0.3092
and Xy = 0.1554 .

These parameters can be used in eq.{35} along with the data in Table 2. Note
that L is smaller in cyclohexane near @ (o = 1) than in toluene (o = 1.057 (41))

by the factor a.

Fig.13 compares the prediction of our theory with the experimental results
of Doroszkowski and Lambourne (52). The van der Waals attraction has been added
in 1ine 3. This attraction has little overall effect. The use of Kuwahara's
expression for y yields similar results to those in Fig.13. As with the PS/
toluene system, the experimental curve approaches a finite value of repulsion
as ¢, approaches zero and we have mentioned possible exp1anétions for this

behaviour.
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Interaction potential VT versus minimum surface separation d,
of two PAN spheres stabilized by PS in cyclohexane at ~8 K
below 0.
Lines: (1) experimental results of Doroszkowski and Lambourne,
(2) theoretical calculation based upon data in Table 2 and
results of Koningsveld et al (59) using eqgs.{35} and
{73},
(3) as for line 2 but including the van der Waals attraction
term with a Hamaker constant of 2.3 x 1072 3. (see

chap.IV).
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The depth of the minimum in the theoretical curve is almost 4kT, which 1is
probably sufficient to cause the observed flocculation (52). We believe,
however, that this depth may be underestimated. Kuwahara et al (75) have
jndicated that trace quantities of water in the cyclohexane may increase © by
up to 2 K. Doroszkowski and Lambourne (52) spread the cyclohexane dispersion -
medium over water so that their system was probably saturated with water. It
is possible that the value of @ {under their experimental conditions) was at
least 308 K and perhaps much higher. The energy minimum in Fig.13 would then
be at least 5kT deep. In any case, in flocculated systems, close packing of
spheres is not usually found (52,86). In view of this and other complications
due to viscous interactions between stabilizer layers (41}, the quantitative

interpretation of the experimental results in Fig.13 is much more difficult

than for stable systems.

It is worth noting that the magnitude of the osmotic interaction is
inversely proportional to the solvent molar volume 61' In general, because of
the relatively small intermolecular interactions involved, most non-agueous
solvents have much higher molar volumes than water in order to exist as liquids
at ordinary temperatures. A1l other things being equal, we expect that aqueous
latices (91 =18 cm®mo1~!) would flocculate much closer to © than non-aqueous

latices.
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9.2. Homola (51) measured the equilibriuin swelling or disjoining pressure of
concentrated PS latices stabilized by PEQ in aqueous media. His technique was
to measure directly, by means of a pressure transducer, the equilibrium
pressure in a latex confined between a semi-permeable membrane and a mercury
"piston". The pressure was applied by accurately raising the temperature of
a silicone 0il reservoir, which was connected directly to the mércury "piston”,
and the volume change resulting from thermal expansion was calculated from a
previously determined calibration equation. The possible error in the calcul-

ation of the particle separation was estimated to be of the order of 1 nm.

One of the first points to be noted about Homola's results is that the
pressure/volume curves show a fairly abrupt increase in the rate of pressure
rise near the region of total stabilizer overlap. We would expect this
phenomenon on the basis of our theoretical model (and other entropy plus
solvency models): after the stabilizer layers have become fully interpenetrated,
the osmotic pressure increase is supplemented by the Targe elastic effect.
Fig.14 compares our fitted theoretical curve with Homola's results for a latex
stabilized by PEQ of mean molecular weight 2200. This latex was compressed at
pH 3.0 under which conditions, Homola states that the zeta-potential of the
particles was practically zero. ‘The form of the distance dependence as
predicted by our theory agrees very well with the measured distance dependence.
The absolute magnitude of,tﬁe interaction is also readily explicable in terms
of a realistic choice of the interaction parameter y,, the only adjustable

parameter.
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Viscosity measurements have been performed (2) using moderately high

molecular weight (100,000) PEQ in water gave:
v, = -0.07

and @ = 390 K.
However, Flory has shown (42) that experimental values for the ratio (as-a3)/Mlﬁ
decrease in magnitude with decreasing molecular weight (¢ is the intramolecular
expansion factor and M is the molecular weight). This ratio is directly
proportional to the entropy of dilution parameter ¥, The value of ¥, required

to fit Homola's data is -0.026. A threefold decrease in the magnitude of ¥,

appears to be quite reasonable on going from M = 100,000 to M = 2200. The value

of x, that we require is

"

35 - y,(1 - 06/T)
0.492 at T =298K

X1

It

and in the absence of any evidence to the contrary, we use x, = 2X,/3. The
value of L as indicated by the experimental results is ~9.0 nm, which is approx-
imately half the average contour length of the stabilizer chains, and the

weight of stabilizer per unit area w was measured as ~1.5 x 1077 g cm~?
(modified to account for the anchor polymer). From these figures and the

specific volume of PEQ (vSp = 0.885) we can determine v:

v = wvsp/L = (0.1475 .

The required data has been listed in Table 2. Application of eqs.{36} and {73}

yields the theoretical curve depicted in Fig.14.

It appears that this three-dimensional compression method, although
requiring more sophisticated apparatus, is preferable to the two-dimensional

compression method of Doroszkowski and Lambourne. In principle, both methods
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Disjoining pressure PT of a PS Tatex stabilized by PEO in water
as a function of the minimum surface separation d, of core
particles.
Lines: (1) experimental results of Homola (51),
(2) theoretical curve calculated on the basis of the data
in Table 2 and eqs.{84} and {85}.

Perfect close-packing s assumed.
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should give the same results. In practice, the surface balance method is
extremely sensitive to impurities, excess stabilizer, deviations from particle
monodispersity and interpretation of the pressure/area curves. Admittedly,
Homola's method requires an absence of excess stabilizer and requires particle
monodispersity but apparently suffers much less if these conditions are not
quite met. For example, if a few partic]és larger than the average are present
in the three-dimensional latex, the worst that can happen is local disruption
of the array and this disruption is likely to be fairly constant during

compression. There is no opportunity for expulsion.

9.3. Cairns and Ottewill (50) were the first to use the three-dimensional

compression method for the study of steric repulsion between latex particles
stabilized by adsorbed polymer. Their method differed from that of Homola in
that the independent variable was the pressure. The volume of the latex was
monitored using a capacitance technique. Stabilizer used by Cairns and Ottewill
- poly(lZ-hydroxystedrate)(PHS) side chains on a poly(methyl methacrylate)
(PMMA) backbone - appears to be the same as that used by Doroszkowski and
Lambourne in one of their sets of surfaée balance experiments (40). Even the
molecular weights correspond. Doroszkowski and Lambourne measured the surface
concentration of their stabilizer as ~5 x 107% g cm“?, which remained reason-
ably constant over a range of particle sizes from 140 nm to 610 nm diameter.
In addition, the average thickness of the stabilizer barrier was measured
(using the surface balance) to be ~13.0 nm, the range of thickness being 10.0-
14.5 nm, where the lower value was measured using the most monodisperse latex
(coefficient of variation 12.4%). They also cite a range of barrier

thicknesses obtained by hydrodynamic measurements using similar polymers. This
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range is 7.0 nm to 10.0 nm (40). Barsted et al (55), who obtained a hydro-
dynamic thickness of 6.2 nm using a very similar polymer, mention that viscosity

measurements probably underestimate the true barrier layer thickness.

We have already discussed the possibility of overestimation of barrier
thickness as obtained by the surface balance method using polydisperse part-
icles. The particles used by Doroszkowski and Lambourne (40) were far from
being monodisperse: the coefficient of variation ranged from 12.4% to 28%.

The value we have chosen for L is a mean of the hydrodynamic thicknesses,

L = 8.5 nm, which is slightly less than the average contour length of the
stabilizer and nearly 40% larger than the value obtained by Barsted et al (55).
Proceeding as before, we find the mean volume fraction of segments in the
stabilizer layer:

V= wvsp/L = 0.064 ,

where (1) Vep © 1.09 .
"It remains only to assign a value to x, (again, we assume that y, = 2X1/3).
Napper (2) has determined the enthalpy and entropy of dilution parameters, «,

and v, respectively, for the similar system PHS in n;heptane:

kK, = 0.2
p, = 0.3,
which yield (42):
X, =% - wl tk, = 0.4

Experimental studies of mixtures of n-alkanes with polyethyiene (PE) (89),
polyisobutylene (PIB) (90) and poly(dimethyl siloxane) (PDMS) (90) indicate
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that solubility increases with increasing n-alkane chain length. From these
observations we can infer that, in general, for polymer/n-alkane mixtures, X,
decreases with increasing n-alkane chain length since the free energy of mixing
becomes less negative as x, increases. Thus, we would expect for the PHS/
dodecane system: '

X, < 0.4
We have chosen x, = 0.3 and 0.4 for our theoretical comparison with the results

of Cairns and Ottewill.

Fig.15 assumes perfect close packing of monodisperse spheres, under which
conditions the theoretical curve (1ine 2) asymptotically approaches ¢p = 0.740,
where ¢p is the volume fraction of particles in a latex. The volume fraction
1imit to which the experimental curve approaches (vertical line) was estimated
from the pressure/volume fraction curve, including the condition that the
spheres can approach no closer than 1.1 nm, which is the point at which the
intervening stabilizer polymer reaches its solid state density. This limiting

volume fraction is ¢° = 0.578 .

We can make some allowance for deviations from perfect close packing in
our theoretical model (see appendix 1.3). Substitution of ¢, = 0.578 into
eq.{99} yields:

¢, = 0.578(1 + d,/2a)7% , {87}

P

where ¢pm is the measured volume fraction of particles. Fig.16 compares the
theoretical and experimental results when eq.{87} is used to find the core
particle volume fraction. Improvement over the fit in Fig.15 is significant;

however, the theoretical curves appear much too extended. Further attempts'to
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Comparison of experimental and theoretical disjoining pressure

PT versus the particle volume fraction ¢ plots for PMMA particles

stabilized by PHS in dodecane. p
Lines: {1) experimental results of Cairns and Ottewill (50),
(2) theoretical curve based on the data in Table 2 and
eqs. {84} and {85} (x, = 0.3).
Perfect close-packing is assumed. The vertical line at ¢p = 0.578

indicates the estimated point of core particle contact.



. 3
60
1
ol +
O
0.
X
N
D_i—
20F
0 1 1 SR S—
072 068 056

| i
064 060
%



Fig.1l6.

84

Comparison of experimental and theoretical disjoining pressure
PT versus particle volume fraction ¢p plots for PMMA particles
stabilized by PHS in dodecane.
Lines: (1) experimental results of Cairns and Ottewill (50),
(2) theoretical curve based on data in Table 2 and
eqs. {84} and {85} (x, = 0.3),
(3) as for line 2 but with x, = 0.4.

Perfect close-packing is not assumed.
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improve the fit result in unrealistic values for the barrier layer thickness
(e.g., 1.6 nm). Indeed, the experimental points appear to span a particle

separation range of only 0.1 nm according to eq.{98}.

One explanation of the discrepancy between theory and experiment is that
the particles may have swollen stightly during thé many weeks they were in
contact with dodecane. We have already mentioned above that the solubility of
many polymers in n-alkanes increases with increasing n-alkane chain length. An
increase in the radius of the particles of ~5% would easily account for much of

the difference between the observed and calculated results.

9.4. Andrews, Manev and Haydon (82) utilized the thinning behaviour of steric-

ally stabilized optically black films to determine the distance dependence of
the steric interaction. The films were formed in aqueous media from solutions
of glycery]l mono-oleate in aliphatic hydrocarbons. Thinning was induced by the
application of an electrical potential across the film and the thickness was
measured by a capacitance technique. Only the n-decane film was studied in

detail.

The results of Andrews et al cannot be satisfactorily interpréted using
our model because:

i)  the mean stabilizer concentration in the fiim was found to be 73%,
which is approximately five times greater than the maximum allowable
concentration, |

i1} the edges of the film probably do not constitute impenetrable barriers

as required by our model,

iii)  the glyceryl mono-oleate stabilizer is extremely small: the oleate
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chain containing only seventeen bonds or the equivalent of nine

segments in a polyolefin chain.

The question arises as to whether the interaction is predominantly elastic
or osmotic; even Born repulsion may be significant. Their relative importance
is undetermined. We can only agree with Andrews et al when they conclude that
the high compressibility of the film is probably due to the interaction of a
very few of the oleate chains present. They infer from thickness measurements
that the small number of chains which do interact are close to the fully

extended state.
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TABLE 2

SYSTEM PARAMETERS

Parameter Doroszkowski and Homola Cairns and
Lambourne * Ottewill
a/nm 100 170 77.5
L/nm 14.5 (13.7) 9.0 8.5
T/K 297 298 298
V/em® mol1™t 106 (110) 18 228
V,/cm® mol™! 5700 1950 1760
M/g mol-? 6000 2200 1600
w/g cm™? 5.2 x 10-¢ 1.5 x 10-7 5.0 x 10-¢°
vsp/cm3 g~! 0.94 0.885 1.09
v 0.034 (0.036) 0.148 0.064
X1 0.47 (see text) 0.492 0.3, 0.4
X, 0 (see text) 0.328 0.2 , 0.267

* Bracketed figures refer to latex in cyc'[ohexane.
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10. CONCLUSIONS

The need for experimental studies on model latices is evident from our
compaﬁison of theory with the few observations available. Model latices shou]d.
have the following basic properties:

1. Monodisperse, spherical core particles.

Monodisperse stabilizer chains.

w

Moderate to high molecular weight stabilizer chains (e.g., M 2 10°).

~

Reasonably large a/L ratio (to ensure validity of the Derjaguin

approximation).

5. Good stabilizer anchoring.

6. Uncharged particles and stabilizer (unless electrostatic effects are
negligible, as in the presence of high fonic strength media).

7. No interactions between stabilizer segments and particle surface

(apart from the intended anchor segment/surface "bond").

8. No tendency of the solvent medium to swell the particles.

In addition, it may be desirable for the latex to have certain properties
which facilitate the observation of its behaviour. For example, if capacitance
measurements are used to find the volume of the latex under compression (50),
the particles should ideally have the same permittivity as the medium and
stabilizer (although the stabilizer p ermittivity is much less critical - see
end of chapter on van der Waals attraction). On the other hand, monitoring of
the latex by light scattering methods requires that the particles and medium
have different refractive indices {and permittivities). Finally, low molecular

weight solvent media are preferable in order to obtain osmotic equilibrium
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rapidly.

A typical model latex might be PAN particles (a = 300 nm) stabilized by
PIB (M = 10°) in benzene at T » 298 K. This latex would be well suited to the
high frequency capacitance method of volume measurement, since the dielectric
permittivities of the particles and medium are 2.304 and 2.244 respectively.
Furthermore, the latex is easily cooled to the ©-point (68) of PIB in benzene
(297.5 K), allowing studies of latex stabf]ity.near this critical point. One
difficulty, which may be encountered during the preparation of this latex, is
unwanted grafting during formation of the stabilizer. PIB has been found to
hydrogen-abstract very easily in the presence of free-radical initiators (99,100)
which would result in polydisperse stabilizer loops. An obvious solution would
be to use anionic polymerization methods to form the stabilizer copolymer as

an unbranched chain {(e.g., poly(isobutylene-b-acrylonitrile)).

With regard to the small amount of evidence so far availabie, we have
found that it supports our free energy of interaction theory and our disjoining
pfessure theory. Furthermore (and in some ways, more importantly), our theory
predicts the experimentally observed correlation between the ©-point and the
critical flocculation point. From a practical point of view, the distance
dependence of the interaction is often of secondary importance to the critical
flocculation point. The steric interaction is usually so strong (in the absence
of desorption) that the stability ratio is either 0 or 1; we need to know
whether or not the latex is stable rather than how fast it flocculates. There-
fore, theories which fail to predict the known critical flocculation point are

either incompletely formulated (e.g., Bagchi (25), Dolan and Edwards (44)}) or
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require quantitative adjustment (e.g., Meier (12), HVO (13)). This is also
the reason that the solvency theories, although incompletely formulated, are
perhaps preferable to theories which introduce an elastic term without regard

to its effect on the predicted critical flocculation point of model latices.

On the same subject, we note that it has been inferred (52) from the small
repulsion observed by Doroszkowski and Lambourne for PS in cyclohexane below
that stability in worse than ©-solvents is possible. We agree that under
extreme conditions we may obtain stability under conditions worse than the ©O-
point for the stabilizer in free solution; however, the’compression results of
Doroszkowski and Lambourne are irrelevant in this regard. They state that the
particles were flocculated during their measurements. Therefore, their results
are not evidence for the possibility of stability in worse than ©-solvents. In
section 3 we suggested that stability be determined from the.resistance to
spontaneous aggregation in dilute latices, or, at least, not so concentrated

that Brownian motion is stopped.

Several other misconceptions are evident in the literature. Osmond et al
(91), for example, argue that Napper's ( 2) interpretation of stability (i.e.,
the origin of the terms "entropic" and "enthalpic" stabilization) is based upon
the Fischer theory (17). They state that the Fischer theory is incorrect in
ignoring interpenetrational configuration changes and that the small repulsion
observed by Doroszkowski and Lambourne (52} between coated particles (flocc-
ulated) in a worse than ©-solvent is evidence for the incorrectness of Fischer's

theory.

Firstly, we have pointed out in the introduction to this chapter, the
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origin of the terms "entropic“ and "enthalpic" stabilization is independent of
any theory of steric stabilization. They are derived from general thermodynamic
principles (4) . ( Note that the origin of these terms has nothing to do

with the proposed corrg1ation between the 0-point of the stabilizer and the
critical flocculation point.) Secondly, we believe that the neglect of the
“interpenetrational elastic effect is justifiable considering the approximations
made in the Fischer theory (617); the results of Doroszkowski and Lambourne
support this view indirectly. No repulsion was evident until the separation

of particles was approximately equal to the barrier layer thickness (52,91),

therefore, no evidence of an interpenetrational elastic repulsion was found.

Hence, the available evidence ( 6) supports the qualitative aspects of Fischer's
theory, which was not intended to account for configurational changes caused

by compression of adsorbed chains between the latex particles.

The principle achievement of the Fischer theory was fhat it predicted
the observed correlation between the 9-point for the stabilizer and the critical
flocculation point. Osmond et al regard this as "fortuitous". Their explan-
ation (91) of flocculation in terms of a phase-separation process is virtually
identical to that given earlier by Evans and Napper {27) and in no way invalid-
ates the use of the O-point/critical flocculation point correlation as a test

of the theory,.

In their discussion of the solvency theories of steric stabilization,
Osmond et al (91) state that the term '%{1 - v,}In(1 - v,}8V (eq.{4} of this
1
chapter) accounts for the number of ways of arranging solvent molecules and

segments in the volume &8V and they imply that the configurational entropy of
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the polymer is partially accounted for in this term. In fact, the above term
accounts for none of the configurational entropy of the polymer and refers
solely to the ideal entropy gain when the solvent molecules are distributed
throughout the greater volume of the solution; the polymer merely provides
"axtra space” for the solvent. We may derive the term as follows (42,92):
number of solvent molecules = n, ,
initial volume available to solvent molecules in pure solvent = Vi R

final volume available to solvent molecules in the solution = Vf s

kn,In{V/V.)

gain in entropy of solvent when distributed over Vf

-kn,Inv,

-knlln(l - V,}
where v, is the volume fraction of polymer in the solution
and v, is the volume fraction of solvent in the solution.
Number of solvent molecules in volume &V:=n, = sV(1 - vz)/v1
where V is the volume of a solvent molecule.

Therefore, the ideal entropy gain of the solvent = '5%!(1 - v2)1n(1 - v,).

1
Consequently, the objection that Osmond et al raise against the addition of a
volume restriction term (12,91) to the osmotic interaction is not valid (i.e.,

eq.{4} contains no polymer configuration terms).

While it is true that none of the theories so far ngosed gives a
complete description of steric stabilization, we add that even methods based
on Monte Carlo techniques (20,21) and random walk statistics (12,13,43,44)
cannot be rigorously correct owing to their use of "“production chains" (47)

(see section 6 for a discussion of this point). A rigorous solution, therefore,
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is not yet in sight. We believe that a complete description of the inter-
actions between sterically stabilized particles cannot be formulated on the
basis of equilibrium thermodynamics alone. Polymer relaxation, viscosity and
other-non-equi1ibrium effects must also be considered. The problem becomes
even more difficult when applied to the multiple interactions of spheres, since
adsorbed polymer configuration at a §pher1ca1 surface is, as yet, an unsb1ved

problem.
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Appendix 1.1
FREE VOLUME THEORY AND STERIC STABILIZATION

As a result of our formulation of the theory of steric stabilization
(osmotic contribution) in terms of the coefficients of X3 of the series
expansion:

X=X, F x2'v2 Vit
we are not necessarily restricted by any polymer solution theory. Treatment
of the X parameters as experimental quantities ensures this independence (93).
Theréfore, regardless of the polymer solution theory chosen to predict X from
more fundamental quantities, we cannot expect an improvement in the predictions
of the theory of steric stabilization over those obtained using an empirical Y.
By using an empirical x, however, we forfeit much of our understanding of the
basic thermodynamic processes involved. It is often in the interest of the
correct evolution of a theory to formulate the theory in terms of reasonably

fundamental gquantities.

We now briefly examine the possibility of.using one of the modern
theories of polymer solutions (e.g.,94,95) to predict the value of the inter-
action parameter x. In keeping with the form of the expressions derived in
our theory of steric stabilization, we seek to predict the Xi parameters in the
abovementioned power series (discussion will be limited to X, and x, of the

series).

" The most tractable free volume theory (FVT) to date is that due to Flory
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(95). {Although we refer to the modern solution theories as free volume
theories, we recognize the Timited connotations of such a label (49).) A
succinet resumé of this theory is given by Booth and Devoy (74); more detail
is supplied in a series of papers by Eichinger and Flory (96,63,97,65) and by
Hocker, Blake, Shih and Flory (98,70,72,64).

Following Flory (95), we shall use the segment fraction ¢ instead of
the volume fraction in this appendix. For the present, we will not make a
quantitative distinction between the x values obtained on the basis of segment
fractibns and volume fractions. That a small difference exists has been pointed
out by Flory (49). We require, therefore, x, and x, in:
X=Xy F X8, * e

where ¢, is the segment fraction of polymer in the solution.

Originally, Flory derived a series expansion, in powers of ¢, for the
reduced chemical potential of solvent in a mixture in which a single inter-
action energy parameter X , was used (e.g.,95). Subsequently, it was found
that an additional parameter le was often required to account for the entropy
associated with the exchange interaction (70,96). Modification of eq. {43} of
ref.95 to account for Q , and division by RT¢2 (where RT is the molar thermal
energy unit) yields the reduced residual chemical potential of the solvent

(= x) as a power series in ¢, (70,95):

pRVE L ol VA pAT*
X = fm (Y, + ) - —I—RU(-%-)u R AL - -zi-) + {21, (1 - Ghrd) Ao, T

ZV*Q
Ti3 4 207(1+ a]e, - —RRERAL - 200, + 0(82) 87}
l

1

2A3
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H
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s
2232
(51) X,,/p%
HP: .S..Z. *
(1 - T* I';Fl " s, X,2/P]

exchange energy parameter

1 for solvent

characteristic pressure of component i (i

i = 2 for polymer)
characteristic temperature of component i

characteristic molar volume of solvent

reduced volume of solvent

thermal expansion coefficient of solvent

segment surface ratio
absolute temperature
gas constant

segment fraction of polymer .

the above parameters has been extensively discussed by several

.+74,96,98). From eq.{87} (70):

(p*V#/V RT)(Y,, + A% T/2) - V*Q, (s,/s,)%/R {88}

(p2v/v RT) [2Y,, (1 = 5,/5,) + 2V, % (1 - pETH/RYTHAMQ,T
S(2/9)A%,T(3 + 20,T(1 + @ TN} - 2V4Q,, (5,/5,)%(1 - s,/5 )/R .
| {89}

These expressions may only be used at low pressures owing to the use of an

equation of state in the 1imit of zero pressure (95) in their derivation.
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In addition to x, and X,, we shall evaluate the entropy and enthalpy
components of x,; i.e., Flory's entropy ¢, and enthalpy x, of dilution
parameters in the limit of infinite dilution (42,70):

b, - K T - X

where
by =+ ENA/RT) [V o - (A, T/2){1 + 3o T(1 + alT)}] + V%0, (5,/5,)2/R
{90}
and
c, = (PRVA/RTE)(1+ @ )Y, - 5A%2T?) . {91}

" Tables 3 and 4 list the requisite data for several solvents and polymers;
this data is used to construct Tables 5 and 6 for several polymer/solvent
mixtures. Also required for the mixtures are X1z’ le and 52/51' Rather than
have s /s, as an adjustable parameter (66), we will use values from the liter-
ature which have been calculated by the methods of Flory; e.g., the "sphere-
cylinder" approximation (70,74). When the solvent mélecules can be approx-
imated by spheres and the polymer chain by a cylinder, we can formulate (after
a little algebra) the segment surface ratio as:

1
s./s, = 2,130 (a/Mr )% {92}

where
% is the crystallographic repeat distance per monomer unit (nm)
M, is the molecular weight of a mer unit (g mol™?)
Vgp; is the characteristic specific volume of the polymer (em® g~1)

and V* is the molar volume of the solvent {ecm® mol~1!).

The only adjustable parameters are now X1 and Q,,.

2
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TABLE 3

Data for Pure Solvents

Solvent T/K pY T*/K V¥ v, o, refs,
.cm? cm® mol-?! 1073 K~!?
cyclohexane 298 530 4717 84.3 .2906 1.217 64
benzene 298 628 4709 69.2 .2917 1.223 63
methyl ethyl ketone 298 582 4557 68.9 . 3075 1.308 70
chlorobenzene 293 600 5320 82.5 .2356 0.957 66
ethylbenzene 298 551 5176 98.4 .2515 1.019 72
n-pentane 298 406 4158 85.4 . 3607 1.61 65
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TABLE 4

Data for Pure Polymers

Polymer T/K p¥ T3/K vgpz Mm £/nm refs.
J. cm™3 cm® g~! g mol~!
PS 298 547 7420 0.8098 104 0.25 70,98
PIB 298 519 6775 0.9493 56 0.23 63,73
PDMS 298 341 5528 0.8395 74 0.29 66

PDMS 293 343 5494 0.8381 74 0.29 66
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TABLE 5

Results for Mixtures Fitted to Experimental k, and X,

System T/K sz/s1 )(12 le K X, X, refs.
J. cm™? J. em® K™?

PS/cyclohexane 298 0.50 45.8 0.0304 0.225 0.505 0.325 75
PS/methyl ethyl ketone 298 0.48 26.0 -0.0424 -0.029 0.486 0.312 70
PS/ethylbenzene 298 0.53 8.5 -0.0295 -0.02 0.40 0.206 72
PIB/benzene 298 0.58 38.0 -0.0393 0.30 0.500 0.423 68
PIB/n-pentane 298 0.53 35.0 0.0778 -0.10 0.486 -0.092 65
POMS/chlorobenzene 293 0.64 11.4 -0.0854 0.156 0.475 0.343 66,67
PDMS/benzene 298 0.60 19.4 -0.107 0.20 0.481 0.392 66,71
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TABLE 6

Results for Mixtures Based on Literature Values of X , and 012

System T/K s,/s, X, Q,, K, X X5 refs.
' J.oem® J. em™3 K71
PS/cyclohexane 298 0.50 42.0 0.023 0.188 0.505 0.312 64
PS/methyl ethyl ketone 298 0.48 26.0 -0.038 -0.026 0.481 0.303 70‘
PS/ethylbenzene 298 0.53 8.8 -0.029 -0.017 0.398 0.205 72
P1B/benzene 298 0.58 42.0 0 0.342 0.418 0.357 63
PIB/n-pentane 298 0.53 11.7 0 ~-0.412 0.648 -0.171 65
PDMS/chlorgbenzene 293 0.64 11.0 -0.064 0.158 0.384 - 0.277 66
PDMS/benzene 298 0.60 22.0 -0.042 0.228 0.481 0.254 66
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In Table 5, we have taken the measured values of k, and x, and calculated
the X, and Q , exchange parameters according to egs.{91} and {88}. From
these results, x, was calculated (eq.{89}). The average concentration of.
polymer on the surface of a sterically stabilized latex is generaily of the
order of 10% (see section 9). Values of X , and Q,, fitted to the experimental
data near ¢, = 0.5 (71) may, therefore, yield misleading results. For:this
reason we have chosen to fit the exchange parameters to the experimental data
in the 1imit of infinite dilution. ¢, has not been listed as it can readily
be obtained from

by =Rt Ry -X

Table 6 was constructed from values of X,, and Q,, reported in the
literature. Values for these parameters may vary significantly depending on
the relative importance each author places on various experimenta] data (e.g.,
whether X , should be found from excess volume of mixing data (74) or excess

enthalpy of mixing data (71)).

We chose the systems listed in Tables 5 and 6 as examples for which the
semi-empirical approximation x, = 2x,/3 was found to hold {section 5.2.).
The value of the ratio X1/X2 in all cases should therefore be near 1.5.
Excluding the system PiB/n-pentane, the average value of X1/Xz in Table 5 is

1.5 + 0.3 and in Table 6 it is 1.6 + 0.3.

Contrary to the experimental results {(65), the value of yx for the PIB/
n-pentane system is predicted to be almost independent of polymer concentration
at Tow ¢, values. In fact, a small tendency for x to decrease with increasing

¢, is predicted. In addition, as is pointed out in ref.65, the theoretical
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value of X, (Table 6) is much too high and incorrectly predicts 1imited
miscibility in this system (x, > 0.5). Adjustments of the paraheters
according to experimental x, and k, values (Table 5} corrects this by greatly
increasing X,, (11.7 > 35.0 J. cm~?). Improvement in y, is marginal, however,

and the value of Q,, required seems unrealistically large (65).

One very important prediction of the theory is that x, and ¢, for the
PIB/n-pentane system are both negative. This appears to be an unequivocal
prediction which cannot be made in terms of the lattice theory of polymer

solutions (42). We discuss this point further in chapter II.

The method of evaluating the s,/s, parameter is somewhat artificial in
that polymer and solvent molecules are considered to be geometric solids.
However, a much more sophisticated treatment of s,/s, is probably unwarranted
in view of the other assumptions in the theory (e.g., the adoption of a (3,»)
intermolecular pair potential (49) and the use of a volume-independent exchange
entropy (96)). Much closer agreement with experiment could have been obtained
for several of the systems is sz/s1 had been made an arbitrary adjustable
parameter.  Although the concentration dependence of ¥ can be strongly depend-
ent on s,/s, (96), arbitrary parameters should be avoided in order that logical

comparisons be made between different systems.

Free volume theory éppears, in most cases, to give a satisfactory
description of the above systems. For our purposes,however, the theory is not
particularly suitable in its present form. There are two main reasons for
this conclusion. First, steric stabilization theory contains the parameters

(% - x,) and (%—~ X,) which are far more sensitive to changes in s,/s,, Q;,
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and X,, than are x, or X, when X, = % and X, = %u These latter conditions
are of particluar interest in the theory of steric stabilization since they
usually prevail near the critical flocculation point (27). For example, in

Table 5, the system PS/cyclohexane at 298 K has x, = 0.505 and x, = 0.325

or (3 - x,) = -0.005 and (3 - x,) = 0.008. A 10% change in x, would lead to
a change of 0.03 in (%-- X,). Consequently, even the sign of (%-- X,) is

uncertain when x, = %a

Second, before the theoretical values of x, and x, can be calculated

from fitted X1 and le parameters, the values of x, and K, must be measured.

2
This involves measuring the concentration dependence of x (or at least the

initial slope of the y versus concentration plot). From a practical point of
view, therefore, the use of a polymer solution theory in steric stabilization

theory is superfluous.

Instead of using polymer solution theory to predict the parameters
required in steric stabilization theory, we should, perhaps, use these
.theories independently. In this way, the theory of steric stabilization
would benefit from the thermodynamic insight afforded by the FVT without

suffering from its quantitative deficiencies.
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Appendix 1.2
THE "EXACT" OSMOTIC INTERACTION

X is best defined as the reduced residual chemical potential of the
solvent in a solution (49). This definition releases us from the restriction

that x be treated as a difference in reduced contact free energies.

To the accuracy of experimental measurement, x is defined by:

Uy - WLE
(—l—ﬁf—lﬂ = In(1-v,)+v, +xvi {93}
oy - WRE
where (—i-ﬁT—l) is the experimental excess relative chemical potential of the

solvent as obtained via activity measurements. The usual methods of determining
solvent activity include osmotic pressure measurements for low to moderate
polymer concentrations (68) and vapour pressure measurements for high polymer

concentrations (62).

From eqs.{ 4} and {10} in section 4, we have for the excess free energy of

mixing polymer and solvent in volume element &V:

s(agh) = KL {(1 - v)In(1 - v,) + 2—1‘— vy, {94}
1
1=1

where we have assumed that it is possible to replace the experimental values of
x by a polynomial (power series) approximation without losing accuracy. We do
not expand the logarithm at this point; therefore, even simple non-uniform

segment density distribution functions will cause this expression {94} to be
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unmanageable. We proceed by applying eq.{94} to the uniform segment density
model. The osmotic free energy of interaction of flat plates (cf. eq.{32})

becomes:

u _ RIL 2v 2v - ST 2,

ol = B8 [s(1 - Bmn(1 - By - 21 - D1 -9 + B [0 - . o5}
1 i=1 :
Integration with respect to & leads us to the osmotic interaction between

equal spheres {cf. eq.{35}):

A = R [2(5 - 1-9)(1 -1 -7) - j‘f"(l - 2")21 (1 - 2‘-') + 27710 &
0s o 0
1
2,8 e
+v(s- 2) - 4\72(x1(1n§°+ 7 - 1)+ 2 —)1 Ly (a- 1) )]
1=2
{96}

Note that egs.{95} and {96} are equivalent to egs.{32} and {35} only if
we take the summations over i to infinity. In practice, a power series
approximation will have only a few terms and the sets of equations do not co-
incide. Although the above equations {95} and {96} are more "exact" than
egqs.{32} and {35} within the framework of our segment density model, the
difference between them is small at the polymer concentrations considered.
Only when very high concentrations are reached do egs.{95} and {96} have an
advantage; in the limit as v -~ 1, AGES and Avgs both approach =, which means

that the finite real volume of the polymer is accounted for.

We cannot realistically approach this extreme in our theory partially

because of the elastic term, which must be invalid at high concentrations owing
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to the real volume of the polymer.
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Appendix 1.3

RELATIONSHIP BETWEEN PARTICLE VOLUME FRACTION AND SEPARATION IN CLOSE-PACKED
ARRAYS OF MONODISPERSE SPHERES

In either hexagonally or cubic c1osefpacked arrays, each sphere has twelve
equidistant nearest neighbours; six in one plane and three on each side of this
plane. We require the frequency of occurrence of spheres in three mutually
perpendicular directions in order to calculate the number of spheres per unit

volume.

'Let 2 be the distance between the centres of two adjacent spheres. The
volume fraction of particles can readily be found using the dimensions of a
regular tetrahedron of side % (see Fig.17). Any two adjacent rows are separ-
ated by a perpendicular distance of<%; 2 and any two layers by v/2/3 2. The

number of spheres per unit volume, N, is

N=l e A x E
L /3L /28
-2
23
Placing 2 = 2a + do, we find
-2
(23+du)3

Multiplication by the volume per sphere gives, for the volume fraction of
spheres (core particles):

_ 472 ma
% " 3(2a + dg)?
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=_1T_ -3 .
or 6y = 3y (1 +d,/22)7° {97}

In terms of the distance parameter & , we have:

‘ _ 2a T\
6= &5 it 1 . {98}

Mhen d, = 0 in eq.{97}, ¢, = ©/(3/2) = 0.74. This 15 the maximm volume
fraction of particles possible in a perfect close-packed array of monodisperse
spherical particles. If a latex is predominately close-packed but has some
"dead space", the measured volume fraction will be underestimated. We can

allow, to some extent, for faults in the latex structure by using:

b = 0,1+ do/2a)° {99}

p

where ¢, is the maximum volume fraction of particles estimated by extrapolation
of experimental results to d, = 0 and ¢pm is the measured apparent volume
fraction of particles. Corresponding changes in A have a much smaller effect

on the final interaction equations; consequently, we need not alter eq.{75}.
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Fig.17. Dimensions of a regular tetrahedron used to find the relation-
ship between the particle volume fraction ¢p and the distance
(or reduced distance) of separation d, (or 8,) in a perfectly

close-packed array of spherical particles.
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Appendix 1.4

INFLUENCE OF VAN DER WAALS ATTRACTION ON DISJOINING PRESSURE OF CONCENTRATED
LATICES

An estimate of the relative magnitude of the van der Waals attraction
shows that it is negligibly small. Let the attraction energy between two
spheres be approximated by:

-
Gy = 124

where H is the Hamaker "constant". This expression is not very accurate
(see chapter on van der Waals attraction}; however, for our present purposes,

accuracy is not required. Differentiation gives us the force of attraction:

_ 3GA _ -aH
o= 3d, ° Toa

0

and division by the area over which this force acts yields the pressure:

-3aH

TP A w4

Pa

Note that the pressure is inversely proportional to the particle radius,
whereas the attraction energy and force are directly proportional to the

particle radius.

We show in the van der Waals attraction chapter that H, for polymer
latices, is of the order of thermal energy (kT). A typical particle radius
would be ~100 nm. Comparison of Table 7 with, say, Fig.14 indicates that the
van der Waals pressure is approximately two orders of magnitude smaller than

the measured repulsion.
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TABLE 7

Van der Waals attraction pressure for a typical latex of

radius 100 nm and with H = kT.

do/nm PA/kPa
12 -0.01
10 -0.02
8 -0.03
6 -0.05

4 -0.12
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CHAPTER 1II

THE EFFECT OF PRESSURE ON STERICALLY STABILIZED LATICES
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1. INTRODUCTION

At the beginning of the first chapter, we discussed the thermal methods
of flocculating sterically stabilized latices. Thermal flocculation behaviour
enabled us to classify sterically stabilized latices as enthalpic, entropic or
combined enthalpic-entropic (1). (See chap.I, Fig.1l.) This classification is
based upon the thermodynamic conditions (2) under which the free energy of
interaction AG between the latex partic1e§ is reduced to zero:

AG = AH - TAS = 0
where AH and AS are the enthalpy and entropy changes associated with the mutual-
approach of latex particles during flocculation. If we now rewrite the above
expression by recalling that
AH = AE + PAV
at constant temperature T and pressure P, we have, at the critical flocculation
point:

AG = AE + PAV - TAS = 0, {1}
where AE and AV are the changes in internal energy and volume associated with
flocculation. (AV is not to be confused with the interaction energy between
spheres in chapter 1.) It is clear from Fig.1l that a latex may be flocculated
by increasing the pressure gnly if AV is negative, irrespective of whether the
latex is entropically or enthalpically stabilized. The arrows indicate the
direction of increasing pressure. At atmospheric pressure we assume that
AH = AE. The sign of AV is shown on each arrow. We emphasise that such dia-
grams arestrictly valid only in the immediate vicinity of the AG = 0 Tine (2)
where it may be assumed that AE, AV and AS are independent of T and P. Large

changes in T and P are likely to affect AE, AV and 4S and they should be re-
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Fig.1. Stability diagrams for sterically stabilized dispersions - effect
of increasing pressure from P = 0. (Stability is possible only above
the AG = 0 diagonal.) Signs on the arrows are those of the volume
change AV associated with flocculation. Distance from the AG = 0

Tine is greatly exaggerated.
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evaluated under the different conditions.

In the following sections, we will concentrate on two main points. First,
there appears to be no valid thermodynamic reason why enthalpic stabilization
and entropic stabilization should be observed only in aqueous and non-agqueous
media respectively {3). Ottewill (4) has pointed out that entropic stability
is dominant in non-agueous media and enthalpic stability occurs most often in
aqueous media. We have indicated exceptions to this rule and have presented
the flocculation behaviour of the "exceptional” latices (5,6). Enthalpic
stabilization in non-aqueous media will be discussed in section 3. This topic
has been incorporated into the "pressure" chapter because enthalpic stabiliz-
ation in non-aqueous media is expected to occur above the normal boiling point
of the solvent medihﬁ. Observation of this phenomenon must therefore be made

at pressures exceeding 1 atmosphere.

The second point concerns the correlation between the critical flocculation
point of a latex and the ©-point for the stabilizer in free solution. We have
investigated the effect of pressure on this correlation and our results are
presented in section 4. The remainder of the chapter consists mainly of a
qualitative examination of the effect of pressure on the systems studied and

sterically stabilized Tatices in general.
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2. PRESSURE APPARATUS

The initial experiments were performed using equipment built by the
C.S.1.R.0. Subsequently, a basically similar system was constructed in these
laboratories. The main difference between the two sets of apparatus is that
the original pressure bomb had to be heated with an external heating mantle
while the temperature of the modified bomb was controllied by pumping fluid
through channels drilled inside the bomb. Results obtained with: the original
apparatus were found to agree with those obtained using the apparatus described

below.

A cross-section of the high pressure bomb is shown in Fig.2. Not shown
are the holes drilled through the bomb to allow the circulation of water {or
other fluids) from a temperature regulated bath. This bath was a Haake type
F 4391, which could be used to cool as well as heat the bomb. The connections
for the temperature regulating fluid can be seen in Plate 1. A sepérate hole
drilled into the top of the bomb held a thermometer. The pressure cell was a
glass syringe modified by the removal of the flange and subsequent sealing of
the nozzle. The end of the plunger served as a piston to isolate the test
sample from the hydraulic medium, while maintaining pressure equilibrium. This
cell was immersed in the hydraulic fluid {a clear paraffin 0il) in the cell
compartment (Fig.2). Pressure was applied with an Enerpac P228 manual pump
via a high pressure line consisting mostly of Sno-trik stainless steel tubing

and valves, although some Enerpac fittings were used.

Three Bourdon-type guages were required to cover the pressure range from
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Fig.2. Cross-section of high pressure bomb (300 MPa)
(1) Bomb (stainless steel, height: 14.6 cm)
(2) Window nut (R-5 high tensile steel)

(3) O-ring seal

(4) window support (stainless steel)

(5) glass window

(6) cell chamber

(7) optically flat surfaces

(8) second window assembly {not shown)

(9) sealing plug (stainless steel)
(10) lock nut {R-5 high tensile steel)

(11) Yock nut for pressure-line connection

Based on CSIRD design.
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Plate 1. High pressure apparatus. Note the glass pressure cell beside

the bomb.
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atmospheric pressure to 200 MPa. For high pressures, an Enerpac model 31-302
test guage was used; for intermediate pressures (up to 20 MPa) a Budenburg
standard test guage was used. Low pressures (up to 2 MPa) were measured with

a Budenburg guage. (1-MPa = 10.1325 atm. (7)).
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3. ENTHALPIC STABILIZATION IN NON-AQUEOUS MEDIA
3.1. Experimental

Two samples of polyisobutylene (PIB) were kindly supplied by Essochem
Australia Ltd. The higher molecular weight sample was Esso Butyl Rubber
grade 035 containing nominally 0.8 mole% unsaturation (isoprene). The Tower
molecular weight sample, Vistamex grade LM MH, contained negligible unsatur-
ation. Viscosity average molecular weights were determined in benzene at the
O-temperature (297 K}, allowing the use of the following Mark-Houwink equation
(8):.

[n]/d1 g~} = 1.07 x 103<M >

The molecular weights found were (1.5 £ 0.1) x 105 and (2.3 = 0.2) x 10%.

Acrylonitrile and benzoyl peroxide were Fluka purum grade. The 2-methyl-

butane was BDH laboratory reagent.

Amphipathic stabilizers were prepafed,for example, be heating the grade
035 PIB (2 g}, dissolved in n-heptane (38 g), with acrylonitrile (0.2 g) at
60°C for 20 hours in the presence of benzoyl peroxide initiator (0.1 g). The
copolymer, poly(isobutylene-g-acrylonitrile), was isolated by pouring the
reaction mixture into ice-cold ether, decanting the supernatant and drying the

precipitate under vacuum,

The sterically stabilized polyacrylonitrile (PAN) latex was prepared by

polymerizing acrylonitrile (2 g) in n-heptane (100 cm®) in the presence of
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dissolved stabilizer (2 g) and benzoyl peroxide initiator at 70°C The latex
was formed after several hours. Excess stabilizer was removed by repeated
centrifugation and redispersion in 2-methylbutane. The weight average particle
radius (determined turbidimetrically) for the latex stabilized by the higher
molecular weight PIB was 53 nm; that for the latex stabilized by the lower

molecular weight PIB was 47 nm.

Since the phase separation of PIB in 2-methylbutane occurs above the
normal boiling point of the solution, the experiments were carried out using
sea1edltubes and the pressure bomb described earlier. (The normal boiling
point of 2-methylbutane is 301 K (7)). The pressure of the system was closely
approximated by the vapour pressure of 2-methylbutane, which was cﬁTcu1ated
{for the tubes and bomb) from (7):

tog,, (P/mm Hg) = -(1.4139 x 103)/(T/K) + 7.54468 .

A1l measurements were corrected to the hypothetical state of P = 0 (9-11).
This was done by employing the pressure dependence of the lower critical
solution temperature (LCST) of PIB in 2-methylbutane as found by Allen and
Baker {9) and Gaeckle and Patterson (10). They found that the LCST increases
by approximately 0.05 K MPa-! and our experiments confirmed this small depend-

ence.
3.2. Results and Discussion

The phase diagram for the separation of the higher molecular weight PIB

in 2-methylbutane is shown in Fig.3a. These measurements were performed in
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Fig.3. (a) Phase diagram for PIB (<M > = 1.5 x 10°) in 2-methylbutane.
(b} Cornet and van Ballegooijen plot to determine the ©-temperature:
filled circles - sealed tubes

open circles - pressure bomb,
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the pressure bomb. As expected, the solution exhibited an LSCT, signifying
that the entropy and enthalpy of dilution parameters for this system are both
negative (12), at least in the vicinity of the LCST. Negative values for these
parameters indicate that dispersions stabilized by PIB in 2-methylbutane should
be enthalpically stabilized (1). Extrapolation of the phase separation data
(13) yields the ©-temperature of PIB in 2-methylbutane (Fig.3b). The values

of © obtained were 325 + 2 K {sealed tubes) and 326 + 2 K (pressure bomb).
Gaeckle and Patterson found a slightly lower value of © (316 K) using a fully
saturated sample of PIB. We were unable to measure © for our fully saturated
sample because of the high temperatures required to induce phase separation.
The difference in the values of O as obtained by us and by Gaeckle and Patterson
may have been due to differences in the method of measurement. Additionally,
different degrees of branching and/or unsaturation may have contributed to the
discrepancy. The pdrity of the 2-methylbutane is unlikely to have been the
scource of the discrepancy, since the addition of 5% n-pentane (the most

probable impurity) increased © by only ~0.5 K.

The PAN latex stabilized by the higher molecular weight PIB flocculated
on heating to 325 + 1 K in both the sealed tube and the pressure bomb. The
latex stabilized by the lower molecular weight PIB aiso flocculiated on heating
to 325 £+ 1 K. These critical flocculation temperatures coincide with the

measured O-temperature for free PIB in 2-methylbutane,

With the preparation of these enthalpically stabilized latices in 2-methyl-
butane, we have completed the demonstation that both entropic and enthalpic

stabilization should be evident in both aqueous and non-aqueous media. A
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summary of all the well characterized sterically stabilized dispersions

prepared to date is presented in Table 1.

Classical polymer solution theories such as the Flory-Huggins theory
(14,15) are unable to predict the phenomenon of enthalpic stabilization. The
'principaT reason is that theories based on the lattice model for polymer
solutions ignore the differences in free volume between the solvent and polymer
(12). It is this free volume difference which has been found to be primarily
responsible for the existence of an LCST (16). Furthermore, it is believed
(17) that most polymer solutions have an LCST in the vicinity of the gas-liquid
critical point of the pure solvent. The LCST's extrapolated to the limit of
infinite molecular weight polymer have been found for many systems (18,19) to
lie in the range 73-99% of the pure solvent critical temperature (all temper-
atures being expressed in absolute units). Of course, these extrapolated
LCST's are the O-temperatures of the systems. We shall distingqish fhe 0-
temperatures associated with upper and lower critical solution temperatures
by labelling them Oy and 8 respectively. The subscripts refer to the fact
that near each O-temperature, the infinite molecular weight polymer remains in

solution by virtue of dominant enthalpic and entropic effects respectively.



Classification of Sterically Stabilized Dispersions

TABLE 1

Stabilizer Dispersion Medium Type Refs.
Type Example
PLMA Non-aqueous n-heptane Entropic 36
PHS Non-aqueous n-heptane Entropic 36
PS Non-aqueous Toluene Entropic 37
PEQ Non-agueous Methanol Entropic 2
PIB Non-aqueous 2-methylbutane Enthalpic 6
PEQ Aqueous 0.48 M MgSO4 Enthalpic 20,38
PVOH Agueous 2 M NaC} Enthalpic 24
PMAA Aqueous 0.02 M HC} Enthalpic 5
PAA Aqueous 0.2 M HCI Entropic 5
PAAM Agueous 2.1 M (NH,),50, Entropic 5
3
PVOH Mixed Dioxan/water Combined 24
PEO Mixed Methanol/water Combined 2
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4. A CORRELATION BETWEEN CRITICAL FLOCCULATION PRESSURES AND ©-PRESSURES
4.1. Experimental

The preparation of poly(ethylene oxide) (PEQ) stabilized latices has been
described previously (20). The disperse phase was poly(vinyl acetate) (PVA)
and the dispersion medium was water. Viscosity average molecular weights <MV>
were determined as in ref.20. The PEQO used for the determination of ©-cond-
itions had <M,> = 2.08 x 105; that used to stabilize the latices had
<MV> = 1.0 x 10%, except for thqse latices subject to pressures in excess of

80 MPa, when <MV> was increased to 2.08 x 10°.

Glass windows in the bomb allowed the contents of the cell to be monitored
visually. Small differences in the visually determined onset of flocculation
and phase separation were detected at atmospheric pressure for samples inside
and outside the bomb. This apparently arose from the decreased sensitivity of
observations inside the bomb; all measurements taken inside the bomb were

corrected for these differences.

Two methods were used to find the points of phase separation and
flocculation. The first involved changing the temperature at constant pressure
at such a rate as to maintain thermal equilibrium in the bomb. Rates of less
than 0.1 K min=? were required. A less time-consuming method was to induce
the transition by changing the pressure at constant temperature. In this way,

reproducibility could be checked by performing several pressure cycles.
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4.2. Results

The O-temperatures at various pressures up to 150 MPa were obtained for
PEO in 0.41m MgSO4 solution by the extrapolation procedure of Cornet and
Ballegooijen (13). (The electrolyte concentration is expressed on the pressure
independent moial scale.) Phase separation was found to occur on heating
and/or on raising the pressure. The phase separation curves are depicted in
Fig.4. The linear extrapolation plots for finding oy are shown in Fig.5.
As the pressure increases, the O-temperature decreases. This result indicates
that aqueous latices stabilized by PEO should become less stable with

increasing pressure.

The critical flocculation pressures of the latices were found by
increasing the pressure at constant temperature until an abrupt increase in
turbidity signified the onset of flocculation. This pressure-induced floccul-
ation was found to be reversible below 80 MPa. Above 80 MPa some irreversib-
ility was apparent, even when PEQ of much higher molecular weight

(<M,> = 2.08 x 10°) was used as the stabilizer.

The close correlation between the G-pressures and critical flocculation
pressures is evident in Fig.4. These results reinforce and extend the thesis
(20) that the limit of stability of most sterically stabilized latices (21,22)
correlates closely with the attainment of ©-conditions for the stabilizer

polymer,
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Fig.4 Plots of phase separation pressure, O-pressure and critical
flocculation pressure as a function of temperature. Curves 1-4
show phase separation pressures for polymer volume fractions:
(1) 2.5 x 10°%, (2) 5 x 10-%, (3) 1x 102, (4) 2 x 102,
Curves 5 and.6 show the ©-pressure and critical flocculation

pressure respectively.
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Fig.5. Cornet and van Ballegooijen plots for PEO in 0.41m MgSO4 at
different pressure: (1) atmospheric, (2) 30 MPa, (3) 50 MPa,
(4) 80 MPa, (5) 100 MPa, (6) 120 MPa, (7) 150 MPa.

(Within experimental error, 1 MPa = 10 atm.)
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5. OTHER SYSTEMS - EXPERIMENTAL
5.1. Poly{acrylic acid) (PAA) in 0.2m HCI

The preparation of aqueous latices entropically stabilized by PAA has
been described elsewhere (5). In these experiments, the number average
molecular weight of the PAA was 19300 (determined by osmometry (23)). The
disperse phase was PVA; the dispersion medium 0.2m HC1. This latex floccul-
ated reversibly on cooling to 288 Kat atmospheric pressure. The application
of preésure up to 160 MPa at temperatures above 288 Kdid not cause flocculation.
At 280.5K, flocculation was evident at pressures below ~10 MPa and above
~150 MPa but not at intermediate pressures. Similarly, at273K,the latex
appeared to remain stable in the range 20 - 100 MPa but was flocculated
outside this range. These results are represented in Fig.6 and strongly
suggest thaf a minimum value of ~270 K for the critical flocculation point

exists in the range 20 - 100 MPa - perhaps near 50 MPa.

No valid phase separation data for PAA in free solution could be obtained
owing to the separation of PAA as a semi-crystalline solid (12). Nevertheless,

the solubility of PAA in 1.0m HC1 increased with increasing pressure.
5.2. Poly{vinyl alcohol) (PVOH) in 2.0m NaCl
This system was examined only briefly and was found to behave in a

similar manner to PEO in 0.41m Mgsoq. The preparation of latices stabilized

by PVOH is described in ref.24. PVA was the disperse phase; 2.0m NaCl was the
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dispersion medium. The molecular weight of the PVOH was 26000 (25). Fig.7
indicates the effect of pressure on the critical flocculation point of this
enthalpically stabilized latex. Although the pressure dependence is of thé
same form as that for éhe PEQ/0.41m MgSO4 system,'the sensitivity of the PVOH/

Z.Om NaCl system to pressure is considerably less.
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Fig.6. Pressure and temperature dependence of the critical flocculation

point of a PVA latex stabilized by PAA (<Mn> = 19300) in 0.2m HC1.
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Fig.7. Pressure and temperature dependence of the critical flocculation

. point of a PVA latex stabilized by PYOH (<M> = 26000) in 2.0m NaCl.
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6. GENERAL DISCUSSION

If flocculation can be considered a phase transition process (22), we
would expect the Clausius-Clapeyron relationship to hold (26):

where AS and AY are the entropy and volume changes associated with the floccul-
ation process. The above relationship is obtained by differentiating expression
{1}:

AG = AE +PAV -TAS = 0
with respect to temperature (see introduction to this chapter). Note from
Fig.1 that near the critical flocculation point (AG = 0) a sterically stabilized
latex must be either entropically or enthalpically stabilized. In other words,
if the critical flocculation point is to be observable, AH and AS must be of
the same sign. Combined entropic-enthalpic latices cannot be flocculated. We

can predict the signs of AH, AE, AV and AS from the flocculation behaviour of

the latex.

Consider, for example, the agueous latices stabilized by PEQ (section 4).
Flocculation on heating indicates that these latices are enthalpically stabil-
ized near the critical flocculation point {2). Therefore AH and AS are both
positive. We know from our high pressure experiments that %%- is negative.
When an aqueous latex stabilized by PEQ flocculates, we expect a decrease in
overall volume to accompany the transition. We have mixed PEO of molecular.
weight 400 with water (50% v/v) and found that the mixing process is exothermic

and is accompanied by a decrease in total volume (~2%). This is in agreement

with the results of a more detailed study made by Malcolm and Rowlinson (27).
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The negative enthalpy change on dilution (exothermic process) is consistent with
a positive enthalpy change on flocculation, since flocculation involves an over-
all increase in concentration of PEO in the latex stabilizer layer. However,

a negative value of AV-for both dilution and flocculation may, at first, seem
inconsistent. Fig.8 illustrates the general form of excess volume of mixing
'(Vg) versus polymer concentration (vz) curves when Vﬁ is negative (e.g., for

the PEQ/water system).

The maximum value of |V§| is typically near v, = 0.5 (e.g.,28,29,30),
although some asymmetry is often apparent (e.g., ]Vﬁ]max for PEO in water
occurs near v, = 0.7 (27)). Point A indicates the excess volume of mixing when
the stabilizer is initially dissolved in the solvent medium, resulting in a
stable latex. The flocculation process involves an increase in average
stabilizer concentration due to overlap and/or compression of the stabilizer
layers. Point B indicates the excess volume of mixing of the adsorbed stab-
jlizer with solvent medium in a flocculated latex. Obviously, flocculation

(A ~ B) involves a decrease in overall latex volume as we predicted from eq.{2}.

The average volume fraction of polymer in the stabilizer layer of a
sterically stabilized latex is generally much less than 0.5 (see chap.I,
section 9, Table 2), .It seems unlikely, therefore, that a latex can be prep-
ared which, on flocculation, suffers a change in volume opposite in sign to

that of v,'fl (Fig.8, C - D).

So far we have found the signs of AH{+), AS(+) and AV(-) for the floccul-

ation of aqueous latices stabilized by PEO. Since AV is negative and AH is



141

Fig.8. Excess volume of mixing Vﬁ as a function of polymer volume

fraction v, when Vﬁ is negative (PEQ/water system {27)).



00

10



142
positive, AE must be positive (eq.{1}). Similarly, the signs of the thermo-
dynamic functions can be found for all the systems we have studied. These
signs are listed in Table 2. Whether the latex is enthalpic of entropic is

also indicated.

The unusual behaviour of the PAA/0.2m HC1 system under pressure deserves
further comment. Taniguchi et al (31) have shown that the solubility of PMMA
is enhanced by increasing the pressure. They explain this increase in
solubility by pointing out that the dissociation of the polyacid is accompanied
by a decrease in volume (32); therefore, the dissociation is promoted by
increasing the pressure. Hydration of the ionized groups results in increased
solubility (31). Similar jonization behaviour is expected for PAA under
pressure, since the volume change accompanying ionization of many carboxylic
acids has been found to be negative (33). We suggest, therefore, that the
minimum in Fig.6 may be due to the competition between the negative AV effect
©and the jonization effect. The latter presumably becomes dominant above about
50 MPa. This explanation may be tested at a Tater date by investigating the
pH dependence of the phenomenon. We expect the minimum to move to higher

pressures and temperatures with decreasing pH.

Although we have not as yet been able to demonstrate both enthalpic and
entropic stabilization in a single solvent medium, we expect such behaviour to
be possibie on the basis of modern polymer solution theories (16,34). As we
mentioned earlier, these theories predict that all polymer solutions should
exhibit an LCST near the critical point of the pure solvent. Any solution
which exhibits a UCST, therefore, should have an accessible GH and @S provided

a large enough range of temperature and pressure is scanned.



TABLE 2

Signs of Thermodynamic Functions Near the Critical Flocculation Point

System ‘

Stabiizer/medium S s type

PEC/0.41m MgSO4 | - - + + + enthalpic
PIB/2-methylbutane + + + + + enthalpic
PAA/0.2m HC1 (low P) - + - - - entropic
PAA/O.2m HC1 (~50 MPa) L 0 - - - entropic
PAA/0.2m HC1 (high P) + - unknown - - entropic
PVOH/2.0m NaCl - - + + + enthalpic

" Note that the sign of AE cannot be determined in the case of PAA/0.2m HCI
at high pressure. The signs of the other quantities do not constitute

sufficient data.
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Finally, we note that our results conflict with the theory proposed by
Lechner et al (35), which predicts that for all high po'1ymer solutions, ©
increases with increasing pressure. We found the opposite effect in the PEO/
0.41m MgSO4 system and we expect a similar trend in @H for PVOH/0.2m NaCl and
in og for PAA/O.2m HC1 (at low pressures).
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CHAPTER III

FLOCCULATION OF LATICES BY LOW MOLECULAR WEIGHT POLYMERS
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1. INTRODUCTION

High molecular weight polyelectrolytes are well known as flocculants

for electrostatically stabilized dispersions. (e.g., Table 1 of ref.1). It

is thought that they cause flocculation by each chain adsorbing onto two or
more particles (bridging mechanism), thus restricting Brownian movement (1-7).
Gregory (4,8) has demonstrated that 1ow.mo1ecu1ar weight cationic polymers -
are effective flocculants for negatively charged polystyrene (PS) latices.

He gives an explanation in terms of non-uniform charge distribution effects
which result in overall electrostatic attraction near the optimum flocculant

concentration.

We have found (9) that efficient flocculation of latices with suitable
surface groups can be achieved using Tow molecular weight non-ionic polymers

(viscosity average molecular weight M, 2 10° to 10%).

We begin this chapter by presenting the results of a preliminary qualit-
ative investigation into the f1occu1atioﬁ behaviour of various latex/polymer
systems. One system will then be examined in more detail using a rapid mixing
technique devised by Ottewill and Sirs (10). The results will be compared with
those obtained by flocculation with barium nitrate and discussed in terms of

two proposed mechanisms.
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2. QUALITATIVE FLOCCULATION STUDIES
2.1. Materials

Flocculants and Stabilizers

| Polymer abbreviations are listed at the beginning of this thesis. Apart
from PAA and PMAA, which were prepared by a heterogeneous polymerization

procedure (11,12), the polymer samples were obtained from the following sources:

PEO Union Carbide (Australia)
PPO Shell Chemicals (Australia)
PVOH Ajax Chemicals

PVP GAF {N.S.W.)

The steric stabilizers were prepared according to procedures given in the

following references:

poly(ethylene oxide-b-vinyl acetate) (13)
poly(acrylic acid-g-vinyl acetate) (14)
poly(vinyl alcohol-g-vinyl acetate) (15)

Latices

"High carboxyl" PS latices were prepared by the method of Ottewill and
Shaw (9,16). A1l othef latices were prepared by the heterogeneous polymer-
ization of vinyl acetate in the presence of stabilizer copolymer using
potassium persulphate initiator at 50°C in water. Excess stabilizer was

removed by centrifugation and redispersion in water.

The particle size of the "high carboxyl" PS latex used in the kinetic
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studies was determined by measuring the dry weight and latex turbidity. A
weight average particle radius of 31 nm was found. The polymer molecular
weight (usually viscosity average) will be indicated, where necessary, as a

suffix to the polymer abbreviation.
2.2. Polystyrene Latices with Surface Acid Groups

It was found (9) that small PS latices prepared by the method of Ottewill
and Shaw {16) could be flocculated by trace amounts of low (and high) molecular
weight PEQ at a sufficiently low pH. Even PEQ of molecular weight as JTow as
4000 induced flocculation. The presence of surface acid groups on these PS
parficles has been demonstrated by several authors (17-21). These acid groups
have been found to be mostly carboxylic, although some sulphonic acid residues
may be produced by the action of persulphate initiators (e.g.,17,21). The
flocculation behaviour of low carboxyl PS latices (20), prepared at low temp-
eratures (< 30°C) in the absence of oxygen, was not affected by the presence of
PEO. - In addition to this.sensitivity to small amounts of PEO, it was found (20)
that small "high carboxyl” latices, typically of a few hundred ﬂngstrﬁms radius,
exhibit unusually high stability in aqueous media of high ionic strength (e.q.,

0.5 M NaCl1) and flocculate' on cooling in these media.

This may be attributed to a polymeric oxidation product formed during the
initial stages of particle formation (20). This polymer would contain many of
the surface carboxy] groups and would sterically stabilize (entropically) the
small particles. It was not found possible to grow larger particles (radius

~100 nm) with the same steric stability properties. Perhaps the stabilizer
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polymer became buried in the particles as they grew. These large particles

were found to be unstable in 0.05 M NaCl.

Oxidised surfactant can be discounted as the scource of the steric
stability of these latices because very small (a few hundred Angstroms)
entropically stabilized PS latices have been produced in these laboratories
without the use of surfactants (e.g., by refluxing low concentrations of
styrene (2 0.5%) in water with potassium persulphate)}. In fact, latices which
appear to remain stable for many hours in 0.2 M NaCl can be prepared without
 surfactant or initiator by stirring Tow concentrations of styrene in water at
high temperatures (e.g.,80°C) for several hours. Stability is probably a
result of the oxidation by residual oxygen in the water. One latex prepared

by this method had an average radius of 90-100 nm (determined by turbidimetry).

Isolation of the unknown stabilizer was attempted by rapidly stirring a
2% styrene emulsion stabilized by aerosol OTN (0.05%) in water at 80°C and
frequently adding aliquots of potassium persulphate solution. The emulsion
changed colour and broke as oxidation proceeded (white > yellow - green -
brown) over ~30 minutes. A sticky brown product settled out and was redissolved
in water then extensively dialyzed to remove salts, soap, monomer and any other
Tow molecular weight substances. The brown solution contained a significant
quantity of stable latex particles which were removed by centrifugation,
leaving a clear, brown, surface-active solution. This solution probably
contained many polymeric species in various stages of oxidation, making struct-
ural analysis impractical. Elemental analysis (by C.S.I.R.0. Microanalytical

Laboratory, Melbourne} yielded the following proportions for carbon, hydrogen,
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oxygen and sulphur, which together comprised 98% by weight of the product:

12

C:H:0:5S 35 :29:11:1
Assuming that the sulphur is in the form of sulphate, we still have an oxygen

to carbon ratio of 1:5.

It appears, therefore, that there may be sufficient carboxylation to

form a water soluble polymer during the initial stages of polymerization.

The solution exhibited the following properties:
i) pH = 2.7.

ii) Phase separation on cooling in ~1 M NaCl solution.

iii) Precipitation with PEO only when acidified (0.2 M HC1) and redissolved
on the addition of sodium hydroxide.

iv) Flocculation of PEQ stabilized latices in the presence of acid.

v) When added to a purely electrostatically stabilized PVA latex, ihe latex,
which was initially unstable in 0.01 M NaCl, remained stable in 0.4 M
" NaCl1 for about twelve hours after treatment.

vi) The above treated latex flocculated almost irreversibly in 0.4 M NaCl
on cooling to ~10°C. This irreversibility was‘probably due to poor
anchoring {(13).

vii) Addition of acidified PEO solutions to the treated latex resulted in

flocculation.

A1l of the above evidence indicates that the brown so]ution contains the
same polymer which is responsible for the steric stabilization of small highly

carboxylated PS latices as prepared by the method of Ottewill and Shaw.
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This initial attempt at isolating the steric stabilizer, although crude,
does provide further evidence of its existence. Another approach would be to
prepare water-soluble polymers which may conceivably have a similar structure
to the "unknown" and to determine which of these polymers behaves most Tike

the "unknown".

We will show in section 3.4 of this chapter, that the proposed steric
stabilizer on high carboxyl latices facilitates explanation of their floccul-

ation behaviour in the presence of PED at low pH.
2.3.. Sterically Stabilized Latices

Based upon evidence given above and elsewhere (20), we shall henceforth
assume that small "high carboxyl" PS latices are sterjcally stabilized by
polyacids. Bailey et al (22,23} and Saito and Taniguchi (24,25) have presented
much evidence for strong hydrogen (H) bonding interactions between the carboxyl
groups of polymeric acids and the éther oxygens of PEO. If H-bonding is
responsible for the observed flocculation behaviour of "high carboxyl" PS
latices, we would expect to see similar behaviour with many other latex/
flocculant systems specifically chosen for their potential H-bonding capabil-
jties. Table 1 lists the additional systems in which flocculation was

observed. It is expected that stabilizer and flocculant are interchangeable

in general.

Strong H-bonded complexes between polymer pairs listed in Table 1 have

been reported in the following references:
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(22,23,24) PAA - PEQ
(22) PMAA - PEO
(24) PAA - polyalcohols
(26) PAA - PVP .
Also: (27) PMAA - PVP .

We found that poly(propylene oxide) (PP0O) could be used as the H-bonding
base in place of PEOD.

2.4, Effect of Urea

Urea {carbamide) is a well known'protein denaturant (28,29). The
denaturation mechanism appears to be rather complex, involving alteration of
the water structure and competition for H-bonding sites (30-34). We are
concerned primarily with the H-bonding ability of urea. It was expected that
urea would have the same effect on flocculant-particle H-bonds as on the intra-
molecular H-bonds of proteins. Urea is known to form complexes with PEQ (35)

and with carboxylic acids (34).

Two dispersions of PS stabilized by PEQ 23000 were prepared: one in 0.1 M
HC1 and the other in 0.1 M HC1/10 M urea. To each of these stable latices was
added an equal quantity of PAA 19300 (~50 ppm). The dispersion without urea
flocculated in seconds while that with urea remained stable. Subsequent
addition of water to the latex protected by urea resulted in immediate

flocculation.



TABLE 1

Aqueous Latex/Flocculant Systems at Low pH

Flocculant Stabilizer Particle
PAA 19300 PEO 23000 PVA
PAA 19300 PVOH 56000 PVA
PEQ 23000 PAA 19300 PVA
PMAA 20000 PEQ 23000 PVA
PMAA 20000 PVOH 56000 PVA
PYOH 56000 PAA 19300 PVA
PVP 25000 PAA 19300 PVA
PPO 2000 PAA 19300 PYA

153
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It is proposed that the urea preferentially H-bonds to the PAA carboxyl
groups and the PEO ether oxygens, preventing the formation of a PEQ - PAA
complex. As we have mentioned previously, Bailey et al (22) found that mixtures
of PAA and PEQ form an insoluble H-bonded complex at sufficiently low pH (< 4)
in water. They concluded from their experiments that the addition of urea to
the complex in aqueous solution is not effective in breaking up the complex.
However, only 1 M urea was used, and our experiments on the PEQO - PAA complex
revealed that considerably higher urea concentrations do break up the complex
at Tow pH. A mixture of 24%% PEQ 23000 and 2%% PAA 19300 in 0.25 M HC1 is
turbid owing to phase separation of the PEQ - PAA complex. Addition of solid
urea to a concentration of ~4 M results in a completely clear solution,
jndicating dissolution of the complex. Dilution of this clear solution with
water again causes phase separation {or precipitation, if the molecular weight

of either or both of the components is high).

Similar behaviour was observed in the PAA/PVOH, PAA/PVP and PAA/PPO
systems. Precipitation of the polymeric complex could be prevented or reversed

by the addition of urea or by raising the pH.

Latices stabilized by PVOH, for example, were found to be stable in
aqueous urea and these protected latices couid not be flocculated by the

addition of PAA. In this case, less than 1 M urea was effective.

Although urea is a strong H-bonding agent, it is not strongly self-
associating in aqueous media {31,36) and any weak association can be explained

in. terms of -dipole interactions (36). We would not expect, therefore, that
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adsorbed urea molecules 1in the above systems could H-bond with each other
and cause flocculation or complex formation. Instead, they appear to render

the H-bonding sites inactive.

Having examined the qualitative behaviour of several particle/flocculant

systems, we now consider the possible flocculation mechanisms.
2.5. Flocculation Mechanisms

Two distinct mechanisms are believed to be responsible for the flocculation
behaviour of sterically stabilized latices in the presence of polymeric
flocculants. Both rely on specific interactions between the stabilizer polymer
and the flocculant. The evidence indicates that H-bonding is the basic inter-

action responsible in the latices considered here.

Consider, for example, the flocculation by PEO of a latex stabilized by |

PAA {at Tow pH). When the molecular weight of the PEQ is very high, relatively
few segments should adsorb, via H-bonds, onto the particles in the first few
seconds after mixing. We would expect many of the segments to extend well into
the medium, adsorbing onto and "trapping" one or more other particles. This is
the "normal" bridging hechanism associated with high molecular weight
flocculants (e.g.,1,2,37). At the other extreme, when low molecular weight

PEQ is used, diffusion is much more rapid. There are, we believe, two distinct

possibilities in this case.

The first is that the PEQ adsorbs onto the outer surface of the PAA
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stabilizer layer by H-bonding through a significant fraction (but not all) of
its ether oxygens. In this way, the latex has a fraction 6 of its surface
randomly coated with PEQ. Flocculation is caused by H-bond bridging when the
PEQ and PAA areas come into contact during Brownian encounters. This is the
type of bridging mechanism most often associated with Tow moliecular weight
flocculants (9,38), although high molecular weight flocculants behave in .the
same way if the particle size is large enough (1) or if alternative mixing
procedures are used to allow equilibrium adsorption to take place in the

absence of flocculation (39).

The second mechanism will be termed the complexing mechanism. It relies

on the fact that the particles are sterically stabilized and that the flocculant
complexes stoichiometrically with the stabilizer (e.g.,22,26,27). (We assume
here that such a complex can also form between PEQ and the stabilizer on "high
carboxyl" latices.) In contrast with the high molecular weight PEQ, short
flocculant chains would have a much better chance of being entirely adsorbed
onto the PAA stabilizer in a time shorter than the particle collision time.
In other words, a stoichiometric PEQ - PAA polymeric complex, as described by
Bailey et al (22), should form on the particle surface. At low pH (s 4) this
complex is insoluble in water {22); therefore, if enough low molecular weight
PEO is used to complex with most of the PAA stabilizer at low pH, the latex

must flocculate (in the absence of electrostatic effects).

Both of the above mechanisms are probably active during flocculation but
it seems 1likely that the bridging mechanism predominates for high molecular
weight flocculants and the complexing mechanism for very low molecular weight

f1occu1ants;
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Before examining the more quantitative aspects of flocculation, we report
an interesting phenomenon which was observed during an attempt at flocculating

a PEQ stabilized latex and a PAA stabilized latex together (heteroflocculation).

Two sterically stabilized latices, one coated with PEQO 23000 and the other
coated with PAA 19300, were centrifuged and redispersed until the supernatant
from each latex no longer contained enoﬁgh free polymer to flocculate the other
latex (three times each at ~75000 x g for one hour). A significant difference
in particle size was visually evident; the size of the PAA stabilized latex
being the greater. When these latices were mixed in 0.2 M HC1, only a slight
turbidity was observed. This mixture was then divided into two parts. To
one part, PAA 19300 was added; to the othér, PEO 23000 was added. Flocculation

occurred only in the part to which PAA was added.

One possible explanation for the observed behaviour is that, upon mixing
the latices, several PEO stabilized latex particles attach to each PAA stab-
ilized particle to form small flocs which are stérica11y stabilized by PEOQ.
Subsequent addition of PAA flocculates these composite particles while the
addition of PEQ has no effect. Differences in latex concentration as well as

particle size may have contributed to this phenomenon.

The particular PEO stabilized latex had, in this instance, to be freshly
centrifuged before use as some desorption of the stabilizer was evident after

several hours (indicating the need for stronger anchoring).
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We next report the results of flocculation rate studies on "high carboxyl"
PS latices. This system was chosen because PS latices prepared by the methqd
of Ottewill and Shaw (9,16),and similar methods, are used, for example, in the
experimental determination of the Hamaker constant for PS in water (48). The
existence of a steric contribution to the stability of "high carboxyl" latices
has been demonstrated by Smitham et al (20). The assumption that such latices
are solély electrostatically stabilized can no longer be made., Apart from a
general interest in this system, a further reason for using "high carboxyl"
latices is that no excess stabilizer could be detected in the supernatant 1iquid
after the particles were removed (i.e. the supernatant was incapable of

affecting the stability of an acidified PEQ stabilizer latex). This obviated

the centrifugation which is usually required to remove excess stabilizer.
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3. FLOCCULATION RATE STUDIES

3.1. Apparatus

A slightly modified version of the rapid mixing apparatus described by
Ottewill and Sirs (10) was designed to be used in a varian Techtron 635
spectrophotometer. Automatic recording was performed on a National chart
recorder (model 135A-1). The mixing apparatus (Plate 2 ) provided its own
light-tight seal and simultaneously operated the photomultiplier micro-switch
at the rim of the cell compartment opening. We found that a return spring on
the plunger increased the operating efficiency considerably and obviated the
need for a supporting clip (10). Considerable experimentation was required to
find the optimum dimensions for the mixing "cube": if the cube fits too tightly
in the cell the solution may be ejected out of the cell and if the cube is too

small its contents may not be completely mixed.

3.2. Method

1. The turbidity of the latex is measured with respect to that of pure water

at the sodium D line (58% nm). Turbidity T = optical density x 1nl0.

2. A constant volume of latex (3.00 em?) of known concentration is placed in

each of two matched 1 cm ée11s.

3. A constant volume of flocculant solution of known concentration is metered
into the mixing cube with a micrometer syringe. The solution is divided

approximately equally among the four holes.
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Plate 2. Rapid mixing apparatus disassembled and assembled. The mixing

cube is made of Teflon and is threaded onto a stainless steel

shaft.
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4. The apparatus is assembled and placed in position in the spectrophotometer;
the chart recorder and spectrophotometer are zeroed with the apparatus and
reference latex in place.

5. The plunger is slowly depressed until the mixing cube is below the meniscus
of the latex (indicated by a mark on the plunger shaft). This greatly reduces
the possibility of expulsion of material from the cell. No reaction shouid be
noticeable on the chart recorder at th{s stage.

6. Immediately, the plunger is depressed and released rapidly, completing the
mixingrprocess. Some practice may be required to find the most rapid mixing
possible without loss of solution. Mixing times are generally less than 1

second (including instrumental response times).

Good reproducibility was obtained after a 1ittle practice; all runs were
performed in triplicate as a check on reproducibility. By mixing known concen-
trations of potassium chromate solutions with water we foﬁnd the mixing
efficiency to be consistently better than 97%. The wavelength used for this

mixing test was 275 nm (10).
3.3. Theory

Lichtenbelt et al (40,41) have derived an expression for the rate constant
k,, » which characterises the rate of formation of doublets from single particles

in a flocculating latex:

= @Y /(a2 -

where T is the turbidity of the latex at time t, N, is the initial number conc-
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entration of the particles, ¢, and ¢, are the extiction cross~sections of a
singlet and doublet respectively and the subscript O refers to the limit as

t -+ 0.

Equation {1} applies to the flocculation of latices by simple salts.
According to the bridging theory of Smellie and La Mer (42), if polymers are
used as the flocculant, the rate should be modified by the factor 8(1 - 8),
where © is the fraction of the latex covered by flocculant. When & = 0 or 1
(i.e., no flocculant or full coverage)} the flocculation rate is predicted to
be zero. At 6 = 0.5 we have 6(1 - 8) = 0.25 and the maximum flocculation rate

is only one quarter of that possible with simple electrolytes.

Unfortunately, we found that our "high carboxyl" PS Tatex was too stable
to electrolytes to permit the determination of k11 for rapid flocculation.
The concentration of flocculant in the mixing cube had to be thirty to sixty
times the desired final concentration and, apart from solubility problems, the

high viscosity of the salt solutions prevented efficient rapid mixing.

There should be an important observable difference between the two flocc-
ulation mechanisms discussed in section 2.5. The bridging mechanism is theor-
etically subject to the condition that the rate of flocculation is proportional
to 6(1 - o) (as mentioned above). The complexing mechanism, on the other hand,
would lead to a maximum rate near e = 1 and zero rate at ¢ = 0. Additionally,
we can visualize a second layer of flocculant forming over the insoluble complex
to restabilize the latex. Therefore, we may find zero or low flocculation

rate near & = 2, The simplest expression which reflects these flocculation
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characteristics is:

rate « 6(2 - 6)
Of course, whether the flocculant has any effect on the latex after complex
formation is complete has not been tested. It seems likely that once the
stoichiometric quantity of flocculant has been added, further additions will
have relatively 1ittle effect on the latex stability. Therefore, from the
shapes of the rate versus flocculant concentration curves and the values of
the maximum flocculation rates, it should be possible to determine whether the
complexing mechanism or the bridging mechanism is dominant. The theoretical
maximum rate due to the complexing mechanism is four times that due to the
bridging machanism and the surface coverage at the maximum rate should be

approximately 1.0 and 0.5 respectively.

These arguments apply only to low molecular weight f]pcculant unless the
particle size is very large. There is no provision in the theory for a dramatic
increase in the effectfve collision cross-section of the particles due to the
adsorption of high molecular weight flocculant. Trains of segments may extend
into the medium for many particle radii (37), interfering with Brownian motion
long before particlie-particle contact is possible. In most cases, we have
used Tow molecular weight flocculant (PEQ 5500, PEQO 23000) but in one set of
experiments, the molecular weight was varied up to 10%. Equation {1} will be
used for all calculations of k,, bearing in mind that quantitative deviations
from the expected behaviour for high molecular weight flocculants may arise,
in part, from a progressive failure of eq.{1}. The results will be presented
as a fraction of the von Smoluchowski theoretical maximum flocculation rate

constant (e.g.,10):
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KTaX = 10.8 x 10-2 cms™!  at 293K . {2}

3.4. Results and Discussion

’ c
The value of the optical constant, éé?- 1, in eq.{1} was estimated from -
1
the results of Lichtenbelt g;_gl,(40).. For a particle radius of 31 nm

(determined turbidimetrically),

~The particle number concentration N, was found, on the basis of dry weight
and turbidity measurements, to be 1.37 x 10'* cm™%. At this concentration the
value of T, was 0.0677. Substituting these values into eq.{1} we have:

k, = 1.3 x 100039, {3}

or, expressing the result in terms of the ratio R of the measured rate constant

to the von Smoluchowski rapid flocculation rate constant {eq.{2}):

k T
11 g
R = = 1.25(a|)° . {4}

11
The experiments were performed at room temperéture (20 + 2°C). Because the
flocculation times of the latices were found to be only of the order of seconds,
the highest rates reported here may be underestimated. The dead-time of the
apparatus is of the order of 1 second, thus difficulty was experienced in

extrapolating to zero time.

A typical form of the dependence of flocculation rate on flocculant conc-
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entration is given in Fig.1. The flocculant is PEO 5500 and the medium 0.3 M
HC1. As expected {e.g.,1) there is a maximum in the rate curve. The position
of this maximum corresponds to a complete surface coverage of ~{2-3) x 1077
g cm™?, which is of the same order of magnitude obtained by Homola (43) for
Tow molecular weight PEQ on PS particles (chapter 1). Homola determined the
surface coverage by adding known quantities of stabilizer and measuring the

dry weight remaining after removing the particles by centrifugation.

The results in Fig.1l are depicted in a different form in Fig.2. Also
shown (line 2) are the results of flocculation by PEO 23000 in 0.2 M HCI.
Note that the PEQ concentration axis is linear. The dotted lines indicate the
theoretically expected behaviour assuming that the rate is approximately prop-
ortional to 8(1 - 8) {bridging model) and that flocculant adsorption is rapid
and complete. It appears that the curves behave as expected until approximately
50% more than the optimum flocculant concentration is added, then the restabil-
jzing effect diminishes dramatically. The slopes of the restabilization (right
hand side) section of the curves are 1-2 orders of magnitude less than those of
the initial destabilization sections. This effect can be attributed, in part,
to the relatively poor stabilizing properties of unanchored PEQ (44). Corres-
ponding curves obtained by Gregory (8) for the flocculation of PS latices by
low molecular weight cationic flocculants are much more symmetrical. This
symmetry is probably due to an approximately symmetrical charge reversal from

negative (particles) to positive (cationic flocculant).

Similar curves to ours have been found by La Mer and Healy (1), Gregory

(4), Williams and Ottewill (6). They also found it more convenient to plot
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Relative flocculation rate R versus the logarithm of the

flocculant concentration for a "high carboxyl" PS latex

flocculated with PEO
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Fig.2. Relative flocculation rate R versus flocculation concentration
for a "high carboxyl" PS latex flocculated with PEO.
Lines: (1) PEO 5500 , 0.3 M HC1
(2) PEO 23000 , 0.2 M HC1 .
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the flocculant concentration on a logarithmic scale. Singer et al {38) used a
linear concentration scale; however, asymmetry is evident in all curves. In
our particular system, asymmetry of the flocculation curves may be partidlty
explained in terms of the complexing mechanism, although such an explanation
obviously cannot apply to the flocculation of dispersions which are not
sterically stabilized. According to the complexing mechanism, the initial
rapid decrease in stability of our system is due to the progressive "loss" of
steric stabilizer as it complexes with flocculant. Once the point of minimum
stability is reached (& = 1) the flocculant may be unable to strongly interact
with the particle surface since almost all of the hydrogen bonding sites
{carboxyl groups) will have been used. Thereafter, restabilization may be very
difficult and probably requires a large excess of stabilizer (flocculant) in
the bulk medium to keep the equilibrium concentration on the surface high

enough for stability.

If we assume that the particles and flocculant are distributed throughout
the dispersion medium in hexagonal arrays, we can estimate the average distance
between particles (~1000 nm) and between, say, PEC 23000 molecules at 30 ppm
(~100 nm). The hydrodynamic radii of PEQ 23000 and PEO 5500 molecules in
water were estimated to be ~2 nm and ~4 nm respectively (extrapolated from the
results of Couper and.Stepto on low molecular weight PEO (45)). Therefore, the
effective radius of the low molecular weight flocculant is approximateiy an
order of magnitude less than the PS particle radius and the separation of PEO
molecules near the optimum concentration is an order of magnitude less than
the PS particle separation. We would expect that there is ample time for the

PEO to diffuse to the particles before a significant number of particle
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collisions occur. The question arises, however, as to whether complex form-

ation can be assumed to be at equilibrium before flocculation is significant.

In order to test this assumption, we changed the ofder of mixing acid and
flocculant. At the concentrations of acid employed (~0.2 M), the surface
‘carboxyls are considered to be fully protonated (pKa = 4-5 (17-20)). The acid
serves two main purposes: one is to protonate the surface carboxyls and allow
hydrogen bonding to occur, the other is to suppress any electrostatic effects
due to surface charges. In 0.2 M HC1, we calculate (chapter IV, section 4.3.)
a double layer thickness of approximately 0.7 nm. If, instead, we mix the
latex and flocculant together in 0.18 M NaCl and wajt a few minutes before
adding 0.02 M HC1, we should have equilibrium flocculant adsorption as well as
the same degree of double layer compression and virtually complete carboxyl
protonation. The advantage of this method 1s that we need not assume that
flocculant adsorption is much more rapid than particle flocculation.  We only
require that protonation of the carboxyl groups is rapid relative to the flocc-
ulation rate. This is a very reasonable assumption in view of the rapid reac--

tion rates of simple oppositely charged ions in solution (e.g..46).

Fig.3 illustrates the effect of allowing the flocculant time to come to
equilibrium at the 1a£ex surface. It is important to note from the work of
Bailey et al (22), that the PED - PAA complexes formed in acid solution are not
completely dissociated at higher pH values. The PAA and PEQ still tend to
associate at high pH but remain in solution. We visualize a similar occurrence
with sterically stabilized latices and H-bonding flocculants. Addition of PEO,

for example, to a latex stabilized by PAA at high pH should result in the form-



Fig.3.

Relative flocculation rate R versus flocculant concentration
for a "high carboxyl" PS latex flocculated with PEQ 23000.
Lines: (1) latex first mixed with 0.18 M NaC1 + PEQ 23000
then, after 5 min., flocculation induced with
0.02 M HCY.
{2) normal mixing procedure; PEO 23000, 0.2 M HC'[..
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ation of a soluble ion-dipole type complex (22) at the latex surface. In other
words, the flocculant is already in position when the acid is added. Rapid
Towering of the pH results in rapid formation of H-bonds, rendering the PEQ -

PAA cbmplex insoluble.

Curve 1 in Fig. 3 is the result when the PEQ 23000 is added last; curve 2
shows the increase in rate when the acid is added last. A preliminary run
using the "high carboxyl" PS latex in 0.18 M NaCl + 0.02 M HC1 and adding
20 ppm of PEQ 23000 last gave a rate constant slightly less than that when the
mediumrwas 0.2 M HC1. The difference in rates evident in Fig.3 may be due to
the finite adsorption rate of PEO when it is added last. Although diffusion to
the surface is likely to be rapid when the PEO is added last, adsorption in the
outer stabilizer region would lead to a predominantly bridging type of flocc-
ulation (curve 1). Given enough time, however, the PEO may be able to diffuse
throughout the whole stabilizer layer so that when the pH is lowered each PEO
chain can be entirely adsorbed forming part of the insoluble complex (curve 2).
We do, in fact, find an increase in maximum flocculation rate as predicted in

section 3.3.

Next, we consider the effect of flocculant molecular weight on the relative
flocculation rate (Fig.4). Runs were performed using 20 ppm of PEO ranging in
molecular weight from 1.54 x 10°® to 1.00 x 10%. Two acid concentrations were
used: 0.3 M HC1 {curve 1) and 0.1 M HC1 (curve 2). Leaving aside the Tikely
inapplicability of the theory for high molecular weight flocculants, we can |
suggest a few possible explanations for the form of these curves.

i) There is a fairly abrupt rise in rate as the PEQ molecular weight increases.



Fig.4.

Relative flocculation rate R versus logarithm of flocculant

molecular weight for a "high carboxyl" PS latex flocculated

with PEOQ.

Lines: (1) in 0.3 M HC1

(2) in 0.1
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This may be a result of co-operative H-bonding: a minimum number of H-
bonds may have to form between the PEQ and latex stabilizer before bridging
or complexing is strong enough to cause flocculation. Bailey et al (22)
noted that far higher concentrations of low molecular weight PEQ and PAA
were required to produce viscometricalily measurable association effects.
Presumably, entropy loss also becomes an important consideration for low
molecular weight polymeric components undergoing complex formation.

The minimum flocculant molecular weight required to induce flocculation

. increases with decreasing acid concentration. There may be an ionic

strength dependence of complex solubility or stability such that an

. dncrease in the ionic strength results in an increase in complex stability.

We found that the formation of PEQ - PAA complexes is enhanced by
increasing the ionic strength of the medium. This effect may be a result
of a decrease in solubility of the PEQ, the PAA and the complex with
jncreasing dionic strength (47), an effect which increases with polymer
molecular weight. There may also be a progressive double-layer com-
pression effect, but this is unlikely to be very significant at the fonic
strengths employed. Thus we would expect sterically stabilized latices
to be more easily flocculated by H-bonding polymers at higher jonic
strengths. The results in Fig.5 support this view.

At a given flocculant concentration, Tow molecular weight PEQ appears to
be more effective than high molecular weight PEQ. The decrease in
flocculation rate with increasing flocculant molecular weight may be due
to a decrease in diffusion rate of the flocculant, a gradual change from

the complexing mechanism to the bridging mechanism and/or progressive

~failure of eq.{1} to describe the flocculation rate (e.g., flocculation
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rate should be a function of flocculant concentration if adsorption cannot

be considered "instantaneous").
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Fig.5. Dependence of relative flocculation rate R on acid concentration

for a "high carboxyl" PS latex flocculated with PEQ 6000.
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4. CONCLUSIONS

These preliminary results indicate that lTow molecular weight non-ionic
polymers can be effective as flocculants of appropriate sterically stabilized
latices or latices which have suitable surface groups. An analogy may be drawn
between flocculation by these non-jonic flocculants and that by polyelectro-
Tytes. Gregory (4) has pointed out that, while high molecular weight poly-
electrolytes probably act via a combination of bridging and charge reduction
mechanisms, low molecular weight polyelectrolytes are effective solely by
virtue of their charge cancellation capability. In comparison, we believe that
high molecular weight non-ionic polymers flocculate sterically stabilized
latices via a combination of bridging and complexing mechanisms, whereas Tow
molecular weight non-ionic polymers, under suitable conditions, seem to be
effective by virtue of their complexing capabilities. The analogy is between
the charge reduction effect in electrostatically stabilized latices and the
stabilizer solubility reduction effect in sterically stabilized latices. This
investigation was carried out on "high carboxyl" PS latices because of interest
in their unusual stability properties. ‘As model latices for flocculation
kinetic studies, however, it would be more desirable to use larger (~100 nm)

monodisperse latices sterically stabilized, for example, by PAA.

Future studies of the complexing flocculation mechanism will include the
possibility of flocculation in non-aqueous systems. Bailey et al (49) found
that PEO could be quantitatively removed from benzene solution by the addition
of dispersed urea due to the formation of an insoluble complex. Accordingly, we

expect that urea would be a flocculant for PEO stabilized latices in benzene.
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We have found that PVP 25000 and PAA 19300 form strong gel-like complexes in
ethanol. PEO 23000 and PAA 19300 also interact to form a complex in this
solvent. Thus there exists the possibility of flocculating sterically stabil-

ized Tatices dispersed in ethanol.

It would be interesting to combine the effects of H-bonding and electro-
static attraction in sterically stabilized systems: charge-neutralization and
stabilizer-complexing (or bridging) may be engineered to occur at the same
time, elimﬁnating both electrostatic and steric stabilization scources (e.g.,
by using random copolymers of ethylene oxide and quaternary ammonium compounds

at Tow pH to flocculate negatively charged latices coated with PAA).
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CHAPTER IV

VAN DER WAALS ATTRACTION
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1. INTRODUCTION

Most theories of steric stabilization to date have been formulated with
a van der Waals attraction term. This term has traditionally been estimated
on the basis of the pairwise additivity approach of Hamaker (1) and London (2).
The shortcomings of the Hamaker approach héve Tong been recognized (e.g.,3-7)

and may be enumerated as follows:

i) The London dispersion interactions were assumed to be pairwise additive,
i.e., the frequency and strength of each atomic "oscillator" were taken
to be unaffected by neighbouring oscillators. This is a zero-order

approximation which is valid only for rarefied gases.

ii) Only electromagnetic correlations at UV frequencies were thought to

produce the attraction potential.

jii)The presence of intervening dielectrics was allowed for by various
operations (3,4,6) performed on the self-attraction potentials of the

particles and medium in vacuo.

Although attempts have been made to correct all three deficiencies
(e.g.,3-5), the result is understandably rather inelegant and subject to

dispute.

In 1956 Lifshitz (7,8) developed his macroscopic continuum theory

which overcomes most of the difficulties of the classical theory. He showed
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that electrodynamic correlations over the entire dielectric abﬁorption
spectrum are responsible for the attraction between like media and he properly
treated the problem of intervening and surrounding dielectrics with regard.to
their modification of the electrodynamic correlations. The many-body problem
is conveniently circumvented by the assumption that the interacting media

are continuous.

The geometry of the system and the macroscopic dielectric absorption
properties of the media are the only data required in the calculation of the

van der Waals interactions within the system.

Where the pairwise additivity approach fails, the Lifshitz theory
proves its worth; especially in the light of its interpretation and extension

by Ninham and Parsegian and coworkers (9-18}.
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2. THEORY
Symbols used:
T = absolute temperature
a = particle radius
d = minimum surface separation of particles
n = refractive index
I = ionization potential
v = volume fraction
L = Tlayer thickness
H = Hamaker function
§ = d/fa
w = absorption frequency
¢ = eigenfrequency
e = relative dielectric permittivity
k = 1inverse Debye length

2.1. Equation for Spheres

Mitchell and Ninham (15), using Lifshitz theory and a first order
perturbation approach, have derived an approximate formula for the unretarded
free energy of interaction between spherical particles in a dispersion medium.

For particles of equal composition and radii we have, at close approach:
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_kT L% _a2,=X 201 _ _oA2Yy -
G=%2 2 { { xIn{1 ple )dx + 4n?(1 Aj)'lnnh(l Aj)} {1}

j=0 0
+ unknown higher terms,
where
2 % 2 L
n=1n{(62/4 + §)2 + (82/4 + § + 1)}*}"
and
Aj = (ep - em)/(sp + em).
The subscripts p and m refer to the particles and medium respectively and the

prime on the summation implies that the term for the eigenvalue j=0 must be

divided by two because it is a zero-point energy term.

The lower bound on & is determined by the assumption that the particles
and medium are continuous: the particle separation must be greater than
molecular dimensions. Ninham {19) has suggested that eg.{1} is only valid
if the perturbation term is less than, say, one third of the leading term
for each frequency. As discussed below, this limits 6 to < 0.02 in systems
for which Aj is large (~1). When Aj is small for all j, the perturbation
term is small even when §>0.5. It must be remembered, however, that eq. {1}
is a non-retarded approximation and as such cannot be applied to systems in
which the particle separation is greater than a few hundred Rngstrbms (16,17).
Therfore, apart from the 1imits imposed by the perturbation approach, an
absolute upper limit of 0.10 will be placed on 6. In a typical latex (1000 K)
this corresponds to a separation of 100 K. This limit is by no means

restrictive in steric stabilization problems since the attraction potential is

reduced to the order of thermal energy (kT) before 6=0.05, as will be shown.
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Tabor and Winterton (47} have found experimentally that near d=100 R there is

a change in the distance dependence of the attraction.
2.2 Dijelectric Permittivity

Ninham and Parsegian have demonstrated that for materials of similar
density, the whole dielectric dispersion spectra do not have to be known
accurately to obtain reasonable results (9). The spectra may be approximated
by the principal absorption frequencies of the media at which most of the

energy transfer occurs.

The absorption properties of, and therefore the van der Waals forces
between bodiés can be formulated entirely in terms of their complex dielectric
permittivities; more specifically, that part of the permittivity which
describes absorption:

e{w) = ¢' - ie",
where €' is the measured dielectric permittivity and " describes absorption

at the frequency w. (i = /=1 ).

The flux density in a dielectric resulting from an applied alternating
field would, in general, differ in phase from that of the field. This phase
lag is due to the inertia of polarization which, when the frequency is high
enough, cannot follow the field. Thus there is a relaxation of the measured

permittivity (14).
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The dielectric spectrum in the Ninham and Parsegian approach is
approximated by three representative absorption peaks (9}, each being
composed of one or more peaks, suitably weighted and assigned a single

absorption frequency:

e{w) ='—j¥iﬁi—-—*' + -*-Eflg——z— + --jf$9t1r- +1 {2}
1-1'w/tuMw 1- w/%R l-f.u/mu\'r

where the last term, 1, is the relative dielectric permittivity of free

space and the other three are increments due to Debye microwave relaxation
(first term), vibrational relaxation (second term) and Lorentz electronic
relaxation (third term). The Ac's are the changes in relative dielectric

permittivity due to each relaxation.

The absorption characteristics are related to the phase difference
between the applied field and the molecular or electronic polarizatioﬁ.
Phase shifts are most conveniently represented as rotations on an Argand
diagram, which means that if e{w) is evaluated on the complex frequency plane,
all the absorption characteristics are represented on the imaginary axis.

Therefore, putting w=1ig we have from eq.{2} the pure absorption spectrum:

. e - éD ey - N’ n? -1
E(.'g) =g = 1 + g/u)M'w + 1 + Ef/w%R + 1 + E!/wav + 1 . {3}

which is a monotonically decreasing function of £.

The allowed values of the eigenfrequency are given by

(g/rad s™!) = 8.2256 x 1011(T/K)j,
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where

j=0,1,2,....

Equation {3} indicates that with increasing frequency, relaxation
first occurs with a drop in permittivity from the static value €9 to a
Sma]ler value £p during Debye relaxation. Then follows a decrease from €
to a smaller value in the visible range, which, because of its electronic

nature, obeys Maxwell's relationship € = n?.

When the frequency becomes so
high that even the electrons can no longer follow the field, ultraviolet
relaxation occurs and the permittivity drops from n? to the value of free

space, 1.

The original formulations of ¢ by Ninham and Parsegian (e.g.,9)
included an X-ray contribution which was assumed to originate from the
electronic oscillations at the plasma frequency of the dielectric. Apért
from the fact that such high frequency oscillations will be strongly damped
at ré]atively small separations, it does not seem reasonable to expect
significant contributions from the plasma frequency oscillations of non-
conductors. This term is important for metals but eq.{l1} cannot be used
since Aj = 1 for lower values of j. Furthermore, calculations invdlving

metals must include retardation (16).

The evaluation of the absorption equation may be further simplified by
introducing the ionization potential of the material which is an experimentally

more accessible parameter than the ultaviolet relaxation frequency:
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(wUV/rad s”) = 1.519 x 10%(1/eV)

where I is the ionization potential in eV. Furthermore, in all cases to be

considered here,

é;/wa >> 1, for j > 0.

Substituting the expressions for £ and wyy into eq.{3} we have

_ GO-ED + ED-n
-1+ 8.226 x IOHT,]'/wMw 1+ 6.767 % lOzaszZ/w%R

€

n? -1
+ + 1 {4}
1+ 2.931 x 107 TZ‘J'Z/I2

(Note: it seems to be very common in the literature to refer to ¢ as the
dielectric susceptibility (e.g.,16) when in fact it is the relative perm-

ittivity. Dielectric susceptibility Xa is related to e by:
a=1+xe (20).

The dielectric susceptibility of vacuum is zero so that if

_ X(P) = xp(m)
RO RO

where p and m refer to the particles and medium respectively, we would have

Aj = 1 for all substances at all frequencies in air or vacuum. In fact:

Xa(P) - xp(m)
2+ x () + xg(m)

A, =
J
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3. DATA
3.1. lIonization Potentials

Owing to the relatively large number of eigenfrequencies required to
evaluate the ultraviolet contribution to the permittivity, the results aré
most sensitive to the choice of the ultraviolet relaxation frequency or

ionization potential.

As a first approximation, the ionization potentials of polymers have
been equated to the ionization potentials of small molecules structurally
similar to the repeating mer units (e;g.,lﬁ). For polystyrene (PS), for
example, we could use ethyl benzene, isopropyl benzene or toluene, all of
which have similar well documented ionization potentials (28). However, for
the same reasons that the pairwise additivity approach fails in the calculation
of dispersion energies, we cannot use gaseous ionization potentials for solids

and liquids.

In general, many-body effects in condensed media reduce the overall
electromagnetic interactions within atoms and, as a result, reduce the
fonization potentials. A correction must be applied to the initially chosen
gaseous ionization potential to allow for the presence of many-body inter-
actions. The correction term is the polarization energy P for a single charge
in a dielectric medium. Thus (21,22)

I. =1

c +P

G

where the subscripts C and G refer to condensed and gas phase.
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Lyons and Mackie (21,22) have shown that for many crystals and some
. Tiquids
P/eV = -1.5 £ 0.5

It seems 1ikely that in liquids the greater mobility of molecules
would tend to make this value more negative since the molecules can orient
their maximum polarizability axes to point at the charge, although this effect
is partially neutralized by thermal motion. It has been suggested that P may
be as large as 7.0 eV (23) but direct measurements by Siegbahn have been
recently performed on formaldehyde (24,25) which would be expected to exhibit
a large polarization energy. The results show that the principal ultraviolet
relaxation energy is reduced by 1.6 eV on going from the gaseous to the
liquid state. In light of such evidence, it seems reasonable to expect the
ionization potential of liquid water to be 11.0 eV (26) although direct
empirical confirmation may be difficult to obtain owing to experimental

problems (24).

Fujihira and Inokuchi (27) have measured the ionization potential of
polyethylene (PE) directly as 8.5 eV. The above procedure (24) predicts this
result because the jonization potentials of n-alkanes asymptotically approach

10.0 eV with increasing chain length, as shown in Table 1.

The dependence of the ionization potential on chain length is another
problem which is very difficult to overcome because apparently no work has
been done on the ionization of oligomers. Estimates must be made which

involve considerable uncertainty. For instance, the cognate compound



TABLE 1

Ionization Potentials of n-alkanes (23)

No. of carbons

IG/eV

S W N

W o ~N O o,

10

13.
11.
11.
10.
10.
10.
10.
10.
10.
10.

0
7

[ L . — T =)
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TABLE 2

Ionization Potentials of Polymers

192

Cognate Compound IG/eV Polymer IC/eV
ethylbenzene 8.8 PS 7.0
isopropylbenzene 8.4
toluene 8.8
isopropyl acetate 10.0 PYA 8.5
ethyl acetate 16.1
methyl isobutanocate 10.0 PMMA 8.5
acetonitrile 11.8 PAN 8.5
propionitrile 11.7
diethyl ether 9.6 PEO 7.0




TABLE 3

Ionization Potentials of Liquids

Liquid IC/eV
water 11.0
n-heptane 8.5
toluene 7.3
cyclohexane 8.5
benzene 7.8

193
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for poly{ethylene oxide) (PEQ) would be diethyl ether which has an ionization
potential of 9.6 eV (28). Assuming a similar trend to that in n-alkanes and
adding the polarization energy, we find for liquid or solid PEQ an fonization
potentfa] of approximately 7.0 eV. A similar treatment for polyacrylonitrile

(PAN) yields about 8.5 eV.

For polymers which have easily ionizable side groups (e.g.,poly(methyl

methacrylate) {PMMA)) the effects of polymerization will be ignored.

Table 2 shows the jonization potentials of the polymers studied and
those of the corressponding compounds from which the polymer values were

estimated (26,28).

Table 3 lists the estimated IC values for all other compounds studied

(28) after correction for condensed state.
3.2. Dielectric Constants and Microwave Relaxation

The zero frequency dielectric permittivity of polymers is often strongly
dependent on temperature; particularly near the melting point. This arises
from the large changes in rotational freedom in this domain. The relative
permittivity of PEO, for example, increases sharply from ~4 to ~24 when the
temperature is raised to its melting point near 60°C (29). PS on the other
hand exhibits no significant relaxation in the microwave region at the
temperatures considered in this study (33). Poly(vinyl acetate) (PVA) has a

dielectric constant of ~7.8 at 25°C and ~100 at 85°C, the increase being due
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to melting (28). Since the dispersion energies between particles are
dependent on the difference in dielectric properties of the particles and
dispersion medium, the choice of dielectric constant for most substances is
not critical when water is part of the system, unless the substance has a

very high dielectric constant such as that for PEQ or PVA,

When moderate concentrations of salts are present in the aqueous phase
the microwave contribution to van der Waals interactions may be effectively
damped (30,31). This effect will be considered in more detail in a later

section.
3.3 Complete Dielectric Data

Table 4 1ists all the data used in the subsequent calculations of van
der Waals attraction energies (26,28,32). The computations were performed
with the aid of a Cyber 72-26 computer and an H.P.55 programmable calculator.
It is very important to realize that each set of dielectric data used in the

calculations represents an exact model system.

The results are "exact" to the extent of the applicability of eq.{1l};
however this does not mean that the results represent the true behaviour of
the real systems. The names of polymers and liquids are assigned as a matter
of convenience and the greatest approximations may lie in equating the model
with the real system. For example, PVA and PEO absorb strongly in the infra-
red but no permittivity data could be found; therefore, these names were

applied to model poiymers which do not relax in the infrared.
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We found that the results are very insensitive to the microwave relax-
ation frequency; any value less than ~10' causes the Debye term to be

negligible for j > 0.
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TABLE 4

Dielectric Data Used in Computations

Substance £, €p n Io/ev /T2 g1
air (vacuum) 1.0 1.0 1.0 - -
water (288 K) 82.0 5.2 1.3333 11.0 1.06 x 10*
water (298 K) 78.3 5.2  1.3325 11.0 1.06 x 10
water (323 K) 69.9 5.2 1.329  11.0 1.06 x 10"
water (348 K) 61.4 5.2 1.324 11.0 1.06 x 10"
0.2 M HC1 (287 K) 80.0 5.2 1.3356 11.0 1.06 x 10*
0.39 M MgS0, (318 K) 67.4 5.2 1.3382 11.0 1.06 x 10"
2;0 M NaCl (298 K) 56.5 5.2 1.3513 11.0 1.06 x 10"
2.1 M (NH,),50, (298 K) 55.4 5.2 1.3704 11.0 1.06 x 10M
n-heptane 1.932 1.9 1.39 8.5 -
toTuene 2.238 2.238 1.496 7.3 -
benzene 2.244  2.244  1.498 7.8 -
cyclohexane 2.034 2.034 1.42¢6 8.5 -

PS 2.544 2.544 1.595 7.0 -

PVA 7.8 2.152  1.467 8.5 108
PMMA 3.35 2.25 1.50 8.5 102
PAN 6.5 2.304 1.518 8.5 108
PEO (1iquid) 24.0 2.154 1.468 7.0 103

The average infrared-visible relaxation frequency of water is
5.66 x 10 rad s~! (9). Where no value is entered any number
other than zero may be used since the numerator in A, will be

Zero.
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4. RESULTS AND DISCUSSION

4.1, The Hamaker Function

In order to facilitate the presentation of results, a Hamaker function
is defined as:
H = -G/F {5}
where F is a geometric factor originally derived by Hamaker for spheres (1).

This factor is defined by
P | 2 2 82 + 48
Feslleim * vy d " Wesmra) 6

In equation {1} the approximation n? = & is valid in the interval

0 <6 < 0.2 with an accuracy of better than 2%. Making this substitution we

find from eq.{1}:

0 o

kT

= K _ -X _ C
=% jEO { { XIn(1 - aZe™)dx + 261n8(1 - 45)In{1 - %)} 7
Sal + eing) (8)

where o and B are independent of §. Applying eq.{6},
H=-al - 8109 {9}
&F F e

Both E%—and l%Q are, to a good approximation, linear functions of § in



TABLE 5

Successive Approximations for F When & is Small
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8 Exact F F=T%g{l+26]n5) F = T%§
0.005 15.85 15,78 16.67
0.010 7.63 7.57 8.33
0.015 4.92 4.86 5.56
0.020 3.57 3.51 4.17
0.025 2.78 2.72 3.33
0.030 2.25 2.19 2,78
0.035 1.88 1.82 2.38
0.040 1.60 1.55 2.08 |
0.045 1.39 1,34 1.85
0.050 1.22 1.17 1.67
0.055 1.08 1.03 1.52
0.060 0.97 0.92 1.39

Maximum error 5% at 0,060 43% at 0.060
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Fig.1. Plots of (1/&F) and (Ind)}/F versus the distance parameter &.
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the range 0.005 < & < 0.1 as shown in Fig.1l. The equations of the 1ines of

best fit for these two functions are

In

- A8 = 0.175 + 45.75 {10}
and
L |
3F = 12.4+79.08 {11}

in the designated interval. The function§ are actua11y sigmoidal in this
range with very shallow oscillations about the straight Tine. Although the
approximation breaks down for & < 0.005, the separation of particle surfaces
at this vaiue of § for 1000 R particles is of the order of 5 R and the

continuum approach ceases to be valid.

Linear combinations of the functions shown in Fig.l. and which yield H
must be linear; therefore it is concluded that for close approach of spheres,

the Hamaker function H should be a linear function of §.
4.2. Sensitivity to Dielectric Data

The microwave contribution to the van der Waals attraction is obtained
using one eigenfrequency (j = @). The infrared-visible contribution requires
a summation over approximately fifteen eigenvalues (30) and the ultraviolet
contribution requires up to several hundred eigenvalues. On first sight it
would seem that the order of increasing sensitivity to dielectric data is
microwave < infrared-visible < ultraviolet contribution. Aqueous systems are

unusual in that the microwave contribution can be as much as half of the
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total interaction owing to the very large dielectric constant of water.
Fig.2 displays computed Hamaker functions for PS in water at four different
temperatures, with and without the microwave contribution. As expected, all
Hamaker functions computed were found to be linear functions of & to a good
approximation. Note that when § = O the microwave contribution is almost
equal to the sum of all other contributions, and that the dependence of H on
§ seems to be due entirely to the microwave term. If one ignores the j =0

term, a constant H is found.

The perturbation approximation breaks down rapidly for Hamaker functions
with Targe slopes. For this reason the distance dependence of H must not be
taken as quantitative for large 6. The main benefit of having a linear
dependence is that all systems can be compared via a "contact Hamaker constant"
obtained by extrapolating to 6 = 0. The continuum theory breaks down at

contact but the mathematical comparison is still valid.

The temperature dependence of the microwave term is due mainly to the
corresponding temperature dependence of the dielectric constant. For PS in
water the dependence for j =0 (24) is less than 0.5%/K. A similar trend is
found for Hj#O where the change in the Hamaker constant is due to the temp-
erature dependence of the refractive index. A change in the dielectric
constant of 25% has about the same effect on H as a change in the refractive

index of less than 1% (in the PS/water system).

Fig.3 illustrates the dependence of H on the value of the dielectric

permittivity of water after Debye relaxation. The system is PS in water.
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Fig.2. Plots of the Hamaker function H versus the distance parameter &
for PS in water. Lines: {a) with microwave, (b) without micro-

wave, (1) T = 288 K, (2) T = 298 K, (3) T = 323K, (4) T = 348 K.
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Fig.3. Plots of the Hamaker function H versus the distance parameter §
for PS in water at 298 K. Lines: (1) ey = 1.7756, (2) ey = 5.7,
(3) €p = 3.0, (4) €p = 5.2, (5) ep = 4.5,
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Note that neglect of the infrared relaxation of water (line 1) results in a
rather large increase in H. As gp is increased, H passes through a minimum
then increases. The range 4.5 < €y < 5.7 covers most of the experimental
measuréments of gy (34), hence the error involved in the choice of this

parameter is less than 2% (see Fig.4).

The choice of ionization potential or ultraviolet relaxation frequency
may be very important as can be seen in Figs.5 and 6. It is interesting to
note in Fig.5 that our reduction of the ionization potential of water in the
gas phase, 12.6 eV, to that of ]1quid water, 11.0 eV, has produced a negligible
effect on H. This is merely a fortunate coincidence that can be explained in
terms of the difference in absorption‘properties of the particles and medium.
Given all data except the ionization potential of water, the overall difference
in absorption between PS and water (and hence the attraction) can be minimised
by the appropriate choice of the ionization potential. Such arbitrary var-
iations can only be performed on the model, of course, but the principle
applies also to variations in experimental dielectric measurements. Both
positive and negative variations of the ionization potential from this value
will increase the attraction because the attraction is dependent on the square
of the dielectric differences (through Ag). Both values of 11.0 eV and 12.6 eV
for the ionization potential of water are near this minimum. This also
explains the shape of the curve in Fig.4. 1In general, the independent
variation of any single dielectric parameter will give rise to the behaviour
typified in Fig.4, although in most situations only one arm of the curve will

be seen.
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Fig.4. Plot of the Hamaker function H extrapolated to § = 0 versus the

microwave permittivity £p of water for PS in water at 298 K.
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Fig.5. Plots of the Hamaker function H versus the distance parameter &
for PS in water at 298 K. Lines: (1) Im = 12.62 eV,
(2) Im = 11.0 eV, (3) Im = 9,0 eV.
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Fig.6. Plots of the Hamaker function H versus the distance parameter &
for PAN in toluene at 298 K. Lines: (1) Ip = 8.5 eV,

(2) 1_=9.0eV, (3) Ip = 10.0 eV, (4) Ip = 11.5 eV.
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The high sensitivity of H to the jonization potential is also made clear
in Fig.6 which refers to the system PAN in toluene at 298 K. Because of the
small dielectric constants invoived, the microwave term is small and H is
essentailly constant. Reduction of the jonization potential of PAN from
11.5 eV, the approximate I, of acetonitrile, to 10.0 eV, the estimated I
for acetonitrile, results in a 46% decreasé in H. Allowing for polymerization
the IC value for PAN becomes approximately 8.5 eV and H is reduced by a
further 60%. (See Fig.7 for the dependence of K on this ionization potential.)
This example il1lustrates the need for tables of direct measurements of solid
and liquid state ionization potentials or work functions. Meanwhile, Lifshitz
theory can only be expected to yield results within a factor of two or three
of the "exact" values, which is still very much better than can be achieved

using classical theory.

Examples of the dependence of the non-zero frequency contribution to H
on refractive index are given in Figs.8 and 9. The systems are PS in water
and PVA in water respectively. The refractive index of the water in Fig.8
has been changed by changing the temperature or the salt concentration or
both; and in Fig.9 it has been arbitrarily varied. The microwave term has
been omitted because of complications due to damping by ions which would
mask the behaviour indicated. Note that a few percent increase in the ref-
ractive index of the water results in a large decrease in attraction. Again,
it should be stressed that this sensitivity is not necessarily found in all
systems; the values merely happen to lie well to the left of the minimum on
the steeply sloping portion of a curve similar to that in Fig.4. At higher

values of the refractive index, the sensitivity is greatly decreased because
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Fig.7. Plot of the Hamaker function H versus the ionization potential

of PAN for PAN in toluene at 298 K.
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Fig.8. Plot of the Hamaker function without the microwave term ijo

versus the refractive index of the medium for PS at various

temperatures in various salt solutions.
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Fig.9. Plot of the Hamaker functionlwithout the microwave term ijo

versus the refractive index of the medium for PVA in water.
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the refractive indices of particles and medium become more similar. The
minimum in H does not necessarily coincide with the equality of the refractive

indices; the same applies to any of the dielectric parameters.

The sensitivity of the final attraction energies to the dielectric data
is different for each system considered. If all dielectric parameters are
found to lie near minima of curves such as in Fig.4, reasonable confidence
. can be placed on the calculated attraction even if approximate data are
supplied. When the results are as sensitive as those in Fig.7, very accurate
data must be supplied and even the premise that the total absorption behaviour
in the ultraviolet can be characterised by the ionization potential should be

re-examined.

At present, significant increases in accuracy are obtained only at

prohibitive increases in complexity.

A similar study of interacting spheres by Smith et al (16) was published
at the same time as this work (26). They compared the results of Mitchell and
Ninham {15) to a "fitted Hamaker constant" at 6 = 4 x 10-°. This procedure
seems unrealistic as the particle radius required to give d > 5 A is
a> 1.26 x 10° ﬂ, which is too large to be considered colloidal in the
traditional sense (35,36). Apart from this detail, Smith et al come to
similar general conclusions to those in ref.26; large deviations from pair-
wise additivity occur when Aj is large and good agreement with pairwise

additivity is obtained when Aj is small.
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Their use of gaseous ionization potentials leads to a Hamaker constant
of ~12 x 102 J. for PS in water, which is about twice the "generally accepted
value" of 5 x 1072 J. (37). Our value extrapolated to contact (26) ranges
from 44 x 1072 J. to ~7 x 102 J, depending on how much the microwave term
is damped (see section 4.3. on ionic damping). Visser (6) has tabulated a
large range of experimental Hamaker constants; perhaps the best value fof PS

lies in the range (3-6) x 10°# J.. This is consistent with our computed range.
4.3. Practical Aqueous Systems - lonic Damping

In aqueous systems dissolved salts affect the zero frequency term in
two ways. The first is through alteration of the dielectric constant of the
aqueous phase (17). The dielectric constant falls by approximately 14% when

the ionic strength is increased to 1. This effect will be neglected hereafter
in view of the second, much greater damping factor introduced by idnic

relaxation.

The damping factor for spheres has been derived in ref.31 and can be

written:

Ain exp(-2¢dn}/n?
p="

M glnee 8
fa—ry

Cx A"
n=1

where ¢ is the inverse Debye length and d the surface separation of the two

particles. For most aqueous systems |A°| ~ 1 and
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(e
12

z exp(-2cdn)/n3
n=1

N e—ZKd

+ negligibly small terms . {12}
The microwave term must be multiplied by this factor. The value of k can be

found from:

(/A1) = 0.327 17 . {13}
where Is = the jonic strength.
At 10 R, d = 3.27 IE. Table 6 shows the effect of the ionic strength on the

damping factor.

In studies of steric stabilization, conditions causing incipient floccul-
ation in aqueous systems almost always involve the presence of dissolved salts.
Examples of aqueous media used in the work on steric stabilization in this
thesis include 0.2 M hydrochloric acid, 0.39 M magnesium sulphate, 2 M sodium
chloride and 2.1 M ammonium sulphate. The damping factor for an ionic strength
of the order of 1 is such that the microwave term may be neglected in all
steric stabilization studies of such aqueous systems near the flocculation

ﬁoint. Away from the flocculation point van der Waals forces are usually
negligible compared with the large forces produced by the polymer layers on

the interacting particles (see chapter on steric stabilization}.

In Fig.10 we see the effect of ionic damping for PS spheres in the four
aqueous media mentioned above, at temperatures whose signif{cance is dealt

with in the chapter on steric stabilization.
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TABLE 6

Microwave Damping Factor in Electrolyte Solutions

I, p(10 ) p(20 A)
0.05 0.23 0.05
0.10 0.13 0.02
0.14 0.09 0.01
0.20 0.05 ~10-3
0.50 0.01 ~10"*
1.00 ~10-? ~10-¢
2.00 ~10"* ~107¢
4.00 ~107¢ ~10- %

* physiological saline (38,39)



217

Fig.10. Plots of the Hamaker function H versus the distance parameter &
for PS in aqueous fonic media. Lines: (1) 0.2 M HC1 at 287 K,
(2) 0.39 M MgSO, at 318 K, (3) 2 M NaCl at 298 K,
(4) 2.1 M (NH4)2S04 at 298 K.
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A very common method of determining the Hamaker constant experimentally
is by flocculation studies involving ions in the aqueous medium. When comparing
‘theoretical and empirical results it is important to bear this damping effect
in mind. Lips and wi11}s (40} claim to have deteéted experimentally the
damping effect of electrolyte on the Hamaker éonstant of PS latices. They
find that the Hamaker constant increases with decreasing salt concentration

in the aqueous phase.
4.4, Hamaker Constants and Complementary Systems

The Hamaker function is virtually constant (i.e., independent of &) for

all systems which exhibit small A2 for all j. From eq.{7}, for small AE:

J
[ xIn(1 - A2e”Mydx = -a? / xe Xdx = -A2
0 J J 0 J
and
- _ A2 = -A2.
(1 A )In(1 AJ) AJ

Separating the zero and non-zero frequency contributions:

LK T e |
GJ?QO = 78 JE]- A.](l + 25]“5) & {14}
Gj=0 = _EI'[ [ xIn(1 - Age'x)dx +2(1 - 4,)In(1 - A2)81ng) {15}
: 0
For 6§ < 0.05:
- 2 2 52 + 4§
H=66/gzzsqs * vas+v0 * "Tram+3

R

-12Gs/(1 + 281n8) {16}



219

Therefore, from eq.{14}:

[~

.3 2
. kT £ A2 {17}
jt0 = 2 j=1 J :

H
If A% is also small, as in non-polar systems, the zero frequency term
need not be separated and we find

N = g-kT $° A2 {18}
j=0 J

The constancy of H as indicated by eq.{17} and eq.{18} is demonstrated
using the full eq.{7} in Figs.1ll and 12. The former shows the dependence of
H on & for several polymer/water systems, with and without the microwave term;

the latter shows five non-aqueous systems in which the zero frequency term is

included.

In the 1imit as § » 0, eq.{7} reduces to

_me i ) -X
Gsso = 85 L1 [ xIn(1 pse ) dx
J=0 »
Similarly, F reduces to:
=1
Fss0 = 125
Therefore
G50 3. 2% -x
H5= =-F— = -'é-kTE [x]n(l ydx {19}
&0 JOo J

This may be simplified by introducing the approximation
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Fig.11. Plots of the Hamaker function H versus the distance parameter &
for spheres in water at 298 K. Lines: (a) with microwave,
(b) without microwave, (1) PS, (2) PAN, (3) PMMA, (4) n-heptane,
(5} PVA .
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Fig.12. Plots of the Hamaker function H versus the distance parameter §
for some non-aqueous systems. Lines: (1) PS in n-heptane,
(2) PAN in cyclohexane, (3) PMMA in n-heptane, (4) PAN in

toluene, {5) PAN in benzene .
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Fig.13. Upper curve: Y.

2 2
; Aj(l + Aj/S) .

Lower curve: Y.

J

-Ix]n(l N Aﬁe‘x)dx .
0
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Fig.14. Plots of the Hamaker function H versus the distance parameter ¢
for complementary aqueous systems at 298 K. Lines: (1) water
in PS, (2) PS in water, (3) water in n-heptane, (4) n-heptane

in water, (5) water in PAN, (6) PAN in water.
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Fig.15. Plots of the Hamaker function H versus the distance parameter &
for complementary aerosols and foams at 298 K. Lines: (1) PS in
air, (2) air in PS, (3) water in air, (4) air in water,

(5) n-heptane in air, (6) air in n-heptane.
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Fig.16. Plots of the Hamaker function ijo versus the distance parameter
§ for complementary aqueous systems at 298 K without the micro-
wave contribution. Lines as in Fig.14: (1) water in PS,

(2) PS in water, {3) water in n-heptane, (4) n-heptane in water,

(5) water in PAN, (6) PAN in water.
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Y = - [ xIn{1 - A2e"%)dx
ARELCEE

1]

2 2
Aj(l + AJ/S) {20}

which was checked numerically and found to be accurate to better than 24%

for atl Aj. Both expressions are plotted in ng.13 as functions of A?.

We have:
] e 2 2
Hgeg = 5 KT I Aj(l + 81/5) {21}
j=0
where H,_, will be called the “contact Hamaker constant". This expression

indicates that the value of H;_q is unaffected if the system is reversed,
i.e., if the dielectric properties of the particles and medium are inter-
changed to give the complementary system. Because the linearity of H does
not hold down to very small separations, the computed H functions for
complementary systems do not always extrapolate to the same H6=0 or contact
Hamaker constant. However, as can be seen in Figs.14 and 15, the confact
Hamaker constants measured by extrapolating are within 5% of each other.

The values obtained from eq.{21} are midway between the extrapolated values.

Most of the discrepancy is caused by the microwave term as Fig.16

indicates.
4.5. An Approximation for the Contact Hamaker Constant
The contact Hamaker constant is defined here as the hypothetical value

of H in the 1imit &+0. As was mentioned previously, the continuum theory is

not valid at d < 6 ﬂ; other (short-range) forces operate in this domain (43).
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It is, however, very convenient to use §= 0 as the unique reference point for

the comparison of all Hamaker functions.

In most cases IAJ;OI < 0.5 (latices, emulsions, aerosols and foams).

From eq.{21} we may write

3

E—kT I A% {22}

Heg = o KTAZ(1 + 42/5) +
j=1"

§=0 = 4

where A  may not be small.

If relaxation in the infrared can be ignored (e.g., for n-alkanes, non-
polar polymers, air) a crude approximation for the contact Hamaker constant

can be found:

- 3 2 2 3 riaz
Heg = 7 KTA5(1 + A7/5) + 5 KTJA {23}

nZ - n2
where A= J;————:—’

no * o
Using

=2kl 5 « 8.225 x 107 Tj

and

- n
Oy 1.519 x 10 IC
we can find j at £ = wyy @S

1.519 x 10% I 1847 1

8.2256 x 10% T _ T
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Therefore:

= 3 KTAZ(1 + 42/5) + 2770k1

2
50 = 7 A {24}

H C

(note the temperature independence of the finite frequency component). A mean

of the ionization potentials may be used for IC.

Table 7 lists some "exact" and approximate contact Hamaker constants.
The above equation is intended only as a rough guide in the absence of a
programmable calculator or computer and only for systems in which there is

little infrared relaxation.

Neglecting the microwave term we find for systems which relax only in

the ultraviolet {e.g., PS in alkanes, PS in air, PE in alkanes):

x
14

3.8 x 108 (EETF = 3.8 x 1072 %I, | {25}

4.6, - The Slope of the Hamaker Function

From eqs.{9,10,11} we can easily find the approximate slope ag

Differentiating eqs.{10,11} we have

9 rIndy _

550774 = -45.7
and

g, 1 _

53{3?) = 79.0 .
Thus

= -0(79.0 + 45.78) = -79.00 - 45.7q8.

QA as
Sl
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TABLE 7

"Exact" and Approximate Contact Hamaker Constants

System "exact" H(Szo/'lo"21 J. "approx" H6=0/10-21 J.
(eq.{19}) (eq.{24})

PAN/toluene 1.7 0.83
PAN/benzene 1.2 0.82
PAN/cyclohexane 2.3 2.1
PAN/PS 1.0 1.3
PS/heptane 3.7 5.6
PS/PEQ (60°C) 4.6 4.4
PS/PEQ (45°C) 4.3 4.3
PMMA/heptane 2.3 2.1
PS/air 54 51

heptane/air 3l 33
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where

KT g f xIn(1 - A.e X)dx = ﬁ;

Y.
8J—O 0 J

=0

and

o = -%z( a)n(1 - 82) .

The microwave contribution is primarily responsible for large slopes (24) so

~we may neglect j >0 as a first approximation:

kT kT
0, = -1g % = - 1g a1+ 8/5)
a8, = - o (1- )1 - 82)
and
oH
55 = -19.0a, - 45.7a .8,

For PS in water,

B, = -0.94
o, = -0.065 KT
a B, = 0.522 kT .

Therefore

9H . _

38 - 18.7 kT
which agrees well with the slope -19.2 kT obtained from computations on the
full equations {6} and {7}. This procedure is useful when estimating the
initial slope of H for condensed systems whose components differ greatly in

dielectric constant.
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For condensed systems in which the components have similar dielectric

constants (small or large), A, is usually small for all j and we may use the

J
approximations:
KT 5. 42
o= - 5 L A
BJ.=0 J
af = %% L7 A:
j=0 Y
and
. 9,975 kT 3° 42 25 KT 1° A2
s =9 ) Aj - 11.425 kT'E Aj
j=0 j=0
= 1,56 kT 17 A2
j=0 !
[+ =]
where I~ Ag is generally less than 1 (~0.6 for PS in n-heptane). In such
J=0

cases, the slope is ~kT which is negligible over the range of § in which the
equations are applicable (usually 6 < 0.03).
. Finally, for aerosols and foams, I~ Ag may be as large as 8. However,
J=0
because the contact value H6=0 is very large, we find that the slope has

relatively little effect over the allowed range of § (Fig.15).

It is concluded therefore, that the slope of H is important only for

condensed systems in which A is large.
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4,7. Sterically Stabilized Particles

It has been shown theoretically (41-44) that the presence of adsorbate
between interacting particles can alter the van der Waals attraction. Vold
(41) treats the coating as an impenetrable spherical shell and assumes the
interaction energy becomes infinitely negative on contact of the adsorbed
layer. Vincent (43) uses the treatment developed by Vold for the interaction
before adsorbate contact and a composite Hamaker constant after overlap of
the adsorbate. He predicts a large discontinuity in the attraction potential
which is attributed to the initial contact of the adsorbate. Such a dis-
continuity seems to be physically unreasonable and indicates that the surface
of the adsorbed layer cannot be treatéd in a similar manner to that of the

particle.

VYold and Vincent both used the Hamaker theory. It will be shown below
that Vincent's result (or at least the general form) is a l1imiting case of

the corresponding result derived using Lifshitz theory.

In essence, the procedure used by Vincent is to calculate a composite
Hamaker constant for the adsorbate/medium mixture in the region between the
particles. Only the case where d < 2L will be considered, where d is the
separation of the particle surfaces and L is the adsorbate layer thickness.

A constant segment density model is assumed in the first instance.

If we denote the volume fraction of adsorbate between the particles by

v then Vincent obtained the following expression for the composite Hamaker
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constant:

_ i 2
Heomp = (V7 *+ (1 = V)HD) (26}

where H, is the Hamaker constant of the pure adsorbate and H1 is that of the
pure medium.

The distance dependence of Hcom is obtained through:

P

v = 2y {27}

where v is the mean volume fraction of adsorbate in each stabilizer Tlayer

when d = 2L (i.e., before overlap).

Having presented the basic Vincent equation {26} we now approach the

problem from the macroscopic viewpoint.

It is proposed that the intervening polymer (adsorbate) solution has
adsorption characteristics which are linear combinations of those of the
component solvent and polymer:

e =ve, +{1-v)e, {28}
where ¢, is the measured dielectric permittivity of the polymer and e, is
that of the solvent medium. This equation has been tested on the additivity
of the visible absorption of sucrose solutions using data from the "Handbook
of Physics and Chemistry" (28). The results are shown in Table 8 and Fig.17;

for this system, at least, linearity is excellent.
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Relative Permittivities of Aqueous Sucrose Solutions

Weight Ré]ative Refractive Calculated Permittivity
fraction solution index volume fraction of solution
of sucrose(wz) density(p) (n) of sucrose (v2) (e = n?)

0.0 1.0000 1.3330 0.0000 1.7769

0.1 1.0381 1.3479 0.0657 1.8168

0.2 1.0810 1.3639 0.1366 1.8602

0.3 1.1270 1.3811 0.2133 1.9074

0.4 1.1765 1.3997 0.2967 1.9592

0.5 1.2295 1.4200 0.3875 2.0164

0.6 1.2864 1.4418 0.4869 2.0788

0.7 1.3472 1.4651 0.5962 2.1465

0.8 1.4117 1.4901 0.7168 2.2204

1.0 1.5805 1.5481 1.0000 2.3965

(extrapolated) (extrapolated)

V2
volume additivity.

is calculated from W, and the pure component densities, assuming
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Fig.17. Plot of volume fraction of sucrose in water versus the relative
permittivity of the solution (from Table 8). Extrapolation to
v, = 1 yields 1.548 for the refractive index of pure sugar.
This value lies within those measured along the three optical
axes of the crystal (1.5376, 1.5651, 1.5705). A

Correlation coefficient = 0.99999.
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We now have
€. - € e -¢e, +vie, -¢€,)
A, = =2 T Ep ¥ el - v(e1 - 52) (29}
J g, TE p 1 1 2
For spheres at close approach and for flat plates (30), we have, when
Aj js small,
He 7 a2 .
j=0
Therefore the behaviour of the attraction potential will be similar
for flat plates and spheres {apart from a geometric factor). From eqgs.{27}
and {29},
(e -e)d+2{e - ¢g,)VL
P! I {30}

% 7 Te, Fea - 2e, - et

Note that the segment density remains uniform (43} even when L < d < 2L.
This is not strictly true, although the other extreme in which the Tayers
overlap with no relaxation appears to be equally artificial. Equation {30}
will be assumed to hold for 2vL < d < 2L, bearing in mind the crudity of the

basic model.

Substitution of eq.{30} into eq.{21} yields the results shown in
Figs.18-21. In all cases L = a/10, v =0.05and T = 298 K. A more accurate
procedure would be to use eq.{7} but this would mask the similarity between
the Hamaker and Lifshitz approaches as discussed below. Only systems which
exhibit small Aj are considered in Figs.18-21 so that the approximation

made by using eq.{21} is not unreasonable.
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Fig.18. Plot of the Hamaker function Hj#0 versus the distance parameter
§ for PS coated with PEQ in water at 298 K without the micro-
wave contribution. L = a/10, v_ = 0.05,
: - -2l
Hj#O (PS in water) = 3.75 x 10728 J.,

; = -2
HJ#O (PS in PEO) = 2.17 x 10 J.
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Fig.19. Plot of the Hamaker function H versus the distance parameter ¢
for PAN coated with PS in cyclohexane at 307 K. L = a/l0,
v, = 0.05.
H(PAN in cyclohexane) = 2.35 x 1072 J.
H(PAN in PS) = 1.05 x 10-%# J.
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Fig.20. Plot of the Hamaker function Hj#O versus the distance parameter

6 for n-heptane coated with PEQ in water at 298 K without the

microwave contribution. L

a/10, v, = 0.05.
ijo(n-heptane in water) = 2.57 x 1072 J.

- : = -21
Hj#o(n heptane in PEQ) = 0.4 x 107 4.
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Fig.21. Plot of the Hamaker function Hj#o versus the distance parameter
5 for PAN coated with PEO in benzene at 298 K without the micro-
wave contribution. L = a/10, v_ = 0.05.
. = -21
Hj#O(PAN in benzene) = 0.4 x 107% J.
: = -21
Hj#U(PAN in PEO) = 2.1 x 10 J.
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Note that in Figs.18 and 19 a minimum occurs in H where the attraction
between the particles in the composite medium is less than the attraction in
either pure component. This phenomenon is related to the "Vold effect" (41,42).
The same curves could be generated by keeping the distance of separation of
the particles constant and varying the dielectric permittivity of the medium
monotonically from that of pure solvent to that of pure adsorbate. The
minimum occurs when the differences between the dielectric permittivity spectra
of the composite medium and the particles are minimal. Total cancellation
is extremely unlikely in real situations owing to the compliexities of such
spectra. Osmond et al {42) define the Vold effect as that reduction in van
der Waals attraction, at constant particle separation, which can be produced
by the addition of an adsorbed layer. They explain the reduction by invoking
the analogy of the cancellation of buoyancy in a gravitational field by the
appropriate combination of floats and sinkers. The situation represented in
Figs.18 and 19 may be illustrated using a similar analogy except that neutral
buoyancy is achieved when the density of a composite medium is the same as
the density of the body. This situation is realized only if the density of
the body.1ies between those of the components of the medium. Using this
analogy, we may infer that the average dielectric permittivity of PAN lies
between those of cyclohexane and PS {Fig.19) and the average non-zero
frequency dielectric permittivity of PS lies between those of water and PEQ
(Fig.18). The appropriate conditions are never achieved for the systems
represented in Figs.20 and 21. Strictly speaking, the Vold effect concerns
only particles with adsorbed layers. It is one example of the general
reduction in attraction (at constant separation) accompanying any process

which causes the dielectric properties of the particle and medium to become
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more similar.

According to classical theory, the Hamaker constant of particles imbedded

in the composite medium is given by:

where the subscript Vinc indicates the use of the Vincent approach. From
eq.{26}:

Hyoo = (K -WHE - (1-v)HE)2, {31)

Vinc p

Comparison of this Hamaker constant with that obtained using eq.{29}
(non-additive approach) is simplified if we restrict the following discussion
to a single frequency component. The microwave term serves this purpose well
since it is separable. Furthermore, eq.{31}will be reformulated in terms of the
Lifshitz parameter A. Dropping the subscripts, eq.{21} may be crudely approx-
imated by
H= 2KkTa2 . {32}

Therefore, eq.{31} can be written as:

A, - VA, - (1 - v)a

Bine © % :

= by -8 V(A - 8,) {33}

Note the similarity in form between eq.{33} and the numerator in eq.{29}.

From eq.{33}:

e -1 g, -1 e -1 e, -1
- p 1 1 2
Ayinc © A SN + v( - ) {34}

where the £'s are the dielectric constants.
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From eq.{29}:

e -e,+vie, -¢€,)
- P 1 1 2
A s = . {35}
Lif Ep +te, - v(el - 52) .

This is the result according to the continuum approach; the A function of the

system is not derived from those of its component materials as it is in eq.{34}.

The comparative results for the zero frequency contact Hamaker constants
of PS coated with PEQ in water are shown in Table 9 (ep = 2.544, ¢ = 78.3,
€, = 24.0). The additive approach yields results which are consistently too
small by a factor of approximately three for this system. In general,

IAVincl < |& 5¢| when any e > 1.
For mixtures across a vacuum, we place ey ~ 1 in egs.{34} and {35}:

e -1 2% |
lAgine! = e T ¥ Ve e s I+ 1) {36}

St 2 {37}

|8yl A I ) CE )

where X = €, - €, and € = €.
The simitarity is now obvious. As A -+ 0, lAVincl -+ |ALif| for a given v,
In other words, disagreement between the two theories increases as the

dielectric properties of the components in the mixture diverge.
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TABLE 9

Comparison of Additive (Vincent/Hamaker) and Non-additive (Lifshitz) Approaches

for Coated Particles

System: PS coated with PEQ in water at 298 K (microwave term only).

v Hyine/ 107 J. Hpj¢/207% 4. Hyine/MLit
.

0 0.896 2.708 0.33
0.1 0.878 2.682 0.33
0.2 0.860 2.652 0.32
0.3 0.843 2.617 0.32
0.4 0.825 2.576 0.32
0.5 0.808 2.527 0.32
0.6 0.790 2.468 0.32
0.7 0.773 2.395 0.32
0.8 0.757 2.302 0.33
0.9 0.740 2.181 0.34
1.0 0.724 2.015 0.36

v is the volume fraction of PEQ between the particles

e, = 2.544, e, =24, €, = 78.3.



Composite Hamaker Constants for Mixtures Across a Vacuum

TABLE 10

(microwave term only)
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Hcomp/10-21 J.
Additive Non-additive
v approach approach Additive/Non~additive
0 0.34 0.34 1.00
0.1 0.49 2.05 0.24
0.2 0.66 2.46 0.27
0.3 0.85 2.63 0.32
0.4 1.07 2.73 0.39
0.5 1.32 2.80 0.47
0.6 1.59 2.84 0.56
0.7 1.89 2.87 0.66
0.8 2.21 2.90 0.76
0.9 2.56 2.92 0.88
1.0 2.93 2.93 1.00

v is the volume fraction of the higher permittivity component
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Fig.22. Plots of the zero frequency composite Hamaker constant of a
mixture across a vacuum versus the volume fraction v of the
high permittivity component. |
Lines: (1) Non-additive approach, (2) Additive approach.
€, =2, A =78, T =298 K.
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The approximate composite Hamaker functions at zero frequency can be

obtained by substituting eqs.{36} and {37} into

s 3 TA2
comp = % kTa“ .

H
Placing e, = 80 and e = 2 (large A) we can illustrate the major
qualitative difference between the additive and non-additive approaches
(Table 10, Fig.22). In the additive approach, the composite Hamaker constant
lies close to the mean of its components. In contrast, the non-additive
composite Hamaker constant is heavily biased toward that of the material of
higher dielectric constant. The situation is reminiscent of number and weight

average quantities.

In conclusion, it must be emphasised that the foregoing crude approx-
imations are intended only to point up the qualitative similarities and
differences between the Hamaker and Lifshitz approaches as applied to mixtures.
There have been recent advances made in the treatment of inhomogeneous
dielectrics (15,45,46) which should prove useful in dealing with non-uniform
surface coatings using Lifshitz theory. In this field the basic conceptual

simplicity of the continuum approach will be invaluable.
4.8. Free Energy of Attraction
The results of this work are concluded with typical examples of the

attraction energy for systems relevant to the studies of steric stabilization

presented in chapter 1. The system PAN in cyclohexane is shown in Fig.23-
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with and wfthout PS cdating at 307 K. The results in Fig.24 are for PS
coated by PEO in 0.39 M magnesium sulphate solution at 318 K. Note that the
energies involved are only of the order of kT(~4 x 102 J.). Curves 1 are
of classical Hamaker shape or can be fitted to classical theory because the
H functions are almost independent of §&. Cur§es 2 can only be found using
the assumption that the Hamaker function is dependent on the combination of
dielectric properties of the mixed medium. It is assumed that the coating
polymers do not interact strongly with the medium. This ensures the
additivity in eq.{26)} for the model systems but not necessarily for real

systems such as PEQ in water.
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Fig.23. Plots of the free energy G versus the distance parameter §
for PAN in cyclohexane at 307 K. Lines: (1) without coating,

(2) with PS coating. L = a/10, v = 0.05.
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Fig.24. Plots of the free energy G versus the distance parameter &
for PS in 0.39 M magnesium sulphate solution at 318 K.
Lines: (1) without coating, (2) with PEO coating.
L =a/10, v_=0.05.
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5. CONCLUSIONS

For several years, there has been a great deal of discussion on the
dramatic qualitative difference between classical Hamaker theory and the
macroscopic Lifshitz theory. Much importance is placed on the long-range
microwave contribution and its role in biological systems. Apart from the
greater range of the interaction energy afforded by a decrease in retardation
of infrared and near ultraviolet correlations, there seems to be very little
qualitative difference between the theories. Most practical aqueous systems
contain jons which destroy the source of greatest difference: the microwave

term,

The greatest merit of the modern approach is its ability to predict the
magnitude of the attraction much more accurately than could the classical

approach. In particular, it allows correctly for the intervening dielectric.

" As an example of the ambiguity possible with the Hamaker theory we note
that some workers, when calculating the Hamaker constant, allow for the
intervening material by dividing by its dielectric pérmittivity (3). Others
multiply by a factor of 1.5-2.0 (4). Such an approach can lead to a factor
of four difference between calculated Hamaker constants for, say, PS in
water. Arbitrary decisions of this nature are not possible with Lifshitz
theory because all relevant physical effects can be properly included in the

formulation.
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Lifshitz theory has increased the accuracy of the predictions of van der
Waals interaction energies to the extent where even a major breakthrough in
the characterization of the permittivity will make a comparatively small

improvement.

This work was undertaken to assess the importance of the van der waé1s
attraction in colloidal systems, with particular reference to sterically
stabilized latices. It is concluded that in most cases this attraction is
negligible compared with the large interactions between stabilizer layers on
sterically stabilized particles unless the particles are very large and the

adsorbed chain very short.
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Analytical theories are developed for the steric stabilization of colloidal spheres and flat plates
by monodisperse tails. It is proposed that the reason for the failure of previous theories to predict
the correct distance dependence of the repulsion resides in their neglect of lateral interactions between
adjacent stabilizing chains, Theories are therefore formulated that implicitly allow for these lateral
interactions. All that need be specified is the mathematical form of the relevant segment density
distribution functions. Two models are examined in detail : a constant segment density model and
a combined constant segment density and near symmetrical gaussian model, The latter gives the
better agreement with experimental results. Both models, however, describe the distance dependence
of the repulsion reasonably well over quite a wide range of separations.

There are currently two general methods for stabilizing colloidal dispersions.!
For electrostatic stabilization, the most studied of these two methods, Deryagin,
Landau, Verwey and Overbeek? (DLVO} have proposed a quantitative theory that
is widely held to be definitive. No comparable definitive theory exists as yet for the
alternative method of imparting ¢olloid stability, so-called steric stabilization. Steric
stabilization is the generic term that encompasses all mechanisms by which nonionic
macromolecules can impart colloid stability.

To-date there have been several >3 attempts to develop a quantitative theory for
steric stabilization. However, with the notable exception of Fischer’s solvency theory 2
and its extension,® most of these theories can be criticized because they fail to describe
properly even the qualitative features observed for the flocculation of sterically
stabilized dispersions.” Moreover Doroszkowski and Lambourne ®# have shown
that such theories are unable to predict with any accuracy the distance dependence
of steric repulsion. We also note that these theories are somewhat inconvenient to
use because they require considerable digital computation to generate numerical
results.

In what follows we develop several possible theories to describe the steric stabiliza-
tion of flat plates and spheres by monodisperse tails (i.e., polymer chains attached to
an interface at only one end). These theories can be expressed analytically which
circumvents the need for extensive digital computation. Comparison of the predic-
tions of these theories with experiment suggests that they describe, both qualitatively
and quantitatively, most of the features of steric stabilization by tails observed to-date,

SHORTCOMINGS OF PREVIOUS THEQRIES

We have shown previously € that a simple extension of Fischer’s solvency theory
provides an excellent description of all of the observed, qualitative features of steric
stabilization. This approach, which exploits the Fiory-Huggins theory, predicts

285
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that the repulsive potential energy (¥g) per unit area for two large flat parallel plates
is given by 4-¢

Ve = 2(V2/V )G — xOvii?RETKr?)t, 1
where the meaning of the symbols is listed in the Glossary and
d @ d
r= ([ oo 1 ax+| o a). @)
o 0 0

Eqgn (1) differs from those of previous theories #- ® in that the volume exclusion term
is omitted. Using the Deryagin approximation ® it is possible to utilize the theory
for flat plates in calculating the repulsion between two identical spheres.® Provided
that the thickness of the stabilizing layer is much less than the particle radius, the
repulsive free energy becomes ¥ ©

_ (2n)t
- 27

V,
kT2

O (o’ —o?)aSkT, 3

where § = r R ds.

3o

40

1022 PR/

\.
] L™ loa |
a] 4 B 12 16 20 24 28
dyfnm

Fi6. 1.—The distance dependence of the repulsive potential energy for two polyacrylonitrile sphere
stabilized by polystyrene in toluene at 297 K, Curves: 1, experimental results; 2, theoretica
prediction using isolated polymer chain distribution functions.

To evaluate the repulsion in any instance it is necessary to specify the respective
segment density distribution functions. It has in the past proved convenient to use
the segment density distribution derived by Hesselink * 1% 11 for isolated polymer
chains at a planar interface. A comparison between theory and experiment for the
repulsion between sterically stabilized particles is presented in fig. 1. The experi-
mental data are those of Doroszkowski and Lambourne & for polyacrylonitrile particles
stabilized by polystyrene ({M,> = 6000) in toluene at 297 K (these appear to be the
only distance dependent ¥y data in the literature); the theoretical curve was calculated
using the extended Fischer theory ¢ and the Hesselink segment density functions.®
The distance dependence of the repulsion calculated theoretically is clearly unsatis-
factory : the theoretical repulsions are too small at large distances and too large at
small distances.
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In attempting to locate the source of the discrepancy between theory and experi-
ment, we are drawn inevitably to the parameters R (for flat plates) and S (for spheres)
which determine the distance dependence of V. The reason for this failure appears
to reside in the use of segment density distribution functions relevant to isolated
macromolecules. The particles used as model dispersions for steric stabilization
are always fully coated so that each stabilizing chain is surrounded by, and interacts
with, a number of contiguous chains. The segment density distribution functions for
isolated polymer chains are thus unlikely to be applicable. This inference is borne
out by the measured conformations of tails at interfaces. There is strong evidence
to show that the extension of chains normal to the interface is greater than that
predicted theoretically for an isolated chain; whereas theory predicts a value ca. 1.5
times 19°12 the free solution value for isolated tails, the experimental factor for close
packed tails is usually closer to say, 2.%- 13-1¢  This greater expansion is a consequence
of the lateral repulsion that occurs between neighbouring chains. The theories
developed below are formulated to allow for these lateral interactions.

DEVELOPMENT OF NEW THEORIES

The critical feature in the evaluation of ¥y is the choice of the segment density
distribution function. In fact all that need be specified is the general mathematical
form of the distribution; normalization then ensures that the function is completely
specified. Tt is also possible in the general specification of the form of the distribution
to allow implicitly for lateral interactions by using the experimentally determined
extension of the stabilizing chains. This avoids the difficult problem of actually
calculating the magnitude of these lateral interactions and their effects on conforma-
tion. Several possible models of polymer chains at interfaces suggest themselves
according to whether the tails are of low or high molecular weight. The tails are,
however, assumed to be monodisperse.

MODEL 1. INTERPENETRATION AND COMPRESSION
AT CONSTANT SEGMENT DENSITY

The simplest model to adopt for the segment density distribution function of a tail
is a constant segment density step function. At first sight this would appear to be
an artificial simplification but Ottewill and Walker *7 have shown that poly(ethylene
oxide) tails of low molecular weight are apparently fully extended when functioning
as steric stabilizers in water. 'This conclusion has been fuily confirmed by several
1ater studies on other low molecular weight polymers in other dispersion media,8- 13-16
We conclude that the constant segment density model is likely to be applicable to
the stabilization by low molecular weight tails provided that they are not significantly
compressed. ‘

The ¢valuation of R and § for a constant segment density model must be petformed
in two stages because of the change in the form of g, if d < L.

(@) If L < d < 2L, interpenetration alone can occur. Here p;, = g, = g} =

L
1/L sincej pydx = 1. Thus
]

'L 2\4 L
Rl = <r2>*f pabl 85 = %ij dx
a-L ,

d-L
_ 2t
L

(1-4d/2L), 4
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where the subscript i denotes interpenetration. Note thatatd = L, Rl = (rDHU2IL,
Hence for spheres

am

St = j R 45,
do

where 8, = 2L/{r*»1/2.  Accordingly

s = j 16,.)(1—8(5,,) db

= 23,6, —1)* = 2(1—do/2L)". (5)

This relationship holds provided L < dp < 2L. Note that when d, = L, Sl = 0.5.
M If0<d<L,py=pd =1/dand p, = 1/L.
Now both interpenetration and compression can occur. For interpenetration
1b 2 ‘. et
Ry =(r >*f Pap’adx =7j dx
o 0
= Hd = 1/5. ©
For compression (denoted by the subscript ¢)
d L
RP = 2<r2)*U P2 dx—j % dx:l
1] 1]
= 2{rHHM3(1/d — 1/L)
=2/ — 2/b., (N
since 8, = L/<r2>'/? between these limits. Thus for both interpenetration and
compression,
R+ RP = 3¢r2)¥d—2¢r")3 L. (8)
Note that at d = L, R* + R'* = (r2)*/2/L. This is identical with the value of Rl
at that point. Thus eqn (8) gives the total value of R in this domain and eqn (4) and

(8) are properly continuous at d = L.
The value of S in this domain is obtained by integration of eqn (8):

LT
S+ St = } (3/6—2/8,) d&
do

= 310 (8/00) + 2(80/0w) — 2 9
= 31n(L/dg) + 2(do/L) — 2. (10)

Note that if do = L, S? + SI* = 0 and the steric repulsion would be zero. This is
obviously incorrect; it arises because the upper limit of the Deryagin integration
prevents any allowance being made for the interpenetration that occurs when do > L.
We must therefore add in the value of $% at d, = L. Thus the total value of S(S{%..)

becomes
SP . = 31n(8,/00)+2(0/0,)— 1.3
= 3in(L{d,)+2(do/L)—1.5 (1)
provided 0 < d, < L. The coupling of eqn (5) and (11) means that S is continuous
for all non-zero d, as is shown in fig. 2.

To calculate the repulsion between two flat plates or two spheres we merely
substitute the relevant values of R or S into eqn (1) or eqn (3) for each of the domains
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(a) and (b). We compare in fig. 2 the curve predicted by model I for the repulsive
potential energy between pairs of spherical polyacrylonitrile particles stabilized by
polystyrene tails in toluene at 297 K with the experimentally determined repulsions.®
For convenience we have used the most basic form of eqn (3) for calculating the
repulsion ;

Ve = 2maw*N,(53/V )W, (1 — 0/T)SKT. (12)

The values of the relevant parameters are ¢ = 100 nm,® @ = 52 x 108 gcm~22
7, = 091 cm? g1.1% ¥, = 107 cm® mol-%,!® and # = [60 K.2° The value of ¢,
for polystyrene of {M,> = 6000 was determined experimentally by preparing a sample
of unfractionated polymer of comparable molecular weight and measuring o, visco-
metrically 2! at 297 K. The experimental value of «, = 1.057 is somewhat less than
that calculated (¢ = 1.08) from data 22 relevant to high molecular weight polystyrene,
as would be expected for such a low molecular weight sample. We have thus calcu-
lated ; = 0.07 using the Flory-Fox relationship.?? These values give Vi =
10,6 x 10-2°§7J per pair of interacting particles. Setting L = 14.7 nm, we can calculate
S for any specific value of d,.

50
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30

25

102°¥)J

2C

0 4 8 12 16 20 24 28
do/nm
Fi16. 2.—The distance dependence of the repulsive potential energy for two polyacrylonitrile spheres
stabilized by polystyrene in toluene at 297 K. Curves : 1, experimental results; 2, theoretical curve

assuming constant segment density with interpenetration and compression; 3, theoretical curve for
constant segment density with denting.

It is obvious from fig. 2 that over quite a wide range of d, values (5-30 nm), the
simple analytical theory developed above provides an accurate quantitative descrip-
tion of the repulsive potential energy. Steric repulsions of order 100 T are predicted
theoretically. Unfortunately for values of d, < 5nm, the theoretical repulsions
exceed the measured values significantly. However, it is scarcely surprising that the
theory may give erroneous predictions under these conditions: first, perhaps the




290 STERIC STABILIZATION OF COLLOIDS

tails adsorb onto the surfaces of the opposing particles; second, the constant segment
density assumption may possibly break down when d, is significantly less than L as
the chains are not fully extended; third, the tails are so compressed that the theoretical
segment density on very close approach exceeds that in the solid polymer, which
appears most unlikely in practice. We are unable to suggest at present how such
highly compressed systems may be rendered more tractable to theory. Note that
the good agreement between theory and experiment in fig. 2 may be somewhat mis-
leading in that we have notso far been able to develop an analytical theory that properly
allows for polydispersity. Accordingly we have been forced to use the theory for
monodisperse tails coupled with the number average molecular weight of the sample.
Nevertheless the agreement between theory and experiment is noticeably better than
has been achieved before. Note that we have here ignored the van der Waals
attraction between the core polyacrylonitrile particles as discussed previously :
inclusion of the attraction would alter the potentnal energy of interaction imper-
ceptibly over the range depicted.

MODEL 1I: DENTING AT CONSTANT SEGMENT DENSITY.

Bagchi 22 has proposed that when sterically stabilized particles interact, the poly-
mer chains crumple rather than undergo interpenetration and compression. This
he has termed the denting mechanism. It corresponds to compression of the chains
attached to one particle on contact with the chains attached to the other. We can
calculate the repulsion for this denting model, given the assumption of a constant
segment density. Under these conditions, g, = (2/d) and p, = (I/L). For the
mutual denting of two surfaces there is no interpenetration term. Therefore,

1 _ A vz A2 _ L a2
-Rc = 2(?‘ > Pa dx Px dx
0 0

= 2r?HV2(2/d — 1/L)
= 4(1/6 ~ 1/o5), (13)
since 8, = 2L/{r?»1/2 for this model. Hence for spheres

doo
sU = 4I (1/5-1/5,) 46
do

: = 4{In (2L/dy) + (dpf2L) — 1}. (14)
The predicted repulsion for the denting model is compared as before with experiment -
in fig. 2 for polystyrene stabilized particles. The repulsive potential energy calculated

for this model appears to be too large. The results suggest that interpenetration and
compression are more likely to occur than denting.

MODEL IIl1: INTERPENETRATION AND COMPRESSION FOR A
GAUSSIAN SEGMENT DENSITY DISTRIBUTION

Whereas low molecular weight tails are likely to be fully extended normal to the
surface if d > L, high molecular weight tails are unlikely to be fully extended. The
reason for this is that (r2)>'/? for low molecular weight chains is an appreciable
fraction (e.g., 50%,) of the contour length of the chains. Hence extension of the
chain on attachment to a surface by a factor of say, 2 means that the contour length
is approached (or even exceeded, which is physically impossible). But {r?>*/? for
high molecular weight chains may only be say, 5% of the contour length; attachment
to the interface does not produce an extension that approaches the contour length.



J. B. SMITHAM, R. EVANS AND D. H. NAPPER 291

There is some experimental evidence to support this reasoning.!* In addition, low
molecular weight tails cannot be fully extended if d < L and the assumption of con-
stant segment density may well be invalid.

The distribution of end-to-end lengths of monodisperse polymer chains in free
solution is given by the gaussian distribution 2°

W(r) = 4n(3/2nl{r>>)ir? exp (—3r3/2{(rD).

We will assume that the same form of the gaussian distribution function holds for
tails constrained between two parallel flat plates. Only the appropriate value of
{r#»*2 in terms of d need be specified. Thus we write in one-dimension for 0 < 4 <
L,

pa = 4n(3/2nF*d*x? exp (- 3x%/2F%d?) (15)
where {r?>!/2 = Fd. 1t is readily shown that j, is normalized. By varying F it is
possible to explore several different assumptions: thus if F = 1 we have (#r?)¥/2 =
df2 and this corresponds to assuming that the one-dimensional root mean square
end-to-end length of the tails is the size parameter that determines the occupation of
the available half-space; alternatively if F = (3/2)!/2/2, the maximum in the gaussian
distribution occurs at 4/2 and the distribution of segments is essentially symmetrical
between the plates. The latter assumption is reminiscent of the symmetrical distribu-
tion of ions that is assumed to occur between flat plates in the development of the
DLVO theory.? The implication of this is that the segments attached to one flat
plate freely interpenetrate right up to the approaching plate and are not preferentially
associated with either plate apart from the point of attachment.

We point out that as d — L, {r2>¥?> — FL where typically we set F = 0.5-0.6.
This limiting value of {r2}/2 appears reasonable in light of the data of Doroszkowski
and Lambourne ® who found experimentally that the barrier layer thickness for
polystyrene tails was ~0.8L. The direct proportionality between {r>>'/2 and 4 may
seem to be an oversimplification but the correct variation for close packed chains is
unknown; the simplest, and to us the most physically reasonable, dependence was
therefore adopted. Note that the gaussian function does not tend to zero at d = L
but it can be truncated at that point. However j, is not then exactly normalized. In
the theory developed below we have checked numerically that this does not produce
serious errors. Note too that for 0 < d < L

Py = 4n(3/2nF2d*y(d — x)* exp {—3(d — x)*[2F*d*}. (16)
The precise form chosen for g, is not critical and we have examined two likely
functions. First 2 gaussian distribution function corrected by an extension factor f

to allow for the presence of the interface and the lateral interactions between con-
tiguous chains ;

Po = 4r(3[2nf 2 (r*D)Ex? exp { —3x7/2f(r*)}. (17
The extension factor £, which is the ratio of the effective stabilizer thickness to the
free solution value of {(r23'/2, is best determined experimentally.

The second, and more likely, mathematical form for p, is that derived by
Hesselink 3+ 12 ' for isolated polymer chains at an interface but with fincluded to
allow for lateral interactions :

2x
po = 615%7) | exp(=32170%5}
x

= (3a'2[f2(r*) A)erf (24x) — erf (4x)) (18)
where erf (x) is the error function of x and 4 = (3/2f**>)V/2,  Again it is readily
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shown that p, is normalized (ie., _[ fedx = 1). Note that because we have
o

explored several possibilities for .., f, does not in general approach p,, as d —+ .
We point out, however, that ; is not used in that limit but only for d < L; moreover,
the magnitude and the distance dependence of the steric repulsion is insensitive to
the precise form chosen for §.,.

The integrals constituting R can all be evaluated analytically for 0 < d < L, given
the foregoing specification of p; and j,. This requires a considerable number of
tedious integrations by parts, the complete details of which are omitted here.* How-
ever, a typical example is set out in Appendix 1.

We find the following results for 0 < d < L:

r P32 dx = OfaF*d){~(1+F?[2) exp(=3/F) +(F>H)(n/3)} eiGHEY),  (19)
0

r Pupy dx = (54/nFd) exp(—3[2FD{F*24— F}12+
0
(1/16— F/12 + F412)(r[3)*F exp(3/4F?) exf(3}2F)},  (20)

r P2 dx = BIf (PN, 1

where B = 0.9964 for the Hesselink function and B = 0,7329 for the gaussian form.
Physically the last integral must be independent of 4. The first two integrals show
that the steric repulsion for flat plates varies simply as (1/d). We may therefore
writefor0 < d < L

RM = (%)Y aFd){ —(1 + F2[2) exp (—3[F?) + (F*/4)(x/3)V/? exf (3112/F)
+(6/F2) erf (—3[2F2)[F?/24 — F*/12 + (1/16 — F2/12 + F*/12)(n/3)\/2F
x exp (3/4F?) erf (3'/22F)]} — Bjf. (22)

For the particular values of F = (3/2)'/2/2 and F = 1/2, R assumes the very simple
forms:

R™M = 2.3484/d — B[f; F= (3/D)'V?)2, (23)
and
RM = 2.7759/d — Bif; F = (1/2). 24)
For spheres the factor S thus becomes on integration

S = (9/mFYIn(L/de){ —(1 + F2/2) exp (—3/F?) + (F?/4)(n/3)!/? exf (31/2/F)
+(6/F*) exp (—~3/2F3)[F?j24 — F*{12 + (1/16 — F*[12 + F*/12)(n/3)Y2F

x exp (3/4F%) erf (3Y2/2F)]} ~ B(L — do){{rHV2. 25
The special cases mentioned previously yield simple forms for S:
S = 23484 In (L/dp) — B(L — dp)[Kr®12; F = (3/2)2)2, (26)
and '
S = 27759 In (L/dy) — B(L — do)[rHV?*; F=1/2. 27

The accuracy of eqn (26) and (27) is easily checked by performing a Deryagin inte-
gration on eqn (23) and (24). Note that for both cases 5" = 0 if d, = L because

* The authors will supply details of these integrations on request.
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the upper limit of the Deryagin integration prevents any allowance being made for
the interpenetration that occurs if dy > L. Therefore the value of S at dy = L
must be added into eqn (25), (26) and (27) if $™ is to be properly continuous.

The foregoing theory does not apply when L < d (or dp) < 2L. Unfortunately
the interpenetration terms that result when the foregoing functions for g, are
employed in this domain are so complex that simple analytical functions for .S in this
domain have not yet been obtained, although formulae for R have been derived. We
will therefore content outselves for low molecular weight polymers with using the
constant segment density function for 4 = L because this is probably the correct
function to employ anyway. Thus for L < dy < 2L, V may be calculated from
eqn (5) whereas for 0 < d, < L the repulsion is obtained by using egn (25) to which
must be added the value of S} at d, = L to allow for the interpenetration up to that
point.  So, for example, we use eqn (5) to calculate Sfor L < d, < 2L; for0 < d; <
L we employ

S = 0.5 + 2.3484 In (L/do) — 0.9964(L — dy)[KrH!/? (28)

if we assume a Hesselink distribution function for ,, and a near symmetrical gaussian
function for g;.

do,{llm

Fic. 3.—The distance dependence of the repulsion between two polyacrylonitrile spheres stabilized

by polystyrene in toluene at 297 K. Curves: 1, experimental results; 2, 3, 4, theoretical curves

using a gaussian function for .z and a Hesselink function for fw. 2, F = (3/2)"/%/2, f=21/%; 3,
F=@3DY2,f=2; 4, F=1/2,f=2

We compare in fig. 3 the predictions of this model with the experimental results
of Doroszkowski and Lambourne.®* For dy, < L the gaussian model gives closer
agreement with experiment than does the constant segment density model. Appar-
ently even low molecular weight tails may deviate from a constant segment density
if significantly compressed. In these calculations we prefer to set F = (3/2)"/2/2
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because it gives closer agreement with experiment than F = 1/2, and we have used the ex-
perimental value for « in eqn (3). The extension factor fis best set equal to 2 because
not only does this give good agreement with the experimental extension of the tails
but it also ensures that only a small fraction of the segments in the Hesselink distribu-
tion exceeds the contour length (Appendix II). The latter distribution function for
D 18 used exclusively in fig. 3 beeause it yields better agreement with experiment than
does the gaussian function for p,,. However, again it must be admitted that on very
close approach the theoretical repulsions are greater than the measured values.

One interesting point that arises from this new theory is the possibility of the total
potential energy curves exhibiting a maximum when due allowance is made for the
van der Waals attraction. This is illustrated in fig. 4 (curve 1) for polyacrylonitrile
particles assumed to have an effective Hamaker constantequalto 3 x 10-2! J. Note,
however, that the maximum will only occur when 7 is close to & and at very close
distances of approach. The other curves in fig. 4 show that even if the van der Waals
attraction is neglected, flocculation will occur close to T = 0, as observed experi-
mentally.

1020y (or /T

do]mn

FiG. 4—The distance dependence of the repulsive potential energy for two polyacrylonitrile spheres,

stabilized by polystyrene in toluene, at different temperatures near 0 = 160 K, Curve 1, Fr for

T = 165 K; curves, 2, 3 and 4 Vg for 170, 165 and 155 K respectively. For all curves F = (3/2)!/2/2,
and f= 2.

Finally we note that the foregoing theories fail to predict the small repulsions
(comparable to thermal energies) that were measured by Doroszkowski and Lam-
bourne 8 for I" < 6. All the above theories predict a nett attraction that should give
rise to flocculation. Flocculation was in fact observed by Doroszkowski and
Lambourne as the theories predict.™ 7 We suggest that the small repulsions observed
in flocculated systems were an experimental artifact: if successive compressions of
the particles took place in a period of time less than that required for equilibrium
interpenetration and compression of the tails, an apparent repulsion would be
observed even in flocculated systems. The converse of this relaxational effect, an
apparent attraction of the order of kT between stable sterically stabilized particles
near to the #-temperature, has been observed rheologically.?*
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CONCLUSIONS

We have shown previously 7 that eqn (1) and (3) on which the foregoing theories
are based describe qualitatively all the observed features of steric stabilization. This
study has illustrated how it is possible to develop analytical theories that describe
many of the quantitative features of steric stabilization reported thus far for low
molecular weight tails. The theory presented herein is therefore able to account for
many of the qualitative and quantitative features of steric stabilization observed to-
date. The comparisons presented above suggest that interpenetration and compres-
sion occur rather than denting in the types of experiments described by Doroszkowski
and Lambourne.® The best model for low molecular weight tails appears to be near
symmetrical gaussian distributions of segment densities when the distance of separa-
tion between the plates is less than the contour length of the tails. For larger
distances of separation the constant segment density model appears to be applicable.
The latter model, however, seems unlikely o hold for higher molecular weight
polymers. The major weakness of the theory at present is its failure to allow for
polydispersity. Very close approach of the particles also presents major difficulties.
A further weakness of the theory is that it requires experimental knowledge of the
barrier layer thickness before the distance dependence of the repulsion can be specified .

We thank the Australian Research Grants Committee for support of this work.
Two of us (J. B. 8. and R. E.) gratefully acknowledge the award of Commonwealth
Post-graduate Scholarships.

GLOSSARY
a = particle radius D2 = partial specific volume of polymer
d = plate separation V, = volume of solvent molecule
dy = minimum distance of surface V; = volume of segment
separation to two spheres Fr = steric repulsive free energy
f = extension factor o = intramolecular expansion factor
F = {r2y12fd 0] = di{r¥)1?
) = number of segments per chain do = dof{r2)*/2
k = Boltzmann'’s constant 7] = theta-temperature
L = contour length of the tail v = number of chains per unit area
M = molecular weight D = normalized segment density dis-
Na = Avogadro’s constant tribution function at separation d
{r?»'/* = r.m.s. end-to-end chain length in p} = mirror image of j,
free solution 1 = entropy of dilution parameter
{r*>}? = unperturbed r.m.s. end-to-end © = weight of polymer per unit area
chain length ( = vM/Nas)
APPENDIX I

We show here a sample integration by parts that permits the development of analytical
formulae for the assumed gaussian distributions. Given that

Pa = 4n(3/2nF2d*¥x? exp (—3x*[2F%d?)
we have that

d d
J prdx =K I x* exp(—ax?) dx,
Q

0
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where K = (2/n)(3/F2d?)? and a = 3/F3d*. Integration by parts yields:

r x* exp(—ax?) dx = [—x* exp(—ax?)/2a]5+ r (3x%/2a) exp(—ax?) dx
0 0
= [—x? exp(—ax?){2a]4 — [3x/(2a) exp(— ax?)]}
+(3/2a)? r exp(—ax?) dx.
0

The correctness of this integration can easily be checked by differentiation. The last integrat
is a standard error function integral :2%

d
(3/2a)* j exp(—ax*)dx = (1/2)(7r/a)*[erf(a*x)]"0
4]
= (1/2)(n/a)t erf(a*d).
Evaluating the limits and substituting for X and a gives

r 52 dx = (9/nF*d)[ —exp(—3/F2)(1 4 F*2)+(F3/4)(n/3)* erf(3}/F)].
0

APPENDIX II

Our theories use the segment density distribution functions, normalized by setting

f dx = 1, over the contour length of the chain. To calculate what fraction of chains

Oty g

L

exceeds the contour length we need to find j f dx. For example, for the Hesselink po, we

0
have from eqn (18):

J.L Po dx = (Bat/f2{r*>A) IL ferf(24x)—erf(Ax)] dx
0 o

= @A AN [x erl2Ax)]5— [x erf(Ax)]}
+(1/ant)exp(—44x%)2—exp(— a*x?)]5)
= Lierf(2AL)—erf(AL)} + (1/an*){1)2 + exp( — 447 1*)[2 —exp{ — a’[})}.
Substituting in this relationship L = 14.7 nm, {r2>'/2 = 6.2 nm and ' = 2 gives

L
I o dx A 0.958.
0

Hence less than 59 of the segments of the model chain lie beyond the contour length of the
real chain,
For a gaussian chain we find

[L B dx = K{(n/a) erf(a*L){4a —(L{2a) exp(—3L2[2 f3(r*)*)}
Jo

where K = 4n(3/2f2{r*>4/2)3/2, We find that f = 2'/2 gives 4%, of chains greater than the
contour length. Clearly, significantly greater values of f for the Hesselink function are
permissible than for the gaussian function before the normalization procedure introduces
serious errors.
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It is shown that polyacrylonitrile latexes stabilized by polyisobutylene in 2-methylbutane
(isopentane) flocculate on heating to the #-point for the stabilizing chains in free solution.
This demonstrates unequivocally that the latexes are enthalpically stabilized, at least just
below the critical flocculation temperature; the latexes represent the first quantitative docu-
mentation of enthalpic stabilization in nonaqueous media. The occurrence of enthalpic
stabilization in nonaqueous media is ateributed to the difference in free volume hetween the
polymeric stabilizing chains and the dispersion medium.

INTRODUCTION

One of the characteristic features of sterically
stabilized dispersions is their response to
temperature changes (1). Some sterically
stabilized latexes flocculate on heating to a
critical temperature (2-5); others flocculate
on cooling to below a critical temperature
{6, 7). Still others cannot, at least in principle,
be flocculated at any accessible temperature
(1,4). These different types of temperature
responses contrast with the much less dramatic
effect of temperature on the stability of electro-
statically stabilized dispersion (8).

It is possible to show (5) by rigorous
thermodynamic arguments that those dis-
persions that flocculate on heating are en-
thalpically stabilized, at least just below the
critical flocculation temperature {(cft). In
contrast, these dispersions that flocculate on
cooling are entropically stabilized, at least
just above the cft. By enthalic stabilization
we simply mean that the total enthalpy change
that accompanies close approach of the
particles is positive and opposes flocculation,
whereas the corresponding positive entropy
change favors flocculation (1). In entropic
stabilization both the signs and the roles of
the enthalpy and entropy changes are reversed.

Ottewill (9) was the first to point out
that while entropic stabilization is most
commonly encountered in nonaqueous media,
enthalpic stabilization is most frequently
exhibited in aqueous media. Nevertheless,
modern theories of the thermodynamics of
polymer solutions imply that by a judicious
selection of the polymeric stabilizers, both
types of steric stabilization should be observ-
able in either type of dispersion medium. We
have previously shown (7) how it is possible
to prepare both entropically and enthalpically
stabilized dispersion in aqueous media. How-
ever, all sterically stabilized dispersions pre-
pared to-date in nonaqueous media have been
found to be entropically stabilized. We now
report the preparation of the first enthalpically
stabilized dispersions in nonaqueous media.
Their incipient flocculation behavior is also
presented.

EXPERIMENTAL

Two samples of polyisobutylene (PIB) were
kindly supplied by Essochem Australia Ltd.
One sample was Esso Butyl Rubber grade 033
containing about 0.8 mole%, unsaturation
(isoprene). The second sample was Vistanex
grade LM MH polyisobutylene containing
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negligible unsaturation. The viscosity average
molecular weights M, were measured as
(1.5 0.1) X 10% and (2.3 & 0.2) X 104, re-
spectively. These measurements were made in
benzene at 24°C {a #-solvent) so that the
following Mark-Houwink equation was appli-
cable {10):

[nl/dl gt = 1.07 X 1078 M5,

Acrylonitrile and benzoyl peroxide were
Fluka purum grade. The 2-methylbutane was
BDH laboratory reagent and its vapor pressure
was calculated (11) from: logy(P/mm Hg)
= — (1.4139 X 10%)/(T/K} + 7.54468.

The amphipathic stabilizers, poly (isobutyl-
ene-g-actylonitrile) were prepared, e.g., by
heating the grade 035 PIB (2 g), dissolved in
n-heptane (38 g), with acrylonitrile (0.2g)
at 60°C for 20 hr. Benzoyl peroxide (0.1 g)
was added as initiator. The resultant copoly-
meric stabilizer was precipitated by the addi-
tion of ether and, on separation, dried in vacuo.

The corresponding polyacrylonitrile (PAN)
latex was prepared by dissolving the stabilizer
(2g) in m-heptane (100 cm®) and heating it
with acrylonitrile (2 g) at 70°C, using benzoyl
peroxide as initiator. The latex was produced
after several hours. Tt was centrifuged several
times to remove excess stabilizer; each time
the particles were redispersed in 2-methyl-
butane. The weight average particle radius,
as measured turbidimetrically, was 53 nm.
(The particle radius for the PAN latex stabil-
ized by the lower molecular weight PIB was
47 nm).

The #-temperature of the PIB in free solution
was determined in both sealed glass tubes and
in a pressure bomb using the phase separation
method of Cornet and van Ballegooijen (12).
The cft of each latex was similarly determined
(2-6). In all cases, the pressure in the system
was closely approximated by the wvapor
pressure of 2-methylbutane.

RESULTS AND DISCUSSION

One difficulty encountered in these studies
was the small but nonetheless significant
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variation (e.g., several atmospheres) of the
temperature was varied. To render the results
of our experiments at different temperatures
internally consistent, we adopted the pro-
cedure common in polymer solution thermo-
dynamics of correcting all measurements to
the hypothetical state of P = 0 atm (13-15).
Both Allen and Barker (12) and Gaeckle and
Patterson (13) have shown that the lower
critical solution temperature (LCST) of PIB
in 2-methylbutane increases by approx. 0.5 K
atm™ and our experiments confirmed this
small pressure dependence. Accordingly, this
numerical factor was applied proportionately
to correct the results to zero pressure.

Figure 1(a) displays the phase diagram
determined in the pressure bomb for the phase
separation of the higher molecular weight PIB
in 2-methylbutane. The existence of an LCST
is obvious. The shape of the phase diagram
is quite characteristic for the liquid phase
separation of macromolecules from a solvent
for which the enthalpy and entropy of dilution
parameters are both negative (16). These
negative signs presage the manifestation of
enthalpic stabilization by dispersions sterically
stabilized by PIB in 2-methybutane. The
phase separation data may be used to deter-
mine the 6-temperature of PIB in 2-methyl-
butane if plotted as described by Cornet and
van Ballegooijen (12) [Fig. 1(b)]. The values

—_——mm—— —

337 (@)
336
T/K 3354
L]
334
L |
0.01 0.02
volume fraction of polymar
306 {b)
1wk 07
T
298
284 ] 1 1

-30 -2.0 -0 0.0
log ( volume fracticn of polymer )

F1G, 1, (a) Phase diagram for PIB (3, = 1.5 X 10%)
in 2Z-methylbutane. (b) Cornet and van Ballegooijen
plot to determine the f-temperature: @ sealed tubes;
O pressure bomb.
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of # so obtained were 325 £ 2K (sealed
tubes) and 326 & 2 K (pressure bomb). These
values are slightly higher than the #-tempera-
ture reported (14) by Gaeckle and Patterson
(316 K) for a fully saturated sample of PIB.
Unfortunately, we were unable to measure 6
for our fully saturated PIB sample because of
the elevated temperatures needed to induce
phase separation. Therefore, we are inclined
to attribute the above small difference in
#-temperatures to either different degrees of
unsaturation and/or different degrees of
branching in the two PIB samples. Perhaps
the different methods of measuring ¢ also
contributed to the discrepancy. Certainly the
discrepancy is unlikely to have originated in
the purity of the 2-methylbutane; addition
of 59, v/v m-pentane only increased 6 by
approx. 0.5 K and this is the most probable
impurity in the dispersion medium.

The PAN latex stabilized by PIB of M,
= 1.5 X 10° was found to flocculate on heating
at 325 £ 1 K in both sealed tube and bomb
experiments. [The cft is above the normal
boiling point of 2-methylbutane, 301 K (17)].
This cft is in almost exact agreement with
the measured #-temperature for PIB in free
solution. The cft for the latex stabilized by the
lower molecular weight PIB was also found
to be 325 &= 1 K. Hence, although the molecu-
lar weight of the stabilizing chains was reduced
by a factor of 10, no significant change in cft
was observed. This would be expected if the
cft correlated with the §-temperature, which is
independent of molecular weight (18). How-
ever, these experimental results are in sharp
conflict with the theoretical cenclusions of
Hesselink, Vrij, and Overbeek (19), who
predict a very strong molecular weight depen-
dence for the cft and the absence of a correla-
tion between the cfit and the 8-temperature. The
errors in their theory have been pointed out
elsewhere (20, 21). These new experimental
results are in excellent agreement with our
previous experimental studies (2-7) of incipient
instability of sterically stabilized dispersions.
They are also in accord with the quantitative

EVANS AND NAPPER

theory of steric stabilization developed by us
recently (21, 22).

Note that the origins of enthalpic stabili-
zation in aqueous media are likely to be quite
different from, and/or supplementary to, those
generating enthalpic stabilization in non-
aqueous media. The former may possibly arise
from the strong interactions (e.g., H-bonding)
between the stabilizing polymer chains and
the water (23, 24); such enthalpic stabilization
is likely to exist quite far removed from the
critical point of water (T, = 374°C, P, = 2i8
atm). The origin of enthalpic stabilization in
nonaqueous media probably resides in the
difference in free volume between the polymeric
stabilizing chains and the dispersion medium;
such enthalpic stabilization is likely to be
observed in dispersion media much closer to
their critical point [for 2-methylbutane 7.
= 188°C, P. = 33 atm (25)]. The classical
theories of polymer solution thermodynamics,
such as those due to Flory and Huggins
(26, 27), which only calculate the combina-
torlal entropy of mixing of polymer and
solvent, are quite unable to predict (16) the
existence of an LCST and the related floccu-
lation on heating. They predict solely floccu-
lation on cooling, Nevertheless, it is possible
to modify empirically the Flory-Huggins
theory to include noncombinatorical terms
(18) and this meodified theory predicts im-
plicitly flocculation on both heating and cooling
{16). 'The more sophisticated free velume
theories (28, 29) provide a semiquantitative
understanding of the physical bases under-
lying the empirical modifications of the
classical Flory-Huggins theory. :

With the preparation of these latexes we
have completed the demonstration that both
entropic and enthalpic stabilization should be
evident in both aqueous and nonagqueous
dispersion media. Therefore, we have as-
sembled in Table I a summary of all the
well-characterized sterically stabilized disper-
sions that have been prepared to-date. The
nature of the disperse phase is usually un-
important (2-7}. Note that both poly (ethylene
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TABLE I

CLASSIFICATION OF STERICALLY STABILIZED DISPERSIONS

Stabilizer Dispersion medium Type References
Type Example

Poly (lauryl methacrylate) Nonaqueous n-heptane Entropic (6)
Poly (12-hydroxystearic acid) Nonagueous #-heptane Entropic (6)
Polystyrene Nonaqueous Toluene Entropic (30
Polyisobutylene Nonagueous n-heptane Entropic (31)
Poly (ethylene oxide) Nonagueous Methanol Entropic (5)
Polyisobutylene Nonagueous 2-methylbutane Enthalpic

Poly (ethylene oxide) Aqueous 0.48 M MgS0, Enthalpic (2,3)
Poly(vinyl alcohol) Aqueous 2 M NaCL Enthalpic (€]
Poly{methacrylic acid) Aqueous 0.02 M HCl Enthalpic (N
Poly (acrylic acid) Aqueous 0.2 M HCL Entropic &)
Polyacrylamide Aguecus 2.1 M (NH4)250, Entropic €]
Poly (vinly alcohol} Mixed Dioxan/water Combined= (4)
Poly(ethylene oxide) Mixed Methanol /water Combined= (5

¢ Combined is combined enthalpic—entropic stabilization.
oxide) and PIB apparently function as both 5. Naepew, D. H., axp NETsCHEY, A., J. Colloid In-

entropic and enthalpic stabilizers in different
dispersion media. Of course modern theories of
polymer solutions (28,29) imply that each
stabilizer should display both entropic and
enthalpic stabilization in any given dispersion
medium if only a wide enough temperature—
pressure domain can be scanned. Unfortu-
nately, this has not proven possible thus far.
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SYNOPSIS

The rates of alkaline hydrolysis of polyacrylamide chains attached to polystyrene latex
particles have been measured and compared with the corresponding values in free solution.
The attached chains exhibited a significant reduction in rate. The magnitude of this
reduction increased with decreasing molecular weight. Consequently, the rates of hydrolysis
of attached chains were a function of their molecular weight; this contrasted with the
apparent second-order rate constants for the chains in free solution, which were insensitive
to the molecular weight, The reduction in rate was attributed to the decreased accessibility
of the amide groups to the hydroxyl anjions when the polymer chains were attached to an
impenetrable interface.

INTRODUCTION

The chemical reactivities of synthetic macromolecules when attached, either
chemically or physically, to an impenetrable interface have apparently not been
studied in any detail. Yet such studies may well cast light upon the biological
activity of natural macromolecules at interfaces, both in vivo and in vitro (e.g.,
the catalytic activity of enzymes attached to a solid), and on the behavior of
polymers in situations of technological importance (e.g., macromolecules acting
as bridging flocculants).

The preparation [1] of latex particles sterically stabilized by polyacrylamide
{PAM) provides a model system for studying the chemical reactivity of attached
macromolecules. On alkaline hydrolysis, PAM vields poly(acrylic acid), which is
itself an effective steric stabilizer [1}. Hence, the kinetics of the alkaline
hydrolysis of attached PAM can be studies in the absence of complications
arising from flocculation of the latex particles. Moreover, studies of the rates of
alkaline hydrolysis of PAM in free solution have provided a reasonably detailed
picture of the factors that control the kinetics [2-5] .

EXPERIMENTAL
Polyacrylamide

_ Three samples of PAM with different viscosity average molecular weights
{M,) were studied. The lowest molecular weight sample (M, = 18,000) was
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prepared by polymerization of acrylamide (50 g) in ethanol (500 cm?) at 323°K
using benzoyl peroxide (0.7 g) as initiator. The other two samples were prepared
in a similar fashion, except that acetone was used as the monomer solvent. In the
presence of n-butyl mercaptan (0.1 cm®) as a chain transfer agent, the product
had M, = 60,000, but in its absence M, = 180,000.

The values of My were measured in 1.0 M NaNO3 at 303°K and calculated
by application of the Mark-Houwink equation {6]

[7] (dg™')=3.73 X 107* M, *5¢

Poly(acrylamide-g-acrylonitrile)

Poly(acrylamide-g-acrylonitrile} was prepared by refluxing PAM (10 g) in
water (400 cm®) in the presence of potassium persulfate (0.35 g), followed by
the addition of a saturated aqueous solution of acrylonitrile (5 g) with further
reflux for 30 min. A clear solution of the graft copolymer resulted when PAM
was present, whereas a precipitate of polyacrylonitrile was formed in its absence.

Polystyrene Latex Particles

Polystyrene latex particles, sterically stabilized by PAM, were prepared by
dispersing styrene (5 g) in an aqueous solution (400 cm?®) containing a known
weight of poly(acrylamide-g-acrylonitrile). Potassium persulfate (0.5 g) was then
added and the reaction mixture stirred magnetically at room temperature for 3
days. Excess stabilizer was removed, after dialysis of the resultant latex, by
centrifugation and redispersion of the particles. The amount of unused graft
copolymer present in the supernatant liquid was determined gravimetrically so
that the concentration of adsorbed PAM could be calculated by difference. To
check that the particles were fully coated by the steric stabilizer, measurements
were made of their critical flocculation temperatures in 2.1 M (NH4): 504 [1].
Only those latices that exhibited reversible {or almost reversible) flocculation in
the range 285 *+ 20°K were studied kinetically.

The mean particle size of each latex was determined by electron microscopy,
some 300-600 particles being measured.

Kinetic Studies

The alkaline hydrolysis of polyacrylamide was studied for equimolar (0.05
M) concentrations of amide group and sodium hydroxide. The degree of
hydrolysis was always less than 20%. The kinetics were followed by
potentiometric titrations as described by Nagase and Sakaguchi [4]. Apparent
second-order rate constants were calculated from [3, 4]

_ e = x3)] = [1fa = x0)}

tg ‘_tl

kz
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where a is the initial amide concentration and x is the amide concentration at
time t. Note that this gives a mean rate constant for the average time (t; — t,)/2.

RESULTS AND DISCUSSION

Polyacrylamide in Free Solution

As a basis for comparison of the rates of hydrolysis of adsorbed PAM, the
corresponding rates were measured for PAM in free solution. Three different
molecular weight polymers were studied at three different temperatures (338,
348, and 358°K). Typical plots of the apparent second-order rate constants as a
function of the reaction time are shown in Figure 1 for the three different
molecular weights at 358°K. The characteristic reduction [2-5] in k, as
hydrolysis proceeds is obvious, as is the virtual independence of the rate on
molecular weight.

The “initial” value of k, at 358°K (52X 10™* dm® mot~! s7!) was somewhat
larger than the value €39 X 10™* dm® mol~! s~') reported by Moens and Smets
[3]. However, as noted above, these rates do not refer to the rate at t = 0 but to
the mean rate from t =0 to the time of the first measurement. This mean rate
will be approximately equal to the rate at a time equal to half the time of the
initial readings in these studies; this corresponded to ca 2-5% hydrolysis. Because
of the greater sensitivity of our analytical methods, we were able to take our
first reading at a shorter time than Moens and Smets [3]. The “initial” k, is
therefore correspondingly larger. This explanation is reinforced by the smaller
activation energy (40 kJ mol™!) that was calculated from our “initial” k, as
compared with Moens and Smels activation energy (57 kJ mol™") [3]. The data
presented in Table 1 show that the activation energy increases rapidly as
hydrolysis proceeds. This increase would be expected if the electrostatic
repulsion forces between the negatively charged carboxylic acid groups, formed
by hydrolysis, and the hydroxy! anions are important.

g & 8

[0
(=]

10*k, /dm® mol”'s™

Y
[=]

0 20 30 40 50 B0
time /min

FIG.1, The t_ime dependence o_f the apparent sec_ond-order 1ate constants for the hydrolysis
of PAM; (o) M, = 18,000; (&) M, = 60,000; (2) M, = 180,000; (- - -) acrylamide.
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TABLE I

The Apparent Activation Energy at Different Degrees of Hydrolysis for
PAM in Free Solution

i Activation Energy, _Correlation Coefficient
% Hydrolysis kI mol~? of Arrhenius Plot
3 40 0.997
9 51 0.990
13 54 0.999
17 68 0.996

Further evidence that electrostatic repulsions play a significant role is given
in Figure 2, where the rates of hydrolysis of PAM (M, = 18,000) at 338°K in
the presence and absence of 0.10 M NaCl are compared. At low degrees of
hydrolysis, the k; values are almost identical for the two ijonic strengths.
However, as hydrolysis proceeds, differences in k; of a factor of two appear.
The higher rates are observed at the higher ionic strength, as would be expected
if electrostatic repulsions between the jonized carboxylic acid and the hydroxyl
groups are significant. Changing the jonic strength from 0.05 M to 0.15 M
decreases the Debye ionic atmosphere parameter, 1/k, from 1.4 nm to 0.8 nm,
so that a primary salt effect is observed.

We note, in passing, that the observation that the rate of hydrolysis was
virtually independent of molecular weight is in accord with the orthodox view
that the reactivity of a functional group attached to a polymer is essentially
independent of the polymer molecular weight [7]. Moreover, as the intrinsic
viscosity of the polymer solution increased by a factor of about four in going
from the lowest to the higher molecular weight sample, the results agree with
Flory’s classical finding that the viscosity does not influence the rate of reaction
of a polymer and a small molecule, except in extreme cases [7].

25
- 2o}
i
l-
e 5
™
£
3 10L
5
'---1’c> 5
P B [ R
10 20 30 4 S0 60
time/min

FIG. 2. The time dependence of the apparent second-order rate constants at two different
ionic strengths: (0) no NaCl added; (#) 0.10 NaC} added.
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Poly(acrylamide-g-acrylonitrile)

The reason for using this graft copolymer as a stabilizer, rather than PAM,
was to ensure that the nominally insoluble polyacrylonitrile anchored the PAM
to the surfaces of the latex particles, thus achieving both attachment and
maximum colloid stability [8]. However, since the nitrile groups may also be
hydrolyzed to carboxylic acid groups [9], it was necessary to check that this
reaction did not contribute significantly to the measured rates. The rates of
hydrolysis of the graft copolymers were therefore measured in free solution and
were found to be identical, within the limits of experimental error, with those
for PAM in free soluticn. This strongly suggests that the hydrolysis of
polyacrylonitrile was not appreciable.

Attached Polyacrylamide

The time dependence of the apparent second-order rate constant for the
hydrolysis of attached PAM (M, = 18,000) at 358°K is shown in Figure 3. It is
apparent that the value of k, decreases as hydrolysis proceeds in a manner
qualitatively similar tc that for PAM in free solution. However, the absolute
values of k; for the attached polymer are only about half the free solution
values.

Table II summarizes the “initial” rate data obtained at the three different
temperatures for the three different molecular weight polymers when attached
to polystyrene latex particles. All the “initial” k, values for the attached chains
are smaller than those for the corresponding chains in free solution. Moreover,
the values of k, clearly exhibit a molecular weight dependence; the smaller the
molecular weight of the attached chain the larger is the reduction in rate.
Indeed, for the highest molecular weight polymer studied (M, = 180,000}, the
rate reduction scarcely exceeds the limits of experimental error.

50}
T, 40
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FIG. 3. Tlle time dependence of the apparent second-order rate constants for the hydrolysis
of PAM (M,, = 18,000): (e) attached; (o) free solution.
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TABLE II

Initial Hydrolysis Rate Data for Adsorbed Polyacrvlamide

Latex Particle B 10k, /dm® mol~! 5!
Code Radius, M,
nm 338°K 348°K 358°K
R10-190 51 18,000 11 - —
R10-286 50 18,000 16 — 2012
R10-367 - 18,000 13 - -
Mean =13: 3
R10-213 30 60,000 13 — -
R10-265 30 60,000 17 27+ 2 4122
R19-316 29 60,000 16 - -
Mean=15+2
Ri0-287 40 180,000 22 342 48+ 2
R10-317 36 180,000 26 - -
R10-368 37 180,000 26 - -
Mean=25+3
Free Solution Rate 26+2 39+3 52=+4

Table III displays the activation energies observed for the attached PAM of
M, = 60,000. The values increase with the degree of hydrolysis, as they did for
the chains in free solution. Although these activation energies are marginally
greater than those for the free solution, the differences are probably not
experimentally significant, except perhaps at the highest degree of hydrolysis.
This lack of significance is bomne out by the observed activation energies for the
initial hydrolysis rates of attached chains of M, = 18,000 and M, = 180,000,
both of these activation energies were ca. 40 kJ mol™!, in good agreement with
the free solution value. We conclude that there is probably no change in the
basic chemical mechanism of hydrolysis on attachment; however, this conclusion
is necessarily tentative because an increase in activation energy of only 2 kJ
mol~! would cause a reduction in rate by a factor of 2. This is comparable to the
precision of our determination of activation energies.

Attachment of a coiled macromolecule to an impenetrable interface alters
the conformation. An isolated chain would be expected to be extended by ca,
40% in the direction normal to the interface over its free solution r.m.s.

TABLE III

The Apparent Activation Energy at Different Degrees of Hydrolysis for
Attached PAM

. Activation Energy, Correlation Coefficient
% Hydrolysls kI mol~! of Arrhenius Plot
3 46 0.999
] 54 0.9%4
12 64 $.999

17 80 0.999
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end-to-end length [10]. For close-packed low molecular weight chains whose
second virial coefficients are suitably positive, as required for good steric
stabilization, the extension normal to the surface is found experimentally to be
ca. 100% greater than the freesolution value [11-15]. This apparently results
from the strong lateral repulsive interactions between contiguous molecules.
However, in view of the absence of any effect of molecular weight on the rate of
hydrolysis, it seems unlikely that these changes in conformation are sufficient to
alter the neighboring group effects [5] that result in the higher rates of
hydrolysis of the polymer (or polyfunctional compounds) compared with the
monomer [4]. The activation energies measured for the attached polymers
support this conclusion.

It should be pointed out, however, that for the attached polymers,
replenishment of the hydrolyzing hydroxyl anions is not possible from the
impenetrable-barrier side of the chains. Accordingly, we would expect that entry
of the hydroxyl anions would proceed via the relatively fixed peripheral regions
of the polymer chains, which would therefore become the predominant loci of
hydrolysis. Thus the polymer chains would not likely be hydrolyzed uniformly
along the chain length. If we ignore neighboring group effects, relatively uniform
hydrolysis might be expected for a coil undergoing rapid conformational changes
in free solution such that all amide groups are exposed at one time or another on
the “surface” of the coil [7]. The conformational changes of an attached
polymer are obviously restricted so that hydrolysis in the regions furthest
removed from the surface are most likely. For a given degree of hydrolysis, this
would be expected to concentrate the charged carboxylic acid groups in the
peripheral zones. Repulsion of the incoming hydroxyl groups would be
enhanced, leading to a reduced rate of hydrolysis.

The foregoing explanation would predict that the rate of hydrolysis should
depend upon the relative sizes of the chains and the particles. For low molecular
weight chains and large latex particles, the situation approximates attachment to
a flat surface where we might expect maximum rate reduction. For high
molecular weight chains and small particles, however, the situation more
closely approximates the case of hydrolysis of the graft copolymer
poly(acrylamide-g-acrylonitrile), which might be presumed to undergo almost
normal conformational changes and was shown to give no reduction in rate. The
ratio of the particle radius to the chain extension normal to the interface varied
in these experiments from roughly 2.5/1 for the lowest molecular weight,
through 1/1 for M, = 60,000, to 1/2 for the highest molecular weight polymer.
This variation could thus explain the observed molecular weight dependence.

A further factor that could reduce the rate of hydrolysis of adsorbed chains
is the charge associated with the surface of the polystyrene latex particles. This
can arise both from the incorporation of initiator fragments (suifate anion free
radicals) into the particles and from the formation of carboxylic acid groups
[16, 17]. The charge on the particle surface is negative, so that repulsion of the
hydroxyl anions could occur, leading to a lower rate. However, the double-layer
thickness for the 0.05 M NaOH solutions is only ca. 1.4 nm, which is probably
less than one-tenth of the attached polymer thickness of even the lowest
molecular weight polymer studied. Accordingly, it seems unlikely that the
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FIG. 4. A second-order rate plot of the reciprocal of the molar concentration of hydroxyl
ions as a function of time for the hydrolysis of PAM attached to flocculated latex particles.

surface charge is responsible for the reduction in rate. This inference is
supported by the measured “initial” activation energies of the attached chains.

Finally, we show in Figure 4 the second-order rate curve for the hydrolysis
of polyacrylamide (M, = 18,000) attached to flocculated latex particles at
338°K. The surfaces of the particles were incompletely covered, so that
flocculation was induced by addition of hydroxyl ions. Hydrolysis proceeded at
a rate that was only one-third of the initial rate for chains attached to stable
latex particles or one=sixth the value for chains in free solution. Second-order
kinetics were also obeyed approximately, presumably because the extent of
hydrolysis studied was so small. Flocculation would be expected to render many
of the amide groups relatively inaccessible to hydroxyl anions and so diminish
the rate of hydrolysis.

The authors thank the Australian Research Grants Commitiee for their support of these
studies. R. E. gratefully acknowledges the award of a Commonwealth Postgraduate Scholar-
ship.
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—— -  ERRATA
The compressional terms included in both models I and IT(biyg not model I17)
re too large by a factor of 2. On correction we have:

del |

RIP = 1/s - s, (7
R?b + Rib = 2<ri>¥sg - S (8)
Ib . .1b
si + sc = 2 ln(L/do) + (dolL) -1 ' (10)
sIb L oain(L/d) + (d /L) -0.5 (11)
j+c Q o :

Model 11

RIE = 20178 - 1/8) (13)
i . Z{In(zL/d ) + (d_/2L) - 1} (14)
c (o] (o]

A revised Fig. 2 Is shown overleaf where 1t Is seen that the predictions
of both models I and II are very simllar indeed. Clearly It Is difficult to
discriminate experimentally between the predicti ns of models I and II
(or ITL for that matter), although mode! I still appears to be the better.
(The situation 1s somewhat reminiscent of the similar predictions of the constant

charge vs. constant potential assumptions in DLVO theory) .






A Correlation Between Critical Flocculation Pressures
and Theta-Pressures

One characteristic feature of sterically stabilized
dispersions is the strong correlation that is usually
observed between the attainment of theta (§)-condi-
tions and the onset of instability of the particles (1),
The §-point represents the limit of incipient phase
separation for a hypothetical polymer of infinite
molecular weight (2). It follows from this limit, by a
simple application of the phase rule, that a binary
solvent-polymer system has two degrees of freedom at
the 6-point, one of which is lost on specification of the
limiting concentrations. Hence if one intensive variable
such as the pressure is specified (commonly a pressure
of 1 atm is of interest), the §-temperature is auto-
matically fixed, Alternatively, however, §-conditions can
in principle be attained by fixing the temperature and
varying the pressure. By analogy with 6-temperatures,
we shall refer to such pressures as f-pressures; #-
pressures are, however, likely to prove much less
useful in general than #-temperatures because of the
incompressibility of liquids.

The concept of #-pressures raises the possibility of
inducing flocculation in sterically stabilized latexes,
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Fic. 1. Plots of phase separation pressure, §-pressure
and critical flocculation pressure as a function of
temperature, Curves 1-4 show phase separation pres-
sures for polymer volume fractions: (1) 2.5 X 107%;
{2) 5X 1073 (3 1 X102 (4) 2 X 102 Curves 5
and 6 show the 6-pressure and cfp, respectively.

held at constant temperature, by the application of
pressure alone. This note reports the observation of
the new phenomenon of pressure-induced flocculation
of sterically stabilized latexes, A correlation is estab-
lished hetween the Iimiting pressures required to
induce flocculation and the #-pressures.

EXPERIMENTAL

The preparation of poly(ethylene oxide) stabilized
latexes has been described previously (3). Poly (vinyl
acetate} was the disperse phase; water was the disper-
sion medium, Viscosity average molecular weights
{{M.}} were determined as before (3). The poly-
{ethylene oxide) used for the determination of 6-
conditions had {(M,) = 2.08 X 105; that used to
stabilize the latexes had (M,) = 1.0 X 10, except for
those latexes subjected to pressures in excess of 800
atm when {}M,) was increased to 2.08 X 105,

The pressure cell was a glass syringe that had been
modified by removal of the flange and subseguent
sealing; the plunger, also suitably modified, was used
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F16. 2. Cornet and van Ballegooijen plots for poly-
(ethylene oxide) in 0.43m MgSO0, at different pressures:
(1) 1; (2) 300; (3) 500; (4) 800; (5) 1000; ¢6) 1200;
(7) 1500 atm.
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as a piston. This cell, containing the latex or the
polymer solution, was placed in a stainless steel bomb
and pressure applied via a clear paraffin oil. Glass
windows allowed the cell to be monitored visually.
The temperature of the pressure bomb could be varied
by a heating mantle. Small differences in the visually
determined onset of flocculation and phase separation
were detected at 1 atm pressure for samples inside
and outside the bomb, This apparently arose from the
decreased sensitivity of observations inside the bomb;
all measurements taken inside the bomb were therefore
corrected for these differences.

RESULTS AND DISCUSSION

The #-temperatures for different specified pressures
in the range 1-1600 atm were first determined for
poly{ethylene oxide) in 043w MgSO; solution by
the extrapolation method of Cornet and van Ballego-
" oijen (4). (The electrolyte concentration is expressed
on a molal basis because this scale is pressure inde-
pendent.) The requisite phase separation curves as a
function of pressure are shown in Fig. 1. The linear
extrapolation plots for finding & are presented in I'ig. 2.
It is clear from the variation of #-temperature with
pressure in Iig, 2 that # decreases as pressure increases;
hence aqueous latexes stabilized hy poly{ethylene
oxide) should become less stable on the application of
pressure.

To measure the critical flocculation pressure {cfp) of &
latex, the temperature of the cell was fixed and the
pressure increased until incipient flocculation was
observed. The flocculation thus induced was reversible
at pressures below 800 atm: lowering the pressure below
the cfp resulted in spontancous-redispersion. However,
above 800 atm some irreversibility of flocculation was
evident, despite a significant increase in the molecular
weight of the stabilizing moieties used for these latexes,
The temperature dependence of the cfp is compared in
Fig. 1 with the temperature dependence of the #-
pressure. It is obvious that a strong correlation exists
between the cfps and the #-pressures over a wide range
of ptessure. This is in excellent agreement with previous

553

observations (1) that f#-temperatures or §-volumes form
a practical limit to the stability of sterically stabilized
latexes. Attainment of #-conditions is also the theo-
retically predicted limit of stability in most systems
(5,6).
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An extensive series of experiments has previously demonstrated that for model sterically
stabilized dispersions, 8-solvents for the stabilizing chains in free solution represent the limit
of colloid stability. It has now been shown that by anchoring the stabilizing chains 1o the
particle surfaces at many points along the chains, the pattern of flocculation behavior may
be profoundly altered. Polystyrene latices stabilized by poly{ethylene oxide) have heen pre-
pared that are stable in dispersion media with solvency for the stabilizing moieties markedly
worse than @-solvents for the chains in free solution. Multipoint anchoring in these systems
results from the hydrogen bonding hetween the ether oxygens of the stabilizer and surface
carboxylic acid groups. The enhancement of steric stabilization is a function of the pH and the
molecular weight of the stabilizing chains. It originates in the perturbation of the conformation
of the stabilizing macromolecules that renders the free solution properties of the chains no

longer relevant.

INTRODUCTION

An extensive series of experiments (1-5) has
shown that for model sterically stabilized
dispersions, a strong correlation exists between
the point of incipient instability and the cor-
responding theta (8)-point for the stabilizing
moieties in free solution. This correlation has
been demonstrated for both aqueous and non-
aqueous dispersion media, irrespective of
whether flocculation is induced by heating or
cooling, or by the addition of nonsolvent. At
least sixty critical flocculation points (cfp’s)
have now been correlated with their cor-
responding #-points. A quantitative theoretical
description of steric stabilization has also been
developed recently (6, 7).

Whether or not stable sterically stabilized
dispersions can be prepared in #-solvents
themselves remains a moot point. Certainly
by definition the second, and therefore the
third (8), virial coefficients of the stabilizing

moieties 1n free solution must vanish in

#-solvents. As the major component of the
repulsion in steric stabilization originates in
these two nonideal components, any repulsion
in #-solvents must necessarily be relatively
small. The fourth and higher virial coef cients
are, however, nonzero in #-solvents; pre-
sumably these nonideal components may be
sufficlently large at high segment densities to
impart stability in @-solvents. In addition
Born repulsion between polymer segments,
which is disregarded in all theories advanced
to date, may also contribute to stabilization.
Unfortunately the experimental results to
date lack sufficient precision to establish
whether or mnot stable dispersions may be
prepared in #-solvents.

Nonetheless it can be stated quite cate-
gorically that there are no previously re-
ported examples of sterically stabilized dis-
persions that exhibit stability in dispersion
media which are markedly worse solvents than
8-solvents for the chains in free solution. By
markedly worse solvency we mean that
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incipient flocculation would only be evident
in excess of 10 K bevond the free solution
g-temperature. Flory (9) and others (7, 10)
have stated clearly the reason for this: in
solvents worse than f#-solvents the stabilizing
sheaths are self-attracting, i.e., collisions are
“sticky,” and so the particles flocculate.
Recent calculations have verified the essential
correciness of this view (7}.

We have now found that by using the
phenomenon of multipoint anchoring of the
stabilizing moieties to the particle surface,
it is possible to prepare latices that display
stability in dispersion media of considerably
worse solvency than #-solvents for the chains
in free solution. This is possible because the
anchoring of the macromolecules at many
points along the chains so changes their con-
formation that the free solution properties of
the chains are no longer relevant. An experi-
mental investigation of this phenomenon,
which we have termed “enhanced steric
stahilization™ (6), is now presented.

THEORY

We begin by establishing via a new theoreti-
cal route that, to a first approximation,
g-solvents for the stabilizing chains in free
solution are the limit of colloid stability for
dispersions sterically stabilized by tails or
loops. By tails and loops we imply linear high
polymers that are attached to the particle
surface at one and both ends, respectively. We
will assume that the configurational entropy
of the core particles in the dispersion medium
may be neglected ; this is, of course, a standard
assumption in colloid stability theory (e.g.,
in DLVO theory) but it could perhaps in-
troduce some inaccuracy in certain circum-
stances, We shall, of course, take into account
the configurational entropy of the stabilizing
chains.

We want now the [ree energy of mixing
(AGy) of randomly oriented tails or loaps,
whose centers of gravity are fixed in space, with
solvent molecules. This is readily obtained
from the theory developed by Flory and

DOBBIE £T AL.

Krighaum (11):

AGMTE = AGATT + AG. [1]

Here AGw*¥ is the free energy of mixing of
pure randomly oriented polymer chains, whose
centers of gravity are fixed in space, with pure
solvent, and AGATT is the free energy of at-
tachment of randomiy oriented chains to form
tails or loops in the absence of solvent mole-
cules. Thus

AGy = —AGATT

+1€T[ﬁ1 lIl (1 — gg) + ﬁlxll-?g:l. [2]

where #; is the number of solvent molecules,
¢, is the volume f{fraction of the polymer
segments, and X; the polymer-solvent inter-
action parameter for chains in free solution.
Note that the tilde is used to denote that the
quantity refers not to the total system but only
to that part of the system which is accessible
to the stabilizing chains if the particles were
all fixed in space. This differentiation is neces-
sary because the Flory-Krigbaum theory (11)
cannot be applied to the system as a whole:
those regions of the dispersion medium between
the coated particles contain a negligibly small
polymer concentration which violates one of
the basic requirements for the application of
the Flory-Krighaum theory. Only in the
spatial regions occupied by the stabilizing
chains is the segment density function suf-
ficiently large and continucus to justify the
Flory—Krighaum approach.

To calculate the excess chemical potential of
the solvent in the volume accessible to the
polymer we need [4(AGwm)/ 8% ]r p. This dif-
ferential is easily evaluated if we recall that
7y = (fizx)/(#; + #iax), where 7, is the num-
ber of tails or loops and x is the number of
lattice sites occupied by each chain, assumed
to be monodisperse, Consequently, on dif-
ferentiation we have

AL — pt
=RT[ In (1 — %) + & + Xy@], [3]

where u1® is the standard chemical potential of
the solvent (i.e., the chemical potential of
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pure solvent). Note that we have here ignored
the configurational entropy of the core par-
ticles and so for equilibrium we may set
fiL = w1, where the absence of the tilde denotes
the system as a whole.

Flory (12) has shown that the requirements
for incipient noncrystalline phase separation
of the polymer solutions are

(Our/dvelrr = 0, [4]
[52;11/3'022]’1',11 = 0. [5]

Phenomenologically we may relate incipient
phase separation to incipient flocculation of
sterically stabilized particles. Equations 4]
and [5] can then be used to identify the
critical flocculation point. The equivalent re-
lationships in this case are

[Ve/ Vel o/ 8d.] = 0, (ol
[Vy/ Val[8%m/08:7] = 0, [7]

where Vo is the total available volume and
7 is the volume accessible to the chains.
Combining Eqs. [3] and [6] yields

1/(1 — &) — 1 = 27y, (8]
whereas Eqs. [3] and [7] yield
1/(1 — 5, = 2X1. (9]

The solution of Eqs. [87 and [9] that is
relevant is X1 = 4. This shows that to a first
approximation @-solvents, which are char-
acterized by X; = %, are the limit of stability
of particles stabilized by loops and tails (8).
A very considerable body of experimental
evidence {1-5) supports this theoretical con-
clusion. The conclusion is, however, at odds
with that of Hesselink, Vrij, and Overbeek
(13) who predict stability in dispersion media
considerably worse than #-solvents for dis-
persions stabilized by either tails or loops. The
reason for their erroneous prediction has been
pointed out elsewhere (6} but briefly it resides
in assuming in the calculation of polymer com-
pression that all 6-solvents are athermal.
Flory (14) has asserted that f-solvents are
only athermal at the experimentally inac-
cessible temperature of absolute zero.
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The foregoing discussion implies that if
stability is observed in solvents markedly
worse than 6-solvents, specific interactions
may be operative between the stabilizing
chains and the particles so that the chains are
no longer tails or loops.

EXPERIMENTAL

Two types of polystyrene latices were pre-
pared by emulsion polymerization. The first,
termed “‘high carboxyl” latices, were pre-
pared according to the method of Ottewill and
Shaw (15} at elevated temperatures (2 30°C),
using potassium persulphate or hydrogen
peroxide as the initiator and sodium dodecyl
sulphate as the surfactant. Potentiometric
titrations and electron microscopy established
that the latex particles so prepared contained
surface carboxylic acids (ca. one carboxyl
group per 150-500 A2). The “low carboxyl”
latices were prepared in a similar fashion but
initiation by potassium persulphate was ef-
fected at 20-30°C and oxygen was rigorously
excluded from the system. The complete
absence of surface carboxyl groups could not
be established unequivocally for these latices
but the surface concentration of carboxyl
groups was sufficiently small for them not to
be detectable by potentiometric titration.
Poly (vinyl acetate) latices were prepared by
the solution polymerization of vinyl acetate
in the absence of surfactant (16); no surface
carboxvl groups could be detected with these
latices.

The preparation of the amphipathic block
copolymers of poly (cthylene oxide) with poly-
styrene and poly{vinyl acetate) has been de-
scribed previously (2), as have the measure-
ments of the critical flocculation temperatures
and the poly (ethylene oxide) viscosity average
molecular weights.

RESULTS

The critical flocculation temperature (cft)
of various aqueous latices coated with well-
anchored poly (ethylene oxide} {(PEQ) chains
was determined in 0.39 M MgSO,.. All latices
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Fig. 1. Plots of the cft versus the ratio of the nominal weight of stabilizer in the bulk phase to the
weight of latex particles. PEO molecular weight is 10,000 and pH = 4.65. Curve 1—poly (vinyl acetate)
latices; curve 2—“low carboxyl” polystyrene latices; curve 3—*high carboxyl” polystyrene latices;

curve 4—poly (styrene-ge-acrylic acid} latex particles.

flocculated on heating, demonstrating that the
latices were enthalpically stabilized (4). The
cft of these latices is defined as the minimum
temperature at which flocculation was evident
(2, 3).

Shown in Fig. 1 are plots of the cft versus
the nominal concentration of the amphipathic
PEO stabilizer, the PEQ chains having a
viscosity average molecular weight ({Mv)) of
10,000. Although these plots are not strictly
adsorption isotherms, the adsorption of the
stabilizer presumably increases monotonically
to a constant value as the abscissa increases.
Smooth curves have been drawn through the
large number of points that were determined
for each curve.

For poly(vinyl acetate) latices, the cft in-
creased monotonically with increasing con-
centration of stabilizer (curve 1) to the limit-
ing value corresponding to the 8-temperature
{318 K) for free PEO chains in 0.39 M MgS0,
(2, 17). Similar results were obtained for “low
carboxyl” polystyrene latices (curve 2). The
“high carboxyl” latices, however, exhibited
a definite maximum (curve 3) in their cit. The
maximum (in this case 338 K) was significantly
higher than the #-temperature, showing that
in the vicinity of the cft it is possible to prepare
latices that are stable in dispersion media
considerably worse than 8-solvents. This is the
phenomenon of enhanced steric stabilization.

Note that the position of the maximum along
the abscissa axis depends upon the efficiency
of the anchor group in attaching the PEO to
the particle surface. Beyond the maximum the
cft decreased to the #-temperature. Clearly it
was only at the lower concentrations of
stabilizer that enhanced steric stabilization
was observed and then only with the “high
carboxyl’ latices.

Dispersions that exhibited enhanced steric
stabilization flocculated irreversibly. Only at
higher stabilizer concentrations, when the cft
was close to the #-temperature, was reversible
flocculation observed.

It was suspected that the existence of en-
hanced steric stabilization was associated with
the hydrogen (H) bonding between the -OH
groups in the surface carboxyl groups and the
ether oxygen of the PEO chains. To test this
hypothesis the cit’s were determined for a
PEQ of (Mv) = 10,000 at three pH values
{2.06, 4.65, and 10.6). Some results are shown
in Fig. 2. At the lowest pH the cft maximum
wag significantly higher than that for pH
=4.05. No curve is shown for the alkaline pH
because at the concentrations of stabilizer cor-
respending to the maximum in the eft curves,
the “high carboxyl” polystyrene latices floc-
culated at temperatures well below room
temperature.

The influence of the molecular weight of the
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stabilizing PEO on enhanced steric stabiliza-
tion is displayed in Fig. 3. The same “high
carboxyl” latex was used in all experiments.
Very high molecular weight PEO ((Mv)
=800,000) did not seemingly exhibit a maxi-
mum in the cft and no enhanced steric stabiliza-
tion was observed with this polymer at this
pH. However, as the molecular weight was de-
creased the maximum in the cft plots ap-
peared. The maximum was small for a PEO
of (Mv) = 96,000 but it increased significantly
as the molecular weight decreased. For a
PEO of (My) = 1540 the enhancement of
steric stabilization was so large that the cft
in the range of the dotted line of Fig. 3 ex-
ceeded the boiling point of the aqueous dis-
persion medium and so could not be measured.
The data are, however, strongly suggestive of
a maximum in the curve. The cit in this case
decreased only very slowly at higher stabilizer
concentrations.

Particles of polystyrene into which 1097,
acrylic acid had been copolymerized were also
used as the adsorbent for anchored PEO.
These particles were prepared under conditions
that normally gave “low carboxyl” latices.
The latices, which also possessed surface
carboxyl groups, exhibited enhanced steric
stabilization {(curve 4 in Fig. 1). The cit peak
was, however, quite broad,
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F1e. 2. Effect of pH on the plots of cft versus the
ratio of the weight of stabilizer to the weight of latex
particles. PEO molecular weight is 10,000. Curve
1—pH = 2.06; 2—pH = 4.65.

DISCUSSION

The foregoing results are consistent with the
hypothesis that enhanced steric stahilization
results from H bonding between the -OH group
of the surface carboxyl species and the PEO
ether oxygens (Fig. 4). In the absence of sur-
face carboxyl groups, e.g., with poly(vinyl
acetate) latices, no definite maximum was ob-
served in the cft plots. As the bulk stabilizer
concentration was increased more PEO chains
were presumably adsorbed; in the plateau
region the particles were fully coated. Re-
versible flocculation was then observed close
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Fic. 4. Schematic vepresentation of the hydrogen
bonding interaction hetween the ether oxygens in PEQ
and the surface carboxylic acids.

to the #-temperature for the stabilizing chains
in free solution. This is the normal behavior of
sterically stabilized latices (1-13), as predicted
by the above theoretical discussion. Note that
the electrostatic contribution to stability is
negligible at the high ionic strengths studied, as
was shown previously (4).

Enhanced steric stabilization was only ob-
served when, in the absence of surface carboxyl
groups, the surface would be incompletely
covered. This suggests that under these condi-
tions the conformation of the stabilizing
moieties is changed because of the many
H-bonding interactions between the PEO
and the surface carboxyl groups. Presumably
the chains interact with the surface so as to

Fig. 5. Schematic representation of the effect of multipoint anchoring on the polymer conformation;
(a) incomplete surface coverage and no interaction of PEO with the surface; {h) as in (a) but with a flat
conformation due to surface interactions; (<) complete surface coverage with Jittle surface interaction

allowed.
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adopt a less extended conformation [ the trans-
formation (a) to (b) shown in Fig. 5] As a
result of this flat conformation, the thermo-
dynamic parameters that govern segment-
solvent and segment-segment interactions are
no longer those relevant to the chains in free
solutions or to chains attached to interfaces
with which they do not interact strongly.

That the change in conformation due to
multipeint anchoring can be significant is
illustrated by the following approximate cal-
culation. Potentiometric titration studies sug-
gested that there was one carboxyl group per,
say, 200 A% For a PEO of molecular weight
10,000, the area occupied by the macromole-
cule on the surface is approximately 5000 A%,
Hence, each chain could interact with 25
carboxyl groups. This would on the average
lower the molecular weight of the PEO between
anchor points to only 200, ie., pentamer
(~-CH,CH 0} groups. Clearly even interaction
with only half of the surface carboxyl groups
(as occurs at pH = 4.65) would significantly
change the conformation of the PEO chains
to one with only a small number of segments
between anchor poinis.

The foregoing discussion suggests that if
the surface carboxyl groups were deprotonated,
the H bonding could not occur. Thus latices
exhibiting enhanced steric stabilization would
be converted into latices exhibiting incom-
plete surface coverage [transformation (b) to
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(a) in Fig. 5]. Latices with incomplete TEO
surface coverage were shown previously (2)
to flocculate at lower temperatures. This ex-
plains why latices exhibiting enhanced steric
stabilization flocculated when the pH of the
dispersion medium was made alkaline. More-
over, it explains the increase in the cft maxi-
mum when the pH was lowered from 4.65 to
206, The surface carboxyl groups have a
pK, corresponding to a bulk pH of 4.6 (15,
18). Thus at pH = 4.65 only about half the
surface groups would be protonated. Lowering
the pH to 2.06 results in increased protonation
of the surface carboxyl groups. The increased
interaction of these groups with the PEO
chains perturbs the conformation of the
stabilizing chains even more than at pH=4.65.
An even greater cft maximum is thus observed.

The decrease in the cft values beyond the
maximum is presumably associated with the
increased adsorption of the anchored PEO
chains on the particle surface. The upshot of
this is that to accommodate further stabilizer
adsorption, the adsorbed chains must adopt a
more vertically oriented conformation [see
{c) in Fig. 5] rather than a flat one. Moreover
the anchor polymers may well cover many of
the surface carboxyl groups. It is scarcely
surprising that under these conditions high
carboxyl latices flocculate reversibly near to
the -point for chains in free solution.

The influence of the PE() molecular weight
on the enhancement of steric stabilization was
marked. Very high molecular weight chains
were not significantly influenced by inter-
actions with the surface, presumably because
most of the segments are distant from the
surface and are not affected by surface inter-
actions. Conversely for very low molecular
weight chains almost all the segments are
perturbed as the calculation presented above
shows. This accentuates the enhancement of
steric stabilization.

The experiment on the poly{styrene-co-
acrylic acid) particles confirms the importance
of surface carboxyl groups. The very broad
cft ohserved for this latex probably arises from
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the projection of the polyacid chains into
solution,

The preceding discussion provides a qualita-
tive picture of the likely origin of enhanced
steric stabilization. Tt is necessary to consider
more closely why the cft at the maximum is
greater than the 6-temperature for the chains
in free solution. It is not known as yet whether
the cit’s observed near the maximum cor-
relate strongly with the f-temperatures of the
perturbed chains. However, in view of the
strong correlations reported previously (1-5),
this seems likely and we will adopt this assump-
tion in the following discussion.

The critical flocculation temperature (T'c)
is obtained by setting AGr (=AHw — TASR)
=0, where AGr is the free energy of close ap-
proach of two sterically stabilized particles.
Thus for model sterically stabilized PEO
lattices (2-3)

Tc = B = AHR/ASR.

Experimentally it was found that dispersions
that exhibited enhanced steric stabilization
flocculated irreversibly. This suggests that in
order to induce flocculation it is necessary to
break some H-bonding interactions. Bond
breakage converts the particles into a system
with incomplete surface coverage, which has
been shown previously to result in irreversible
flocculation (2). Therefore, we may write

AHR + (n_,/Al\’TA)AHHYD

o= — 3 [10]
ASR + (%/JVA)ASHYD

where V 4 is Avogadro’s constant, # the number
of H bonds formed in the interaction zone, and
AHyyp and ASuyp are the molar enthalpy
and entropy changes associated with H-bond-
ing. If we consider the H-bonding terms as
perturbations of AHg and ASr, we can use the
binomial theorem to transform Eq. [10] into

n \/AHuvp
remoto( )
Na AHy
" ASHYD
(5 )C) o
LVA ASR
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where terms higher than the first are neglected
and # refers to chains in free solution.

We have shown previously (4) that AHgn
and ASw are both positive. Intuitively both
Affuyp and ASuvp should be negative. Pro-
vided that IASHYD/ASR| > |AI?HYD/AHR‘,
Eq. [11] predicts cft values larger than 0. In
agreement with the preceding discussion en-
hanced steric stabilization should therefore
resuit from the significant decrease in con-
figurational entropy that H-bonding inter-
actions impose on the stabilizing chains. More-
over, Eq. [11] predicts a maximum in the cft
as n increases to a maximum and then de-
creases to near zero. It also suggests that as

ASp > (n/NA)ASHYD

for high molecular weight chains, surface inter-
actions should not perturb the cft greatly in
this case; conversely a large increase in cft
should be evident for low-molecular-weight
cheins, as obseived experimentally.

The foregoing discussion hinges on the as-
sumption that surface carboxylic acids can
H-bond with ether oxygens. Pimentel and
McClellan (19) in their classic book on H-bond-
ing Hst carboxylic acids and ethers as well
recognized H-bonding acids and bases, re-
spectively. They also assert that the properties
of any combination of these compounds will
be affected by H-bond formation. The oc-
currence of strong H-bonding between the
ether oxygens of PEQO and the carboxyl groups
of poly(acrylic acid) is evident from the
mutual precipitation of the two polymers from
aqueous solutions at suitably acid pH (20-22).
There seems little doubt that the H-bonding
postulated to explain enhanced steric stabiliza-
tion can accur.

CONCLUSIONS
These experiments show that by anchoring
the stabilizing moieties at a large number of
points along the chain, the pattern of floccula-
tion behavior of sterically stabilized dispersions
may be profoundly altered. No longer are
f-solvents for the chains in free solutien the

DOBBIE £T AL,

limit of colloid stability. Instead stability
may be observed in solvents of considerably
worse solvency for the stabilizing chains than
g-solvents. This is because the multipoint
anchoring so perturbs the polymer conforma-
tion that the thermodvnamic parameters that
govern the chains in free solution are no longer
relevant. For PEQ chains multipoint anchoring
may be achieved through H-bonding inter-
actions between the ether oxygen of the
stabilizing chains and surface carboxyl groups.
However, it ought to prove possible to anchor
polyfunctional macromolecules, e.g., poly (vinyl
alcohol), at many points along their chains;
thus they should also impart enhanced steric
stabilization.
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(Reprinted from Nature, Vol. 246, No. 5427, pp. 34-35, November 2, 1973)

Flocculation of Latices by Low
Molecular Weight Polymers

POLYELECTROLYTES are increasingly being used as flocculants
for electrostatically stabilised dispersions of colloidal particles
in such diverse fields as water treatment and mineral pro-
cessing!. Suitable polyelectrolytes, which are usually effective
at low concentrations ({10 p.p.m.), invariably have a high
molecular weight® (a viscosity average molecular weight
M,=>10%, They seem to function by a bridging mechanism
whereby the flocculant interferes with the free movement of
the particles'*.

We now report that even low molecular weight non-
ionic polymer molecules (My > 10° to 10% are able to floccu-
late some polymer latices. They also seem to function by
a bridging mechanism but require the presence at the particle
surfaces of suitable groups with which the flocculant can
interact specifically.

The new phenomenon was first discovered with an appar-
ently electrostatically stabilised aqueous polystyrene latex
(mean radius 24 nm), prepared by the method of Ottewill
and Shaw". Figure la displays the course of flocculation,
which was followed turbidimetrically, on addition of
poly(ethylene oxide) (PEQ) to the latex at 35° C. (The
initial light scattering was compensated for.) Several samples
of low molecular weight PEO (ex Union Carbide Australia
Ltd) were examined using the [atex at a particle concentration
of ~10"% ¢cm™. In the absence of PEO the particles exhibited
long term stability, whether or not 0.2 M HC] was present
(line 1). When low molecular weight PEQ was added in the
absence of 0.2 M HC! no flocculation could be detected at
any polymer concentration. But the addition of PEO, at
20 p.p.m., of either My=4,000 or 23,000 in the presence of
0.2 M HCI resulted in rapid flocculation of the latex (curves 2
and 3). The higher molecular weight polymer was the more
effective. Very high molecular weight polymer My=1x10¢
was also an effective flocculant at concentrations of only a
few p.p.m.

Polystyrene latices prepared by the method of Ottewill and
Shaw® possess surface carboxylic acid groups®. To investi-
gate the role of these groups, polystyrene latices were pre-
pared at low temperatures (<<30° C); as we have shown else-
where!?, such latices possess no detectable surface carboxylic
acid groups. Interestingly these latices failed to flocculate
on addition of PEO in the presence of 0.2 M HCL. On the
other hand, polystyrene latices sterically stabilised by
poly(acrylic acid} (PAA) of My=19,300 were also found to
be Hocculated by low (and high) molecular weight PEO
(Fig. 1b). Again 0.2 M HCI was necessary for flocculation.
We note that in the absence of PEO these latices exhibit
long term entropic stabilisation™ (line 4).

The foregoing experiments point to the central role played
by the surface carboxylic acid group in promoting floccula-
tion. They suggest the following mechanism for flocculation
by low molecular weight polymers: At suitably low pH
the surface carboxylic acid groups are predominantly
unionised and so can H bond with the ether oxygens of the
PEQ chains. The occurrence of such H bonding is forcefully
demonstrated by the phase separation of mixtures of PAA
and PEO from aqueous solutions at low pH (refs 12 and 13).
For the conditions relevant to curve 3 in Fig. la, the centres
of the particles were separated, on average, by ~1,000 nm,
if a cubic array is assumed. The r.m.s. end-to-end length
of the PEO chains was calculated* to be only ~10 nm.
Obviously on average the polymer chains could not possibly
span the distance batween the particle surfaces. Therefore
the PEO chains may reasonably be inferred to have become
attached to one particle by H bonding to the surface
carboxylic acid groups and to have become attached to a
second (or more} particle(s) in subsequent Brownian colli-

sions. Free movement of the latex particles was thus pre-
vented, corresponding to bridging flocculation. According
to this postulated mechanism, no flocculation would be
expected at higher pH values because the ionised carboxylic
acid groups would be unable to H bond with the PEOQ. Also
no flocculation would be expected in the absence of surface
carboxylic acid groups. Both expectations were realised.

i | h 4 ¢ 7

1004

o

TR IS ITESNTUIN

2

4

" L L 1 . '
0 5 100 50 on o 50 100
time(s)

Fig.1 The %; transmission as a function of time for polystyrene

latices. a, Curves for latices containing surface carboxylic acid

groups: 1, no PEQ added; 2, PEO of My=4,000 added;

3, PEO of My=23,000 added. b, Curves for latices stabilised by

PAA: 4, no PEO added; 5, PEO of Mv=4,000added; 6, PEO

of My=23,000 added. ¢, Curves for latices stabilised by PEO:

7, no PAA added; 8, PAA of My=19,300 added. Flocculant

added at 20 p.p.m. in @ and ¢ and 50 p.p.m. in b.

If this explanation is correct then it is also predicted that
low molecular weight PAA should be able to flocculate
latices stabilised solely by PEO chains. Figure l¢ shows the
flocculation induced by the addition of PAA (M,y=19,300}
to a polystyrene latex sterically (in this case enthalpically)
stabilised by PEQ (M,=-23,000). Again no flocculation was
cvident unless 0.1 M HCI was also present to convert most
of the carboxylic acid groups into the unionised form.

The phenomenon seems to be closely analogous to the
bridging flocculation observed with high molecular weight
polyelectrolytes. Both are characterised by the intervention
of the polymeric flocculant by promoting ‘sticky’ collisions
between the particles, the flocculated particles often being
separated by some distance’. There is thus no need to
reduce to near zero the repulsive potential energy between
the particles, whether electrostatically or sterically generated,
to permit flocculation to occur.
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THE PREPARATION OF AQUEOUS ENTROPICALLY
STABILIZED LATICES

Steric stabilization is the generic term used to describe the stability against
flocculation that nonionic macromolecules impart to dispersions of colloidal
particles (e.g., polymer latices) {1). The thermodynamic changes which gen-
erate the positive repulsive potential energy in steric stabilization may be clas-
sified as either entropic (2-4) or enthalpic (3,4), or a combination of both
(4). For example, in entropic stabilization the net entropy change on close
approach of two latex particles is negative and opposes flocculation whereas
the overall enthalpy change is negative and promotes it.

To-date entropically stabilized latices have been prepared only in nonaque-
ous dispersion media (5). Conversely all aqueous sterically stabilized latices
have hitherto exhibited enthalpic stabilization (4,6). Ottewill (1) has properly
summarized the current position by tentatively concluding that “it would ap-
pear that enthalpic contributions are probably the most important in the sta-
bilization of aqueous dispersions and entropic contributions in nonaqueous
systems.” '

The type of steric stabilization jimparted by a given macromolecule can be
predicted from the signs, and relative magnitudes, of the enthalpy (x; ) and
entropy (¥, ) of dilution parameters of the stabilizing moieties in free solution
in the dispersion medium (4,7).

Negative values for x, and ¢, when coupled with obedience to the in-
equality |k,1>>|y,|, presage enthalpic stabilization. Enthalpic stabilization may
be shown theoretically (7) to be characterized at least in principle by floccula-
tion of the dispersion on heating. Experimentally incipient flocculation has
been found to occur on heating to the §-temperature of the stabilizing moie-
ties in free solution in the dispersion medium (4,8).

In contrast, positive values for k¥, and y,, such that ¥ ,>>«,, result in en-
tropic stabilization (4,5). Theory implies that entropically stabilized disper-
sions are characterized by flocculation on cooling to the #-temperature (7).

Before these studies were undertaken, only enthalpically stabilized latices
exhibiting flocculation on heating had been prepared in aqueous dispersion
media. There appeared, however, to be no valid thermodynamic reason why
entropically stabilized dispersions could not be prepared in water.

Silberberg et al. (9) found that for poly(acrylic acid)}PAA) in 0.2M HCl
Y, and k, are both positive. Moreover, {, is greater than x, if the tempera-
ture exceeds the §-temperature (287°K). These data imply that aqueous lati-
ces stabilized by PAA should be entropically stabilized. This inference is
strictly correct only in the presence of 0.2M HCI (to suppress any electrosta-
tic effects) and at temperatures immediately above the point of incipient floc-
cutation (7).
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We now report the preparation of aqueous latices stabilized by PAA and
the verification that these latices are entropically stabilized.

Experimental

PAA was prepared by the heterogeneous polymerization of acrylic acid
(B.D.H. laboratory grade purified by fractional crystallization at 0°C (10))
in butanone. The initiator was azobisisobutyronitrile. Sampies differing in
molecular weight were obtained by the addition before polymerization of var-
ious amounts of n-butyl mercaptan. However, the highest molecular weight
PAA (89,700) was prepared by the solution polymerization of acrylic acid in
water, using hydrogen peroxide as initiator (11).

To ensure that the PAA chains were strongly anchored onto the surfaces of
the latex particles, nominally insoluble poly(viny] acetate)} chains were grafted
onto the PAA. Poly(acrylic acid-g-vinyl acetate) was prepared by reacting
PAA with glycidyl methacrylate (e.g., 5% by weight) in 14-dioxane at 50°C
for, say, one week. Hydroquinone (0.1%) was added to inhibit polymerization
of the resulting macromonomer adduct. Subsequent polymerization in diox-
ane of the macromonomer with vinyl acetate (30% w/w based on PAA} pro-
duced the desired graft copolymer. All copolymers were completely soluble
in water.

Poly(viny! acetate-g-acrylic acid) was also used as a stabilizer. It was pre-
pared by copolymerizing vinyl acetate and glycidyl methacrylate (10% v/v)
in dioxane. PAA was then dissolved in the resulting copolymer solution and
grafting effected by refluxing for 16 hr.

Poly(methacrylic acid-g-vinyl acetate) was prepared in a fashion analogous
to that for the acrylic acid copolymer.

All latices were generated by the heterogeneous polymerization of vinyl
acetate (2.5% w/w) in water at 50°C in the presence of an excess of graft co-
polymer. Potassium persulfate was used as the initiator because it had been
demonstrated that at relatively high ionic strengths, any electrostatic contri--
bution to stability may be ignored (7).

Acrylamide (ex Fluka AG) was polymerized in refluxing butanone on ad-
dition of benzoyl peroxide. Vinyl acetate (40% w/w based on acrylamide)
was grafted onto the resulting polyacrylamide in water, using potassium per-
sulfate as initiator at 50°C. The resulting poly(acrylamide-g-vinyl acetate) was
completely soluble in water. Subsequent polymerization at 50°C of an excess
of vinyl acetate (2.5% w/w) in an aqueous solution of this graft copolymer
generated the desired latex.

All number average molecular weights (<M,>) were measured with a Hew-
lett Packard Series 500 rapid membrane osmometer. Particle diameters were
determined by use of a Spinco Model E analytical ultracentrifuge (12). Rela-
tive diameters only are of significance because the particle densities were as-
sumed to be unchanged by the adsorption of stabilizer.

Critical flocculation temperatures were measured visually by noting the
temperature at which the turbidity increased rapidly (4).
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TABLE 1

Incipient Flocculation Results for Poly(vinyl Acetate)
Latices Stabilized by Poly(acrylic acid) in 0.2M HCI

PAA Particle Diam., c.fit., g2

<Mp> A °K °K Reversibility
9800 390 287+2 287(%5) irrev.

19300 120 289+2 287(£5) Iev,

19300 340 28912 287(5) rev,

19300 470 29313 287(£3) some irrev,

51900 370b 2832 287(£5) rev.

51900 620 28743 287(%5) some irrev.

89700 110 2811 287(%5) rev.

89700 160 28142 287(£5) some irrev.

89700 500 280+3 287(£5) rev.,

3 Literature §-temperature (9). The probable error is a conservative esti-
mate,
bPrepared using poly(vinyi acetate-g-acrylic acid) as stabilizer.

Results and Discussion

The results obtained for aqueous poly(vinyl acetate) latices stabilized by
PAA in the presence of 0.2M HCI are shown in Table I. All dispersions floc-
culated on cooling. This demonstrates unequivocally that the latices are en-
tropically stabilized at temperatures immediately above the critical floccula-
tion temperature (c.f.t.) (7). The c.f.t. is in essence the point of incipient
flocculation, being the maximum temperature at which flocculation was ob-
served. The results show that the c.f.t. was relatively insensitive to the mole-
cular weight of the stabilizing PAA over almost a decade range. A strong cor-
relation of the c.f.t. with the 6-temperature reported by Silberberg et al. (9) is
evident. No apparent dependence of the c.f.t. on the particle radius was ob-
served. Whether the anchor polymer was grafted onto the stabilizing moie-
ties or vice versa did not apparently influence the observed cf.t. With the ex-
ception of the latex stabilized by the lowest molecular weight PAA, all dis-
persons exhibited flocculation that could in the main be reversed by warming
to above the c.f.t.

The general pattern of results obtained with the aqueous entropically sta-
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bilized latices is identical with that observed previously for aqueous latices en-
thalpically stabilized by poly{ethylene -oxide) (4). Moreover both sets of data
are in fair agreement with results obtained for entropically stabilized nonaque-
ous latices (5). Apparently the same general thermodynamic considerations
govern steric stabilization whether it is operative in aqueous or nonaqueous
dispersion media, whether enthalpic or entropic changes provide stability, or
whether flocculation is induced by heating or cooling.

These experimental results, as well as those obtained previously (4,5), may
be compared with the recent theoretical predictions of Hesselink et al. (13).
Their theory of steric stabilization demands a strong dependence of the c.f.t.
upon molecular weight; the absence of any correlation of the cf.t. with the
@-temperature; the stability of latices in dispersion media of solvency worse
than #-solvents; and a strong dependence of the c.f.t. upon particle size. Un-
fortunately none of their theoretical predictions appears to be borne out by
these experiments.

Silberberg et al. (9) found that for polyacrylamide (PAM) in water at room
temperature, Y, and k, were both positive with y,>>«,. It may therefore be
inferred that aqueous latices stabilized by PAM are entropically stabilized.
However, as the 6-temperature of PAM in pure water is 235°C, such latices
cannot be flocculated simply by cooling because the water freezes before the
0-point is reached.

Aqueous Jatices stabilized by PAM have been found to be remarkably sta-
ble to the presence of normally effective flocculating reagents. Neither mag-
nesjum sulfate nor urea when present in the dispersion medium at saturation
concentrations induced flocculation; both saturated potassium chloride and
1OM sulfuric acid were also ineffectual. However, at pH = 3.0 the presence of
2.1M ammonium sulfate in the continuous phase permitted flocculation to be
observed on cooling. Four different PAM stabilized latices exhibited c.f.t.s
in the range 294°-299°K on cooling. Aqueous latices stabilized by PAM are
thus confirmed to be entropically stabilized, at least in the presence of 2,1M
ammonium sulfate. Some uncertainty, however, attends these c.f.t. values
because of the possible hydrolysis of PAM during latex preparation, The ob-
servation that the ¢.f.t.’s increased only slowly as the latices aged suggests,
however, that hydrolysis was probably minimal.

Finally, preliminary experiments on aqueous latices stabilized by poly(meth-
acrylic acid) (PMAA) indicated that flocculation was induced on heating. This
implies that these dispersions are enthalpically stabilized as would be expected
from the negative values for ¥, and k, reported previously (9). Apparently
the rather subtle differences in chemical constitution between PAA and PMAA
are sufficient to reverse the roles of the net enthalpy and entropy changes con-
trolling stabilization. Molecular model considerations suggest that PMAA
should be a stiffer chain than PAA. This stiffness, coupled with the greater
intramolecular hydrogen bonding in PMAA, provides a simple, if incomplete,
rationalization of the reduced significance of entropy effects in steric stabili-
zation by PMAA.
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Steric stabilization 1

Comparison of theories with experiment

By R Evans and D. H. Napper

With 2 figures and 1 table

Intreduction

Steric stabilization refers to the stabiliza-
tion of colloidal particles (e.g., polymer latex
particles) against floceulation that is im-
parted by nonionic macromolecules (1, 2).
Several statistical thermodynamic theories
of steric stabilization have been proposed
since the early experiments by Zsigmondy (3)
on the *“‘protective action” of natural macro-
molecules. More recent experimental studies
(4-8) on model latices now permit the
qualitative validity of the various theories
to be assessed. These model latices, which
are designed to emsure that the stabilizing
macromolecules are attached irreversibly to
the surfaces of the particles, appear to
undergo reversible, thermodynamic floccula-
tion (4-8}.

In what follows we will show that with

the notable exception of Fischer’s solvency
theory (9), all of the theories of steric
_stabilization advanced heretofore are ap-
parently in conflict with experiment. Pos-
gible reasons for these discrepancies are then
explored.

Comparison of theories with experiment

We begin by comparing the predictions of
the various theories of steric stabilization
with the results of experiments.

(i) Entropy theories

Mackor (10, 11) was the first to attempt to
calculate the repulsive potential energy in
steric stabilization. He argued that the close
approach of the two colloidal particles
resulted in a decrease in the volume accessible

(Received September 5, 1972}

to the stabilizing moieties and thus to a
decrease in the configurational entropy of the
stabilizing chains. The loss of configurational
entropy was caleulated for short rods, freely
jointed at the particle surface, by wusing
the Planck- Boltzmann relationship (8,on;
= kIn W) (10). The free energy of repulsion
(AGr) was then calculated from AGg
= T A8 Using essentially this ap-
proach Clayfield and Lwmb (12-15) have
performed elaborate Monte Clarlo caleulations
for stabilizing polymer chains to find A8,
and hence AGpr.

It is clear that calculations of this type
seemingly ignore the presence of any mole-
cules of the dispersion medium (hereafter
also termed the solvent) that are associated
with the chains. The macromolecules alone
are assumed to contribute to A8, This
approach implies that a stable dispersion
once formed, cannot be flocculated merely by
changing the solvency of the dispersion
medium. Yet there is compelling experimen-
tal evidence (4-8) to show that the solvency
of the dispersion medium critically deter-
mines the stability of sterically stabilized
dispersions. Moreover there exist thermo-
dynamic arguments (7) which imply that
those dispersions that flocculate on heating
(e.g., many aqueous latices) are enthalpically

stabilized, not entropically stabilized.
Mackor's approach ignores all enthalpy
changes.

We infer that theories of steric stabilization
that are couched solely in terms of the con-
figurational entropy of the polymer and thab
ignore the presence of the solvent are, in
general, incompletely formulated. Possibly
they may be applicable to some dispersions
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for which the dispersion medium is an
athermal solvent for the stabilizing chains.

We also conclude that the synonymous use
{16-18) of the terms *‘steric’’ and “‘entropiec’’
stabilization is both incorrect and misleading,
Sterically stabilized dispersions may be
stabilized either entropically or enthalpically,
or by a combination of enthalpic and
entropic mechanisms (5, 7, 19},

(it} Fischer’s solvency theory

In an article published in this journal,
Fischer (10} was the first to point out the
critical importance in steric stabilization of
the quality of the solvency that the dispersion
medium displays towards the stabilizing
chaing. According to Fischer’s theory, if the
dissolved polymer sheaths surrounding two
sterically stabilized particles were to inter-
penetrate, the chemical potential of the sol-
vent in the interaction zone would decrease.
A gradient in chemical potential would thus
be established between the solvent molecules
in the interaction zone and those in the
external digpersion medium. As a result,
solvent external to the interaction zone
would diffuse into the zone and so force the
stabilizing moieties, and the particles, apart.
This corresponds to the generation of an
excess osmotic pressure. Fischer related the
repulsive potential energy to the second
virial coefficient (B) of the polymer in free
solution using .the Flory-Huggins theory:

AGR ~ 2BRT <(eg> (AV) [

where {¢c,> iz the mean segment concentration
and (AV) is the overlap volume,

It must be admitted that several important
criticisms of Fischer's theory may be raised:
first, the use of a mean segment concentration
is obviously an approximation because the
segment density is a function of the distance
from the particle surface; sscond, Fischer’s
theory by concentrating on interpenetration
tends to ignore the compression of the poly-
mer chains that must occur when the mini-
mum distance between the particle surfaces
is less than the contour length of the poly-
mer chains, We note also that Fischer’s
theory disregards all virial coefficients higher
than the second.

Despite these obvious quantitative short-
comings, Fischer’s theory predicts all the
qualitative features of incipient floceulation
that have been observed thus far (4-8).
These features are discussed in detail below
but briefly Fischer’s theory predicts (i) that

instability should be evident in solvents
worse than f-solvents, (ii) that the transition
from stability to instability should occur
near to the 0-point and (iii) that no marked
dependence of the incipient instability point
upon the molecular weight of the stabilizing
moieties or the particle radius should be
observed. Although all of these qualitative
predictions have been verified experimentally
(4-8), this does not imply that Fischer’s
theory is necessarily correct quantitatively.

(iii) Entropy pius solvency theories

The assumption by Fischer that the mean
segment concentration may be used to
calculate the distance dependence of the
repulsive potential energy is obviously an
approximation. It corresponds to approx-
imating the segment density by a step
function. Meier (20) therefore evaluated the
segment density distribution function at
planar interfaces for linear chaing terminally
attached at one end (““tails’’). His calculations
are incorrect due to the inclusion of certain
conformations that actually penetrate the
impenetrable particle surfaces (21).

Hesselink (21, 22), has corrected this
mistake and extended the theory to “loops”
(i.e., linear chains which are attached at
both ends). The distribution functions of
both Meier and Hesselink fail to go to zero
at distances greater than the confour
lengths of the attached chains; however, this
shortcoming may be neglected for many
purposes.

Meier (20) also combined the entropy
approach of Mackor {10) and Clayfield and
Lumb (12-15) with Fischer’s solvency theory
(9) to produce a generalized hybrid theory
of steric stabilization. His quantitative pre-
dictions are in error because of the use of an
incorrect segment density function as men-
tioned previously. Again, Hesselink, Vrij and
Overbeek (23) (HVO) have corrected this
error and extended the theory to stabiliza-
tion by loops.

The major predictions of the HVO theory
for dispersions of flat plates stabilized by
tails are succinctly presented in fig. 1. This
displays the predicted lines of demarcation
between stable and unstable dispersions for
varying molecular weight of the stabilizing
polymer, different surface coverages and
different edge lengths. The ahscissa, the
intramolecular expansion factor «, is a
measure of the quality of the solvency of the
digpersion medium for the stabilizing macro-
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molecules. Although these results apply to
tails, HVO theory for loops undoubtedly
predicts qualitatively similar conclusions.
Moreover, HVO admit that qualitatively
similar findings will hold for spheres, al-
though quantitative differences will be evi-
dent; this is substantiated in Part IT by the
use of the Deryagin (24) method for cal-
culating the repulsion for spheres from the
repulsion potential for flat plates.

The following comparisons of the predic-
. tions of the HVO theory (23) with experi-
ment may be made:

(a) It is clear from fig. 1 that the points
corresponding to « = 1.00 (i.e., to #-sol-
vents) have no special significance vis-i-vis
floceunlation. Theta points are just like other
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105 ._5_\:\1150.2\
\--. e
.g —~
=5 ~
P NG P L Bl -~
J h=0.2 heo.2™
5™
w=2%10 =~
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EXPANSION FACTOR {x])

Fig. 1. The lines of demarcation between stable and

unstable dispersions of flat plates according to HVO

theory. The stabilizing moieties are tails: v is the weight

of stabilizer per unit surface area {g/cm?®), & is the plate
length (um}

points on the curves. Yet there is abundant
experimental evidence (4-8), which will not
be fully retabulated here because it is too
extensive, that the 6&-point corresponds
closely to the limit of stability of sterically
stabilized dispersions. (Some typical results
are, however, included below in table 1.)
The 6-point and the eritical floceulation
peint (e.f.p.) correlate strongly for both
aqueous and non-aqueous latices whether
floceulation is induced by addition of non-
solvent, or by heating or cooling the latices.
Over 40 different c.f.p.s. have been shown
to correlate with their corresponding #-points
(4-8, 19).

Apparently HVO theory fails to predict
this correlation between the c.f.p. and the
f-point,

(b} The HVO theory implies that the
boundary between stability and instability
is strongly dependent upon the molecular

weight (M) of the stabilizing moieties (fig. 1).
For a decade increase in M, « is predicted
to decrease frome.g., 1.7 to 1.1. This is a large
change in «. These two & values may be subs-
tituted into, e.g., the Flory relationship (25):

o% — o8 =209 (1 — O/T) M1 [2]

where y, = entropy of dilution parameter
and & = (#,/y,)T, where x;, = enthalpy of
dilution parameter. The parameter C,; in
eqn. [2] is a constant for a given polymer in a
given solvent such that

= (2T)2820%) (TN 4 V) (MP2] %2 2)

where %, = partial specific volume of the
polymer, V; = molar volume of the solvent
and {1 = unperturbed r.m.s. end-to-
end length of the polymer chains in free
solution. It is found from eq. [2] that the
large change in « from 1.7 to 1.1 corresponds
to a change in the c.f.p. of at least 100-200°K,
for a f-temperature within 50 °K of room
temperature. The flocculation temperature
of two latices stabilized by polymer chains
which differ in molecular weight by a factor
of ten should thus differ by 100-200 K
according to the HVO theory.

Table 1. Molecular weight dependence of the eritical
flocoulation temperature (C.f.1.)

Stabilizing (M C.£.t. (°K) 9 (°K)
moieties
PEO 1.0 x 108 317 + 2 315+ 3
PEO 8.0 x 10° 316 316
PEO 3.2 x 108 315 314
PEO 9.6 x 10¢ 316 315
PEO 4.9 x 104 316 314
PEO 2.3 x 10¢ 314 315
PEO 1.0 x 10¢ 318 319
PAA 9.8 x 108 287 + 2 287 +5
PAA 1.9 x 10* 289 287
PAA 5.2 x 10t 283 287
PAA 9.0 x 10* 281 287

Table 1 summarizes the incipient instabil-
ity results obtained with latices stabilized
by poly(ethylene oxide) (PEO) (5) and by
poly(acrylic acid) (PAA) (8). The critical
floceunlation temperature {c.f.t.} is the tem-
perature at which a sharp transition from
stability to instability is observed. This was
achieved by heating the latices stabilized
by PEO but by cooling the latices stabilized
by PAA. The former are enthalpically
stabilized whereas the latter are entropically
stabilized (4, 7, 8). The molecular weight
of the PEO was varied over three decades
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and that of PAA over one decade. Although
small changes {< 10 °K) were evident, the
c.ft. was quite insengitive to M. Certainly
any changes in c.f.t. are at least an order
of magnitude less than those predicted by the
HVO theory.

These experimental results, moreover, are
consistent with those discussed in para-
graph (a) above where it was mentioned
that the e.fp. correlates strongly with the
f-point. Because the f-point is in principle
independent of M, so must the c.f.p. (in this
case the c¢.f.t.) be independent of M if the
results are to be internally consistent.

Clearly the predictions of the HVO theory
with respect to M are not substantiated by
experiments with model digpersions.

HVO (23) cited the early data of Heller (2)
as evidence for the validity of their theory.
Heller did in fact observe a molecular weight
dependence of the flocculation point (at
least: for lower values of M) of electrostati-
cally stabilized latices that were additionally
gtabilized by unanchored PEQ. These latices
floceulated, e.g., in 0.5 M KCl at 20 °C.
We have repeated Heller's experiments and
confirm the essential correctness of his
observations. However latices stabilized by
anchored PEO chains are quite stable in
0.5 M KCL Indeed they are quite stable in
3 M KCl, which is a substantially worse
golvent for PEO than is 0.5 M KCl. Ap-
parently dispersions stabilized by un-
anchored PEO chaing flocculate in 0.5 4 KCL
because the chains are not sufficiently well-
anchored to the particle surface. This may
be due to either lateral movement of the
PEO away from the interaction zone or
even desorption, both of which are expressly
forbidden by the assumptions of the HVO
theory. The molecular weight dependence
observed with unanchored chaing appears
to be an artifact of displacement floceulation
(7). Molaw’s emulsion studies (25-28) suffer
from the same artifact: our emulsion studies
suggest that it is very difficult to eliminate
displacement flocculation with emulsions (29).

Of course the values of M cited in table 1
refer to the overall molecular weight of the
chaing. The possibility must be considered
that adsorption onto the surface at various
points along the chains may drastically
reduce these nominal values. There exists,
however, convincing experimental evidence
againgt this possibility: first, ultracentrifuge
studies of the conformation of the chains
attached to the particles (30) suggest that
the stabilizing chains are quite extended

normal to the surface, as indeed Ottewsll (31)
has also found in similar systems; second, for
fully covered particles the surface area
needed to convert extended polymers of
nominal M =1 x 108 into polymers of
actual M = 1 x 10° by adsorption (either
on close approach of the particles or on
changing the solvency) is greater than the
available area by a factor of ca. 10%; third,
when suitable surface groups are provided
to generate additional adsorption of the
stabilizing chains onto the surface in this
way, experiments show that no longer is it
possible to apply the thermodynamic para-
meters for the polymers in free solutions
because the chains are too constrained (32).
The 6-temperatures in table 1 all refer to the
chains in free solution. We conclude that
adsorption at points along the chains ecannot
explain the large discrepancy between HVO
theory and experiment.

{e) HVO theory predicts that stability
may be observed in solvents considerably
worse than §-solvents. It follows from what
has been summarized in paragraphs (a)
and (b) that such stability has not been
observed for either tails or loops. We have
in fact observed stability in solvents some-
what worse than f-solvents but only when
the polymer chains have been anchored at
s0 many points (multipoint anchoring) that
the free solution properties of the polymer
are no longer relevant (32). This phenomenon
may be termed “enhanced” steric stabiliza-
tion.

{d) The HVO theory predicts that the
stability of latices should be inversely
dependent upon the particle radius in
Deryagin’s approximation. We have shown
that the c.f.p. of both aqueous and non-
aqueous sterically stabilized latices are quite
insensitive to the particle radius (4, 5, 7, 8).
Again the HVO theory appears to lead to
erroneous predictions.

We conclude that the major predictions
of the HVO theory appear to be at odds with
the results of experiments on model latices.
The validity of the HVO theory must
therefore be called into question. In parti-
cular, the experimental results suggest that
the HVO theory appears to contain a
significant term that improperly fails to
become small near the f-point

Formulation of entropy plus solvency theeories

We now offer one possible origin for the
disagreement between HVO theory and
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experiment. It is proposed that the dis-
crepancy arises from an insidious difficulty
that intrudes when the entropy and solvency
theories are combined. The HVOQ theory
(28), following that of Meier (9), caloulates
the repulsive free energy by considering two
processes:

(i) The loss of configurational free energy
of the polymer molecules alone on the
approach of the second particle. This is
termed the volume restriction (VR) effect
and is the effect postulated by Mackor (10).

(1) An osmotic pressure (OP) effect that
results from the interpenetration and com-
pression of the polymer chains on close
approach of the particles. Thig is, at least
in part, the contribution first discussed by
Fischer.

Contribution (i) was calculated from the
loss of configurational entropy of random
flight “lines-in-space’ chaing, composed of
non-interacting segments. Contribution (ii)
was calculated using the Flory-Krigbaum
theory (33).

Fig. 2 provides a diagrammatic represen-
tation of what happens when two sterically
stabilized flat plates are brought from in-
finite separation to a finite separation (d).
The concomitant free energy change (4G g)
is the repulsive potential energy. When
POLMER

PLATES SOLVENT

L ]
-
L

+[3]

Fig. 2. Diagrammatic representation of the close

approach of two flat plates and the calculation of the

@ibbs free energy change using the Flory-Krighaum
theory

%

L < d < 2L, where L is the contour length
of the polymer chains (assumed to be mono-
disperse), only interpenetration can be oper-
tive. But when d < L, both interpenetration
and compression may occur {4, 5).

To illustrate precisely what HVOQ have
calculated, we have split up the process in
fig. 2 into various steps. The standard state
for the polymer in Flory-Krighaum theory
is pure, randomly oriented polymer chains
whose centres of gravity are fixed in space.
No problems arise in step X where the plates
are coated with stabilizing chains at infinite
separation. Note that we need not include
the free energy of attachment (4G,,) of the
chains to the plates in thefollowing discussion ;
the centres of gravity are fixed in the standard
state and Ad,,, may reasonably be assumed
to be independent of the distance of se-
paration. Flory-Krigbawm theory is directly
applicable to find AG_, but step Y, which
produces compressed polymer, is not straight-
forward in the HVO formulation. The prior
calculation of the free energy of volume
restriction (AGyy) results in the solvent
being mixed with compressed polymer chains
in this step. Note, however, that compressed
chains are not the standard state for the
polymer in Flory-Krigbaum theory, yet the
HVO theory is forced to treat them as such
if the results of the Flory-Krigbaum theory
are to be applicable to this step and the
volume restriction term is calculated se-
parately. It is this difficulty with the standard
state that appears to render the predictions
of the HVO theory inapplicable to real
chains.

Assuming that the free energy of at-
tachment of the polymer chains is independ-
ent of the distance of separation of the plates,
thermodynamic considerations of fig. 2 yield

AGr = AGy — AG,,. [3]

This shows that the volume restriction term
is allowed for implicitly in this type of ap-
plication of Flory-Krigbawm theory. (This
is explicitly proven in the development of
the basic dissolution equation in Part II).
The origin of the improperly vanishing term
in HVO theory thus becomes apparent. It
is the wvolume restriction term, which
clearly is non-zero in a 6-solvent or any
solvent for that matter.

There is a sense in which this non-zero
term is inevitable if a polymer chain in a
fi-solvent is considered to be thermodynami-
cally (as distinet from conformationally)
equivalent to a random flight chain, com-



414

Kolloid- Zeitschrift und Zeitschrift fiir Polymere, Bund 251 - Heft 6

posed of non-interacting lines-in-space, as
assumed by HVO. The latter model chain
loses configurational entropy on compression
and no enthalpy changes need be considered
because the non-interacting system is es-
sentially athermal. Real polymer chains in
fi-solvents also lose configurational entropy
on compression ; however, because ¢-solvents,
are not athermal [except at the experimen-
tally inaccessible absolute zero of tempera-
ture (34)] but rather slightly poor solvents
there is an additional (usually counteracting)
enthalpy change that is involved in com-
pression. It is this enthalpy term associated
with compression that is apparently un-
accounted for in the HVO theory. In Part I1
we show that an extension of Fischer’s
solvency theory permits this term to be
included.

Finally we note in agreement with the
foregoing discussion that Doroszkowski and
Lambourne (35), as a result of their
measurements on steric barriers, have con-
cluded that models which ignore the volume
restriction term best describe their ex-
perimental results.
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Summary

A comparigon is presented between the qualitative
predictions of the various theories of steric stabilization
with the results of experiments. It is shown that with
the notable exception of Fischer’s solvency theory,
all of the theories advanced to-date are at odds with
results of experiments.

Possible reasons for these discrepancies are discussed.
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Steric stabilization Il

A generalization of Fischer’s solvency theory

By R Evans and D. H. Napper

With 6 figures and 2 tables

Introduction

In the preceding paper (1) we showed that
with the exception of Fischer’'s germinal
solvency theory (2), the qualitative pre-
dictions of the theories of steric stabilization
advanced to-date (3-5) appear to be at odds
with the results of experiments. It seems
reasonable to infer that the quantitative
predictions of such theories may also disagree
with experiment.

We also noted that Fischer’s germinal
solvency theory is not without its quantitative
limitations; it calculates the repulsive po-
tential energy primarily from the inter-
penetration process without much regard for
compression; it uses a mean segment density
gtep function rather than the more exact
segment density distribution funetion; and
it ignores all virial coefficients higher than
the second. We now show, using a lattice
approach, how Fischer's theory may be
extended to allow for both compression and
a more exact segment density distribution
function.

This approach differs from those proposed
previously (4, 5) in that it does not consider
the compression of the polymer chain in
terms of a random flight chain, composed of
non-interacting segments. The latter model
regards G-solvents as being equivalent to
athermal solvents. However, #-solvents are
not athermal but somewhat poor solvents;
only at the experimentally inaccessible tem-
perature § = 0 °K may 0-solvents be taken
as athermal (6).

{Received September 5, 1972)

The basic dissolution equation
for attached polymer chains

We will develop a theory of steric stabiliza-
tion through the basic dissolution equations
for attached polymer chains. This is derived
from the Flory-Krighawm theory (7) for the
mixing of randomly oriented polymer chains,
whose centres of gravity are fixed in space,
with pure solvent. This will show explicitly
how conformational changes of the polymer
are allowed for in this approach.

Consider a volume element &6V located
completely within a dissolved macromolecule.
We will assume that this volume element
resulted from the telescoping of two volume
elements, each of size &V, that were se-
parately situated in the pure solvent and
in the pure, disoriented polymer respectively.
The Gibbs free energy change for mixing
in the volume element may be written:

${AG) = §{AGa*) + d(AGzp) f1}

where AG y* = free energy of mixing cal-
culated solely from external considerations
of mixing segments and solvent and AGgp
= free energy changes due to all other
interactions, including specific interactions
between near neighbours. The Flory-Krig-
baum theory yields, on the respective
evaluation of each term, that

0(46) = kT {In(l — 23} + 122} 6my 2]

where the subscripts 1 and 2 refer to the
solvent and polymer respectively, » = volume
fraction, y, = interaction parameter {y; =
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1/2 4 #; — w,) and n; = the number of
solvent molecules in éV. But

6n1:-—~—(1 ll 1O [3]
V.
where ¥V, = volume of a solvent molecule,
¥V, = volume of a segment and g, = number
of polymer segments per unit volume.
Substitution of relation [3] into eq. [2] yields
on expansion of the logarithmic terms:

L5 14
5(46) = kT (__ x,) QaoV — kT 5 (5 . xl)
Vs
X g6V — ——kT v, 0.0V [4]
where powers higher than the second are

neglected.

Eq. [4] is the basic dissolution equation
for polymer chains attached to particles. We
now formulate a term-by-term interpretation
of this relation.

First consider the dissolution of randomly
oriented polymer segments into a §-solvent
in a volume element 8 V. The Flory- Krighaum
relationship yields

d(AGy) = kT {In{l — ;) + v,,8}m,.

Since y,# = 1/2, we have for small v,(=g, V)
S(AGg) = — ﬁkT IE‘ .87 [5]

This is the third term in the basie dissolution
equation. We note that it is negative so that
attached polymer molecules dissolve spon-
tanecusly in a #-solvent.

Next at constant 7', we increase the quality
of the solvent from a -solvent to some value
of 3, < 1/2, whilst relaining the random coil
B-solvent conformation. Clearly for this process
8{AG 3*) = 0 and from the Flory-Krighaum
theory we have

8(AAG,) — kT !xlvz - ivg] on,

2

which for small v, gives

kTﬂ (? x,) 0dV. (6]

8(44G,,) —
This is the second term in the basic dis-
solution equation. Note that it too is
negative as would be expected.

The remaining term
Vi (1
+ kT—V— (? — xl) 14

is associated with the conformational change
of the polymer that occurs in a solvent better
than a §-solvent. It includes both enthalpy

and entropy changes associated with this
conformational change and allows for the
presence of the solvent. The positive sign
denotes that the loss of configurational
entropy due to the adoption of a less random
conformation outweighs the favourable, but
here truncated, enthalpy changes that usually
accompany this process. This term would
be expected intuitively to vary as the
square of the segment density because it
corresponds to intramolecular interpenetra-
tion {or the reverse) [8]. Note that the sum
of the first two terms in eq. [4] is negative
as must be the case in going from a §-solvent
to a good solvent.

Tt s this first term in the basic dissolution
equation that formally allows for changes
in the conformation of the attached polymer
chaing such as those caused by compression.
In this case the conformational change is
induced by a solvency change but suitable
thermodynamic eycles may easily be devised
80 that this term properly allows for all con-
formational changes, wherever their origin
(e.g., attachment to an interface, compression,
ete.).

We can therefore write the basic dis-
solution equations

AG) = 8{AGy) + S(AG ) + HAGeong)  [T]

where (4G ) = free energy change due
to conformational changes. It is this latter
term that renders the volume restriction
term used by Meter (4) superfluous.

Calculation of steric repulsion

Flat plates

The basic dissolution equation applies to
polymer chains attached to colloidal particles
because the centres of gravity of the macro-
molecules are incapable of independent
motion. We will assume that there are »
monodisperse chains attached to unit area
of the flat plates, each chain being composed
of i segments. The chaing are irreversibly
attached to the plates; we need not include
the free energy of attachment (4&,) in
the following discussion because the term
cancels if it is assumed that A6y, is in-
dependent of the distance of separation of the
plates. We assume a constant segment
density parallel to the surface (i.e., high
and complete surface coverages) and a
continuous segment distribution normal to
the interface,
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PLATES POLYMER SCLVENT

_3 E+§+

-t *

INTERPENE TRATICN d

Fig. 1. Schematic representation of the close approach
of two sterically stabilized plates

For step X envisaged in fig. 1 we may
write on integration of eq. {4] that for one
plate

AG, = ET I;’z (112 — 3} [ @PudV — kT
1 =10
¥ ® Vs
X5 (12— 1) few @V — kT 5~ [ 0eedV
1 z=0 1g=g

where g, = segment density distribution
function at infinite separation of the plates.
Since g, is a function only of x,

dV = Adde = dx

if we consider unit surface area. Denoting
the normalized distribution function by g,
we have

oa

Ooo B8 = Vi
¢

—g

oo 4V

x=0 r=

where v = total number of segments in the
volume normal to unit surface area. Ac-
cordingly.

— Ve (1 _ 2'300*2 —
Angka(z xl)muj‘gwdx BT
Vs (1 , Ve, .
X-I—/?(?—ZI) vi— kT 7, »i. [8]

We can perform an analogous dissolution
to describe step Y in fig. 1 and so find AG,
for the dissolution of polymer when the se-
paration is d:

d
Vet LE
ACi=kT (*— ) *de— kT
2 7o (5 —m) i (J;ed x
V.i 1 . kTVs .
X —-Vl (—2- xl) i 27, Vi [9]

Fig. 2. The Deryagin method for caleulating the
repulsive potential for two equal spheres from that of
flat plates (Not to scale)

where gy = normalized segment density dis-
tribution function when the separation is d

d
such that [o,;dx = »i.
0

The Gibbs free energy of compression per
unit area (4G ) for two plates is obtained by
subtracting eq. [8] from eq. [9] and multi-
plying by two to allow for the interaction
of two plates:

AGg=AGg — A6, =2kT

2
v (3 n)
d o
x [ [batdz — | éﬂwdx] [10}
0 0
This is the free energy change resulting from
the compression of the stabilizing moieties.
Eq. [10] makes no allowance for the inter-
penetration of the polymer chains attached
to the two surfaces that ocours whend << 2.
The form of the free energy of interpenetra-
tion per unit area (A;) must be similar to
that derived by Flory and Krigbauwm (7)
for the interpenetration of two chains in
free solution:
2 2
AGy = 2T _TI% (% _ xl) vweojgd@d'dz [11]
where ¢’z is the mirror image of gz obtained
by reflection and translation of the co-
ordinate axis. The total free energy change
per unit surface area on close approach is
thus given by

Vsz 1 .
AGg — AGg + AGr — 2kT (——xl) y2iz
7, \2

d d oo
X [Ié‘d‘dx+ (aga'de— | @’mdx] [12]
0 0 [+
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This relation has been given previously (9,
10) without proof. The right hand side of
eq. [12] was in fact first calculated by Meier
(4) but regarded by him as excluding con-
formational changes of the polymer. The
foregoing discussion shows that conformatio-
nal changes are included.

Hesselink, Vrij and Owverbeek (5) have
tabulated the sum of the integral terms in
eq. [12] for loops and tails as a dimensionless
function that we denote by E [their M (s, d)]:

2 o a
R = [_[ gardz + _[ @4 0a’dx— I Foo dw]
0 0 0

where (#2)11% = r.m.s. end-to-end length of
the chains in free solution. We may therefore
write

AGr

2ETV (l [13]

= mEv \T xl) iR

Eq. [13] is the fundamental relationship
for evaluating the repulsive G'ibbs free energy
in the steric stabilization of flat plates.
Because it contains the lattice parameters V;
and V,, eq. [13] is not the most convenient
form for caleulating AGr. We can, e.g.,
substitute into eq. [13] the approximate
Flory relationship for the expansion factor

o — oF — 204y, (1 — 6/ 1) M1

where y; = entropy of dilution parameter
and 8 = (x,/y,) T, where », = enthalpy of
dilution parameter. This yields the more
tractable form:

2(2m)312
27

AGR ~ (vt — LY RET. [14]

The value of » is best determined ex-
perimentally from adsorption studies. Alter-
natively a crude estimate of » may be
obtained in the following way. It has been
shown theoretically (11) that the mean
extension of tails or leops from an im-
penetrable interface is ca. double their
extension in the absence of that interface.
Tanford (12) has suggested that in a good
solvent the thermodynamic volume of a
hard-core sphere equivalent to a free polymer
is 0.18¢r2>32. If we assume that this equi-
valent volume remains unchanged on at-
tachment to the interface, the effective area
per molecule becomes 0.25(r%>. Therefore
» ~ 4/¢r®y. Substitution of this value into
eq. [14] leads on simplification to:

32 2apR (at—1)
27 16

AGp ~ RET. [15]

The total interaction free energy (Vr)
for two flat plates is obtained by summing
the steric repulsion and the London-van der
Waals attraction (13).

_ 2kTVg - A*
Ve = Zarmp (12 = 0 PR — 5 gy 116]
where A* = net Hamaker constant and

& = dj{rytE

Spheres

Model dispersions of sterically stabilized
colloidal particles are usually composed of
monodisperse spheres. It has not yet proved
possible in general to solve the case of two
sterically stabilized spheres of equal ra-
dius, a. We can, however, exploit the Derya-
gin approximation (14) to calculate the
repulsive potential for spheres from that
developed for flat plates, provided only that
the thickness of the stabilizing layer is
considerably less than the radius of the
particles. This situation is commonly en-
countered in practice. The Deryagin method
calculates the repulsive potential for spheres
by summing the contributions of infinitesi-
mally thick planar rings parallel to each
other at a distance d (fig. 2). The repulsive
potential per pair of spheres (/1 G is given
by

A6% = [ 22465 dR [17]
0

where AG%" = @Qibbs free energy of repulsion
per unit area for flat plates and h = radius
of the ring.

(i) Egqual spheres

Simple geometric considerations of fig. 2

give that
(d — do}j2 = @ — (a2 — h2p"

where d, — minimum distance of surface
separation for the two spheres of equal
radii. Therefore

2hdh = a{l — (R*a®))2dd ~ add

since h < @ in the Deryagin approximation.
Accordingly .

AGY . = T Ja6EF) ad
dn

=2na %2- (12 — 3)v?2 kT [18)
1

where S = ?Rdd and &, = dyf{r2)ti2. Alter-
%
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natively using eq. [15] we may write 20
Y g eq. [15] Y AGg(a, b) = 2mab [ (465 dd = 25 AGS (a, a)
@ )5, (2 +b) A a+b

AGY (@, 0) = 20— (rmame(ar — 1)aSkT [19]
and if, as discussed above, we set v = 4/{#*>
the repulsive free energy becomes

1627 (a2 — 1)

a7 <TR>1"2_ aSkT

AG‘E,":3 (@, a) ~ [20]

The total free energy of interaction per
pair of particles (V7) is obtained by sum-
ming the steric repulsion and the London-
van der Waals attraction [previously cal-

culated by Hamaker (13)]:

(@mpiz
27

A*a
12 roing,
[21]

Vrp= iyt (ot — 1yaSET —

Table 1. Values of the parameter § for tails (T) and
loops (L} at different separations (d,) of the spheres

3, S 8y St
0.4 2.666 0.6 0.720
0.6 1.680 0.7 0.500
0.8 1.070 0.8 0.338
1.0 0.678 0.9 0.219
1.2 0.416 1.0 0.135
1.4 0.249 1.1 0.080
1.6 0.141 1.2 0.044
1.8 0.075 1.3 0,022
2.0 0.038 1.4 0.011
2.2 0.018 1.5 0.005
2.4 0.007 1.6 0.002

Values of 8 estimated graphically for
various values of the distance parameter 4,
are shown in table 1 for tails (T} and loops
(L). The prerequisite functions for flat plates
were taken from Hesselink, Vrij and Over-
beek (5) and were interpolated before in-
tegration.

(it) Unequal spheres
Consider two spheres of unequal radii &

and b (fig. 3). The repulsion potential is
again given by eq. [20]. We have from fig, 3
d — dn = (a + b) —_ (bz — hs)lla . (as _ hz)lm
s0 that
bdd
hdh = -
1% hiy—113
q(léﬁ) + b(l——@—)
ab
Y

since & < a, b. Therefore the repulsion po-
tential per pair of particles is

where AGQ%(a, @) = steric repulsion per pair
of monodisperse spheres of radius ¢ cal-
culated using eq. [18] or [19].

The total potential energy is thus (13)

B s, A*ab
Vo = 25 4909 — g anins,
[23]
d
b a
h

h
f—d"—r\

Fig. 3. The Deryagin method applied to unequal spheres

(iii) Flat plates and spheres

d
dh

PV AN

b—od

AL

Fig. 4. The Deryegin method applied to sphere/plate
interaction

For the case of a sphere interacting with
a flat plate, which iz another commonly
encountered geometry in colloid studies, we
have from fig. 4

d—d, =a — (a® — h2)L2,
Thus
hdh = (1 — h¥a®)1? add ~ add.

Therefore the repulsive potential for a single
sphere interacting with a flat plate is given

by

AGSE = 2q0 [ (AGEDYdd = 2465 (a,a).  [24]
dy

Relation [24] can also be derived from eq. [22]
by letting b tend to infinity:
AGY" = AGx(a, 00) = lim 2L + aib) (403 (a )])
= 2403 (a, 2).

The total potential energy in this case
is thus [13]
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A*q

— &l — T m e
Vo= 2AGR(CG9 a) 6:'5(?2)”260

[25]

Table 2 summarizes the results for the
steric repulsive potential energy for the
three geometrical situations frequently en-
countered in colloid studies.

Table 2. The relationship between the repulsive
potentials for different geometries in the Deryagin

approximation
System Repulsion energy
Equal spheres (radii o) A Gi(a, i)
Unequal spheres (radii a, b) (2b/[a + b} AG5( a,a)
Flat platefsphere (radius «) 24 G’ft(a, @)

Comparison of the theory
for spheres with experiment

Eq. [21] can be used to calculate the total
potential energy curves for two sterically
stabilized spherical particles. These are
displayed in fig. 5 for two equal poly(vinyl
acetate) particles in an aqueous latex
sterically stabilized by PEO loops of 5 =
96,000 [corresponding (10) to Polyox
WSRN80]. For convenience we have in
fact used eq.[20] to calculate the repulsive
potential. The effective Hamaker constant
was taken as A* = 3 x10-2 J but as shown
later, the exact value of 4* chosen has little
influence in general on the curves if x > 1.000,
The radius of each particle was taken as
103 A.

We will assume that flocculation is
observed if the net attractive potential
exceeds 2,56 k7. Precisely what value is
chosen here for the potential energy of
attraction will not influence the following
discussion provided it is somewhat greater
than thermal energy.

It becomes apparent from consideration
of eq. [21] and fig. 5 that the steric repulsion
usually increases faster than does the van der
Waals attraction at all distances of separa-
tion. The upshot of this is that the potential
energy curves for sterically stabilized par-
ticles do not usually exhibit the maximum
that is so characteristic of electrostatically
stabilized dispersions. We have carried out
many different calculations apart from those
presented and always found this to be true.
The absence of this maximum explains why
flocculated sterically stabilized dispersions,
or stable latices that have been compacted
by centrifugation, redisperse spontaneously

+

o= 131

=
A=

Fig. 5. The total potential energy curves for two
spherical poly(vinyl acetate) particles stabilized by
poly(ethylene oxide} loopa of molecular weight 9.6 x 10%,
The radii of the particles is 108 A, the effective Hamalker
constant is 3 X 10-2.J and T = 303 °K

under suitable solvency conditions (9, 10).
There is in all instances where & > 1.000
a very shallow minimum at the larger dis-
tances of separation, This is analogous to the
secondary minimum in electrostatic sta-
bilization but it is too shallow for flocculation
to be observed in it in the large number of
different cases for which we have made
calculations.

The curves also show that stable dis-
persions would be expected if & = 1.002 but
that instability would be evident if x = 1.000.
A sharp transition from stability toinstability
is thus predicted, as is observed experimen-
tally (9, 10). These two values of & correspond,

-according to the Flory equation for «, to a

temperature difference of less than 1 °K.
Thus as « = 1.000 corresponds to the #-point,
we see that the theory predicts the presence
of a sharp ftransition from stability to
instability very close to the 6-point. The
strong correlation between the 0-point and

the c¢.f.p. observed experimentally has
already been described. Obviously the theory
also predicts the observed insensitivity of
the ¢.f.p. to the molecular weight of stabiliz-
ing mojeties, since the #-point is independent
of molecular weight. Finally inspection of
eq. [21] shows that as both the attraction
and the repulsion increase linearly with a,
the above conclusions will be almost in-
dependent of the particle radius a, since the
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peint at which V7 ~ 0 is independent of the
radins; again experiments support this
conclusion. All of the parameters for which
we have chosen specific values in the above
discussion can be varied over wide ranges
without altering the general conclusions
presented herein,

We conclude that the theory of steric
stabilization outlined above is in agreement
with all the qualitative features of steric
stabilization that have been observed to-
date. It is esgentially an extension of Fischer’s
solvency theory; it treats compression as an
intramolecular interpenetration process cha-
racterized by the same enthalpy and entropy
of dilution parameters as intermolecular
interpenetration (8). This explaing why
the predictions of #ischer’s germinal theory
are in qualitative accord with experiments.

An alternative explanation of flocculation

An alternative way of viewing sterically
stabilized latex particles is to regard them
as polymer molecules of {almost) infinite
molecular weight. Attachment of the soluble
stabilizing chains to the particles removes
their ability to move separately in the
solvent and hence removes their ideal con-
tributions to the thermodynamic properties
of the solution. Their non-ideal contributions,
however, remain intact. The ideal contribu-
tions of the particles may be safely neglected.
It is as if the sterically stabilized particles
were graft homopolymers with a backbone
polyvmer of almost infinite molecular weight
but with soluble lower molecular weight
side chains.

The §-point has long been recognized as the
critical miscibility limit of homopolymers of
infinite molecular weight. Thus sterically
stabilized particles would be expected to
phase separate (i.e., flocculate) at the §-
point, This is, of course, what is observed
experimentally (9, 10). Tt raises the question
of the solubility of attached stabilizing
moieties at or near the 6-point. We will ex-
plore this question elsewhere. However, we
have shown above that attached polymer
chaings are soluble in §-solvents.

Flory (15) has suggested that the experi-
mental results obtained with sterically sta-
bilized dispersions may well imply that the
London-van der Waals attraction between
the core particles is relatively unimportant
in determining floceulation of latices. Fig. 6
presents some typical potential energy curves

_l._
1.02 =13
%
kT
5l
1,006
1,002
0 |
05 i 15 5
0.998

Fig. 6. The potential energy curves for two sterically
stabilized particles if the London-van der Waals at-
traction is neglected. All parameters are as for fig. 6

for sterically stabilized dispersions if the
London-van der Waals attraction between
the core particles is ignored completely.
Other conditions are as shown for fig. 5
and a comparison of the curves in figs. 5
and 6 shows that if « > 1.000, neglect of the
attraction between the core particles scarcely
changes the overall repulsive potential.
Moreover if « << 1.000, the attraction be-
tween the sheaths must become relatively
large as d, tends to zero. It is obvious that
flocculation would be observed if, e.g.,
o = 0.998, i.e., within 1 °K of the #-point.
Hence floceulation would still be observed
near to the O-point even if we ignore the
van der Waals attraction between the core
particles. Flocculation would also be in-
dependent of the particle radius since the
f-point is independent of the partial radius.
Currently the accuracy of the experiments
fails to distinguish between flocculation
induced by wan der Waals attraction be-
tween the core particles and that induced by
attraction between the stabilizing sheaths.
We would expect that sheaths of very high
molecular weight polymer (e.g., M ~ 1 x 108)
would prevent the core particles from ex-
hibiting significant attraction except at
extremely high compressions. (This effect is
apparent even in fig. 5.) Yet latices stabilized
by PEO of M — 1 X 10% flocculate very
close to the O-point (14). We therefore
strongly favour Flory’s notion that floccula-
tion of latices iz induced as a result of the
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attraction between the stabilizing sheaths,
which in turn derives from the solvency of
the dispersion medium being made marginally
worse than a @-solvent. Whether this con-
clusion will hold for metal sols, e.g., where
the core attraction may be an order of
magnitude larger, remains to be established
~ experimentally.

We note also that Doroszkowski and Lam-
bourne (16) have arrived at a similar con-
clusion from their studies of steric stabiliza-
tion. There exists at least the theoretical
possibility of preparing stable latices in
-solvents because the fourth and higher
virial coefficients fail to vanish in §-solvents.
Only the second and third coefficients are
effectively zero. Interpenetration and com-
pression of the polymer chains to high
segment densities will permit these higher
virial coefficient repulsions to become opera-
tive. This is not allowed for in the above
theories or any theories developed to-date.
All models probably break down under these
conditions. In addition the Born repulsion
between the segments is not included yet it
too becomes operative at high segment
densities. Note also that the traditional
estimate of the van der Waals attraction
may have to be adjusted in light of the more
exact theories being developed by Ninham
and Parsegion (17, 18). Finally the values
for vy, and %, to be used in the above theory
are those derived from experiment.
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Summary

A theory of steric stabilization is developed that is
essentially an extension of Fischer’s solvency theory.

It treats both interpenetration and compression using
a latice approach. This permits the introduction of
segment density distribution functions. One virtue
of the new theory is that it is in good qualitative
agreement with the results of experiment. Some
limitations of the theory are also noted.
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On the Calculation of the van der Waals Attraction
Between Latex Particles
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The van der Waals attraction between uncharged, spherical polymeric latex particles in
both aqueous and non-aqueous dispersion media has been calculated using the quantum field
theory approach due to Lifshitz and Ninham and Parsegian. It is shown that for close ap-
proach it is possible to define 2 Hamaker function, analogous to the classical Hamaker con-
stant, that is a function of the ratio (§) of the minimum distance of surface separation to the
particle radius, Computations for polymer latex particles in water showed that the Hamaker
function for close approach decreases linearly with 8. However for polymers in hydrocarbons,
the Hamaker functions are in fact constant. Both results are also derived analytically. A major
obstacle to accurate calculations using this approach is the difficulty of converting the readily
available gaseous jonization potentials into values for solids and lquids by providing due
allowance for the polarization energy of the dielectric medium.

INTRODUCTION

There have been several theoretical esti-
mates (1-3) of the van der Waals attraction
between polymer latex particles in  both
aqueous and nonaqueous media. These esti-
mates have all assumed, following London
{4) und Hamaker (3), that the interatomic
interactions exhibit pairwise additivity. More-
over it has become customary to assume in
these calculations that electronic correlations
with frequencies in the ultraviolet region are
primarily responsible for the attraction.

In a pioneering series of papers (6-10),
Ninham and Parsegian have shown con-
clusively that for colloidal systems in general,
this traditional approach is not without its
deficiencies: puirwise additivity may well be
appropriate for dilute gases but is scarcely
reasonable in condensed systems where many-
body effects become significant and correla-
tions involve more than just a pair of mol-
ecules; additionally, correlations other than
those propagated at ultraviolet frequencies can
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contribute significantly to the overall van der
Waals attraction, especially if water is the
dispersion medium.

The bhasis of the new approach devised
by Ninham and Parsegian is the macro-
scopic continuwum theory of Lifshitz (11, 12).
This applies the methods of quantum field
theory to the fluctuating 2lectremagnetic
fields that are always present inside matertial
media and which extend bavond their physical
boundaries. These electromagnetic spectra
contain the characteristic' absorption fre-
quencies corresponding to resonant electronic.
and molecular frequencies. Tor condensed
bodies the properties of the electronic en-
velopes of the atoms or molecules are different
from those in the gas phase because of the
close proximity of contiguous atoms or mole-
cules. Hence the failure of the pairwise ad-
ditivity approach. Moreover the presence of a
medium between the interacting species alters
the electromagnetic disturhance by which the
attraction is propagated. Properly the fluctuat-
ing electromagnetic felds must include abl
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VAN DER WAALS ATTRACTION

long-wavelength spectral components {(i.e., all
correlations propagated at wavelengths farge
compared with atomic dimensions).

The power of the Lifshitz formalism lies in
its ability to account for all many-bodyv in-
teractions, to deal praperly with the effects
of intermediate substances, and to include
contributions from all spectral components.
The interaction is expressed solely in terms of
measurable dielectric properties of the ma-
terials considered. It further eventuates that
for materials of similar density the whole
dielectric spectrum need not be known ac-
curately because the energy transfer occurs
mainly at the principal absorption frequencies
of the bodies, which are usually known or are
measurable (0).

Mitchell and Ninham (13), using the
Lifshitz theory, have derived the relevant
formulae for the energy of interaction of
spherical particles imbedded in a dispersion
medium. These can be used 1o calculate the
- van der Waals aitraction between latex
particles in both aqueous and nonaqueous
media. In what follows we discuss some alge-
braic and numerical implications of the theory
developed by Mitchell and Ninham, pointing
out ceriain difficulties that still reside in this
approach.

THEORY ANXD COMPUTATIONS
The following symbols are used:
T = temperature

a = particle radius
d = minimum distance of particle separa-

tion
d = (f;'fﬂ'
s=4+42

n = refractive index
ny = refractive index of water
#ipye = refractive indes of polyvmer or hy-
drocarbon
= absorption {requency
= permittivity
ionization potential

see "~ . E
It

= eigenfrequency,
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The problem to be discussed is that of cal-
culating the iree energy of attraction between
two uncharged, spherical polymer latex par-
ticles, each of radius @, immersed in a uniform
dispersion medium. We will assume that the
minimum distance of separation between the
surfaces of the spheres, d, is large compared
with interatomic dimensions, although it mayv
still be quite small. This allows each medium
ta be (reated as a continuum.

An upper bound is also placed on d: d must
be much less than the wavelengths of iransi-
tions between the ground states and the ex-
cited states of the constituent species so that
retardation effects can be ignored.

The free energy of attraction {(G) can be
calculated for small separations from (13)

G = (kT 8n?) z'[ [ wln (1 — A )dx
)

=0

44921 — Aylngln {1 — A2):|, [1]
where
In {[(8/4) + 8T + [(&/4) + 5+ 14,
(0 — &)/ (a4 &)

i

/]
A=

Here the subscripts 1 and 2 refer to 1the
particles and the medium respectively and the
prime on the summation symbol implies that
the term for the eigenvalue § = 0 must be
divided by 2 because it is a zero-point term.

Note that the positive sign of the second
term in Eq. [1] is the same as that given by
Mitchell and Ninham (13) in their Eq. 81 but
is opposite in sign to that given in their
Egs. 85 and 86, said to be derived from Eq. 81.
Ninham (14) has confirmed the correctness of
the positive sign in Eq. 1] and suggested that
this small separation appreximation is valid
only if the second term is, say, one-third of
the numerical value of the leading term for
each frequencv. Larger values of the second
term could, of course, reverse the sign of G,
which does not seem physically permissible for
two like spheres and implies that higher-order
terms must be included.
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Our calculations show that the useful ap-
proximation #* = § is valid in the interval
0 < & £ 0.2 with an accuracy of better than
207,

To cdculate A we need the values of the
dielectric permittivity of both the particles
and the medium. By assuming that the dielec-
tric susceptibility may be expressed as the sum
of the average contributions from the eigen-
frequencies in the microwave (mw), infrared
(ir), and the ultraviolet {uv) regions, we may
write (6)

€Ep — n?
1 + (E.'/C'\Jir)2
n?—1
F——
14 (ow)?

where i = ¥—1 and ¢ = (2rkT/k); where
b= {(h/2+yand j =0, 1, 2, ---. This relation
assumes that relaxation occurs first as a drop
in permittivity from the static value for the
substance ¢ to a smaller value ep during the
Debye relaxation. Then follows a decrease
from ep to a smaller value relevant to the
visible range, which because of its electronic
character, obevs the Maxwell relationship
¢ = n*. Finally, during the ultra-violet relaxa-
tion, the permittivity drops from »? to the
value for free space, 1. The infrared and ultra-
violet relaxations are represented by the
classical Lorentz electron dispersion equations.

The computations were performed with the
aid of an IBM 7040 computer. All integrations
were evaluated using Simpson’s rule.

€ — €p

+
1 + f/wnlw

(i) =

1, [2]

The Tonization Potential Problem

Examination of dielectric dispersion data for
polvstyvrene and poly(vinvl acetate) at room
temperature (13) shows that wvery little re-
laxation occurs from the static dielectric
permittivity until the ultraviolet region is
reached. We have chosen, therefore, to neglect
the small infrared relaxations. The dispersion
spectrum for poly{methyl methacrylate) does,
however, exhibit a signiticant, if broad, relaxa-
tion near 100 Hz and this relasation was in-
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cluded in the calculations. The mest coan-
venient frequency to use for ultraviolet re-
laxation is the wvalue corresponding to the
ionization potential. No suitable ionization
potential data seem to be available for these
three polymers. It was, therefore, necessary to
adopt an approximate procedure.

We first assumed that the ionization po-
tential of the polymers can be equated to the
ionization potentials of molecules whose chem-
ical structures closely resemble those of the
repeating mer units. Thus ethyl benzene,
isopropyl benzene or toluene would be cognate
molecules for polystyrene repeating units and
all have similar ionjzation potentials. Values
of the ionization potentials of these molecules
as isolated species in the gas phase are readily
available (16), However, these values as such
cannot be used for the polymers, as has pre-
viously been assumed (6-10, 17, 18). This is
because there is a well-documented and sig-
nificant change (usually a reduction) in
lonization potentials of molecules in passing
from the vapour phase to the solid or liguid
phase (19, 20). The reason for this is precisely
the same reason why pairwise additivity of
interactions is inappropriate in condensed
media; the attraction between an electron
that is to be removed from a compound and
the contiguous atoms in a condensed medium
so weakens its interactions with the nuclei
that hold it in its orbital that it is easier to
remove that electron. Consequently the ioniza-
tion potential of a solid or liquid is less than
that of the same substance in the dilute gas
phase.

The correction to be applied to the gaseous
ionization potential (f¢) to yield the value
for a condensed phase {[¢) is difficult to
estimate theoretically, We may write (16}

lc=IG+P, [3]

where P = polarization energy for a single
charge in the dielectric medium. For many
crystals, and even some liquids, Lyons and
Mackie (20} have shown that P is approxi-
mately —1.5 + 0.3 eV. The value of P for
liquids, however, may be greater than this
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because the liquid molecules can point their
directions of maximum polarizability at the
charge; thermal motions will, of course, tend
to reduce by disorientation the value of F
below that for maximum orientation, However,
the value of P for liquid water may be as Jarge
as 5-7 eV (16). We have assumed that for
polymers, the value of 7 is similar to that for
crystals, as indeed some calculations by
Wintle (21) for polyethylene suggest.

We note that Ninham and Parsegian (6-10)
in their calculations on liquid films used
gaseous values for the ionization potentials of
liquids. Their numerical calculations must be
viewed with caution until it is established that
such an approximation does not introduce
significant errors.

The final equations for the permittivity of
water (ew) and of all polymers and hvdro-
carbons {epyc) were (6):

eopr — 3.2 3.2 — nw2

= +
T+ 776157 14 2.112 X 1076 27>

€W

T’iwz —1
+ - +1 (4]
142,931 X 1077272/ 2
P = (énmrc - nQPHL'J
nlpye — 1
+1, [3]

+
1+ 2.931 X 1077 272/ 12

where the subscript o refers to zero frequency
terms. Table I summarizes the values for the
ionization potentials, refractive indices and
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the static dielectric constants (15, 16) of the
polymers and hydrocarbons used in these
computations. The temperature dependence of
the zero frequency permittivity of water was
approximated by the function (22)

0 = 182.5 — 0.3487"

RESULTS AND DISCUSSION

We begin by examining Eq. [1] in more
detail because it facilitates the presentation of
the computed results. First we define a
Hamaker function H, exactly analogous to the
classical Hamaker constant for spheres (5),
by the relationship

2
5%+ 45 4+ 4
6% -F 44
+ln(~—“~—)] (o]
824+ 46+ 4

since § = s — 2. Accordingly we alsn define a
function F by

_()G/[

+
8+ 48

2 2
R [
S -b 48 s 4514

&% + 48

)/

H we make the substitution »* = §, Eq. [1]

TABLE I

NUMERICAL VALUES FOR THE PARAMETERS USED IN THE COMFUTATIONS

Cognate compound fe/eV Polymer Ic/eV ap €
Ethylbenzene 8.8 polvstytene 7.0 1.58% 2.52
Isopropylbenzene 8.4
Toluene 8.8
Isopropv] acetate 10,0 poly (vinvl acetate) &35 1.467 2.15
Ethylacetate 10.1
Methv] isobutancate 10.0 poly (methy] methacrylate) 83 1.500 3.35

10.0 8.5 1.388 1.93

n-Heptane
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Fig, 1. Plots of (1/6F) and (ln §)/F versus the

distance parameter 8.

can be rewritten as

G = o[ (1/8) + 81n (1/8)],

where a and 8 are independent of &. Since
G = — HF, wecan write

— (H/o) = [(1/8F) + B1n (1/8)/F] (7]

The virtue of Eq. [7] is that in the in-
terval, say 0.005 < 8 € 0.1 both (1/86F) and
[In (1/8) )/ F are linear functions of & to a good
approximation, as is shown in Fig. 1. Linear
combinations of these two functions which
vield H must also be linear. Actually the ap-
parent linearity of these combinations is
merely a good approximation for sigmoidal
shaped curves with very shallow oscillations
about the straight line. It must be admitted
that significant deviations from linearity do
secur for & € 0.001; however, for tvpical
latex particles this corresponds to particle
separations of less than, say, 1-2 A where the
validity of the continuum approach is suspect.
We conclude that for close approach of latex
H should be a linear function of 8.

Plots of some computed Hamaker functions
as a Function of & are presented in Fig. 2 for
polystyrene in

spheres,

warer at room temperzture

EVANS AND NAPPER

(293 K). The expected linearity of these plots
s confirmed. [t was not possible to carry the
calculations beyond 8 = 0.03 because the con-
tribution of the zero frequency component of
the second term of Eq. [1] became so large
that Eq. [1] was no longer a valid approxima-
tion. Nevertheless § = 0.0 corresponds to a
separational distance of, say 50 A for a typical
latex system so that Fig. 2 covers most of the
‘nteractional distance of interest. It must be
admitted, however, that the verification of the
quantitative correctness of these calculations,
at least for the larger values of 8, must awuit
a complete theoretical treatment of the attrac-
tion between two spheres.

The different lines in Fig. 2 display the
predicted valtues for H using both gaseous and
condensed values for the ionization potentials
of both polystyrene and water. The reduction
in the ionization potential of polystyrene from
8.5 eV (line 1) to 7.0 ¢V (line 4) significantly
reduced the Hamaker function because the
contributions of correlations at ultraviolet
frequencies decreased. Clearly uncertainty in

10

9

Hx102 1

11—

L ! 1 1
] 0.01 602 Q03

Fle. 2. Plots of the Hamaker function H versus the
distance parameter & for polystyrene in water at 293 K.
Lines: (1) Ip =835 ¢V, Iw = 11.0 eV; (2 Ip = 8.5
EV, Iy = 12.62 EV; (3) Ip = 7.0 eV, v = 12.62 EV;
D Ie=70eV, Iy = 11.0 V.
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the ionization potentials of solids can introduce
considerable uncertainty (ca. 409,) into values
of the Hamaker function. However, a com-
parable reduction in the lonization potential of
water {e.g., lines 3 and 4) altered the Hamaker
function much less. Nonetheless because the
polarization energy of liquid water may be as
large as 7.0 eV (16), the uncertainty in H is
probably larger than is indicated in Fig. 2.
The contribution to the attraction by the
ultraviolet correlations of water may be in-
ferred from these results to be relatively small
or, at least, not dominant.

Note that as § = d/g, the Hamaker function
is determined both by the distance of separa-
tion and the particle radius. Of course pair-
wise additivity predicts that the Hamaker
function is a constant, independent of either
d ar a. The negative slopes of the lines show
that the fall-off in attraction between the
latex particles is considerably faster than that
predicted by pairwise additivity for a given
value of a. However, preliminary calculations
at large & suggest that H increases with & in
that domain, implying that the Hamaker func-
tion for spheres may possess a minimum at
intermediate distances.

The reason for the dependence of H upon &
presumably originates in the nonadditivity of
the free energy of the bodies resulting from
the Jong-range nature of the van der Waals
forces. Any change in the electrical properties
of the medium in a certain region will, by
Maxwell’s equations, lead to a change n the
fluctuation fields which extend bevond that
region. Therefore, the free energy is not de-
termined solely by the properties of the sub-
stance at the point considered, i.e., it is non-
additive.

The straight lines in Fig. 2 have been ex-
trapolated to 8 = 0 to give what we shall term
“contact Hamaker constants.” This extrapola-
tion is a somewhat artificial device but it may
perhaps be relevant to problems in adhesion.
Of course, the continuum theory does not
hold at very close distances. The values of the
contact Hamaker constant obtained for poly-

H x‘lOzl/.T

1 i !
0.01 0.02 0.03

5

Fis. 3. Plots of the Hamaker function #f versus the
distance parameter § for polvstyrene in water, assum-
ing Ir=70¢V and Jyr=11.0 eV, Lines: (1) T=285K;
(2) T = 355 K.

styrene in water span the range (6.5-8.8)
X 10777, with perhaps the best estimate being
6.5X107%7 (line 4}. Napper and Hunter (23)
have recently reviewed the experimental and
thecretical values for the classical Hamaker
constant, which is our Hamaker function, for
polystyrene in water. The theoretical estimates
span theinterval 1 X 10-%-3 X 1027 whereas
the experimental values derived from colleid
stability studies of the free energies of inter-
action cover the range 1 X 1072-1 X 102J.
Perhaps the best experimental value to date is
3 X 10727, which is smaller than the contact
Hamaker function but is in rough agreement
with values of & for 0 < 5 £ 0.03. Unfor-
tunately the values of & for the experiments re-
ported in the literature must vary widely, but
for most the measurements probably refer to
4 < 0.05. Perhaps some of the disagreement
between the esperimental values for latex
particles resides in the nonconstancy of the
Hamaker function.

‘"The temperature dependence of the Ha-
maker function for pelystyrenc in water is
illustrated in Fig. 3. Only two temperatures,
285 and 333 K, are shown but several inter-
mediate temperatures were also calculated and
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. | 1 |
[t 001 .02 5 003

Fic. 4. Plots of the Hamaker function versus the
distance parameter § at 293 K. Lines: {1} polystyrene
in water; (2) poly{methy! methacrylate) in water;
{3) poly(vinyl acetate) in water. fw = 12.62 eV,

fell monotonically within the lines shown. The
temperature dependence is apparently quite
small (<0.59,/K), H showing a monotonic
increase with temperature in this range.

Shown in Fig. 4 are the Hamaker functions
for polystyrene, poly(methyl methacrylate)
and poly(vinyl acetate) in water. The Ha-
maker functions for a given value of § decrease
in that order. Polystyrene, with its conjugated
delocalized m-electrons in the pendant benzene
rings, exhibits an especially large Hamaker
function. The slope of line 2 for poly(methyl
methacrylate) is less than that for polystyrene
because of its significant relaxzation at near to
zero frequencies. Perhaps the best values for
the contact Hamaker constants for poly (vinyl
acetate) and poly{methyl methacrylate) in
water are ca. 3.3 X 1072,

The Hamaker functions for polystyrene and
poly (methyl methacrylate) in hydrocarbons
{e.g., n-heptane) at 293 K are displayed in
Fig. 5. Note that the values of H are less than
the values for the same polymers in water
for 3 £ 0.03 because the zero frequency con-
tributions are less in hydrocarbons. Moreover,
the Hamaker function is a constant for these
systems, It was possible in these nonpolar
systems to extend the calculations to § = 0.06

EVANS AND NAPPER

before the contributions of the second terms
in Eq. [17] became too large. '

The value of the Hamaker function for
poly (methyl methacrylate} in n-heptane is
apparently 2.5 X 10~/ whereas that for
polystyrene in a hydrocarbon is 3.5 X 10-0J.
However, uncertainty in the ionization po-
tentials of the polymers leaves some residual
uncertainty in H.

The reasons for the constancy of the Ha-
maker functions for polymers in hydrocarbons,
and their linearity with 8 in water, can be
derived analytically from Eq. [1]. First we
note that for small A

oo

> xln (1 — A2e=)dx
=ty

~—3 A [ xeidx~— 3 A
o1 o =1

after integration by parts. In addition, for
small A

T (1—a)ln(l— Ay ~—F A%
Jra . el

Therefore, Eq. [1] becomes

G~ — (FT/85) 3 &% — (RT/D) 10 (3) 3 A®

et =1
- (BT/168) j xln (1 — Agte )y
[H .

FHRT/H(1 — Ap) In (39 In (1 — Ad?),

5
b4 —
o T - L
= 3
(=)
: | — - — 2
I -
S )
, . |
0 0,02 T 004 . 006

&

Fic. 5. Plots of the Hamaker function versus the
distance parameter § at 293 K. Lines: (1) polystyrene
in n-heptane; (2) poly(methyl methacrylate) in
n-heptane; (3) nonzero frequency component for
poiystyrene in water.
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where the subscript o refers 1o zero frequency
values. The terms in A, are important in
agueous systems where Ay~ —0.93 bt ip
nonpolar dispersion media the zero frequency
terms can be neglected in the first order ap-
proximations. Separating the zero frequency
(4 = 0) from the nonzero frequency {75 0)
terms we may write

Grn ~ =~ (RT/8)( X AN(1/6 4 2Ind)  [8]
=1

Gimo= GT/16| 1153 [ 1 (1 — A

'+‘ 2(1 —_ An) éin (1 hand A[)g) } . Egj

Nowforé € 0.05

2
H= -OG/(
82+ 45

2 6% 4+ 46
+ In )
82445 4+4 6t 4454+ 4

1 1 8
~~6G/[—+—+ln(—~—)]
25 2 148
1
~ —126/(—+21n6).
8

Therefore, from Eq. [8]]

Hiwo~ (3/DRT T A%~ I,

=1

L10]

This shows analytically that for polymers in
hydrocarbons, the total Hamaker function H,
which approximates closely to Hjwx, is in-
dependent of §, ie., it is a constant. This, of
course, will also be true for the nonzero fre-
quency contributions for pelymers in water.
Some actval numerical values computed for
polystyrene in water are shown in Fig. 5 (line
3). Since Z! A% is of the order of unity, the
i<

Hamaker function for polymers in hydrocar-
bons is of the order ET, te., of the order of
thermal energy.

TABLE 11

VALUES OF F (=—G/H) As A FUNCTION OF

] F
0.405 15.85
0.010 7.03
0.015 +.92
0.020 3.57
0.025 2.78
0.030 2.25
0.033 1.88
0.040 1.60
0.045 1.39
0.050 1.22
0.035 1.08
0.060 0.97

The form of Eq. (9] may he simplified by
introducing the approximations

f xln (1 — Adfe=)da ~ — 1
L)

and (1/4)(1 — Ag)In (1 ~ A®) ~ —1 which
hold, e.g., for Ag ~ —0.95, as can be verified
by substitution. Thus from Eq. {9]

Gimo ~ —(kT/16)(1/5 + 81n 5)
50

1+8ins
14+2né

Hici~ (3/RT [

All the dependence of H upon & for polystyrene
in water is incorporated in j=0. We, therefore,
have to a good approximation on differentiation

dH de,g 1+In5 1
— =~ (9/2)T {—-—
48 ds 14451ns!

~ — 19.5kT

since (1 + In8)/(1 4 46In8) ~ —4.3 for 0.005
€ 8 £ 0.03. This demonstrates analytically
that the plots of H versus é should be linear
with a negative slope of 19.5 k7. The slopes
of the computed lines in Fig. 2 are in fact close
to —19.5 k7, confirming the correctness of the
numerical computations. It is clear from the
above discussion that the Hamaker function
wiil be constant if A is small {e.g., polymer
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Fic. 6. Plots of the attractive potential energy versus
the distance of separation for two polystyrene particles,
each of radius 1000 A, immersed in water. Lines: (1)
Lifshitz formalism; (2} Assuming & = — (A/128),
where A = 3.6 X 102 J; (3) Assuming G = — AF,
where 4 = 4.4 X 107 J.

latex particles in media of weak or zero
polarity).

Values of the function F for ditferent values
of & are tabulated in Table I1. These permit the
free energy of attraction for a given value of 8
to be calculated rapidly from our computed
values of H using G = —HF. An example of
this is given in Fig. 6. Curve 1 shows the cal-
culated vatues of G as function of the separa-
tional distance for polystyrene particles, of
radius 1000 A, in water. Also included in the
diagram are values for the free energy of at-
traction using the classical Hamaker constant
procedure: curve 2 employs the crude ap-
prximation G = —(4/128) and curve 3 the
more exact relationship G = —~AF, where
4 = liamaker constant. The values chosen for
A were 3.6 X 1027 and 44X 10247 to give
concurrence of all curves at d =25 A but
these values ate close to the best experimental
values to date. Clearly quite accurate experi-
mental results would be needed to differentiate
between the exact and the approximate
theoretical results. Nevertheless the fact that &

EVANS AND NAPPER

depends upon § may well explain some of the
discrepancies observed by Ottewill and Shaw
(24) between their experimental results for
polystyrene latices in water and the predic-
tions of the well-known DLVO theory
Finally, we note that the uncertainty in the
calculations using the Ninham and Parsegian
approach would be miinimized by direct mea-
surements of the ionization potentials of solids
and liquids. The most promising method
devised to-date to provide this information
is low-energy electron-reflection spectroscopy

(23).
CONCLUSIONS

The foregoing discussion shows that it is
possible to define a Hamaker function, analo-
gous to the classical Hamaker constant, for
spherical latex partictes. It is proven that the
Hamaker function for close approach of the
particles is linearly dependent on the ratio of
the minimum distance of separation of the
surfaces to the radius of the particles (8). For
polymers in aqueous media, the Hamoker
function decreases with &; only in nonpolar
media is the Hamaker function a constant, as
is commonly assumed for all dispersion media.

The major difficulty encountered in cal-
culating accurate values for the Hamaker func-
tion is the paucity of jonization potential data
for condensed media. Nevertheless an approxi-
mate procedure can be devised to yield reason-
able precise results. ‘

Note added in proof: Fuffhara and Inokuchi [Chem.
Phys. Letters, 17, 554 {1972)] have now measured
the L.P. of polvethylene as 4.5 &V. Qur procedure pre-
dicts this value exactly because the L.P.’s of n-alkanes
are known to approach asymptoticalty 10.0 eV as the
number of carbon atoms increases.
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