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Measurement of Forces between Two Mica Surfaces in Aqueous
Electrolyte Solutions in the Range 0-100 nm
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Research School of Physical Sciencest§ and Research School of Biological Sciences,}
Institute of Advanced Studies, The Australian National University,
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Received 19th July, 1977

The main results and conclusions of experimental measurements of the forces between molecularly
smooth mica surfaces in aqueous electrolyte solutions are as follows :

(1) The attractive van der Waals forces in the range 1-15 nm are largely independent of the type
and concentration of the aqueous electrolyte solution. From ~1 to ~6.5nm the forces are
non retarded with a Hamaker constant of (2.24+0.3)x 10-2°J, Above ~6.5 nm retardation effects
set in and the forces decay more rapidly with increasing separation. The refractive indices of water
and aqueous solutions between two mica surfaces are within 1 % of bulk values for surface separations
in the range 2-100 nm.

(2) In KNOj solutions (10~*-10~! mol dm~2) the measured double-layer repulsive forces are well
described by non-linear (exact) solutions to the Poisson—Boltzmann equation for two double-layers
interacting at constant surface potential. The effective surface potentials remain constant both as
the surfaces approach each other and as the concentration is changed, and are independent of pH
in the range 5.5-7. In concentrated KNO; solutions (10-2-10~! mol dm~?) the double-layer repul-
sions still decay roughly exponentially with distance but the mean exponential decay lengths are
~25 % higher than the theoretical values.

(3) In Ca(NO3;),; and BaCl, solutions the double-layer forces are much reduced from those in
KNO; solutions, and are poorly described by theory. The mean exponential decay lengths are
much lower, by 20-45 %, than the theoretical Debye lengths even in dilute (10~*-10~2 mol dm~-3)
solutions.

(4) The surface or boundary from which the double-layer forces arise (the Outer Helmholtz Plane)
is not always at the mica-water interface but may initially be up to 2.5 nm farther out from each
surface. The existence and extent of such boundaries varies from mica to mica. These boundaries
are irreversibly shifted towards the mica—-water interfaces as the two surfaces approach each other,
and thus give rise to hysteresis effects.

(5) Apart from the normal van der Waals and double-layer forces there is also an additional
repulsive force. This force is an additional force and not a modification of the double-layer force,
since it is independent of the type and concentration of electrolyte. Its magnitude varies from mica
to mica; in all cases where it has been observed it is roughly exponential, having a characteristic
decay length of 0.95+0.20 nm.

(6) At small separations (below ~5 nm) the attractive van der Waals forces often exceed the
repulsive forces, and the surfaces then fall into strong adhesive contact at a separation of 0.0+ 0.4 nm
relative to contact in uncleaved mica. The adhesion energies of mica surfaces in contact are
complex, and are not given by extrapolating the long-range van der Waals and double-layer interaction
energies down to separations of the order of interatomic spacings.

1. INTRODUCTION

The DLVO theory of colloidal stability !* 2 is predicated on the notion that two
independent types of forces govern the long-range interaction between similar colloidal
particles immersed in polar (especially aqueous) solutions : attractive van der Waals
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forces and repulsive double-layer forces. The DLVO theory has been extensively
tested and reviewed,3-3 and there has been much theoretical progress in our under-
standing of both the van der Waals forces 6-° and the double-layer forces *° 1! that
form the basis of the theory. More recently, the theory has made inroads into bio-
colloidal phenomena 12> 13 and has enjoyed some success in highlighting the forces
involved in inter cellular and inter membrane interactions.}* '3 It is fair to say
that the DLVO theory has withstood the test of time and that it stands today as the
only quantitative theory of the colloidal and biocolloidal sciences.

But that is not to say that all experiments on colloidal behaviour, or long-range
forces, are readily accounted by the DLVO theory. In the few cases where long-
range forces have actually been measured, agreement with the theory has not always
been obtained, especially at surface separations below about 10 nm. Only in the
case of measurements of the equilibrium thicknesses of soap films with varying salt
concentration has there been reasonable agreement with the theory over a large
distance regime 3+ 1¢-1° (film thicknesses: 10-100 nm). On the other hand, the
results of measurements of long-range forces between quartz plates in water have
been quite different from theoretical expectations.?® Even when reasonable agree-
ment with theory has been obtained, as in studies of soap film thicknesses,® crossed
metal fibre force-barrier measurements,?! rubber against glass measurements,?2-24
montmorillonite swelling pressures,?%-27 and the thickness of water films on glass,
mica and metals,?8- 22 the agreement has tended to be restricted to a narrow distance
regime ; unexpectedly large repulsions have often appeared at small distances, below
about 10 nm—attributed to the existence of *“ adsorbed hydration sheaths” or
“ structured water layers ” around the particles.'®> 28 These small distance repul-
sions are in marked contrast to the DLVO theory which predicts an ultimate attraction
at very small separations.

In spite of the enormous theoretical advances made in our understanding of
intermolecular forces, these persistent discrepancies, particularly at small separations,
have not yet been satisfactorily explained. It is unlikely that the source of the trouble
lies in some anomalous van der Waals force behaviour at small separations; for
both experiment and theory have indicated that the long-range van der Waals law
of force extends to the short distance regime.”> 8 3°9-33 In contrast, the theoretical
basis and formulation of double-layer forces are model-dependent and much more
tenuous at small separations ; there are even theoretical problems at large separations,
expecially for asymmetric electrolytes.34

The existence of long-range repulsions between surfaces in water due to structural
ordering of the water molecules has long been recognized,'®: 28: 35-38 though there
has been much disagreement over the years on whether the effective range of this
modified structure is small (a few Angstrom) or large (a few thousand Angstrom).33-39
A theoretical framework for analysing such forces has recently been proposed.+°-+2

We have constructed an apparatus for measuring forces as a function of separation
between two surfaces immersed in a liquid.* In what follows we describe the
apparatus and the experimental techniques adopted for measuring the forces between
two molecularly smooth surfaces of mica in various aqueous electrolyte solutions in
the range 100 nm down to contact (adhesive) separations. Initially, we did not know
what to expect, especially in view of earlier force measurements involving silicates in
water,20- 25-27. 44, 45 where the results were not readily accountable by DLVO forces.
However, it quickly became apparent that the forces we were measuring were indeed
double-layer and van der Waals forces, albeit with deviations from theory. We,

* A short account of the experimental technique and some initial results were reported earlier.*3
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therefore, adopt the DLVO theory as our theoretical yardstick in the shadow of
which all our results will be discussed and compared.

2. APPARATUS AND EXPERIMENTAL METHODS

GENERAL FEATURES OF APPARATUS

The apparatus is shown in plate 1 and schematically in fig. 1. It is conceptually similar
to earlier models by Tabor, Winterton and Israclachvili used for measuring van der Waals
forces between mica surfaces in air and in vacuum,*® the optical properties of liquid and
monomolecular films 47 and in adhesion and boundary friction studies.*8: 4 The forces
measured are those between two crossed cylindrical sheets of mica, glued to two optically
polished curved glass discs. The mica used was ruby muscovite, from Bihar, India.

All the metal parts of the apparatus have been machined from 304 or 316 stainless steels
passivated in 30 % HNO; at 50°C for 30 min. The O rings and glass-disc holders were made
from Teflon and Delrin. During an experiment the apparatus is filled with liquid so that
the two mica surfaces are entirely immersed in liquid. The capacity of the box is about
350 cm3, There are three stop-cock inlets and outlets for passage of liquids and air. A
specially constructed flow-through pH cell can be fitted to one of these. At the left of the
apparatus is a small sideplate which houses a platinum conductivity cell and a glass thermistor
which protrude into the liquid.

Three aspects of the apparatus require description : first, how is the separation between
the two mica surfaces controlled; second, how is the separation measured; third, how are
the forces measured ?

CONTROL OF SEPARATION

The separation between the two mica surfaces is controlled by a three-stage mechanism
(see fig. 1) : the upper micrometer driven rod may be moved up and down by use of a two-way
stepping motor (Rapid-syn, model 23H-502) which allows positioning to an accuracy of
about one micrometer. The lower micrometer-driven rod is moved by a similar motorized
mechanism using a two-way synchronous motor (Philips, motor 9904 111 04-331) and operates
through a differential spring mechanism: the double cantilever steel spring is about a
thousand times stiffer than the helical spring, so that a one micrometer movement of the
motor-driven rod is reduced to a one nanometer displacement between the two mica surfaces.
The lower synchronous motor is also connected to a high precision linear resistance
potentiometer which reads 20.641+0.004 kQ/revolution. The calibration of the resistance
with respect to distance is done optically during an experiment, a typical value being 30.04-
0.6 nm kQ~*, whence the movement of the two mica surfaces may be measured. Finally,
a rigid piezoelectric crystal tube (Vernitron, PZT 16-24125-4) is employed which expands or
contracts longitudinally by about 0.7 nm V~1 applied across the crystal walls. This non-
mechanical fine control is used to position the two surfaces to better than 0.1 nm. A voltage
ramp generator connected to the piezoelectric crystal may also be employed to offset any
purely thermal or mechanical drifts of the two surfaces over short periods of time during
which delicate measurements are being made.

MEASUREMENT OF SEPARATION (SEE ALSO APPENDIX 1)

The separation between the mica surfaces may be measured to within 0.1-0.2 nm by use
of multiple beam interference fringes.*®: 47 During an experimental run the fringes are
continually monitored in a spectrometer (Jarrell-Ash half-meter grating spectrometer,
dispersion : 32.8 A/mm). The fringes are employed for measuring the separations between
the surfaces as well as the refractive index of the liquid medium between them ; further, the
shapes of the surfaces, and therefore their radii and any surface deformation, may also be
monitored by these fringes.46-48
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Fic. 1.—Schematic drawing of apparatus to measure long-range forces between two crossed

cylindrical sheets of mica (of thickness ~1 pm and radius of curvature ~1 cm) immersed in liquid.

By use of white light and multiple beam interferometry the shapes of, and separation between, the two

mica surfaces may be independently measured. The separation between the two mica surfaces may

be controlled by use of two micrometer-driven rods and a piezoelectric crystal tube to better than
0.1 nanometer. (Reproduced with some modifications from Nature 4* with permission).

METHODS OF MEASURING FORCES (SEE ALSO APPENDIX 2)

The glass disc supporting the lower mica sheet is suspended at the end of a steel cantilever
leaf spring of stiffness K &~ 102 Nm~! (fig. 1). The forces are measured by suddenly
reversing the voltage of the piezoelectric crystal, which expands or contracts it by a known
(previously calibrated) amount. The resulting change in the separation between the two
surfaces is then measured optically and any difference in the two values, when multiplied by
the stiffness of the spring X, gives the force difference, whether attractive or repulsive, between
the initial and final separations. The theoretical basis for this method is as follows : referring
to fig. 2, let x = 0 define the zero (or laboratory reference) position of the lower surface when
the two surfaces are a large distance apart and there is no interaction force between them.

[ -

Xz=00 .......................';1:.'.’..." upper surface

x:Dn...
x=20

%x={Dg~D)-¥--

clamp

lower surface

F1G. 2.—When two mica surfaces are at a distance D apart, the long range force between them F(D)
causes the spring to deflect by (D — Do) so that, at equilibrium, F(D) = K(D— D,). This equation
forms the basis for the method of measuring the law of force F(D).
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PLATE 1.—Apparatus (see fig. 1).
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As the upper surface is moved downwards to x = D, the interaction force between the
surfaces causes the lower surface to move to a new equilibrium position at x = —(D— D),
i.e.,the spring deflexion is (D— D). At any equilibrium surface separation D, the interaction
force between the surfaces F(D) is balanced by the restoring force of the spring K(D— D,),
so that at equilibrium we have
F(D) = K(D— Do) )
where F(D) > 0 for repulsion.
Let the piezoelectric crystal expand by a finite amount AD,, so that Dy — Do—AD,,
leading to a new equilibrium surface separation at D—AD, then from eqn (1) we have

F(D—AD) = K(D—AD— Dy+AD.) = K(ADy—AD)+ F(D). )

Eqn (2) shows that if an expansion of the crystal by an amount A D, causes the surfaces’
separation to change by AD then the force difference between the initial position F(D) and
final position F(D—AD) equals K(ADo—AD). If AD, = AD there is no force difference.
Thus to measure the force F(D) between the two surfaces using the optical technique we
need only to know

(i) the leaf-spring stiffness, K. This is calibrated to within 1 9 after each experiment
by placing small weights at the place where the mica surfaces were contacting and measuring
the deflection by a travelling microscope.

(ii) The amount the piezoelectric crystal expands or contracts, AD,, when the voltage
is reversed. This is measured optically at large separations where no forces are detected,
before eachrun. The error in A Dy is typically +(0.1-0.3) nm, and this contributes the major
error in our quoted values of the ‘ experimental Debye lengths .

For example, if the surfaces are initially 100 nm apart, where there is no measurable force,
and the crystal is expanded by 10 nm; then if the surfaces come to equilibrium at 90 nm
there is, therefore, no force between the surfaces at 90 nm. However, if the two surfaces
come to equilibrium at, say, 91 nm there is a repulsive force at 91 nm equivalent to bending
the leaf-spring by 1 nm, i.e., a force of K(ADo—AD) = 10%(10-9)10-? = 107 N. The time
taken to reach equilibrium is about 1s. By this method one can start at large separations,
where no forces are detected, and work one’s way down to smaller separations, and thus
measure the force over any region of interest down to contact,

Over certain distance regimes (usually below 10 nm) the forces are often very large and
rapidly varying with separation. In these regions of rapidly varying forces a second method
of force measurement was found to be more suitable : in this method the lower surface is
now moved by use of the lower rod, driven by the synchronous motor ; in this way much
larger displacements A D, may be attained than possible with the crystal. The displacements
AD, are obtained from the change of resistance of the potentiometer as already described.

EXPERIMENTAL PROCEDURE

Before an experiment all parts of the apparatus are degreased, cleaned in dilute nitric
acid, and washed in double distilled water. The mica sheets are prepared and mounted as
described in earlier experiments.*6> 47 During experiments the apparatus is suspended from
helical springs 1 m long inside a large wooden box. The helical springs partially isolate the
apparatus from extraneous vibrations, though some residual vibration of the two surfaces
(a few Angstrom) was found to be an asset in that it indicated that the surfaces were truly
separated and not contacting via an undetected dust particle or mica flake. Once the
apparatus is suspended in the wooden box the surfaces are brought into molecular contact
in air; the contact position is noted and the surfaces are then separated and the
apparatus filled with a dilute aqueous electrolyte solution and allowed to settle for 1-2 h.
The forces are then measured as described above. The electrolyte concentration is then
increased by removing ~ 30 cm? of solution from the lower stop-cock and injecting ~ 30 cm?®
of a more concentrated solution through the front-plate stop-cock and mixing thoroughly
by use of a syringe. The pH and conductivity of the solutions are usually measured at this
point, and the 30 cm?® of solution removed is kept for chemical analysis. This routine is
repeated with a number of different concentrations. Sometime during a run the two
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perpendicular radii of curvature, Ry and R,, of the surfaces are measured. The effective
radius that is used in the plots of (F/R) against D is then (according to the Deryaguin
approximation)®° given by R = \/ R,R,, and has a typical error of 5-10 %. On occasions
measurements have also been made of the refractive index of the liquid medium and of the
adhesion of the surfaces.

After an experimental fun the solutions were often checked for impurities by Atomic
Absorption Spectroscopy (AAS) and assayed for organic carbon (Oceanography Inter-
national, Model 0524 B-total carbon analyser). The double-distilled water from which the
solution were made up had a typical specific conductance of 3x 106 Q-* cm™~1. Its impurity
content was typically: Na < 0.013, K < 0.1, Ca < 0.013, Si< 11, Fe < 0.1, Cr < 1.2,
Al < 28, total organic carbon (excluding CO,) < 8, all in umoldm=3. No inorganic
impurities were ever detected in the dilute solutions (up to 10~2 mol dm~—3) except for small
amounts of Na ~ 2 umol dm=3. The carbon content varied from 2x 10~* mol dm—2 to
below 8 x 10~ mol dm~—2 (detection limit) and appeared to come mainly from the apparatus
itself and not from the original solutions. Analysis of the chemical compositions of the
micas used in the experiments were carried out by Electron Microprobe Analysis as described
in the literature.®* 1In this technique a region approximately 1 um wide and 1 um deep is
probed. The precision of the assaysis: Si0,(+0.32 %), Al,05(+0.25 %), K,0(40.13 %),
Na,O(+0.1 %), MgO(+0.1 %), FeO(+0.1 %). There were significant variations in the
compositions of the different micas used, and some sheets also exhibited minor local varia-
tions on scanning the surfaces. The mean compositions are given in the appropriate figure
legends.

3. RESULTS
GENERAL FEATURES OF FORCES IN KNO, SOLUTIONS

Fig. 3 shows results obtained in KNQOj; solutions at 20°C, pH ~ 6. For
convenience we plot force/radius against distance (F/R against D), and note that
according to the Derjaguin approximation °° the corresponding interaction energy
per unit area (energy/area) between two plane surfaces is equal to F/2nR. The
repulsive forces were found to be exponential with decay lengths close to the Debye
lengths, where

ekT

+ 03045
Ay el

JC

1
Debye length = o= nm for a 1:1 electrolyte 3)

0.176
—— nm for a 2:1 electrolyte G

JC

where C is the electrolyte concentration in mol dm=3, T = 20°C, ¢ = 80.1 for water.
(Note that the dielectric constants of aqueous electrolytes decrease linearly with
increasing concentrations; but even for 0.1 mol dm~3 solutions the reduction in ¢
is at most 5 %).52 A repeat experiment with a different pair of sheets taken from
the same original mica sheet yielded identical results within experimental error (see
experimental points with tails in fig. 3). One can readily fit the linear parts of the
curves in fig. 3 to the well known approximate expression [ref. (2), p. 95, eqn (43)]
for the repulsive double-layer interaction energy per unit area in 1:1 electrolyte
(valid for distances greater than the Debye length) :

i

AnkT
B8y _ pionR = ST anh? (epjakT) e+ (5)
arca K

= (1.45x 107 *Hk tanh? (Y/101) e *P S m~2 (5a)

where { is the effective surface potential in mV.
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For each of the concentrations in fig. 3 (excluding 1 mol dm~3) a rough analysis
using eqn (5) shows that the effective surface potential i remains fairly constant and
close to 75 mV in the range 10-4-10~! mol dm—3 KNO;. The inferred constancy of
the surface potential at different KNO; concentrations implies that the effective
surface charge density is roughly proportional to \/ C, and that (for ¢ &~ 75 mV) it
changes from about one electronic charge per 60 nm? in 10~* mol dm—3 KNO; to
one per 2nm? in 10~! mol dm—3 KNO;. These effective surface charge densities
are well below the maximum possible surface charge density of 1 charge per 0.5 nm?
of a fully ionized mica surface.

10° grorrmre . : ————— ; . T v r r
10

T ]
2 119
é 1035 ] S
g | for 2
> i 3
1t
3 13
2 - ]
3w ~ g
8 L, 30 e
8 10 e
G . ;

10 R 1

0 10 20 30 40 50 60 70 80 90 100 M0 120

distance D/nm

FiG. 3.—Experimental results of direct measurements of repulsive forces F (post-hysteresis) as a

function of separation D between two crossed mica cylinders of radius R in aqueous KNO; solutions

(concentrations marked in mol dm~3). The right hand ordinate gives the interaction energy per

unit area for two parallel plates, calculated according to the ¢ Deryaguin approximation .2 5°

The results in 10~*-10~! mol dm~2 solutions are for the same pair of mica sheets. The points with

tails in 10~* and 10-3 mol dm™3 solutions are for a different pair of sheets cut from the same sheet
as the first pair. In 1 mol dm~3 KNOj the force was attractive above 4 nm (see fig. 4).

Subjecting the results of fig. 3 to closer scrutiny we find that within experimental
error the exponential decay lengths, or slopes, of the lines in 10-* and 10— mol dm 3
KNO; solutions are within 10 %, of the theoretical Debye lengths, but in 10-2 and
10~ mol dm~2 the slopes are about 20-25 9, higher, while in 1 mol dm=3 the slope
is ~250 9 higher. (At separations below ~ 10 nm allowance has to be made for
the effects of van der Waals forces before the double-layer forces and their slopes
can be properly calculated. This is usually a small effect.) If we use eqn (5a) in
which the values of x are read off from the slopes of the lines, we obtain the following
surface potentials: 82 mV at 10-* mol dm—3; 85 mV at 10~> mol dm~3; 62 mV at
10~2 mol dm=3; 75 mV at 10-! mol dm~3, and 70 mV at 1 mol dm~—3. The error is
about +10mV. The slopes of fig. 3 are close to those obtained in other experiments.
measured exponential decay length

theoretical Debye length ) ==
various KNOj; solutions are given below, together with the number of independent
lines from which the mean values and their standard deviations were calculated, and
the distance regimes over which the slopes were measured (normally 1-5 Debye
lengths) :

The mean values obtained for the ratio
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10~* mol dm—3: 0.96:0.07 (9 lines, range 35-150 nm),
10-3 mol dm—3: 1.0340.06 (6 lines, range 10-50 nm),
10-2 mol dm—3: 1.2540.15 (5 lines, range 5-20 nm),
10~ mol dm—3: 1.2040.15 (4 lines, range 1-5 nm).

Similar results to those shown in fig. 3 were obtained in experiments with other
pairs of mica sheets. Though different micas exhibited different surface potentials
(varying between 50 and 130 mV) we found that these potentials remained constant,
or that they decreased slightly, with increasing KNO; concentration. Further, the
potentials were insensitive to pH in the range 5.5-7.0. It is worth looking into the
compositional differences between the various micas used in these experiments in
order to ascertain whether the surface potential is related to chemical composition.
Below we tabulate the chemical compositions (in weight %) of some of the micas used,
as determined by electron microprobe analysis, and their surface potentials (to
within +10 mV) as determined from the double-layer forces :

SiO, Al,03 FeO MgO TiO; Na,0 K0 total H>0 assumed w/mV
4637 3577 143 1.12 0.2 0.83 10.55 96.27 3.73 60
46.07 3565 154 095 — 0.81 10.58  95.60 4.40 80
46.14 3764 082 034 — 0.97 10.10  96.01 3.99 100
46.17 3759 095 052 — 096 10.17 96.36 3.64 110
4594 3729 096 056 — 0.93 10.14  95.81 4.19 130

Those micas which exhibited low surface potentials have significantly less Na and
more K, and the amounts of Al, Fe and Mg also differ significantly. We may conclude
that the bulk chemical composition appears to be related to the surface potential.

In 1 mol dm~3 KNOj; solution the onset of repulsion was preceded by an attractive
region, shown in fig. 4. In another experiment with different mica sheets whose
surface potential was lower ( ~ 50 mV) an accurately measurable attractive region
was also obtained in 10-! mol dm—3 KNO; solution, also shown in fig. 4. At
separations below these potential energy minima the repulsions rise very sharply.
By extrapolating the exponential repulsive forces measured at smaller separations
into the attractive force regimes it is possible to obtain fairly accurate estimates of the
net attractive forces from about 4 nm upwards. These are shown as white circles
in fig. 4 where we find that for the two entirely different experiments in 1 mol dm—3
and 10-! mol dm~3 KNO, the net attractive forces coincide. We may conclude that
these attractive forces are van der Waals dispersion forces, and that they have a non
retarded Hamaker constant close to 2.2x10-2°J, The van der Waals forces are
described more fully later.

Having described some of the gross features of the forces in KNOj; solutions, we
may conclude that, except for 1 mol dm—2 solutions, these are well described by the
DLVO theory. But we have not yet described the behaviour at very small separations,
below about 5 nm, where the forces were often quite different from those expected
from the DLVO theory. Another feature of the measured forces was their hysteresis :
the repulsion was often irreversibly reduced once the surfaces had been brought
together closer than 2 nm; but after the first close approach the (post-hysteresis)
forces remained reversible and reproducible for many hours. In what follows
we describe the results of further experiments in both 1:1 and 2: 1 electrolytes in
which individual items of data come together to reveal a comprehensive interaction
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mechanism involving repulsive double-layer forces, attractive van der Waals forces,
and an additional short distance repulsive force.

RESULTS IN 10+ mol dm—2 KNO; AND 10-* mol dm—3 Ca(NO;), SOLUTIONS

We begin with a more detailed description of the forces in 10-* mol dm—3
solutions. These dilute concentrations are particularly suitable for testing the DLVO
theory since (i) double-layer theory is expected to be valid, and (ii) the forces are
large and extend over a large distance, which makes them amenable to accurate
measurement and allows for detailed comparison with theory at separations below
the Debye length.

150 g
wol 1 | \o! |
= 50 ]
g
£ o
)
= 50|
2
£ 0
5
g
~150 f-
-200}-
-250L-L.1 L
0

distance D/nm

FiG. 4.—Secondary minima in 10-* and 1 mol dm~3 KNOj solutions : 10~! mol dm~3 (small circles),
1 mol dm~3 (large circles). By extrapolating the exponentially repulsive forces measured below 4 nm
into the attractive force regimes one may obtain good estimates for the effective attractive forces
above 4 nm. These are shown as open circles. Above about 8 nm these coincide with the measured
forces. The upper dotted line shows the effective attractive force in the range 4-15 nm, which is the
same for 10~ and 1 mol dm—® KNO; within experimental error. The lower dotted line shows a
pure inverse square law of force, F/R = A/6D?, corresponding to a purely non retarded van der
Waals force of Hamaker constant 4 = 2.2x1072°J. The two dotted lines coincide below ~7 nm
but deviate at larger separations. Thus the attractive van der Waals forces are non retarded below
~7 nm, with a Hamaker constant of about 2.2x10-2°J. Above ~7 nm retardation sets in and the
forces decay more rapidly.

10* mol dm—2 KNO;,

Fig. 5 shows detailed force against distance results in a (1.0740.03) x 10~* mol
dm~3 KNO; solution at 20.5+0.5°C. The white circles are the pre-hysteresis forces,
i.e., those measured on the first approach. The black circles are the post-hysterests
forces, i.e., the forces measured subsequent to the first approach. The two results
coincide, i.e., there is no hysteresis. At 2.2+0.3 nm the surfaces jumped into mole-
cular contact (primary minimum). The concentration of the solution was checked
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after the experimental run, and was found to contain K = 1.07x 104, Na < 10-8,
Ca < 103, Si < 10-%, Fe < 10-7, Cr < 10-5, organic carbon ~2x10-5 all in
moldm~3, In fig. 5 we have plotted the theoretical double-layer repulsion for
1.07x10-* mol dm—2 1: 1 electrolyte, calculated by solving the non-linear Poisson-
Boltzmann equation (see Appendix 2). This is shown as two solid curves for surfaces
approaching at a constant potential of 130 mV (lower curve) and at constant charge
(upper curve). If the theory is valid the experimental points should fall between
these two limits.’® The results indicate that the double-layer interaction is at constant
potential below 10 nm.
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FiG. 5.—Measured forces in O @, 1.07x10-* moldm—* KNO; and ’, 0.94 x 10~* mol dm™3
Ca(NO3), between two mica sheets of composition (weight %): SiO, (45.94), Al,05(37.29), FeO
(0.96), MgO (0.56), Na,O (0.93), K,O (10.14). In 10-*mol dm—* KNO; the first and second
(repeat) measurements are shown by open and closed circles respectively. At 2.2 nm the repulsion
peaks and the surfaces jump into strong adhesive contact. The theoretical double-layer repulsions
for a 1:1 electrolyte at constant potential and constant charge (for ¢ = 130 mV at D = o) are
shown by the lower and upper solid lines. The net theoretical DLVO forces, including the attractive
van der Waals forces (4 = 2.2x 10-2° J), are shown as dotted lines. In 10~* mol dm~3 Ca(NO,),
the solid line is the best fit to the nine experimental points above 10 nm.

At 2.240.3 nm the surfaces jumped into contact (measured four times). These
jumps took an estimated -1 s. In Appendix 2 it is shown that jumps into contact
occur once the repulsive forces have reached a peak and have just started to decrease.
On coming into contact the surfaces deformed and assumed the characteristic
flattened shapes of (initially) curves surfaces in strong adhesive contact, much like
the shapes of contacting surfaces in air.*7> *® These jumps into strong adhesive
contact show that the repulsive forces not only decrease below 2.2 nm but that they
rapidly become attractive.

In fig. 5 we have also added dotted lines which represent the net theoretical DLVO
force F/R obtained by adding the non retarded van der Waals attractive force (with
A = 2.2x10-2°]) to the double-layer repulsive forces. For constant potential the
net repulsion peaks at about 3.0 nm, at which point the surfaces would be expected
to jump into contact. For constant charge the jump should occur at about 1.5 nm.
The measured jump at 2.24+0.3 nm implies either that there is some charge regulation
at these small separations (i.e., an interaction intermediate between constant charge
and constant potential),'® or that there is some additional repulsion below ~5 nm.
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Within the framework of existing theories there exists yet another factor that may
influence the turn about in the force: if the two surfaces have different potentials
these could also account for the jumps.!!- 35 This may seem unlikely, especially
since each pair of mica sheets was always cut from the same original sheet. Further,
whenever jumps into contact were observed, these were always well accounted for
by attractive van der Waals forces. However, we cannot rule out the possibility of
small surface potential differences between the mica surfaces in our experiments.

Our assertion of distance determinations to within 0.1-0.2 nm requires some
explanation. What is our * zero distance ” or D = 0? In cases where the surfaces
jumped into adhesive contact the distances D are referred to this contact, which
defines D = 0. Once in contact, if the two surfaces are pressed further together by
a large force, their contact area increases, but they do not come closer together.
In cases where the surfaces repelled each other all the way, the contact (D = 0)
values were obtained by pressing the surfaces together until no further approach was
detectable. A series of tests on partially cleaved mica sheets (similar to those carried
out by Tabor and Winterton “®—see Appendix 1) indicated that contact separations
in solution are at 0.04+0.4 nm relative to that in uncleaved mica, which defines the
D = 0 ordinate of all force against distance plots.
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Fic. 6.—Measured forces in 1.00x 10+ mol dm~—3 KNO; between two mica sheets of composition

(weight %): SiO, (46.17), Al,O; (37.59), FeO (0.95), MgO (0.52), Na,O (0.96), K,0 (10.17). The

first (pre-hysteresis) measurements are shown by open circles, the second (post-hysteresis) measure-

ments by closed circles. The theoretical double-layer repulsion at a constant potential of ¢ = 110 mV
is shown by the solid line down to ~6 nm and the dashed line below ~6 nm.

We now describe the results of another experiment with different mica sheets in
(1.004-0.03)10-* mol dm—3 KNOj;, shown in fig. 6. The open circles are the pre-
hysteresis results (first approach), the closed circles are the reversible and reproducible
post-hysteresis results. We immediately note two differences between these results
and those shown in fig. 5: (1) there is hysteresis—the initial repulsive forces are larger
than they are subsequently. (2) There is no jump into a primary minimum ; instead,
the forces become increasingly repulsive below about 6 nm. Above 6 nm the results
are in agreement with theory for a double-layer interaction at a constant potential
of 110 mV (solid line down to 6 nm, dashed line below 6 nm).
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Hysteresis effects have long been known to occur in swelling pressure studies on
clay sheets, notably between montmorillonite sheets in water,25-27- 44 and it has been
suggested that these are due to the forced alignment of edges or non-parallel sheets
on the first compression. Since in our experiments no such edges exist in the region
where the forces are being measured, it appears that the effect is a real one and not a
bothersome artefact. Indeed, our experience with ‘ edges ”’, which occur whenever
the sheets tear up as sometimes happens after adhesive contact, is that once initiated
these build up, rather than become smoothed out, with each additional approach
and separation of the surfaces.

The hysteresis could be due to an irreversible neutralization or rearrangement of
charges on the surfaces brought about by the first close approach ; this would reduce
W and the subsequent double-layer repulsion. Alternatively, the plane or boundary
from which the diffuse double-layer repulsion originates (henceforth referred to as
the Outer Helmholtz Plane, OHP) could be pushed in during the first compression,
which would implicate a mechanism involving the breakdown of a structured aqueous
domain at each surface. If the first explanation is correct, the post-hysteresis curve
in fig. 6 has been moved down, while if the second is correct it has been moved to the
left. If the surface potential has been reduced, then it has fallen by ~12 9 from
about 125 mV to about 110 mV ; whereas if the OHP of each surface has been shifted,
the inward displacement is about 2 nm (since the post- and pre-hysteresis results are
displaced about 4 nm relative to each other along the distance axis). There is no
way of telling which of these two explanations is correct (if either) without resorting
to further experiments with different electrolyte concentrations.

As a test of whether there are structured aqueous regions near the surfaces, we
measured the refractive index of the water between the two mica surfaces on the first
approach and again subsequently. On the first approach the forces were not measured
below 8 nm (hence the lack of experimental points below 8 nm in fig. 6); instead,
the refractive index was measured. The values were all found to be within 1 % of
the value for bulk 10~* mol dm—2 KNO; solution (z = 1.335) down to a separation
of about 2 nm. A repeat measurement after the first close approach yielded the
same results. Thus if structured aqueous layers do exist near the mica surfaces
their refractive index is very close to the value of bulk water.

The large additional repulsion observed at separations below 6 nm could be
related to the hysteresis. Thus in fig. 5 there was no hysteresis and very little or no
additional repulsion. But is the force below 6 nm an additional repulsion, or is it a
modification of the double-layer force? We note that the additional repulsion is
very large, and that below 3 nm it already exceeds the maximum possible repulsive
force of a double-layer, whether at constant charge or potential [given by eqn (5)
putting ¥ = oo0]. The steep rise below 6 nm could be attributed to a dielectric
constant of water near the interfaces different from the bulk value of 80. However,
putting aside this speculation for the moment, and assuming that there exists an
additional force below 6 nm, its magnitude in the range 1.5-6.0 nm can be obtained
by subtracting the measured force from the expected double-layer force (dashed line).
When this is done we obtain for the supposed additional force :

F/R = (44 000+ 6000) exp [— D/(0.85+0.05) nm] uN m-?,

i.e., the additional force is roughly exponential with a characteristic decay length of
0.85 nm. If allowance is also made for the presence of van der Waals forces the
additional force becomes

F|/R = 41 000 exp (— D/0.95 nm) uN m~—1.
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The additional repulsion at small separations is not an artefact: whenever such
repulsions were observed they were reproducible for different pairs of mica sheets
cut from the same original sheet. This rules out the possibility that a stray particle
had become lodged between the surfaces—an effect that would anyway be soon
detectable either from the deformations of the fringes used to observe the surfaces
and/or from the absence of vibrations. Why have the two different micas of fig. 5
and 6 interacted so differently at close separations (below 6 nm) while exhibiting
almost identical forces, in agreement with double-layer force theory, at larger separa-
tions? The compositional difference of the two micas is not statistically significant
(though it is worth noting that the results of electron microprobe analysis to a depth
of ~1 um below the surface may be quite different from an analysis of the surface
layers). We conclude from these and other experiments that while the bulk chemical
composition appears to be related to the surface potential it has no apparent correla-
tion with the hysteresis and additional repulsions at small separations. Finally, the
values obtained for the surface potentials, and the magnitudes of the additional
repulsive forces, did not depend on the relative orientation of the two mica sheets
(since mica is birefrigent an orientation effect might be expected, but none was
observed).

10-4 mol dm—3 Ca(NO;),

Fig. 5 also shows results obtained in 0.94 x 10-* mol dm—2 Ca(NOj;), solution for
the same pair of mica surfaces. We immediately note that the forces are much weaker
than in 104 mol dm—3 KNO,. A linear regression analysis of the 9 points above
10 nm of fig. 5 yields for the force law F/R = (890+60) exp (— D/12.2 nm) uN m~*
(solid line). The mean slope of the (assumed) exponential line in the range 10-55 nm
is therefore 12.24 1.0 nm, which is about 30 % less than the theoretical Debye length
of 18.1 nm for a 2: 1 electrolyte. At 5.3+0.4 nm the surfaces jumped into contact.
If we assume that non retarded van der Waals forces with a Hamaker constant of
A = 2.2x10-2°7 are also operating, then the total ‘‘ theoretical ”* force should be
F/R = 890 exp (— D/12.2 nm)— A/6D? (dotted line in fig. 5). In this experiment
R = 1.20cm, and the spring stiffness was K = 1.33x 10> Nm~!. At 5.0 nm the
slope of the “‘ theoretical ” curve, dF/dD, equals K at which point the surfaces should
jump into contact (Appendix 2). This agrees with the experimental jump distance
of 5.3+0.4nm. At 2.2 nm the net force has fallen to zero, below which it rapidly
becomes more attractive, eventually leading to strong contact adhesion. A more
detailed analysis is possible, though probably unnecessary. Thus if we add 3 x
10-21 J to the measured dispersion Hamaker constant of 2.2 x 10-2° J to allow for the
zero frequency contribution (as expected theoretically at distances below the Debye
length)” we find that the increased van der Waals attraction, with 4 = 2.5x10-29J,
predicts a ““ theoretical ” jump at 5.2 nm. But the experimental inaccuracy does not
allow us to discriminate between these fine theoretical nuances. These results in
10-% mol dm—3 Ca(NO,),, as well as those in 10~* mol dm—3 KNO,, shows that the
van der Waals forces are able to account for the observed peaks in the double-layer
repulsions, and for the instability points at which the surfaces jump into contact.

Fig. 7 shows results with a different pair of mica sheets in various Ca(NOj),
solutions. In 1.1 x 10~* mol dm—3 Ca(NO,), above 6 nm the forces are similar to
those shown in fig. 5. The slope of the line above 10 nm is 9.6+0.6 nm, though
when corrected for the van der Waals forces it becomes 9.2+0.6 nm. This is about
45 % below the theoretical Debye length. The forces in 10-* mol dm—2 Ca(NO,), of
fig. 7 show the same type of unexpected repulsion below 6 nm that were found in
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10-* mol dm—3 KNO; (fig. 6). 1If, in fig. 7, we extrapolate the exponential * double-
layer ” force in 10~* mol dm—3 Ca(NO;), below 6 nm, add to it the expected van
der Waals force, and then subtract these from the measured total force, we find once
again that there is an additional exponential repulsive force whose decay length is
about 1.10 nm. This may be compared with the decay length of 0.95 nm previously
obtained for the additional repulsive force below 6 nm in 10~* mol dm—3 KNO,.
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F1G. 7.—Measured forces in 1.1 x 10~%, 1.15x 103, 1.21 x 10~2 and 0.95 x 10~! mol dm~3 Ca(NO3),

solutions (marked on curves) between two mica sheets of composition (weight %;): SiO, (45.81),

Al;O; (37.60), FeO (1.00), MgO (0.43), Na,O (1.04), K,O (10.18). The results in 10-2 and 10-* mol
dm—2 Ca(NO;), were the same within experimental error. There was no hysteresis.

RESULTS AT HIGHER ELECTROLYTE CONCENTRATIONS (10-3-10-! mol dm—3)

Having described some of our results in 10~* mol dm=3 1:1 and 2: 1 electrolyte
solutions in some detail, and having introduced the effects of hysteresis and additional
repulsions, we now continue with a description of results at higher concentrations.

Returning to fig. 7, in 1.15x 103 mol dm—3 Ca(NO,), the exponential forces
above 6 nm decay with a slope of 3.4 nm (or 3.0 nm when corrected for the van der
Waals forces). This is about 40 9 less than the theoretical Debye length. In
another experiment in 10-3 mol dm—3 Ca(NQ,), a value 45 % less than the theoretical
Debye length was obtained. Thus for both 10-* and 10-3 mol dm—3 Ca(NO;), we
find that the exponential slopes are 0.6 +0.1 of the theoretical Debye lengths. Below
6 nm the force in 10-3 mol dm—2 Ca(NQ;), rapidly increases and, as in 10-* mol dm—3
Ca(NO;),, becomes exponentially repulsive with a decay length of 0.95+0.10 nm.
The results in 10-2 and 10-! mol dm—3 Ca(NO;), were practically the same: below
15 nm the forces were attractive (fig. 7 inset) and below 6.5 nm exponentially repulsive
with a decay Jength of 1.04+0.1 nm. The attractive van der Waals forces were very
similar to those measured in 10-! and 1 mol dm—3 KNOj; solutions.

Our results in Ca(NO;), solutions show that at all the concentrations studied
(10~% — 10~ mol dm~3) the forces below 6 nm approached the same limiting
exponential repulsion (dashed line in fig. 7) given by

FJR = (50 000+ 10 000) exp [— D/(1.00+0.15) nm] N m~*.
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This additional force is therefore independent of the electrolyte concentration and
thus unlikely to be a modified double-layer repulsion. If the van der Waals forces
are still operating as expected, with a Hamaker constant of 4 = 2.2x10-2°J then
the net force should be given by F/R = 50 000 exp (— D/1.0 nm)—A/6D?. In this
experiment the value of R was 0.63 cm, and the spring consant K = 1.30x 10> N m~".
Thus we should expect the surfaces to jump into contact when 0F/0D = K, i.e., at
D = 0.654-0.10 nm. Normally, we would not bring the two surfaces so close during
a force measurement since, once the repulsion F/R exceeds 8 x 10° uN m-1, they
begin to flatten because of the large repulsive forces. This does not invalidate any
measurements made when flattening occurs, but it certainly complicates their inter-
pretation.?2-24¢  In 10! mol dm—3 Ca(NO;), (fig. 7) we found that at D = 1.10+
0.05 nm, and F/R ~ 2x10* uN m~!, the surfaces jumped into a strong adhesive
contact. This jump distance was very reproducible, even after 15 h. The discrepancy
between the expected jump distance of 0.65 nm and the measured jump distance of
1.10 nm is significant. However, if as a consequence of flattening the two surfaces
locally appear more as two planes than as two crossed cylinders, the effective force
between them would be proportional to d(F/2nR)/d D, where F/R = 50 000 exp (— D/
1.0 nm)—A4/6D? as before; the jump condition ¢*(F/2nR)]0D* = 0 now occurs at
1.05+0.10 nm in agreement with the measured value. This shift in the jump distance
is a consequence of the Deryaguin approximation, as discussed in Appendix 2.

We may conclude that even in the presence of additional forces, the van der Waals
forces are still operating at | nm separations with a Hamaker constant close to that
measured at larger separations.

Two further tests were carried out to ensure that the additional forces were not
an artefact. First, another experiment was performed in 10-%-10-! mol dm—3
Ca(NO,), using another pair of mica sheets cut from the same original sheet. The
measured double-layer forces were very similar to those in fig. 7 at all four concentra-
tions, and the additional repulsive forces were also of the same magnitude, with a
mean decay length in the range 2-6 nm close to 1.0 nm. Second, the refractive index
of the 10~! mol dm—3 Ca(NO;), solution was measured in the range 1.1-100 nm.
The results showed no deviation from the bulk value (1.3375) at any separation. The
mean value of 34 readings was 1.339 +0.006.

Fig. 8 shows accurate results obtained in (1.0340.03) x 10~3 mol dm—3 KNO;
and (1.084+0.02) x 10~2 mol dm—2 KNO, solutions. The results at large separations
are similar to those of fig. 3. In 10-3 mol dm—2 KNO; the double-layer repulsion
in the range 4-50 nm agrees with theory for two surfaces approaching at a constant
potential of ¥ = 100 mV (lower solid line). There was no hysteresis, and some
additional repulsion below 3 nm. At very small separations (D < 0.6 nm) the
surfaces came into weak adhesive contact (primary minimum), though a clear jump
into contact could not be measured. In 10-2 mol dm~—3 KNO; the results are
qualitatively similar, though the double-layer repulsion does not quite agree with
theory (cf. solid line, representing the theoretical double-layer repulsion for v =
50 mV). The mean exponential slope in 102 mol dm~3 KNOj; in the range 5-25 nm
is 25-30 9 higher than the theoretical Debye length. This deviation contrasts with
that found for Ca(INO,), solutions where the exponential slopes are lower than the
Debye lengths.

It should come as no surprise that in 10~2 mol dm—3 KNOj; solutions the measured
double-layer repulsion does not exactly agree with a theory that is valid only for very
dilute solutions. What is intriguing is that in Ca(NQO,), solutions large deviations
from theory are already evident at 10~* mol dm—3, and that they are in opposite
direction from those in KNOj solutions. In order to test whether the deviations in

1—-32


http://dx.doi.org/10.1039/f19787400975

Published on 01 January 1978. Downloaded by Ondoku Mayis Universitesi on 10/11/2014 15:12:16.

View Article Online

990 DIRECT MEASUREMENT OF FORCES

Ca(NOy), are peculiar to Ca(NO3),, or whether they might reflect a general property
of 2: 1 electrolytes, we carried out a series of force measurements with a completely
different 2: 1 electrolyte: BaCl,. In 10~* mol dm-2 BaCl, the mean exponential
slopes of two independent measurements in the range 12-60 nm were 0.76 +0.06 and
0.79+0.06 of the theoretical Debye lengths. In 10-3 mol dm—3 BaCl, the slopes
were 0.56+0.05 and 0.53+0.06 of the theoretical Debye lengths. These deviations
are in the same direction, though not as large, as those measured in 104 and
10-3 mol dm—3 Ca(NO,), solutions, and we are tempted to conclude that 2:1
electrolytes appear not to obey the Poisson-Boltzmann equation already at con-
centrations as low as 10~* mol dm-3.
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F1G. 8.—Left : Measured forces in 1.03 X 102 mol dm—3 KNOj; between two mica sheets of composi-
tion (weight %): SiO; (46.14), Al,O; (37.64), FeO (0.82), MgO (0.34), Na,O (0.97), KO (10.10).
The first and second (repeat) measurements are shown by open and closed circles respectively.
Theoretical double-layer repulsions for a 1: 1 electrolyte at constant potential and constant charge
(for ¥ = 100mV at D = o) are shown by the lower and upper solid lines. The net DLVO
interaction forces, including the attractive van der Waals forces (4 = 2.2x 10-2°J), are shown as
dotted lines. These results were obtained at pH 6.95. A third series of force measurements at
pH 5.35 yielded identical results within experimental error, but at pH 2.7 the repulsion was reduced
by more than an order of magnitude. Right: Measured post-hysteresis forces in 1.08 X 10~2 mol
dm~3 KNO; between two mica sheets of composition (weight %): SiO, (46.37), Al,O; (35.77),
TiO, (0.20), FeO (1.43), MgO (1.12), Na,O (0.83), K,O (10.55). The solid lines are the theoretical
double-layer repulsions for a 1:1 electrolyte at constant potential (lower line) and constant charge
(upper line) for = 50 mV at D = co.

We have already shown (fig. 6) how double-layer forces were irreversibly reduced
after the first approach of two surfaces in 10-* mol dm—3 KNO;. The decrease in
the repulsion could have been due either to a reduction of the surface potential or
to an inward shift of the OHP during the first approach. Fig. 9 shows results
obtained in 1.0 x 10~! mol dm—3 KNO; and 1.02 x 10-3 mol dm—3 BaCl, solutions
(two separate experiments) in which large hysteresis effects were observed. In
0.1 mol dm—3 KNO; the first (pre-hysteresis) force is exponentially repulsive in the
range 10-17 nm, with a decay length of 1.1540.10 nm. This is about 20 9, higher
than the theoretical Debye length, and is similar to the deviation observed in 102 mol
dm-3 KNO, solutions. When we attempt to extract the effective surface potential
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(or surface charge density) for the pre-hysteresis double-layer force we find that it is
greater than infinity, i.e., the measured force is well above the maximum theoretical
double-layer force, given by eqn (5) for = co. Thus if the measured pre-hysteresis
force in 0.1 mol dm~3 KNO; is a true double-layer force then the D = 0 distance
axis in fig. 9 must be shifted to D ~ 5 nm for the effective surface potential to be
finite, i.e., the OHP must be at least 2.5 nm beyond each mica surface. The post-
hysteresis forces in 0.1 mol dm=2 KNO; (second and third data points in fig. 9) were
measured 1 h and 21 h respectively after the first approach. These reversible and
reproducible post-hysteresis forces are well described by double-layer theory for two
surfaces of surface potential  ~ 75mV at D =0 (or ¥ < 75mV if the post-
hysteresis OHP is still at a finite distance from each mica surface, or if there is some
additional force which has a similar decay length). We conclude that a reduction
in the effective surface potential on the first approach cannot explain the observed
hysteresis, and that an inward shift of the OHP is consistent with the observations.
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Fi6. 9.—Force measurements showing the effects of hysteresis. Left: Pre-hysteresis forces (first

approach) and post-hysteresis forces (second and third approaches) in 0.1 mol dm—3 KNOj; between

two mica sheets of composition (weight %): SiO, (46.42), Al,O; (38.00), FeO (0.85), MgO (0.42),

Na,O (1.00), K,O (10.15). Right: Hysteretic forces in 10~3 mol dm—2 BaCl, between two mica

sheets of composition (weight ;) : SiO, (46.49), Al,O, (35.46), FeO (1.36), MgO (1.01), TiO; (0.20),
Na,O (0.69), K,0 (10.57).

Fig. 9 also shows hysteresis in 1.02 x 10~3 mol dm—3 BaCl, solution. At large
separations the pre-hysteresis and post: hysteresis forces (first and second data points)
have the same exponential decay length of ~3.0 nm, i.e., ~55 % of the theoretical
Debye length, similar to that obtained for 10-3 mol dm—3 Ca(NO;),. At small
separations, below 5 nm, both forces tend to the same limiting exponential repulsion
of decay length ~ 1.0 nm, characteristic of the existence of additional repulsive forces.
The post hysteresis force in 10~2 mol dm—3 BaCl, is very similar at all separations
to the force in 10—2 mol dm—3 Ca(NO;), shown in fig. 7.

Large hysteresis has also been observed in a 1 mol dm—3 KNO; solution. In
one experiment the pre-hysteresis force was repulsive all the way down to 1.5nm
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separations; the post-hysteresis repulsion was much reduced and exposed a deep
secondary minimum (see fig. 3 and 4), and was reproducible 15 h later. Hysteresis
effects were also observed in other experiments with KNO; and BaCl, solutions;
these were weaker than those already described but had the same general features.
Hysteresis effects were rarely observed in dilute solutions. Increasing the electrolyte
concentration can bring about hysteresis.

VAN DER WAALS FORCES

The attractive van der Waals forces have been studied in two ways. At high
electrolyte concentrations, when double layer repulsions are weak, the attractive
forces may be measured in the region of a secondary minimum, as described earlier.
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FiG. 10.—Attractive van der Waals dispersion forces between mica surfaces measured in the region

of secondary minima in various aqueous solutions. The dotted line represents a purely non retarded

inverse square van der Waals force law, inserted for comparison. Below ~6.5 nm the forces are

effectively non retarded; above ~6.5 nm they decay more rapidly with increasing separation.

A=22%x10"2°), @, 10-'moldm—3 XKNO;; O, 1moldm=2 KNO;; M, 102 mo!ldm-3
Ca(NO3)2 M D, 10-* mol dm—3 Ca(NO;)z.

At smaller separations the surfaces often jump into molecular contact from a position
(the “ force barrier *’) where the repulsion is maximum. By noting the position and
force at the jump, an estimate may be made of the attractive force needed to bring
about the jump into contact. Both methods require some extrapolation of the
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repulsive forces. Those measurements in the regions of secondary minima generally
yielded more accurate results, and provided detailed information of van der Waals
forces in the range 4-15 nm. Measurements of jumps yielded less accurate results.

Fig. 10 shows data points obtained from 7 different experiments in which van der
Waals forces were measured in the regions of secondary minima in 10~! and 1 mol
dm~—3 KNO; (cf. fig. 4), as well as in 10-2 and 10! mol dm—3 Ca(NO;), solutions.
For comparison the theoretical purely non retarded van der Waals force law F/R =
A[6D?, for a Hamaker constant of 4 = 2.2x 10729 J, has also been plotted (dotted
line). The results may be summarized as follows:

(1) The van der Waals forces are largely independent of the type and concentration
of electrolyte (in the range 10-2-1 mol dm=3), and of the strength and nature of the
repulsive forces.

(2) The forces are non retarded up to about 6.5 nm, with a Hamaker constant of
A = (2.2+0.3)10-2°J. Results of jump measurements further indicate that the non
retarded inverse square law of force extends down to below 1.5 nm separations, and
that the effective force surface (D = 0 for the force) is within 0.2 nm of each mica-
water interface.

(3) Above ~6.5 nm retardation effects set in and the forces decay more rapidly
with increasing separation.

(4) Measurement of the refractive index of water and aqueous solutions of KNO,
and Ca(NO;), between two mica surfaces yielded values within 1 9 of bulk values
for surface separations in the range 2-100 nm. At separations below 2 nm the
measuring accuracy falls, but the results do not indicate any deviations of the refractive
indices from bulk values even when additional repulsive forces are present. We
conclude that in theoretical calculations of van der Waals dispersion forces the bulk
refractive indices should be adequate for calculations of these forces down to separa-
tions of 2 nm (and probably well below 2 nm).

We have not attempted to compare our results with theory, but we note that the
van der Waals forces between two mica surfaces in aqueous solutions are much
reduced in magnitude from those between mica surfaces in air, and that retardation
effects set in earlier than they do in air.*¢

ADHESION STUDIES

When two mica surfaces are in adhesive contact (in a primary minimum) it is
possible to measure the adhesion energy y per unit area from the puil-off force P at
which the surfaces jump apart :#8- 54

P = 3nRy. (6)

‘The range of values we have obtained for the adhesive energies in aqueous electrolyte
solutions ranged from ~ 10 mJ m~2 to below 0.0l mJ m—2 (1 mJ m~2 = 1 erg cm~2).
In general, high y values were measured whenever the additional repulsive forces
were small.  Our preliminary results indicate that the adhesive forces of mica surfaces
in contact in a primary minimum are complex, and are not simply given by extra-
polating the van der Waals and double-layer forces to separations of the order of
inter-atomic spacings as is the case in some other systems.®>

4. DISCUSSION

Silicates have long been known to exhibit unusual colloidal properties not
accountable by current theories: many silicates swell spontaneously in aqueous
solutions, and some show hysteresis ; silica dispersions are sometimes stable at very
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high electrolyte concentrations and undergo reversible coagulation, and the properties
of water have often been found to be anomalous near silicate surfaces. These and
other findings have led many to conclude that silicate and other oxide surfaces can
induce structure on the water layers adjacent to them, though there has been a
continuing controversy as regards the nature and extent of such water structuring
effects. Our results may be viewed in two ways: at large separations, above about
7.5 nm, the measured forces have been close to those expected from the DLVO theory,
and we may expect these results to apply more generally to other systems. At small
separations, however, the forces have often deviated drastically from theoretical
expectations, and here the results, and the conclusion drawn from them, may not be
generally applicable to other systems. We shall now discuss the different aspects of
our results in turn.

DOUBLE-LAYER FORCES

The double-layer forces in dilute KNOj; solutions (10-4-10~-3 mol dm—3) are in
remarkably good agreement with theory at separations ranging from five Debye
lengths down to below 0.2 Debye lengths. One important implication of these
results is that the dielectric constant of water ¢ must be very close to the bulk value
of 80 at separations down to at least 5 nm. Any significant deviation of & from 80
would have shown up in the exponential slopes of the force curves. Thus these
results may be interpreted as furnishing evidence that there is no significant water
structuring at distances beyond 2.5 nm from each surface, and are in marked contrast
to the results of Metsik et al.3® and of Palmer et al.5° who measured very low ¢ values
for water layers between mica sheets, for example:3® ¢ = 8 at D = 100 nm, and
e=45at D="70nm.

At higher KNO; concentrations (10-2-10-* mol dm~3) the measured exponential
decay lengths exceed the theoretical Debye lengths by about 25 9. Hough and
Ottewill >4 have measured the pressure against distance dependence for two sodium
dodecyl sulphate surfaces in 6 x 10~* and 10-2 mol dm~3 1: 1 electrolyte solutions,
Their measured exponential decay lengths were 1.35-1.39 of the theoretical values.
This ““ agreement >’ with our value of 1.2540.15 in 10~2 mol dm-3 KNO, may reflect
a general property of 1:1 electrolytes that their effective Debye lengths exceed the
ideal values at high concentrations. If the Poisson-Boltzmann equation remains
valid at these concentrations, then a glance at eqn (3) shows that either the aqueous
dielectric constant ¢ must be higher than 80 or the effective concentration of free ions
must be less than C. Most effects which are believed to influence ¢, e.g., electric
field saturation, water structure, increased ionic strength, act to decrease rather than
increase the value of £.52* 57 Thus an increased ¢ appears to be an unlikely explana-
tion for the observed increase in the * experimental Debye lengths .  An alternative
possibility is that the effective free ion concentration C is less than the total salt
concentration, arising from ion-pairing of the Bjerrum type.34

The double-layer interaction in KNO; solutions occurs at, or very close to,
constant potential both on approach of the two surfaces and on changing the
electrolyte concentration. The potential is independent of pH in the range 5.5-7.0,
but appears to be dependent on the chemical composition of the mica.

With the 2 : 1 electrolytes, Ca(NO3;), and BaCl,, the double-layer forces are much
reduced from those in KNO; at the same concentration. Further, the exponential
decay lengths are significantly lower than the theoretical Debye lengths already in
dilute solutions (10~4-10-3 mol dm—3). These findings cannot be satisfactorily ex-
plained in terms of ion-pairing, electric field saturation, or deviations of the dielectric
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constant of water from 80. The observed deviations may be related to the “ structure
breaking ” and “ structure promoting ” effects that these ions have on water: thus
KNO; is a “ structure breaker ”’, while BaCl, and Ca(NO;), are * structure pro-
moters .58

HYSTERESIS AND STRUCTURAL ORDERING

We have found that the “ force surface ” or outer Helmholtz plane (OHP) is not
necessarily at the mica water interface but may initially be as far as 2.5 nm beyond
this interface. We use the term OHP in the conventional sense 3° as “ the plane
where diffuse double-layers starts, or the plane beyond which the charge distribution
obeys Poisson-Boltzmann statistics ”>.  Our conclusion that this plane may initially
be ~2.5 nm beyond each surface is based on our many measurements of hysteresis
where the only apparent explanation is that the OHPs are irreversibly shifted towards
the surfaces on the first approach. Hysteresis effects have been previously observed
in swelling pressure studies with aqueous dispersions of montmorillonite sheets in
water and NaCl solutions.25-27- 44+ Our conclusion that hysteresis is due to a
displacement of the OHPs establishes a definite link between the DLVO theory and
any structured aqueous region at the mica surfaces. The location of the OHPs has
always been difficult to establish. Lyklema 3° recently reviewed the state of the
literature on Agl sols and concluded that the OHP is at ~0.54 nm beyond each surface
and that this probably corresponds to the Stern layer thickness. He further concluded
that there are no thick stagnant water layers at these interfaces. Bérubé and De
Bruyn 5° have pointed out that the double-layers at Agl and Hg surfaces are very
different from those at TiO, and other oxide surfaces, and proposed that long range
range ordering of water, hydrogen bonded to oxide surfaces, may occur with a
transition region between the ordered structure of this bound water and the differently
organized bulk liquid. The location of this transition region is the most likely
focal point for the establishment of the electrical double-layer. Webb ef al.,5% ¢! in
an attempt to further explain certain inadequacies in the DLVO theory regarding
the dispersion stability of TiO, sols, later concluded that there exist immobilized or
structured water layers 1.2-2.5 nm thick (5-10 molecular layers) near TiO, surfaces
that physically control the locations of the hydrodynamic shear plane and the OHP.
Quirk et al.52- %3 reviewed the state of diffuse double-layer interactions as applied
in the swelling of soil and other clay systems and concluded that only for surface
separations >4 nm can diffuse double-layer theory be used to describe swelling.
Posner and Quirk %% measured the adsorption isotherms of water adsorbed from
electrolyte solutions onto montmorillonite and illite and concluded that there exist
ordered hydration regions on the surfaces which prevent electrolyte ions from
reaching the mineral surfaces. It is also noteworthy that montmorillonite swelling
appears to depend on the lattice b-dimension,®® and that the surface lattice con-
figurations of montmorillonites and micas closely match that of ice I (or water).

Our findings are consistent with these concepts. In KNO; solutions the Stern
layer is at most 0.5 nm thick; beyond this there exists an aqueous region that is
differently ordered from bulk water but whose refractive index is very close to that
of bulk water. This region may extend 2.5 nm beyond each surface (or ~2.0 nm
beyond the outer edge of the Stern layer), with the OHP being located at its
outer boundary. When two mica surfaces approach each other the OHPs are
irreversibly shifted towards the surfaces until they reach and then remain at the
Stern layers, or very close to them. These shifts of the OHPs probably reflect the
progressive collapse or breakdown of the structured aqueous regions as the surfaces
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come together. The onset of the shifts of the OHPs occurs once they are sufficiently
close to each other, and there are indications that the shifts usually commence once
the repulsive pressure 0(F/2nR)[0D reaches ~5x10*Nm-2, or ~0.5atm. The
existence and extent of such structured aqueous regions varies from mica to mica,
and they, therefore, depend on the nature of the mica in addition to that of the
electrolyte.

ADDITIONAL FORCES

We have found that additional repulsive forces are often present. These forces
are in addition to the double-layer forces rather than a modification of double-layer
forces, i.e., they do not arise from a breakdown of the Poisson-Boltzmann equation.
The additional forces are invariably exponential and have a decay length of 0.95+
0.20 nm. Their magnitude varies from mica to mica and is largely independent of
electrolyte concentration and may also be independent of the type of electrolyte.
They appear to be stronger whenever hysteresis effects are observed, though in
Ca(NO;), no hysteresis was ever observed whereas large additional forces were. The
maximum additional force measured was of order F/R =~ 50 000 exp (— D/1.0 nm)
uN m~*, corresponding to a pressure between two parallel plates of 107 exp (— D/
1.0 nm) N m~2 or 100 exp (— D/1.0 nm) atm.

The effectiveness of these additional forces depends on the strength of the DLVO
forces, but they are usually negligible above 7.5 nm separations. At high electrolyte
concentrations these forces may determine the position and depth of the secondary
minimum as well as that of the force barrier. At low electrolyte concentrations
their influence may be negligible right down to the force barrier which is determined
solely by DLVO forces. However, the additional forces do affect the adhesion
energy of surfaces in contact in a primary minimum.

It is possible that the glue used to attach the mica sheets to the glass discs leaches
out and adsorbs on the mica surfaces, and thus gives rise to the additional forces
which would then be “ steric stabilization * forces. Similar effects could arise from
the adsorption of organic compounds from solution. The observation that these
forces were always the same for similar mica surfaces, the absence of a time dependence
of these forces, and the lack of correlation between the carbon content of the solution
and the magnitude of these forces makes these explanations unlikely. On the other
hand, we have not been able to find an obvious correlation between the strength of
the additional forces, hysteresis, and the chemical composition of the mica sheets
(we have yet to obtain X-ray data of the mica sheets). The finding that these forces
are largely independent of the electrolyte concentration, and that their exponential
decay length is invariably the same, strongly suggests that they are water structure
(hydration) forces.28: 36. 66

VAN DER WAALS FORCES

Our results show that the van der Waals forces are non-retarded in the range
1-6.5 nm with a Hamaker constant of (2.2+0.3) x 10-2° J,  Above 6.5 nm retardation
effects set in and the forces decay more rapidly with increasing separation. The
forces appear to be insensitive to changes in electrolyte concentration (below
1 mol dm~3), and the ¢ force surface * is at the mica-water interface to within 0.2 nm.
We have not attempted to compare the results with theory, but there appear to be no
indications of any serious discrepancies.
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APPENDIX 1
OPTICAL METHODS

The theory and use of multiple beam interferometry employing “‘ fringes of equal
chromatic order (FECO) ” has been described before.*”

If two back silvered sheets of mica of the same thickness T are in contact, and if
white light is passed normally through them, the emerging light consists of discrete
wavelengths A%(nz = 1,2, 3,...,) which can be separated and measured as sharp
fringes (FECO) in an ordinary prism or grating spectrometer. If the two mica
surfaces are then separated by a distance D these fringes shift to longer wavelengths
AP given by

(1+72%) cos [(i”—lﬂi )n] + (@ —1)

_ 1= Jn A
2[1 sin [(W)n:l
tan 2nuD|AP) = et (A1)

1204, 4

where + refers to odd order fringes (n odd), and — refers to even order fringes
(n even). [ = fmica/its Where g, is the refractive index of mica at A2, and p the
refractive index of the medium between the two mica surfaces at 1P.

By use of eqn (A1) both the distance D and the medium refractive index p can be
determined independently by measuring the shifts in wavelengths of an odd and an
even fringe. The accuracy is about +(0.1-0.2) nm for measurements of D in the
range 0-200 nm, while for y it is better than 1 9 at large D but is less accurate as D
falls below 10 nm. To use eqn (A1) we only require an accurate prior determination
of the refractive index of the mica. The refractive index and dispersion of our mica
has been accurately measured by Dr. W. H. Steel of the Australian National Measure-
ment Laboratory, CSIRO, Sydney, using standard Hg, Na and H spectral lines in
the range 440-650 nm, who found for the y and f§ components :

476 x 10° 4.76 % 10°
270x 10 = 1.57944 210X D
2K He = 15194+ =75 p

These values have been checked by us using an Abbé Refractometer (Carl Zeiss-
Jena, Model G) using Hg and Na light. The accuracy is +0.0002—more than
adequate for our purposes.

Note that the optical method for measuring the surface separation actually
measures the distance between the two silvered layers on the reverse sides of the mica
sheets. We have verified that no error greater than +0.1 nm in the surface separation
is caused by normal temperature variations (+0.5°C) and applied pressures of the
experiments.

B, = 15846+
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CALIBRATIONS OF THE * CONTACT > POSITIONS (D = 0)

Tabor and Winterton ¢ measured the thickness of a thin mica sheet after it had
been partially cleaved, exposed to laboratory air (relative humidity 50-80 %) for 1 h,
and then resealed. They compared this thickness to that of the uncleaved part of
the sheet and found that it was 0.7 +0.2 nm thicker. They concluded that a 0.35 nm
layer adsorbs onto a mica surface when it is exposed to air. We have performed
similar measurements with some of our mica sheets and have found that the double
thickness of the films adsorbed after 1h exposure to air of relative humidity
40-45 % is 0.65+0.15 nm (19 readings on three different mica sheets) in agreement
with Tabor and Wintertons’ value. For surfaces exposed to air for 3-5 h the adsorbed
films were 0.85+0.35 nm thick (0.4+0.2 nm per surface). After exposure for 2 days
the films were 2-3 nm thick. The refractive index of these adsorbed films was 1.8 +0.1.

During each force experiment the mica surfaces are always brought into molecular
*“ contact > in air and the fringe positions noted ; they are then separated and the box
filled with liquid. This is usually done 3-5h after the mica sheets are first exposed
to air. We have invariably found that subsequent measurements of the contact
positions in aqueous solutions (either in a primary minimum or under a large
compressive force) occur 0.85+0.30 nm farther in from those in air. Since this is
exactly the thickness range of the adsorbed films after 3-5 h exposure to air, we
conclude that (1) this film is water soluble, and that (2) * contact” in aqueous
solutions occurs at 0.0+0.4 nm relative to contact in uncleaved mica. It was
generally observed that in Ca(NO3), solutions the contact positions of the primary
minima were not affected by electrolyte concentration, nor by time (up to one day),
to within +0.2 nm. In KNO; solutions, especially when large hysteresis effects or
additional repulsions were observed, the contact positions tended to be a few
Angstroms farther out at higher electrolyte concentrations; this may be interpreted
as indicating a progressive built up of the Stern layer with increased concentration.

APPENDIX 2
FORCE MEASURING TECHNIQUES

Fig. 11 shows a (force, distance) plot for two surfaces interacting via a hypothetical
force law F/R = 10000 exp (D/a)— A x 10?24/6 D?> N m~1, where D is the distance
of separation in nam,a = 1 nm, R = [ cm, 4 = 2.2x10-2° J. If one of the surfaces
is fixed while the other is suspended from a spring of stiffness X, then at equilibriom
eqn (1) is satisfied. It may be shown that if 0F(D)/0D < K the equilibrium is stable,
whereas if dF(D)/0D > K it is unstable. Thus there exist certain instability regions
in which no equilibrium is possible and where no forces may be measured. These
regions are defined by 6F(D)/0D > K, and, therefore, bounded by 0F(D)/0D = K.
The instability or excluded regimes are shown as dashed lines in fig. 11. If the two
surfaces are brought up to these instability points, either on approach or separation,
they will jump to new positions as indicated. For the hypothetical force law given
above, and for a spring stiffness K = 1.3 x 102 N m~!, these instability points occur
at D = O0nm (jump from primary minimum contact), 1.5 nm (jump from force
barrier into primary minimum contact), and at 6.1 and 8.4 nm (secondary
minimum region). For the relatively low values of K used in our experiments the
jumps into contact at the force barrier occur very close to where the force F(D)
actually peaks, i.e., effectively at dF(D)/0D = 0. These jumps allow for accurate
estimates of the magnitudes and positions of force barriers. On separating two
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surfaces from contact in a primary minimum they usually jump apart a very large
distance from which the pull-off force P may be readily obtained (see fig. 11). This
in turn allows us to calculate the energy of adhesion as discussed in the text.

The right hand ordinate in fig. 11 gives the corresponding energy per unit area
for two plane parallel surfaces, calculated according to the Deryaguin approxima-
tion 5° (energy/area = F/2nR). The second line in fig. 11 shows the equivalent
force # between two plane surfaces interacting via the same force law, viz. F oc O(F/
2nR)/D. The force barrier has shifted from 1.5 to 2.0 nm, while the position of the
secondary minimum (defined by F = 0 or & = 0) has shifted from 3.5 to 5.3 nm.
In general, for two planar surfaces the positions of the peaks in the repulsions (force
barriers) or attractions (secondary minima) always occur farther out from those of
two curved surfaces interaction via the same forces.

force barrier
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Fi1G. 11.—Left curve: Hypothetical force law for two crossed cylindrical surfaces of radius R:
F/R = 10 000 exp (D/a)— A x10**/6D* uN m~*, where a=1nm, R=1 cm, 4 =2.2x1072° J,
showing positions of primary and secondary minima and the force barrier. If one of the surfaces
is suspended from a spring of finite stiffness, K = 1.3 x10> N-m™—%, there exist certain instability
regimes, where no equilibrium is possible, shown as dashed lines. Right curve: law of force # for
two planar surfaces interacting via the same forces (according to the Deryaguin approximation),®®
showing how the positions of the primary and secondary minima and the force barrier are shifted
to larger distances.

Theoretical calculations of double-layer forces: Honig and Mul 7 have presented
tables of the repulsive double-layer interaction energy of two plane parallel surfaces
both at constant equal surface potential and at constant equal surface charge.
Their results are exact solutions of the Poisson-Boltzmann equation for symmetrical
electrolytes. Since the radii of the mica surfaces in our experiments (R ~ 1 cm) are
much larger than the Debye lengths of the solutions (xR > 10°) the ¢ Deryaguin
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approximation ” 3° may be assumed to hold. The interaction energy per unit area
of two double-layers is then exactly equal to F/2nrR. We are grateful to Drs. E. P.
Honig and P. M. Mul for sending us their computer program, and to Mr. M. J. Scully
who wrote out a new computer program in a different language, and who supplied
us with many plots of theoretical double-layer forces. Scully’s plots have been
checked against those of Honig and Mul, and appear in many of the figures in the
main text,
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