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Time dependence of forces between mica surfaces in water and its relation
to the release of surface ions
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A surface force balance has been used to investigate the time-dependent behavior of the normal
forces between two smooth mica surfaces immersed in salt-free~conductivity! water. A long-ranged
repulsion on initial approach to adhesive contact indicates an equilibrium surface-charge density
s5s0 due to the loss of K1 ions from the mica surface into the water. Subsequent force
measurements at timest following separation of the surfaces reveal thats drops markedly following
contact and separation, but then relaxes back tos0 with a characteristic timet r51162 min. This
behavior is attributed to condensation of the counterions into the surfaces when they come into
contact, and to their subsequent slow release into the water. The energy barrier associated with the
counterion release was estimated from the value oft r to be 3364 kBT. © 2002 American Institute
of Physics. @DOI: 10.1063/1.1447911#
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INTRODUCTION

The properties of water in the vicinity of surfaces a
under confinement have been studied extensively becau
their importance not only in colloidal dispersions and in t
bology, but also because of their relevance to a quantita
understanding of many processes in biological syste
These properties influence the rates and effectiveness of
cesses such as the transport of materials and energy in
cell, enzymatic activity of proteins, biochemical reaction
interactions between biomacromolecules, and the functio
membranes. They are also important in technological pr
lems including oil recovery from natural reservoirs, minin
catalysis, and corrosion inhibition. Water is found in hi
surface-to-volume geometries in porous materials such
Vycor glass, silca gel, and zeolites as well as in polymer g
clays, rocks, sandstones, micelles, vesicles, and mi
emulsions.1–9 Thin films of water between clay mineral su
faces and particles are responsible for their swelling
shrinking. Hysteresis of water content–suction relationsh
in clays were noted in early studies of the swelling proper
of clays.10 The ion exchange process in natural aluminos
cates such as muscovite mica have been studied as we11,12

and found to be strongly related to the hydration forces of
exchanged ions, and may take hours to be completed.

The surface force balance~SFB! technique has bee
used to probe the properties of ultrathin aqueous films c
fined between two molecularly smooth mica surfaces. N
mal forces between two curved mica surfaces immerse
water have previously been measured as a function of
separation between the surfaces.13–16 Long-range repulsive
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double layer forces measured between purified water with
added salt~conductivity water! have been attributed to po
tassium (K1) ions that dissolve from the mica surface in
the solution, to dissolved CO2 from air, to hydroxonium ions
~essentially hydrated protons, H3O1!, and to ions leached
from glassware.15 In conductivity water, most of the potas
sium ions on the mica surfaces are exchanged with H3O1

ions15 and the additional short-ranged repulsive hydrat
forces which dominate the interactions at higher s
concentrations15,17–19are not observed. As a result, at clo
separations the van der Waals~vdW! attraction overcomes
the relatively weak repulsion between the surfaces, causi
jump into a strongly adhesive contact, at which point t
protons~from the H3O1 ions! condense into the surfaces
neutralize the surface charges. The general assumption i
these studies has been that the forces are in equilibrium
are reversible.20

In this study we examine the magnitude of the norm
forces between mica surfaces interacting across conduct
water as a function of the time elapsed~equilibration time!
subsequent to their separation from adhesive contact. We
a striking change both in the long- and short-ranged inter
tions between the surfaces as this time increases, and
laxation to the limiting long-time behavior is observed. W
attribute this to a condensation of counterions into the m
surface when they come into contact, and their subseq
slow release—over an associated energy barrier—into
water.

EXPERIMENT

The normal forcesF(D) between two opposing curve
mica surfaces~of mean radiusR! as a function of their clos-
est separationD, was directly measured using a SFB~see
inset of Fig. 1!, for which detailed experimental procedure

SA
7 © 2002 American Institute of Physics
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have been described elsewhere.14,21 Multiple beam interfer-
ence allows the distance between the mica surfaces, w
are silvered on their back sides, to the measured with re
lution of 60.2–0.3 nm and their contact geometry~including
R! to be determined from the shape of the interferen
fringes.F is determined~to within 6100 nN! directly from
the bendingDD of the springs, asF5KnDD, where Kn

5150 N/m is the spring constant. After cleaning the appa
tus and mounting the mica sheets, the surfaces are bro
into contact in order to determine air-contact separation.
surfaces were then separated~;2 mm! and the cell in which
they are mounted was filled with conductivity water, using
glass syringe. After allowing around 1–2 h for therm
equilibration, normal forcesF(D) were measured as a func
tion of the distance between the surfaces, at ambient ro
temperature (2361 °C).

Purified ~so-called conductivity! water was obtained by
treating tap water with activated charcoal followed by a M
lipore water purification system, consisting of RiOs™ a
MILLI-Q ® Gradient stage. The specific resistivity of the w
ter, as produced within the purification system, was gre
than 18.2 MVcm, which corresponds to an ion concentrati
of less than 431027 M for 1:1 salt concentration, and th
total organic content was 4 ppb or less. In the cell the
concentration~as deduced from the limiting Debye lengt!

FIG. 1. Force–distance profiles between curved mica surfaces in condu
ity water (pH56.0– 6.2), where the force axis is normalized asF/R ~R—
mean radius of curvature of the mica surfaces;1 cm!, taken on a first
approach after introduction of the conductivity water into the cell and equ
bration for 2 h or more. Different symbols indicate different sets of expe
ments, with all measurements being taken during compression. The
squares are from an approach run taken 69 min subsequent to sepa
from contact. FromD j53.561 nm, there were jump-ins to flat adhesiv
contact. Note that in air a water-soluble layer@probably water and CO2 ~Ref.
32!# adsorbs on the exposed mica surface in air~Refs. 13 and 33! and, when
the surfaces are immersed in conductivity water, this layer is also sque
out, resulting in a jump-in toD520.560.3 nm ~average of four experi-
ments! with respect to the air contact position. This separation in cond
tivity water represents the mica/mica contact, and is defined asD5D0

50.060.4 nm; allD values are then given with respect toD0 . The solid
line corresponds to the results of earlier studies performed by Pashley~Ref.
15!. The dashed line is the best fit of the linear parts of the profiles to
DLVO expression, Eq.~1!. From the fit to our data we obtainedk215120
620 nm, corresponding to c5(6.461.0)31026 M; and c05130
620 mV. The surface charge density was calculated from the surface
tential using Eq.~2! to bes051e/(85620) nm2. These values are in agree
ment with earlier reports~Ref. 15!. The inset shows the approach to conta
over the final 50 nm in more detail. On the top left, a schematic of the fo
balance used here is shown.
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was (6.461)31026 M, attributed to the trace presence
ions described above. ThepH value of the water prior to
filling the apparatus was measured to be in the range 6.0–
~due to dissolved CO2!, and remained unchanged at the e
of the experiments.

The mica used was ruby muscovite, grade 1, supplied
S & J Trading Inc., NY. Sym~diphenyl carbazide! ~BDH
analytical grade! or ‘‘EPON 1004F’’ resin~Shell! were used
to glue the mica sheets to the cylindrical glass lenses. Res
were the same~within scatter! for both glue types. The re
sults shown in the figures are from four different expe
ments, and in one or two cases also from different con
positions between the mica surfaces within a given exp
ment.

RESULTS

The normal force profilesF(D) vs. D from different
experiments, measured during approach of the surfaces
shown with the force axis is normalized asF(D)/R. Within
the Derjaguin approximation~for R@D!, F(D)/2pR is the
corresponding energy per unit area,E(D), for two flat par-
allel surfaces a distanceD apart,22 making it possible to com-
pareF(D)/R from different experiments. As a control prio
to adding water, the jump-out distances and, from that,
interfacial energy were measured in air. We found a jump
distance of 60610mm, corresponding to interfacial tensio
of 2120615 mN m21, in agreement with earlier experi
ments for the case of unmatched mica sheets in air.23 No
significant difference was observed between consecu
jump-out from contact in air as a function of time.

F(D)/R profiles measured during a first approach~or
following a long equilibration period,.1 h! are shown in
Fig. 1. Long-ranged double-layer repulsive forces are
served due to the presence of a surface charge on the
surfaces, which lose K1 ions to solution, and are due to th
osmotic pressure of the counterions which are present in
gap between the surfaces to ensure overall charge com
sation. The form ofF(D)/R is well fitted by the DLVO
model for a 1:1 electrolyte assuming constant surfa
potential,22

F/R5128pckBTk21 tanh2 ~ec0/4kBT!exp~2kD !

2A/6D2, ~1!

wherec is the ion concentration,T is the temperature,kB is
Boltzmann constant,A is the Hamaker constant of mic
across water (2310220 J), c0 is the effective surface poten
tial andk21 is the Debye length. The broken line in Fig.
~and in subsequent figures! was made using a fit to Eq.~1!,
which enables the decay length of the interactions and
effective surface charge to be extracted. Similarly good
to our data are obtained using the nonlinear Poisso
Boltzmann equation24 assuming constant surface charge de
sity. There is no indication of hydration repulsion as wou
arise from trapping of hydrated K1 ions at the mica surfaces
and the surfaces come into a flat adhesive contact aD
5D050.060.4 nm~mica/mica contact, see Fig. 1 caption!,
in a single monotonic jump, from separationsD5D j53.5
61 nm, in line with earlier observations.13,15 The jump-in
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5169J. Chem. Phys., Vol. 116, No. 12, 22 March 2002 Time-dependent forces between mica and water
takes ca. 0.2–0.5 s. It is driven by the van der Waals~vdW!
attraction between the surfaces overcoming the double-l
repulsion, and is a manifestation of the instability expec
when the gradient of the force exceeds the normal sp
constant of the spring attached to the lower lens~see the
following section!. On separation following the first adhesiv
contact~i.e., the first time the surface are brought into co
tact following their mounting in the SFB!, significant jumps-
out to D51.060.1mm were observed. From the pull-o
force Fp required to separate the surfaces, the solid–liq
surface tensiong5Fp/3pR was calculated to be22.6
60.4 mN m21. This value is slightly lower than earlier re
ports for conductivity water (g523.9 mN m21).15 The dis-
crepancy may be due to the fact that mica from differ
sources has small natural variations in its composition,
possibly due to differing misalignment effects between
opposing mica surfaces.25

In order to test the reversibility of the measured forc
normal forces were measured during a subsequent appr
within a timet5562 min after separation from contact. W
note thatt refers to the time when approach profiles sta
and that it takes ca. 3 min to complete anF(D) versusD
measurement~i.e., to go fromD;300 nm down to contact!.
On this subsequent approach of the surfaces (t5562 min)
the range of repulsive forces decreased dramatically
shown in Fig. 2, and jumps into a strong adhesive flat con
were observed already fromD j55.561 nm. Such normal
force measurements, taken following progressively lon
waiting periodst510– 50 min after separation from contac
show a gradual increase in the long ranged repulsive fo
with increasingt, as shown in Fig. 3. Aftert of 1–2 h or
longer, the normal forces were, within scatter, identical
their limiting long-time, i.e., equilibrium, behavior~see also
force profile in Fig. 1 indicated with squares!. The solid and

FIG. 2. Normal force–distance profiles~normalized by the radius of curva
ture! between curved mica surfaces in conductivity water@c5(6.461.0)
31026 M, pH56.0– 6.2#, measured 562 min after separation from contac
~as in Fig. 1!. Different symbols refer to different contact positions on d
ferent mica sheets. The broken line is the best fit of the DLVO express
Eq. ~1!, with constant potential boundary condition, to the normal forc
measured on first contact or following long equilibration~Fig. 1!. The solid
line ~both in the main figure and in the inset! is the DLVO expression with
k2151665 nm andc051565 mV. The inset shows the forces over th
last 50 nm in more detail. The dashed lines at the inset correspond to
DLVO expressions withk21519 nm andc0524 mV ~upper line! and
k21515 nm andc0511 mV ~lower line!. The pure vdW attraction is
shown as dotted line.
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broken curves in Fig. 3 are the fit of the data to the DLV
theory@Eq. ~1!# for 1:1 salt solutions with constant potenti
boundary conditions~comparably good fits could be obtaine
with constant charge boundary conditions, see later in
work!. The surface charge density,s, was extracted from the
profiles using the ion concentration,c, obtained from the
Debye length,k21, of the correspondingF(D)/R profile,
and the standard relation22

s5~8kBTc««0!1/2sinh~ec0/2kBT!. ~2!

The parameters of the DLVO fit~Debye lengthk21, surface
potentialc0 , surface charge densitys, and ion concentration
c! are summarized in Table I and, in Fig. 4,s and c are
plotted as a function oft. We note that on separation from
contact the jump-out distances were 761 mm, correspond-
ing to a g521563 mN m21, in contrast to the much
smaller values observed~above! for the jumps-out following
the first time the surfaces came into contact. We remark
this later. The time over which the two surfaces remained
contact after jump-in varied from 1 to 12 min, although th
did not influence the results.

n,
s

he

FIG. 3. Normal force–distance profiles between curved mica surface
conductivity water measured following different equilibration timest ~val-
ues in minutes indicated next to the profiles! subsequent to separation from
adhesive contact; the corresponding fits of the DLVO expression with c
stant potential boundary condition are shown as broken lines. The solid
is the best fit to the equilibrium normal forces~as Fig. 1!. The 58-dashed line
is the fit to the forces measured on second compression and is taken
the main part of Fig. 2. The inset shows the best fits to the linear parts o
force profiles over the last 50 nm in more detail. The parameters of the
are included in Table I.

TABLE I. Values of parameters used for best fit of the DLVO equation@Eq.
~1!, assuming constant potential# to theF(D) profiles for different compres-
sion runs.

t ~min! k21 ~nm! c ~mM! c0 ~mV!
s ~mC m22!

~60.1!

562 1565 0.4160.18 1165 0.51
562 1665 0.3660.15 1565 0.66
562 1965 0.2560.08 2465 0.91
1363 1565 0.6460.11 2365 1.1
2063 1565 0.4160.17 39610 1.53
2863 3065 0.1060.04 60610 1.72
3063 2565 0.1560.06 48610 1.53
4063 45610 0.04660.022 76610 1.64
4963 40610 0.05860.03 76610 1.85

.6063 120620 0.006460.0023 130620 1.85
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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DISCUSSION

Our main finding is that following the approach into a
hesive contact across conductivity water, mica surfaces
are then separated regain their characteristic surface ch
density only slowly, over time scales of around an hour
full equilibrium ~it is of interest that this time is consisten
with the slow H1/Li1 ion exchange process on Li-treate
delaminated mica!.12 To understand this quantitatively it wil
be helpful to review briefly the state of mica surfaces
aqueous media.

The surface of cleaved mica is covered with K1 ions
~with an area per site of 0.48 nm2! and in air the surface is
overall electrically neutral. When immersed in conductiv
water, the K1 ions are dissolved, due to an ion exchan
process at the surface~intracrystalline exchange does n
occur!.11 At the pH;6 and very low ion concentrations o
our experiments, most of the K1 ions are effectively ex-
changed with H3O1 ions, which are at a higher concen
tration.11,15 In equilibrium, it is thermodynamically favorabl
for the surface associated positive counterions~K1 or H3O1

ions! to be in the solution as the free energy gain due
translational entropy exceeds the ionization enthalpy at
relevant surface lattice sites. On approach of the surfa
once the distance between them is small enough, the ent
gained by being in solution~in the intersurface gap! becomes
sufficiently small that the positive counterions—
predominantly H3O1 in our case—condense back into th
surface,26 neutralizing it. The combination of the mica cry
tal structure,27 together with the relatively detachable hydr
tion sheath about them,15,18 allows the protons to condens
readily into the mica/mica lattice sites. Van der Waals attr
tion then dominates the forces between the surfaces, and
come into strong adhesive molecular contact.

On separation of the surfaces, conductivity water
sucked back into the gap between them, and the initi

FIG. 4. The variation of the surface charge densitys with the equilibration
time t following separation from contact, calculated according to the fit
the data to the DLVO theory with constant potential boundary conditi
~solid symbols! ~see Table I! and according to constant charge bounda
conditions~Ref. 24! ~open symbols!. The solid line is the best fit of the dat
to an exponential growth of the form:s(t)5s0„1 exp(2t/tr)…, with a time
constantt r511 min ands051.72 mC m22. The broken lines are simila
functions with t r513 min and s051.6 mC m22 ~lower line! and t r

59 min ands051.85 mC m22 ~upper line!. The inset shows the variation
of the ion concentrationc ~obtained from the fitted Debye lengths! with t.
The symbols correspond to those in the main figure.
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neutral surfaces find themselves out of equilibrium. The io
from the ionizable surface sites are then gradually relea
back into the solution, rebuilding the surface charge den
within an hour or more. Because the ionization process
slow, immediately following decompression the surfa
charges is momentarily very small; thus only a weak doub
layer repulsive force is measured immediately after sep
tion, increasing at longert until equilibrium is established.

The slowness of attainment of equilibrium suggests t
in the case of conductivity water, following first compre
sion, there is a substantial energy barrier opposing the re
of the surface ions into the water.28 We can try to estimate
this barrier from the variation of the surface charge dens
with the time,t, between first and second compression,
plotted in Fig. 4. The solid line is the best fit of the data to
exponential growth of the form:

s~t!5s0@12exp~2t/t r !#, ~3!

from which a characteristic time,t r51162 min, is ob-
tained, wheres051.7260.13 mC m22 is the surface charge
density at equilibrium~Fig. 1!.

Setting t r
215A0 exp(2Ea /kBT), assuming an Arrhen-

ius constantA0 ~effectively a microscopic jump frequency!
in the range 1010– 1013s21,29 an activation energyEa8583
610 KJ mole21 ~3364kBT, for T5298 K! for the release of
the ions from the mica surface into the water is obtained. T
OH2 groups are located inside the mica surface and the
dius of the potassium lattice site,r 0 , is 0.14 nm.27,30 When
the ions are within the mica surface, the OH2 groups stabi-
lize their high self-energy. In water this energy is reduc
due to the high dielectric constant of the medium. Howev
we find that the transfer from the surface to the water
volves a high energy barrier, which must be related to
high self-energy of the ion in the transition state. One wo
expect the varying local modification of water structure
the hydration shell of the ions as they transfer from the m
to the water to contribute significantly to the activation ba
rier. Indeed the energy barrier we find is similar to the deh
dration energy required to remove~to infinity! one or two
water molecules out of the hydration shell of a monoval
cation.31

It is appropriate to comment on the magnitude and va
tion with time of the effective ion concentrationc extracted
from theF(D) profiles, as appears in Table 1 and in the in
to Fig. 4. This appears to be at higher values fort in the
range 5–20 min before decreasing to the bulk value for c
ductivity water at larget. The reason for this, we believe, i
qualitatively as follows: Following the adhesive contact b
tween the mica sheets and their subsequent separation,
from the surfaces begin to be released into the conducti
water~at its bulk concentration! that is sucked into the inter
surface gap. After a timet the surface charge concentratio
has increased tos~t!, and during the approach—asF(D) is
being measured—more ions are released. The precise
ance between the ion release, their diffusion across the
and laterally out of it, and the squeezing out of ions as
surfaces approach is difficult to analyze quantitatively. If w
assume that the ions being released over a period of,
t r—the time of measurement—remain within a gap of
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mensionD8, we may then roughly estimate their expect
concentration within the gap. The net surface charge will
increased in that time froms~t! to s(t1t r), given by Eq.
~3!. The mean ion concentrationc8 in the gap will then be
c852ds/D8e, where e is the electronic charge (1.
310219C) and ds5s(t1t r)2s(t). Putting D8525 nm
as a typical value and using Eq.~3! with s051.7 mCm22

gives c'0.2 mM for t55 min. This is comparable to th
initial values of the effective ion concentration in the ga
which are in the range ca. 0.15–0.5 mM~inset to Fig. 4!.

In the absence of electrostatic repulsion the mica s
faces are expected to attract each other more strongly w
close to contact, increasing the jump-in distance as they
proach. We can estimate the extent of this effect more qu
titatively, as follows. The jump-in is expected when]F/]D
.Kn , the spring constant. A good estimate for the attract
force is given by the theoretical vdW force expected betw
two crossed cylinders of radius of curvatureR, at closest
distanceD, F(D)52AR/6D2, whereA is the Hamaker con-
stant of two mica surfaces separated by water (A52
310220J). The condition for a jump-in is thus:]F/]D
5AR/3D3.Kn5150 N/m, from which we obtain the maxi
mum distanceD j , from which a jump-in can occur to b
D j,(AR/3Kn)1/356 to 7.6 nm, forR50.5 to 1 cm. The
jump-in observed on first approach or following equilibrati
~larget! was from distances of 3.561 nm, because in addi
tion to vdW attractive force there was a repulsive dou
layer force, which decreases the distance from which
jump-in occurs. On second compression, the double la
repulsive force was much weaker, and a jump-in from d
tances of 5.561 nm is observed, quite comparable to t
expected value for the case of pure vdW attraction~6–7.6
nm!. Concerning the magnitude of the adhesion, Lifsh
theory predicts the adhesion energyE0 expected from the
vdW forces to beE052g52A/12pDs

25F/2pR, where
Ds is an effective cutoff separation when the two surfaces
in contact~typical values are 0.16–0.2 nm25!. For water, put-
ting Ds50.18 nm givesE0516 mN/m, similar to the values
measured on pulloff from adhesive contact subsequent to
first approach, suggesting that the adhesion energy is ma
determined by the vdW forces. The much lower effect
surface energy~ca. 2.6 mN/m! consistently measured from
the pulloff force following thefirst time the surfaces com
into contact is intriguing. We do not have an unambiguo
explanation for this, though it may be due to local rearran
ment within the near-surface region of the mica, or possi
to a slight mutual shift of the surface layers into a mo
favorable registry on first contact and separation.

CONCLUSIONS

The time dependence of the normal forces between
mica surfaces immersed in conductivity water were stud
On first approach to contact~assumed to be characteristic
equilibrium conditions! the counterions are forced back in
the mica surfaces; immediately following separation of
surfaces the long-ranged repulsive double layer forces
reduced markedly relative to those observed on first
proach, due to transient reduction of the surface charge. W
time there is a slow release of counterions from the m
Downloaded 17 Mar 2002 to 132.76.33.15. Redistribution subject to AI
e

,

r-
en
p-
n-

e
n

e
e
er
-

re

he
ly

s
-

y

o
d.

e
re
-

th
a

surfaces into the water, resulting in a slow relaxation of n
mal forces to their equilibrium values. From the rate at wh
equilibrium is attained an effective activation energy of c
33 kBT for the ion release may be estimated, in reasona
agreement with what is expected from binding of ions to
mica surface lattice.
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