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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 saltdogluctivity) water. A long-ranged
repulsion on initial approach to adhesive contact indicates an equilibrium surface-charge density
o=0, due to the loss of K ions from the mica surface into the water. Subsequent force
measurements at timegollowing separation of the surfaces reveal thatrops markedly following

contact and separation, but then relaxes badkgtavith a characteristic time, =11+ 2 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 valug ¢ be 334 kgT. © 2002 American Institute

of Physics. [DOI: 10.1063/1.1447911

INTRODUCTION double layer forces measured between purified water with no
. ) o added saltconductivity watey have been attributed to po-
The properties of water in the vicinity of surfaces andassjum (K') ions that dissolve from the mica surface into
under confinement have been studied extensively because gfg solution, to dissolved CGrom air, to hydroxonium ions
their importance not only in colloidal dispersions and in tri- (essentially hydrated protons,;&"), and to ions leached
bology, but also because of their relevance to a quantitativggm, glasswaré® In conductivity water, most of the potas-
understanding of many processes in biological systemsiym ions on the mica surfaces are exchanged wifH
These properties influence the rates and effectiveness of pregsndl® and the additional short-ranged repulsive hydration
cesses such as the transport of materials and energy in thg§ices which dominate the interactions at higher salt
cell, enzymatic activity of proteins, biochemical reactions,concentration$’-are not observed. As a result, at close
interactions between biomacromolecules, and the function qeparaﬂons the van der WadledW) attraction overcomes
membranes. They are also important in technological probge relatively weak repulsion between the surfaces, causing a
lems including oil recovery from natural reservoirs, mining,jump into a strongly adhesive contact, at which point the
catalysis, and corrosion inhibition. Water is found in high protons(from the KO ions) condense into the surfaces to
surface-to-volume geometries in porous materials such &seytralize the surface charges. The general assumption in all
Vycor glass, silca gel, and zeolites as well as in polymer gelshese studies has been that the forces are in equilibrium and
clays, rocks, sandstones, micelles, vesicles, and microye reversiblé®
emulsions:~® Thin films of water between clay mineral sur- In this study we examine the magnitude of the normal
faces and particles are responsible for their swelling ofgrces between mica surfaces interacting across conductivity
shrinking. Hysteresis of water content—suction relationship$yater as a function of the time elapséztuilibration time
in clays were noted in early studies of the swelling propertiesypsequent to their separation from adhesive contact. We find
of clays’® The ion exchange process in natural aluminosili-a striking change both in the long- and short-ranged interac-
cates such as muscovite mica have been studied as"¥ell tjons between the surfaces as this time increases, and a re-
and found to be strongly related to the hydration forces of thgzxation to the limiting long-time behavior is observed. We
exchanged ions, and may take hours to be completed.  gtripute this to a condensation of counterions into the mica
The surface force balancéSFB) technique has been gyrface when they come into contact, and their subsequent

used to probe the properties of ultrathin aqueous films consjow release—over an associated energy barrier—into the
fined between two molecularly smooth mica surfaces. Noryater.

mal forces between two curved mica surfaces immersed in
water have previously been measured as a function of thEXPERIMENT
i ¢ds'e i
separation between the surfacgs.” Long-range repulsive
The normal forces-(D) between two opposing curved
dCurrent address: Service Recherche Technologies Systems, LEGRAND sW'Ca surfacesof mean radluR) as a function of their clos-

128, avenue de Lattre de Tassigny, 87045, Limoges Cedex, France. _eSt separ_atiorD, was _direCtly _measured_ using a SKgee
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was (6.4-1)x10 © M, attributed to the trace presence of
ions described above. TheH value of the water prior to
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\ ,/i e filling the apparatus was measured to be in the range 6.0-6.2
= K Win i (due to dissolved C9, and remained unchanged at the end
S 10l a3 . p-in i
Z 1073, 1015 e of the expgrlments. . '
= ﬂIP s The mica used was ruby muscovite, grade 1, supplied by
R s S & J Trading Inc., NY. Sym(diphenyl carbazide(BDH

1075, 7o Tandz analytical gradgor “EPON 1004F" resin(Shel) were used
: Jump-into D = 0.0 + 0.4 nm D{ to glue the mica sheets to the cylindrical glass lenses. Results
10" : . . L . were the saméwithin scattej for both glue types. The re-
0 50 100 150 200 250 sults shown in the figures are from four different experi-
D [nm] ments, and in one or two cases also from different contact
FIG. 1. Force—distance profiles between curved mica surfaces in conducti\;:—)oSltlons between the mica surfaces within a given experi-

ity water (pH=6.0—6.2), where the force axis is normalizedFdR (R— ent.

mean radius of curvature of the mica surface$ cm), taken on a first

approach after introduction of the conductivity water into the cell and equili- RESULTS

bration fa 2 h or nore. Different symbols indicate different sets of experi-

ments, with all measurements being taken during compression. The open The normal force profilesF(D) vs. D from different

squares are from an approach run taken 69 min subsequent to separation . .

from contact. FromD;=3.5+1 nm, there were jump-ins to flat adhesive eXpe”me_ntS' measured_dqung approach of the sur_fat;es, are

contact. Note that in air a water-soluble layprobably water and CORef. ~ Shown with the force axis is normalized B$D)/R. Within

32)] adsorbs on the exposed mica surface ir(f&fs. 13 and 38and, when  the Derjaguin approximatio(for R>D), F(D)/27R is the

the surfaces are immersed in conductivity water, this layer is also squeez%rresponding energy per unit aré&D), for two flat par-

out, resulting in a jump-in td = —0.5=0.3 nm (average of four experi- llel £ distan@ {22 King it ible t )

mentg with respect to the air contact position. This separation in conduc-2!/€! Surfaces a ais a.n apart, m_a Ing 1t possible to Com

tivity water represents the mica/mica contact, and is define® aD, pareF(D)/R from different experiments. As a control prior

=0.0=0.4 nm; allD values are then given with respect@y. The solid  to adding water, the jump-out distances and, from that, the

"”;9 C%”ejpor?dj 0 the “;S‘Jgs Offear'fierf] Stll‘dies pe”mmfef] by Pff’(fmb’ . Interfacial energy were measured in air. We found a jump out

15). The dashed line is the best fit of the linear parts of the profiles to the . . . . p

DLVO expression, Eq(1). From the fit to our data we obtained *= 120 distance of 6610 'U‘_n;’ QorreSpondmg tO_ mterfa(_:lal tenSIO_n

+20nm, corresponding toc=(6.4+1.0)x10 ° M; and =130 of —120£15mNm *, in agreement with earlier experi-

+20 mV. The surface charge density was calculated from the surface panents for the case of unmatched mica sheets iR>dito

tential using Eq(2) to bea,=1e/(85=20) nnt. These values are in agree- significant difference was observed between consecutive

ment with earlier reportéRef. 15. The inset shows the approach to contact 'ump—out from contact in air as a function of time

over the final 50 nm in more detail. On the top left, a schematic of the force| . . . :

balance used here is shown. F(D)/R profiles measured during a first approa@n
following a long equilibration period>>1 h) are shown in
Fig. 1. Long-ranged double-layer repulsive forces are ob-

have been described elsewh&é! Multiple beam interfer- served due to the presence of a surface charge on the mica
C%urfaces, which lose Kions to solution, and are due to the

ence allows the distance between the mica surfaces, whi . ) . .
osmotic pressure of the counterions which are present in the

are silvered on their back sides, to the measured with reso-a between the surfaces to ensure overall charge compen-
lution of £0.2—0.3 nm and their contact geomefirycluding gap g P

R) to be determined from the shape of the interferencesatlon' The form of(D)/R is well fitted by the DLVO

fringes. F is determinedto within =100 nN directly from modell f?; a 11 electrolyte assuming constant surface
the bendingAD of the springs, aF==K,AD, whereK, potential;
=150 N/m is the spring constant. After cleaning the appara- F/R=128mckgT« ™ !tani? (eyo/4kgT)exp — D)
tus and mounting the mica sheets, the surfaces are brought — A/6D2 o
into contact in order to determine air-contact separation. The ’
surfaces were then separatee2 mm) and the cell in which  wherec is the ion concentrationT is the temperaturekg is
they are mounted was filled with conductivity water, using aBoltzmann constantA is the Hamaker constant of mica
glass syringe. After allowing around 1-2 h for thermal across water (X 10°2° J), i is the effective surface poten-
equilibration, normal forceg (D) were measured as a func- tial and ! is the Debye length. The broken line in Fig. 1
tion of the distance between the surfaces, at ambient roorfand in subsequent figunesas made using a fit to Eql),
temperature (231 °C). which enables the decay length of the interactions and the
Purified (so-called conductivitywater was obtained by effective surface charge to be extracted. Similarly good fits
treating tap water with activated charcoal followed by a Mil-to our data are obtained using the nonlinear Poisson—
lipore water purification system, consisting of RiOs™ andBoltzmann equatic? assuming constant surface charge den-
MILLI-Q ® Gradient stage. The specific resistivity of the wa- sity. There is no indication of hydration repulsion as would
ter, as produced within the purification system, was greatearise from trapping of hydrated'Kions at the mica surfaces,
than 18.2 M)cm, which corresponds to an ion concentrationand the surfaces come into a flat adhesive contadD at
of less than &« 10 7 M for 1:1 salt concentration, and the =D,=0.0+0.4 nm(mica/mica contact, see Fig. 1 captipn
total organic content was 4 ppb or less. In the cell the iorin a single monotonic jump, from separatioBs=D;=3.5
concentration(as deduced from the limiting Debye length +1 nm, in line with earlier observationd® The jump-in
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[nm] FIG. 3. Normal force—distance profiles between curved mica surfaces in

FIG. 2. Normal force—distance profilésormalized by the radius of curva- conductivity water measured following different equilibration timegal-
ture) between curved mica surfaces in conductivity wéies (6.4+1.0) ues in minutes indicated next to the profjlssibsequent to separation from
X 1078 M, pH=6.0—6.2, measured 5% 2 min after separation from contact adhesive contact; the corresponding fits of the DLVO expression with con-
(as in Fig. 1. Different symbols refer to different contact positions on dif- Stant potential boundary condition are shown as broken lines. The solid line
ferent mica sheets. The broken line is the best fit of the DLVO expressionis the best fit to the equilibrium normal forcess Fig. 1. The 5'-dashed line
Eg. (1), with constant potential boundary condition, to the normal forcesis the fit to the forces measured on second compression and is taken from
measured on first contact or fo”owing |0ng equ|||brat(&1g l) The solid the main part of F|g 2. The inset shows the best fits to the linear partS of the
line (both in the main figure and in the ingé$ the DLVO expression with forc_e profiles_over the last 50 nm in more detail. The parameters of the fits
x~1=16+5nm andy,=15+5 mV. The inset shows the forces over the are included in Table I.
last 50 nm in more detail. The dashed lines at the inset correspond to the
DLVO expressions withx =19 nm and¢,=24 mV (upper liné and
k 1=15nm andy,=11mV (lower line. The pure vdW attraction is

shown as dotted line. broken curves in Fig. 3 are the fit of the data to the DLVO

theory[Eq. (1)] for 1:1 salt solutions with constant potential
boundary conditiongcomparably good fits could be obtained
o with constant charge boundary conditions, see later in this

takes ca. 0.2-0.5 s. Itis driven by the van der WaaV) o The surface charge density, was extracted from the
attraction between the surfaces overcoming the double-lay rofiles using the ion concentration, obtained from the
repulsion, and is a manifestation of the instability expecte ebye length,«< 2, of the corresponding(D)/R profile,
when the gradient of the force exceeds the normal spring 4 ihe standard relatiéh
constant of the spring attached to the lower lésse the
following section. On separation following the first adhesive = (8KgTCezo) V2 sineyp/2kgT). ()
contact(i.e., the first time the surface are brought into con-1p¢ parameters of the DLVO fiDebye length 1, surface
tact following their mounting in the SPBsignificant jumps-  potentialy,, surface charge density, and ion concentration
out to D=1.Qt0.1ﬂm were observed. From the 9U||-9ff_ c) are summarized in Table | and, in Fig. 4,and c are
force F, required to separate the surfaces, the solid—liquic|oted as a function of. We note that on separation from
surface tensiony=F/37R was calculated to be-2.6  contact the jump-out distances were-Z um, correspond-
+0.4mNm L. This value is slightly lower than earlier re- ing to a y=—15-3mNm%, in contrast to the much
ports for conductivity water = —3.9 mNm- 1).*The dis-  smaller values observeabove for the jumps-out following
crepancy may be due to the fact that mica from differentpg first time the surfaces came into contact. We remark on
sources has small natural variations in its composition, Ofpjs |ater. The time over which the two surfaces remained in
possibly due to differing misalignment effects between theygniact after jump-in varied from 1 to 12 min, although this

opposing mica surfacés. o did not influence the results.
In order to test the reversibility of the measured forces,

normal forces were measured during a subsequent approach

within a time 7=5+2 min _after separation from Con_taCt' We TABLE |. Values of parameters used for best fit of the DLVO equafioq.
note thatr refers to the time when approach profiles start,(1), assuming constant poteniiab theF (D) profiles for different compres-
and that it takes ca. 3 min to complete B(D) versusD sion runs.

measuremen(.e., to go fromD~ 300 nm down to contagt

i i o (mCm?2
On this subsequent gpproach of the surfaces§+2 rr_nn) - (min) <t (nm) ¢ (mM) o (MV) ((:0.1) )
the range of repulsive forces decreased dramatically as
shown in Fig. 2, and jumps into a strong adhesive flat contact gfg igfg 8-‘3‘5 g-ig i;g g-gé
were observed already frorBj=5.5_i1 nm. Such normal P lors 0.25: 0.08 45 0.01
force measurements, taken following progressively longer 13, 15+ 5 0.64+0.11 235 11
waiting periodsr=10—-50 min after separation from contact, 20+3 15+5 0.41+0.17 39-10 1.53
show a gradual increase in the long ranged repulsive force 283 30+5 0.10+0.04 60+ 10 1.72
with increasingr, as shown in Fig. 3. Afterr of 1-2 h or igi’g 4255+i150 006138'822 ‘;228 1-22
Ionger, t.he normall forcgs Were.,'w!thln scatter, identical to 49+ 3 40+ 10 0.058-0.03 26510 P
their limiting long-time, i.e., equilibrium, behavidsee also  _go+3 120620  0.0064-0.0023  13@ 20 185

force profile in Fig. 1 indicated with squaje3he solid and
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2.0 neutral surfaces find themselves out of equilibrium. The ions
from the ionizable surface sites are then gradually released
1.5 back into the solution, rebuilding the surface charge density
within an hour or more. Because the ionization process is
N'E 104 slow, immediately following decompression the surface
o chargeo is momentarily very small; thus only a weak double
E layer repulsive force is measured immediately after separa-
o 0.5 tion, increasing at longer until equilibrium is established.

The slowness of attainment of equilibrium suggests that
in the case of conductivity water, following first compres-
sion, there is a substantial energy barrier opposing the return
of the surface ions into the wat&rWe can try to estimate
this barrier from the variation of the surface charge density
FIG. 4. The variation of the surface charge densitwith the equilibraton ~ With the time, , between first and second compression, as

time 7 following separation from contact, calculated according to the fit of plotted in Fig. 4. The solid line is the best fit of the data to an
the data to the DLVO theory with constant potential boundary conditions ; .

(solid symbol$ (see Table )l and according to constant charge boundary exponential growth of the form:
conditions(Ref. 24 (open symbols The solid line is the best fit of the data
to an exponential growth of the forme(7) = oo(1 exp(7)), with a time

constantr, =11 min ande,=1.72 mC m 2. The broken lines are similar £ hich h T 11+ . .
functions with 7,=13 min and oy=1.6 mC m? (lower line and 7, rom which a characteristic “meTr_ll—zmm’ is ob-

=9 min andey=1.85 mC nT2 (upper lind. The inset shows the variation tained, whererq=1.72+0.13mC m ? is the surface charge
of the ion concentratio (obtained from the fitted Debye lengjhsith . density at equilibrium(Fig. 1).
The symbols correspond to those in the main figure. Setting Tr_leo exp(—E,/ksT), assuming an Arrhen-
ius constantA, (effectively a microscopic jump frequency
in the range 1¥-10"3s7*,2° an activation energy{,, =83
+10KJImole ! (33=4kgT, for T=298K) for the release of
Our main finding is that following the approach into ad- the ions from the mica surface into the water is obtained. The
hesive contact across conductivity water, mica surfaces th&H™ groups are located inside the mica surface and the ra-
are then separated regain their characteristic surface chargais of the potassium lattice sitey, is 0.14 nm?’*°When
density only slowly, over time scales of around an hour forthe ions are within the mica surface, the Olgroups stabi-
full equilibrium (it is of interest that this time is consistent lize their high self-energy. In water this energy is reduced
with the slow H/Li* ion exchange process on Li-treated due to the high dielectric constant of the medium. However,
delaminated mida'? To understand this quantitatively it will we find that the transfer from the surface to the water in-
be helpful to review briefly the state of mica surfaces involves a high energy barrier, which must be related to the
agueous media. high self-energy of the ion in the transition state. One would
The surface of cleaved mica is covered witd Kons  expect the varying local modification of water structure in
(with an area per site of 0.48 rfinand in air the surface is the hydration shell of the ions as they transfer from the mica
overall electrically neutral. When immersed in conductivity to the water to contribute significantly to the activation bar-
water, the K ions are dissolved, due to an ion exchangerier. Indeed the energy barrier we find is similar to the dehy-
process at the surfacg@ntracrystalline exchange does not dration energy required to remov# infinity) one or two
occun.! At the pH~6 and very low ion concentrations of water molecules out of the hydration shell of a monovalent
our experiments, most of the Kions are effectively ex- cation3!
changed with HO™ ions, which are at a higher concen- It is appropriate to comment on the magnitude and varia-
tration*%In equilibrium, it is thermodynamically favorable tion with time of the effective ion concentratianextracted
for the surface associated positive counterig@$ or H;O" from theF (D) profiles, as appears in Table 1 and in the inset
ions) to be in the solution as the free energy gain due tao Fig. 4. This appears to be at higher values tfon the
translational entropy exceeds the ionization enthalpy at theange 5—20 min before decreasing to the bulk value for con-
relevant surface lattice sites. On approach of the surfaceductivity water at larger. The reason for this, we believe, is
once the distance between them is small enough, the entrogpalitatively as follows: Following the adhesive contact be-
gained by being in solutiofin the intersurface gappecomes tween the mica sheets and their subsequent separation, ions
sufficiently small that the positive counterions— from the surfaces begin to be released into the conductivity
predominantly HO" in our case—condense back into the water(at its bulk concentratiorthat is sucked into the inter-
surface?® neutralizing it. The combination of the mica crys- surface gap. After a time the surface charge concentration
tal structure?’ together with the relatively detachable hydra- has increased to(7), and during the approach—&¢D) is
tion sheath about thefi;*® allows the protons to condense being measured—more ions are released. The precise bal-
readily into the mica/mica lattice sites. Van der Waals attracance between the ion release, their diffusion across the gap
tion then dominates the forces between the surfaces, and theyd laterally out of it, and the squeezing out of ions as the
come into strong adhesive molecular contact. surfaces approach is difficult to analyze quantitatively. If we
On separation of the surfaces, conductivity water isassume that the ions being released over a period of, say,
sucked back into the gap between them, and the initiallf,—the time of measurement—remain within a gap of di-

T [min]

o(r)=og[l—exp(—1/7)], 3)

DISCUSSION
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mensionD’, we may then roughly estimate their expectedsurfaces into the water, resulting in a slow relaxation of nor-
concentration within the gap. The net surface charge will bemal forces to their equilibrium values. From the rate at which

increased in that time frora(7) to o(7+t,), given by Eq. equilibrium is attained an effective activation energy of ca.

(3). The mean ion concentratiasl in the gap will then be 33 kgT for the ion release may be estimated, in reasonable
c'=280/D'e, where e is the electronic charge (1.6 agreement with what is expected from binding of ions to the
x107%°C) and do=o(7+t,)—o(7). PuttingD’'=25nm  mica surface lattice.

as a typical value and using E(B) with op=1.7 mCm 2
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