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Abstract

The accepted image of muscovite mica is that of an inert and atomicallyhsswtéace,
easily prepared by cleavage in an ambient atmosphere. Consequerdlys extensively
used a model substrate in many fundamental studies of surface phenomesa anbtsirate

for AFM imaging of biomolecules. In this review we present evidence from the lieratur
that the above picture is not quite correct. The mica used in experimental saalrkast
invariably cleaved in laboratory air, where a reaction between the micaesuafawspheric

CQO and water occurs immediately after cleavage. The evidence sugemsiirongly that

as a result the mica surface becomes covered by up to one formubd Kp@Os per nm,

which is mobile under humid conditions, and crystallizes under drier conditions. The
properties of mica in air or water vapour cannot be fully understood without refeoetiee
surface KCOs, and many studies of the structure of adsorbed water on mica surfaces may
need to be revisited. With this new insight, however, the air-cleaveal shimuld provide
exciting opportunities to study phenomena such as two-dimensional ion diffusidrglglec

effects on surface conductivity, and two-dimensional crystal nucleation.

Keywords. mica, muscovite mica, adsorption, potassium carbonate, water structure, capillary

condensation, atomic force microscopy, surface forces
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1. Introduction

Muscovite mica is the substrate of choice for an ever increasing variety of esqisrim
involving surfaces. Historically, studies of epitaxial crystal growth on gucback at least
to the first half of the nineteenth cent E and contact angle measurements of liquids on
mica were also reported at a very early sfage [3]. Gas and \agsmrption work was
carried out in the early twentieth century by Langmuir [4], and Bésmgham and co-
Workersﬁﬂ, who also did wetting experime [7]. Other early worked focussed on the
insulating properties of micEI[S], and its use in capacitors and in quarterpledes. So
widespread was the use of mica in electrical equipment that it was appeséartigd to as
“the most important single war material” during the Second World War ] One of the first
studies to take advantage of the unique properties of muscovite mica is frormii930 a
describes how the surface free energy of mica may be determined fiyyrimgahe force
required to split a piece of mica along the basal pﬂe [10]. Subsequenttpntieaby flat

nature of the mica surface was established by the work of Tolansky, wlopky multiple-

beam interferometry as a tool for studying the surfaces of crystals [11-13ledisthe

ﬂ [14] and surface fﬁsﬁ{ summary of

wide-spread use of mica for measuring frictio

these early developments was given by T4

Muscovite mica has been used for decades as a substrate for Hrategy vacuum
evaporation of supporting carbon films for Transmission Electron Microscopy ()I{l?]
was adopted for use in Atomic Force Microscopy (AFM) soon after the invention of the
technique, principally as a supporting surface for the study of molecular arstakno
system]. The atomic flatness of the (001) basal cleavage plane ey tleagon for the

use of mican both these types of microscopy. The atomically flat nature of the mica surface

has also led to its use as a template to create smooth surfaces of othelspaiehas silver

or gold . Among other important properties are the high surface energy and
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water wettability of mica, which ensure strong adsorption of molecules and othecal@no
objects in air or vapoutt has also been suggested that mica was involved in the origin of life

on earth by actingsa selective adsorbent for nucleoti [22] or even a template for DNA

.

The focus of this review has its origin in some very early obsergatiade with water
condensed from vapour between mica surfaces in the Surface Force Appardjus (SF
published in 197 5] by Israelachvili. Over subsequent decades it wag savided that
the surface of muscovite mica that has been cleaved in an ambient atreasptery far
from the inert and atomically smooth substrate that many, if not most, still as3inise.
emerged both from numerous experiments with the SFA, as well as frorigatiess of the
mica surface with various surface analytical techniques. Taken togedser o separate
and quite independent lines of investigation have led to the conclusionwhtdrasoluble
potassium compound, most likely potassium carbonate, is present on a@dalei@a
surfaces. The extent to which this influences experiments with mica surfaggsir or in
non-aqueous liquids is in some cases very clear, as when water condensen imgtavee
surfaces exhibits the properties of a concentrated electrolyte solution. It is eguily that
the KoCOs can have no effect on the properties of the mica surface after misrged in
bulk water or aqueous solution, thereby dissolving t#@0%. In other cases, however, the
possible effects are not easy to predict. In particular, the influence of thayratass
carbonate on the results of many Scanning Probe Microscopy (SPM) studies of mica
vapour is not clear, and it may in some cases be necessarysttteviconclusions drawn
from these experiments. Similarly, simulations or theoretical work basedideaised
surface of potassium ions randomly distributed over fixed sites on a molesuhadyh and
regular, two-dimensional crystal lattice may not always be relevantdao-aleaved mica

surface.



We believe that the presence of potassium carbonate on air-cleaved micasshafabeen
proven beyond reasonable doubt, and it is in this spirit that this review has been written. Itis
nevertheless true that in the absence of a definitive chemical analysiaglteywresence

some shadow of a doubt must remain.

This review will begin by describing the bulk crystal structure of muscovite mutaéhe
structure of the basal plane exposed on cleavage. Then, the possibility of exdhiiage o
potassium ions that are distributed between the two surfaces on cleatagéayered mica
structure will be discussed. We will then describe experiments involving contridadge

of mica, which give a measure of the surface free energy and informatibe oranneimn
which the ions are distributed between the two surfaces, which in turn determines the surface
charge that develops as the mica is cleaved. The use of mica in thee $Himfee Apparatus
and experiments which led to the discovery @fittnic compound on the surface will then be
reviewed, followed by surface analytical investigations of the mica surfbleereafter, we

will give an overview of wetting and water vapour adsorption experiments, amd e

on the structure of water adsorbed from vapour on mica surfaces, with particuofo
scanning probe microscopy (SPM) experiments. We then discuss some work on DNA
deposited from bulk solution and studied on the mica surface in humid atmospleges us
AFM, which involves surface ions and also gives some information on the distribution of
charge across the surface. Finally, we examine some cases where the paassaopear

to be involved in epitaxial crystal growth on mica, and then touch on the possitiammsm
behind the formation of potassium carbonate on cleavage of mica in aind\y e
discussing ways in which experiments with air-cleaved mica surfaces maypbedaitda

become easier to interpret.



2. The Crystal Structure of Muscovite Mica

Muscovite mica is a layered phyllosilicate and hence a member of atgradnch some of
the most commominerals in the earth’s crust belong, including clays such as
montmorillonite, illite and kaolin. Linus Pauling first proposed the general structure of

complex crystals such as the silicate minerals in the PGat the time when thierst

results of X-ray diffraction studies were becoming avail [28]. The rhosdant sub-
group of phyllosilicates are the mic29], which have a layered structure consigtig
tetrahedral sheets on either side of an octahedral sheet, and theser&:artapeund

together by interlayer cations (Figure 1a). The tetrahedral sheet samisashoneycomb
arrangement of hexagons of gitetrahedra, where each tetrahedron shares three oxygens
with the adjacent tetrahedra. Some of thes$&@ahedra are replaced by oxygen
tetrahedrally co-ordinated around Al, less commatdyor more rarely, Be, which gives rise
to a net electron deficiency. The Al substitution is random (se®®&}tvith the proviso
that Lowenstein’s avoidance rule forbids adjacent AlO4 that are linked by one oxygen only
. The fourth oxygen in each tetrahedron points in a direction normal to the tetrahedral
sheet, and forms part of the octahedral layer. Two oxygens from the detddbger,

together with an unshared OH group lying below the centre of theh&kagon of the
tetrahedral layer (Figure 1b), form the three corners of the fameanftahedon parallel to

the basal plane. At the centre of each octahedron is a cation, usu&é/aiMg. The OH
group may be partly or fully replaced by fluorine in some micas. Below thecokctditayer

is a second tetrahedral layer, once again sharing two oxygens peedetra The stack of
2:1 layers is held together by interlayer cations situated between twbei@yons on
opposing surfaces. These interlayer cations compensate for the excese mbgage in the
2:1 layers that is caused by vacancies in the positions of the octahedra,catio

dehydroxylation of the OH groups, or most commonly, by substitution eithevalent



metals (usually Al or Fe) for Si in the tetrahedral positions, or of divalentsrietaAl in the

octahedral positions.

The micas are classified into trioctahedral, where all three octahedra in tlessstauctural
unit have cations at their centre, or dioctahedral, where there is a vatdheycentre of
every third octahedron. The valency of the interlayer cation allows for anotkéotev
classification; into true micas with a monovalent cation (usualtyd¥&*), or into brittle
micas where the cation is divalent, most ofted*@a Mg?*. Both true and brittle mica can
be either dioctahedral or trioctahedral. The interlayer cohesion is muchftargee brittle
micas due to the greater charge of the cation, which leads to their characteriiebsit
whereas the much lower interlayer cohesion of the true micas gives thetypluzit

flexibility and ease of cleavage along the basal plane.

Muscovite mica is a dioctahedral true mica with the layer charge arisingaftioim 4
substitution of Al for Si in the tetrahedral layer, and the 2:1 layers hedthimgby K. The

unit cell of mica contains 4 formula units of composition #&010(OH).2 and the

parameters of the monoclinic unit cell are a = 0.519 nm, b = 0.901 nm, ¢ = 2.0@I B+ a
95.8° (Figure 1c). In the rest of this review we shall take the term “mica” to mean

specifically “muscovite mica”. Since mica is a naturally occurring substance there are
variations in the exact composition, and isomorphous replacements are conosbn, m
commonly Na for K, and Mg or Fe for octahedral @ver the years a number of refinements
of the structure of muscovite mica have been made, and the crystallograpdiicrite

contains a number of detailed discussions of the structure of muscovi i F [27-33]

most of which is of no concern for this review. It is, however, important &maee of some
of the instances where the structure of muscovite mica deviates from the iteal pic
presented above. Similar but usually less pronounced structural distortionsvitbather

phyllosilicates.



In the octahedral layer only 2 out of 3 sites are occupied by an Al, ahcegoty site is
surrounded by a hexagonal array of occupied sites. This causfisohthe apical oxygens
(the ones that are shared with the tetrahedral layer) towardé3thand away from the
empty octahedral sites, leading to a distortion of the hexagonal rings of aqyigahs. In
order to reduce the strain associated with a misfit of an estimated 3-5% b#teeen
octahedral and tetrahedral layers adjacent &@ahedra are rotated in opposite directions,
thereby bringing the basal oxygens closer to the octahedral sites. Thésrgmtlthe
hexagonal symmetry of the ideal Sifing is replaced by ditrigonal symmetry, where only
alternate angles of the hexagon are equal (Figures 1c, 2a and 3)., HieaBiQ tetrahedra
must tilt so that the apical oxygens that form part of the octahedral layst tihe two
longer edges of the distorted hexagons of apical oxygens. This leastsiftoo four of the
six oxygens to form a puckered ring around each potassium ion. As a consegfuBec
hexagonal to trigonal change in symmetry, the amount of space availabléentertlager K
is reduced, which forces adjacent 2:1 layers apart by 0.06 nm so thatahexygen

surfaces of opposing tetrahedral sheets are no longer in cct [31].

In the above we have ignored the structural diversity resulting from a staggeupptre
tetrahedral layer with respect to the lower tetrahedral layer adjacent toctalkldral layer.
This results in structural variations known as polytypes which depend on theodir@afcti
stagger in the plane of the she. These are not of any consequence for the surface
effects that this review is concerned with, and in any case muscovite ralozost always of

a polytype known as 2M



3. The Surface Structure of Cleaved Mica and the Exchange of Surface lons

AFM is ideally suited to imaging very flat crystalline surfaces like mica dovaiomic
resolution, and the mica lattice is often used as an imaging standard for naralgoaton
of the piezoelectric scanners in an AFM. Indeed, mica has been importaesakiian

standard to aid understanding of AFM operation as well as in the development of AFM

instrumentatior] [35-38]. A key challenge for AFM has been to achieve reprodycivhich

requires good contralf the interaction force between tip and sample, and is made difficult by
the varialle sharpness of commercial tips. Development of the instrumentation, imaging
modalities and the force probes, however, has improved the quality and consi$taRrty

data over the last two decades.

Early AFM studies of the mica surface employed contact mode where the tipigimious
repulsive contact with the surface. This typically involves interaction lestwens and
hundreds of atoms, even if the AFM tip is atomically sharp, which yields atomic lattice
resolution but may not give true atomic resolution. There are only a fewshkdies of mica
cleaved and maintained in vacuum (UHV) and these investigated latees ford friction,
and include Friction Force Microscopy (FFM) images involving stick-slipactens,

which gave insufficient resolution to distinguish the atomic la :;: The periodicity

of the mica lattice can also be resolved in air by HF andit is consistent with the
expected unit cell dimensions of miga [43]. Sometimes, the veryd#irgetive forces in air
due to van der Waals and capillary interactions mean that significant el@aagccur as the
tip is dragged across the surface, resulting in a loss of lateral resolution. , Ingesdrting
forces >100 nN on mica using the AFM tip it is possible to mechanically wear thitzeigh
nm thick 2:1 layers between the Kns, i.e. a half-unit cell ¢ dimension at a tiEI[M]. More
detailed studies of wear on mica using a silicon AFM tip gave more insighthenfrocess.

Firstly, water plays an important role since physical damage in vacuum caudd achieved
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up to loads of 400nrm5]. At high humidity (>70%), the presence of water redudeméic
forces ] but can also lower the threshold load at which wear ors [45]mptiss that
water is involved in wear through an activated chemical process underdberpref the
AFM tip. Using contact mode atomic lattice imaging inside wear holes created owithica
the same tip, it was shown that wear can occur via the removal ohgusyer of Si@

tetrahedral units, by removing half the unit cell, or a combination ofh [45].

The best AFM images of the mica lattice are obtained in a liquid environntesre the
long-range attractive Van der Waals interaction between tip and sigfgnificantly
screened, enabling tip tracking of the surface wilmaller net force. Kuwahara has made
perhaps the most detailed investigations of the mica lattice structure using nwdact

under water with soft cantilevers of spring constant, k ~0.1 to 0.. In this work

he also reviewed images published in the 1990s and found that there were two basic image
types that shoed either, i) the hexagons of the silica tetrahedra that make up theplzass|
or ii) an hexagonal array of bright spots about 0.53nm apart, consistetievahdimension

of the unit ceII] (Figures 2 and 3J)he first category of image clearly looks like the
hexagonal mica lattice close to atomic resolution. The second categdrgdraproposed to
arise from the detection of the kons in the hexagonal caviti49], although as Kuwahara
pointed out, thigs unlikely due to the ion exchange that often occurs upon immersion in
aqueous solution (see below(uwahara found that the observation of one or the other of
these cases appeared to depend on the direction of the cantitgyaxi® relative to the fast-
scan directio]. Hence, a simpler interpretation is that with a changefinctional force
signal as the scan axis varies, the image changes from one depicting a luéxsagbasal
plane oxygens surrounding a ditrigonal cavityone showing hexagonal arrays of three

basal plane oxygens, where each triplet of oxygens appears as a bm’(ﬁjgure 30).
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Note, however, that a transition from one image type to the other may alsavitbourt a

charge of scan directio4].

Kuwahara based his conclusions on over 200 separate scans, and his stuayestiyvtbe
ditrigonal symmetry of the silica tetrahedra (Figures 2 and 3). Further analysis inthcdte
while tetrahedral rotation is responsible for the ditrigonal symmetry, the distamaehe
hexagons also alters across the surface.i$hisurface relaxation effect, due to additional
tetrahedral rotation after cleavage since theali€ too large for their ditrigonal cavities in the
bulk crystal, and of these cavities some increase in size while otherdentesse in size
after cleavage. The end result is that there is about a +5 % variati@arand b unit cell
dimensions across the cleaved mica surface This work is strong evidersENhest

capable of resolving finer details of the atomic structure, and Kuwahara alparechAFM
images of muscovite and phlogopite (a magnesium-potassium aluminosilicate) swifaces
the bulk structure from X-ray diffractil] and found good agreement, although the
surface relaxation with muscovite was more pronounced fBjore recent method called
three-dimensional scanning force microscopy, which enables the 3D distributiatenf

molecules next to a surface to be visualised, has confirmed the surfactarlaikthe
ditrigonal oxygen rings in the basal pI[50].

More recent advances in AFM force control enable the tip-sample interactionevahder
liquid to be reduced close to atomic dimensions, such that true atomic resolptissiise.
Fukuma and co-workers have pioneered frequency modulation AFM (FM-ARdA) a
resolved atomic point defects in the mica surface under aqueous son‘EhEeir FM-

AFM studies also suggested that &€ in the tetrahedral layer could be distinguished from

the SiQ because the lower charge of Al relative to Si makes these oxygenglprslightly

52-54). A recent X-ray study of mi5] has provided detailed informatidroanthe

12



surface relaxation of mica in aqueous solution subtly varies depending aatitrepresent

next to the surface.

It has long been realised that aluminosilicates such as clays contain exaitiangns
between the platelets, and the ¢t the surface of cleaved mica will also exchange with
other cations present in solution. From the a and b lattice constants ofvmicia contain

two K* shared between two surfaces on cleavage, it follows that tregeseirface area per
K* on the mica surface is 0.47 finiThe first systematic studies of the ion-exchange
properties of muscovite mica was carried out by Gs [56]. He showexhiphtéhe K on
the exposed cleavage planes could be exchanged for other cations in solution, ldtie that
or no penetration into the lattice occurred at moderate pH and immersesdirap to a few
days. The K on mica could be completely exchanged for hydrogen ions. Note that a recent
study showing incomplete exchange was carried out with a system with lamitrd
reservoir]. A dynamic study of the surface potential after immersionicaf in water

equilibrated with atmospheric GQoH 5.6) has shown that the Kave been essentially

completely exchanged forHfter about 1 mi.

XPS studies have shown that the surfat@iKmica may be permanently exchanged far H
Mg?* and C&*, but that Na is washed off when rinsing the surface with pure r [59],
although the Naremain on the surface if acetone washing is employed ind [60]. It was
also shown that the surface mobility of ions increased in the ordet < Mg?*, C&*.

When fully hydrated, the Mg and C&* are thought to be mobile across the surface but bind
more strongly in limited water at low humidi@. A FFM study showed that atomic lattice
resolution may be achieved on mica withathd K+ on the surface, but that with ¥and

C&* this only occurs at higher humidil]. Friction signals in FFM arise Btok-slip
adhesive interactions, so the study shows that the random positidgs*@and Ca* after

ion-exchange lead to a non-periodic stick-slip pattern at low humidities whergtfiand
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C&* ions are immobile. At higher humidities the ions are easily displaced by thetigFd/

give the stick-slip traces of the underlying mica lattice.

The affinity of Li* and Nd for the mica surface is much less than thatb because
their greater degree of hydration makes them unable to approach the slafacenough to
fit into the ditrigonal cavities. By contrast, Qgadily associates with the mica surface in
solution ]. The important point is that the interlayédé€t on the mica surface after
cleavage exchange almost completely on immersion in water in equilibrium with the
atmosphere. It is hence easy to prepare mica which has the sutrfiagaced by H(or
H30%), and in what follows we shall refer to such iew@whanged mica as “H- mica”, and the
untreated mica as “K- mica”. In many cases the ion-exchange has been carried oufik 10
HCI solution to drive the exchange reaction even further towards completw/erage of
the mica surfacﬂ. There have been suggestions that then&ly not reside in the
ditrigonal cavities as #0" or other hydrated species, but thaythind either to oxygens in

the basal plane, or penetrate the lattice and attach to the hydroxyl grélupectahedral

Iayerﬁ].

The importance of the size of the surface ions relative to that of the ditrigita € was
shown by an investigation in which ion-exchanged mica withLH, and Md* on the
surface was heated to 300°C to completely eliminate water from theesiBfdusequent
high-resolution AFM images showeil* and Mg* in the hexagonal cavities, whereas such
atomic-scale features were absent for H- and K-mica, suggesting thaintiee ¢et
irreversibly fixed into the cavities during dehydration. This study lent support toethehdt
the ability of ions to bind into the ditrigonal cavities depends on their size anc: aargjty,

which is related to their enthalpy of hydrati[66].
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4. The Cleavage Energy of Mica in Vacuum and in Air

Because of its layered structure and the relatively weak attractwedrethe interlayer
potassium ions and the negative charge of the tetrahedral layers mica isaleast#yl into

thin layers. The resulting lamellae are very flexible and mica thus lendsatsedf ideal
experiment for measuring the surface free energy of a solid. The sudaasaarbe

increased continuously and in principle reversibly (by rehealing the crack), thusrsatilséy
criterion for a thermodynamic measuremenmjuasistatic and reversible. Such an experiment

was first carried out by Obreimoff in 19 10], and has been revisited tinaggy with

muscovite micg [67-16] as well as phlogo -

ﬂ. It can be shown that the force

required to prise the two layers of mica apart, times the distance over whitdrdhis
applied, is equal to the sum of the surface free energy of the two exposed santhtfes
elastic energy stored in the bent sh [10]. When cleaving mica in air ofitiadpec
humidity a value of 1.5 Jrfor the surface free energywas obtained by Obreimoff, who
also reported that on recleaving the mica after rehealing the sheets a lowevaslue
measured. If the splitting was carried out in a vacuum §fm Hg, the measuredwas as
large as 20 Jri These very high values, as Obreimoff realised, were due to the force
required to separate electric charges originating in the uneven distribution siyatams

on the opposing surfaces after cleav [78]. Metsik showed that the work requilesi/to
mica in air at p = 0.1 mm Hg depended on the rate of clee [M2}atés of 0. 5 mn's
giving rise to free energies that oscillated wildly with time, increasmtp 15 Jn?f and then
falling as low as 1 Jrf) as electrical discharge across the gap between the surfaces occurred
(Figure 4). At a slower cleavage rate of 0.05 mirthe free energy varied between 3 and 4
Jm? only. Metsik also showed how to latgeliminate the effect of surface charge by
conducting the cleavage experiments in nitrogen in the presence of an ionisinﬂ.ﬂce [

which neutralised the surface charges and reduced the measuredfseefacergyo 960
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mJm?. More recent work has shown that cleavage in dry nitrogen is alsly kigatic and
irreproducible due to the influence of the charge domains, with surface free energy values

varying from 1to 2 Jm?, but that a humidity of 5% or more sufficient to largely eliminate
the effect of charge domains on the surf [76].

When effects due to electrostatic charges are removed, direct cleavage exysecan

provide information on how the surface free energy of the mica varies with adsorption from
the atmosphere and on the crystallographic orientation of the two opposing micassurface
Bailey and Kay obtained 308 Jnfor mica cleaved for the first time in dry air (ca. 1 %
relative humidity- r.h.), which decreased to 220-3at a r.h. of 50-60 %, and 182.8-3for

r.h. > 90%]. If the mica was cleaved, subsequently resealed arcaheed a second
time, the surface free energy fell from 308 to 25 &in1% r.h., showing the effect of
adsorption from the atmosphere. However, if the mica sheets were reoriented before
resealing after cleavage at 50-60 % r.h., the decrease in surfaeadrgg was much greater
— from 220 t0120 Jm with the additional reduction of 100 Frdue to the loss of lattice
match on reorientation. More recent direct cleavage experiments in atmospheogs of
accurately controlled humidity have qualitatively confirmed these redltitsugh higher
values, particularly at low r.h. were obtai W [76] , with the surface frerg for virgin

cleavage being very close to the 960 Mineasured by Metsi2].

It would be plausible to assume that the distribution ‘ob&ween the two surfaces on
cleavage would be related to the distribution of oxygen tetrahedra in the suykcinéd
have aluminium atoms in their centre. The net negative charge of thevalld exert a
greater attraction on the*Khan theSiOs. While the exact degree of order of the aluminium
substitution in the tetrahedral layer is unclﬂ [31], there is evidence from LagyEne

Electron Diffraction (LEED) that the Kafter cleavage are randomly distributedeach

surface|[78-8P]. Notwithstanding the locally random arrangement of potassium ions, the
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cleavage experiments show conclusively that domains of net charge ard oretiie
surface on a larger scale. This can be visualised by decoratingshky ftleaved surface
with charged particles, and the surface charge domains are found to be of tloé onger

mny in size ﬁ In an ambient atmosphere the charges are neutralised in a matter of

minutes ], and decay times of 2-8 minutes for surfaces at a B-48 % hae recently

been determined with AFS].

Campbell et al. studied freshly cleaved mica with AFM under ambient condjtienexact
humidity was not reported) and detected the presence of steps thahlyexbaut 0.1 nm
high, and these steps were mobile and disappeared within minutes of el &everal
possible mechanisms behind the occurrence of these steps were discussednasdlitkedy
candidate according to the authors was that the steps are the boundaries héajiver,
positively charged surface domains with i the ditrigonal cavities and lower, negatively
charged domains with no ions. The authors further speculated that the disagpeatke
charged domains could be related to an increased mobility of'the these became

hydrated by adsorption of water from the atmosphere.

5. Mica and the Surface For ce Appar atus

Muscovite mica was essential to the development of The Surface Force tpptra SFA.
This instrument grew out of a series of scientific developments in England duringltiie m
of the twentieth centuryTolansky, at the University of Manchester, developed multiple-
beam interferometry with silvered surfa[ll]. He used this refinement dhssecal
Fabry-Perot interferometer to study the surfaces and topography of cah;nm]
particular used the technique to study the planes and cleavage steps on mmrim)],

noting that large, apparently molecularly smooth areas could be produced on cleavage, and
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that the heights of the lattice steps were multiples of the unit cell dimension Haxiee c
direction, i.e. 2.0 nm. Bailey and Courtney-Pratt at the University of Canabuisied
multiple-beam interferometry of mica sheets sliding against each other in edcoy$isider
configuration to study boundary Iubricati14]. The crossed-cylinder configuration was
adopted by Tabor and Winterton, who designed the first surface force appatstesrtca
. This was followed by further developments to the instrurﬂt [85], which evenrtdally
to a number of similar devices designed primarily to measure surface fetaesh mica

surfaces or mica substrates altered by various surface modificatimigiees across liquids

86-89).

Several factors make mica an unrivalled substrate for surface force nmeasisreit can be
cleaved into macroscopicr(?) sheets of constant thickness with atomically smooth surfaces.
It is flexible, allowing it to be curved and mounted as crossed cylinders) whitmises
alignment problems and allows an entirely new contact area to be obtaiskifting the
surfaces in two orthogonal directions with respect to each other. Mica is trarispare
permitting the use of multiple-beam interferometry, which has the advantage ahgltbe
refractive index of the medium between the surfaces to be determined anduirerame of
surface deformations or surface damage to be monitored. Mica coafg@ratively inert, it

is heat resistant with negligible changes to the surface up to ~4E|°C [90]jsandatfected
by aqueous electrolyte solutions, dilute acids and alkalis as well asmgasicdiquids, apart
from the likely exchange of the basal planeikthe liquid contains free cations.
Furthermore, the ion exchange properties of the mica surface allow for the facieapoep
of, e.g. hydrophobic surfaces by replacing tHenlth cationic surfactants or Iipi .
Finally, by use of the Derjaguin approximati the force measured between crossed

cylinders may be conveniently converted to the interaction free energyiparea between
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parallel, flat surfaces. This is often the most readily accessible quaotityheoretical

models or computer simulations.

In the SFA, two back-silvered mica sheets are glued to cylindrically pdlisitica discs and
then mounted facing each other in a crossed-cylinder configuragquivalent to a sphere-
ona-flat (Figure 5a and)b The two back-silvered mica surfaces form a multiple-beam
interferometer that will only transmit a series of discrete wavelengths of maeidéte light.
Thesewavelengths depend on the surface separation and refractive indexrafdiuen
between the surfacﬁ], and by carrying out measurements with adjacent fringes of
both odd and even order, one can determine independently both the surfadesepada
the refractive index. This feature makes the SFA patrticularly suitable for monitoriagesu
deformations and phase changes in the medium between the surfacescencleasation of
liquid from vapour. One of the surfaces is mounted on a spring (a double-cantilever spring
for optimum accuracy) and the separation between the mica surfaces ifambiyo
mechanical means using motors (with or without a differential spring syatein)
piezoelectric transducers. Surface forces are measured by calibrating tmeembetthe
surfaces at large separatiommsthe absence of surface forces. Any force at smaller
separations results in a deflection of the spring and hence a deviation in tr@enbvwof the
surfaces, from which the force may be calculated using Heddke. If one wishes to
minimise the spring deflection the lower surface is mounted on a very rigidrsugph as
the one illustrated in Figure 5b, which is useful for experiments where the forcesyare ve

large, such as those involving adhesion in vapour and capillary condensati

Despite the inertness of mica, the first surface force experiments showed vewtiockta
changes occur at the mica surface on cleavage in laboratory air. With eroégoh
interferometry it could be established that the effective thickness loinaiaa sheet increases

by 0.35+0.1 nm when exposed to air of 50-80 % r.h. fo [15], or about 00B2:
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when exposed to a r.h. of 40-45 % for [86]. In both cases, the autholsdeal that a

layer of the corresponding thickness adsorbs from air to freshly cleaved Imittee latter

study it was found that on subsequent immersion in water, the adsorbed layerdafgpeare
dissolve, as the thickness of each mica sheet when brought into contatdrimasthe same

as before exposure to air for 1 h. Mica is a high-energy surface, as showrdbgdhe

cleavage experimentard it is not surprising that adsorption of species from the atmosphere
takes place. At the very least one might expect adsorption of water fratmtbsphere at

the humidities found during the above experiments. More surprising, perhaps, was that the
adsorbed layer continued to increase in thickness with time, up to periceolsiays,

when its thickness reached 2-3 nm, and that it was found to have thegrergfractive

index of 1.810.].

In more recent SFA experiments, the standard procedure has been to exposetihe mica
laboratory air only during cleavage of the mical &s subsequent gluing to supporting silica
discs, giving a total exposure time of the order of half an hour or less (tHie can
significantly reduced by re-cleaving just before measurements as, mentidhedliscussion
after eq. 4). Immediately thereafter, the surfaces are mounted in the SFA whéh is th
purged with dry nitrogen. Under these conditions the subsequent contact in wateall/typic
at some -0.3 nm with respect to contact between the mica surfageegen (after the half-
hour exposure to the ambient atmosph [95]. This suggests that air exposuradsrity le
a 0.1-0.2 nm increase in the average thickness of each mica shé&anlgwater remains
trapped between the surfaces when in contact in water this could be sligiely IBespite a
very large body of experimental data, the SFA measurements alone hdeémovely
establiskedhow much water adsorbs to mica on cleavage in laboratory air, and wiretiogr

any water remains between the surfaces when these are brought intoinqniaet

water|[95-97]
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Some years previously, however, the abnormal behaviour of water thadrindehsed from
vapouron mica surfaces was first report@[ZS]. Capillary condensates in the SFA show up
as an annulus of liquid around the contact area of the flattened surfaces which duans int
liquid neck on separation of the surfaces that eventually evaporates angdér sea Figure

5c. In this case the condens®dhter” had a high refractive index (ca. 1.46) and did not
evaporate as expected in an atmosphere undersaturated in water vapoutimét tiine
controversysurrounding anomalous water, or “polywater” was only just being SettIeS]

and the author chose not to elaborate further on the possible reasons for the unusual
properties of theewater condensates. Solute leaching from surfaces and dissolving in

adsorbed films and capillary condensates had been shown to be responsible fousiumero

reports of “anomalous water” in the late 1960s and early 1970s 104]. Although this had

been found principally with silica and glass, other materials such aﬂﬁ and MgO

102|| had also been implicated.

A few years later, the first experiments on capillary condensation of liquid betmwea
surfaces were carried out, and the Kelvin equation was for the first timmeatedy verified

for capillary-held liquid, i.e. for negative radii of curvature of magnitude down to g6

The Kelvin equation describes the change in vapour pressure of a liquid due toiaiterfac

curvature and is given by

RTIn(p/p,) = YYM (1)

where p is the vapour pressure over a curved interfaces, thge vapour pressure over a flat
interface (p/p is hence equal to the relative vapour pressure or the relative humidstyhe
interfacial (surface) tension, andsrtotal radius of curvature of the interfadéne total radius

r is given in terms of the two principal radii of curvaturers by
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= 0t (2)

Agreement with the Kelvin equation was obtained with cyclohexane, but this cdul# no
repeated with water, however, and this was attributed to the presence of carbqneatsous
soluble material on the mica surfaces, which would remain as a solid residine surfaces
after evaporation of the condensates. Since then, a great number of SFA exiserim

involving capillary condensation of nonaqueous liquids have been carri¢d outqﬁpéand

not even with moderately polar liquids such as tert-butanol([110] or ethanol [a41dny

contamination of the condensates been evident, which strongly suggests Hudttéhnén the

water condensates is ionic.

A significant difference in the adhesion behaviour of mica surfaces in water vapour and

cyclohexane vapour was also foupd [[L12]. Close to saturation, both for amateronpolar

liquids, the pull-off force F was found to be given by the negative Lapbtaessure in a

liquid capillary condensater
F=4nRycosd 3)

where R is the radius of curvature of the mica surfaces @ttt contact angle of the liquid
(water or cyclohexane) on the mica (so close to O tha# cam be assumed equal to 1).

However, & p/po decreased the pull-off force in cyclohexane stayed almost constant down to

p/po ~ 0.1, whereas with water there was a noticeable decrease alrggay-ad.9.

It was later shown that the main reason for the discrepancy was not rel#ttedeféect of a

“carbonaceous layér but rather to the use of a singlarilever spring for these

measurements [113]With such a spring, the surfaces move laterally and slide against each

other as the remote end of the spring is shifted to separate the surfaces. Iftitre fric

between the surfaces is high they will come apart with a wrenching motiomdnste
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smoothly, and an anomalously low pull-off force is measyred|[114]. Since theicadhes

between the surfaces is much larger in water vapour than in cyclohexanéecthefethe

large friction at low relative vapour pressures (when there is less lubrication bjpetiso

molecules|[11p]) has a greater effect on the apparent pull-off force in vegteurvthan in

cyclohexane vapour.In more recent work with the SFA, a double-cantilever spring has

become standard in order to avoid rolling and reduce sliding motion of the surface

Quantitative data on the solute in water condensates between mica surface#sivere

obtained during a series of experiments on the capillary condensation of wateofrpatar

liquids, particularly from the silicone oil octamethylcyclotetrasiloxane (OMCIS)Y],

which has been frequently used as a model liquid in SFA experi tEl 169120)].

Capillary condensation of water from nonpolar liquids is thermodynamicallpgmss to
condensation from vapour, and is described by a modified Kelvin equation (eq 1) in which
the surface tension is replaced by the interfacial tension between water and mipudla
and the relative vapour pressure is replaced by the fractional water saturdtiemonpolar
liquid. The refractive index of the water condensed between the mica swfsdeund to

be higher than that of bulk water, but decreased towards the bulk value with increasing

condensate sizg [1[L6], consistent with an increasing dilution as the size ahtlensate

increased. Furthermore, the radius of curvature r of the condensate meniscus gayinve
proportional to the logarithm of the water activity (concentration), as expectedK&lvia-
type equation, but the slope was about twice as large as expected @yigéreolute in the
capillary condensate would give an additional lowering of the vapour pressure cftdranw

addition to that caused by the interfacial curvature. The volume of the cateleasies as

its radius squared [121], while the area in contact with the condensate istipraddo r

121, so if solute that is uniformly distributed over the two mica surfaces dissolves

condensate the concentration and the activity gor dilute solutions should decrease as 1/r.
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Since for & close to unity In[a] is linearly proportional towa In[ay] remains linear in 1/r,
as seen from Figure 5This would be consistent with solute from the mica surface dissolving

in the condensate.

The adhesion force between the mica surfaces was not measurablyddifetite presence
of solute in the condensates, but was within the experimental error of a few percnbe
that expected for pure water condensates. This is not surprising as iores alue only a
slight influence on surface and interfacial tensions. This investigasonsabwed that the
water condensates form at finite separations as the surfaces ared aboapeproach each
other. It is the formation of this condensate that pulls the surfaces intetcoataer than
the action of long-range van der Waals forces. In nonpolar liquids the tistine easily

made as the range of any attractive van der Waals force is much shdtéinge short-range
interaction between the surfaces is often repulsive due to the presencelatibogablvation

forces|[118]. In air or vapour the separation at which capillary conderfeatess often

close to where an inward jump due to van der Waals forces is expectea. 10-12 nm for

substances where the adsorbed film thickness is 1- [89], and a detaileis dsalys

required to distinguish between the two mechanisms|[111]. The mechanism of condensate

formation for non-aqueous liquids was later shown to be consistent witltkertimg of

adsorbed layers induced by van der Waals forces between films on the oppdfsingssur

105|1122]. We believe that thickening of adsorbed films appears more likely than the

suggestion of Luna et al. - that water neck formation between the tip and sample surface

in AFM takes place by condensation of water molecules from the atmosphere [123]. It

seems unnecessary to invoke condensation of water from an undersaturated
atmosphere when there is a reservoir of water in films adsorbed to the tip and sample

surfaces. In the SFA experiments comparisons were also made between the formation of

water condensates in OMCTS confined between K-mica and H-mica suffac¢sThe4].
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condensates were observed to form at slightly larger separations withnteaksurfaces
and it was suggested that this was due to a greater affinity of watdefpotassium mica

due to the surface™

In an effort to learn more about the nature of the solute in the condensates, expavanents
carried out to condense water between two mica surfaces, sepastetd rupture the

condensate, and investigate any solid residue after evaporation of the sameryiftethe

surfaces over #s for 3 days|[12b], carbon repds shadowed with Pt, were made of the

surfaces and in transmission electron microscopy the presence of crystataral on the
surface was suggested by the obvious faceting of the deposits tricegsrea, possibly the
location of the capillary condensate, but in addition there were ca. 25 nmraudé)y cap-
shaped patrticles uniformly distributed all over the mica surfaces, covering pertiaps
tenths of a percent of the areBurther experiments with mica samples that were simply air-
cleaved and exposed to a humid atmosphere before drying them, showed thayiwih dr
times of up to 2 weeks larger, but more sparsely distributed crystalsfaweré on the
surfaces. The crystals had a clear, hexagonal morphology and wer@.5prtoin diameter,

but quite flat. It seemed likely that the cap-shaped particles consisttd shme material

that had with longer drying formed larger crystals.

If a mica substrate was ion-exchanged by dipping in dilute HCB{Bl produce H-mica, no
crystallites were found on the surfaces on subsequent dryingas concluded that the*K
were necessary for the formation of the crystals, and water aB@¢oirom the atmosphere

were suggested as a possible source of an arBoich crystallites were later identified by

AFM imaging of air-cleaved and dried mica surfa¢es [126} it was eventually realised

that exposure to humid conditions was not necessary, and cleavagenutaéhat ambient
humidity (40-50 %) was enough to give crystallites on drying. Exangblé$M images of

such crystallites are shown in Figure 7.
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In a series of measurements of the pull-off force between mica surfaadsiragion of the
relative vapour pressure of n-hexane, cyclohexane and water further informatibie on

different behaviour of K-mica and H-mica was obtained [113)r p/p > 0.95, near water-

vapour saturation in the presence of a condensate of r > 10 nm, the pull-off force with H-mic
was slightly larger than with K-mica, and there was a difference in the mianwhich the
surfaces came apart. With H-mica the surfaces separated abruptlydntaetc whereas
with K-mica the surfaces would move outwards by a few nm before jumping apart. This
discrepancy is due to the different short-range force in water between meradonainly

with H* ions and mica covered with mainly KWith H-mica the short-range force is purely
attractive, whereas with K-mica there is a short-range repulsion due ratibgdof the K

m], which shifts the position of the outward jump by a few nm from contact.

A detailed study of the factors affecting the adhesion measured between micassuridry
air/nitrogen and in water vapour led to several significant conclus BB initially
measured pull-off force in nitrogemas high, and in good agreement with the results of direct

cleavage experimen §;’4}-76‘| and surface energies inferred from contact angle measurements

127]]. According to the Johnson-Kendall-Roberts (JKR) thepry [128] the experimentally

determined pull-off force F is related to the surface free energy pearasijt by the relation

F =Ry 4)

where R is the radius of curvature of the surfaces. JKR theory is expediedvédid for

surfaces with large radii of curvature and large adhesion, which is the case forcéhe

surfaces used in the SHA [12%he normalized pulbff force F/R decreased with time, from

about 1.2 + 0.1 Nm (equivalent to a surface free energy ef0.13 Jn¥) during the first few
hours, to 0.9 + 0.1 Nrh(y = 0.10 Jm™) after 24 h and 0.7 + 0.1 Nh{y = 0.07 Jm™) after 48

h, almost certainly due to the adsorption of contaminants from the gas phasedh@&siera
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measured between H-mica surfaces was on average higher at abo@ 1L Mt (y = 0.15
Jnm?) during the first few hours. Similarly, direct cleavage experiments with resdaigida
(the ion exchange was carried out after a first cleavage before resealinggdshow
significant difference in the surface free energy compared to resealed Ktrrﬁwes].
In a later study, Frantz and Salmeron measured still higher values of the plalieaff

between K-mica surfaces. By cleaving the mounted mica sheets in dry nitnogediately

prior to the measurements using sticky tape [130], they obtainallies of up to 0.30 Jf

for mica that had had very limited exposure to water vapour [131].

As a result of this detailed study of the adhesion between mica surfaces imaaipitoposed
that the anomalous properties of water condensed between mica surfacésewasthe
dissolution of KCOs (or KHCG;) in the condensates, and that #i@ons resulted from a
reaction involving water vapour a2, from the atmosphe5]. It was concluded that the
references to wat-soluble organics that had often cropped up in connection with the

adsorbed layer on mica weareorrect.

Finally, a study of capillary condensation of water with H-mica sagd&32] was carried

out and it showed that there was good agreement with the Kelvin equation in theeatise
the potassium compound on the surfaces, and the refractive index ohttensed water
was within error equal to that of bulk water (Figure 8b). Curiously, quawitat

measurements of the size of water condensates between K-mica sudaeemly made

much later [[13B] - the condensate size was not explicitly mentioned byr Fasite

Israelachvili[[1038]. Thes data showed that the radii of curvature of the condensates on K-

mica were about twice as large as expected from the Kelvin equation, a testuivas very

close to what had been found in the case of water condensing from OMCTS [1d&seds

above (see Figure 8b). Moreover, the amount of potassiumC)Kavailable on the mica
surfaces in direct contact with the condensates was not sufficient to accouthisfor
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additional vapour-pressure lowering. It was inferred that the additional soitéeed the
condensates via diffusion along the surface, which is consistent with the atiffinsit is

necessary for the Oz crystallites to form.

Measurements of the size of water condensates below 0 °C revealed th&drtheial radii
of curvature of these supercooled condensates were only slightly largexteated from
theory (Figure 8a). At a temperature depressidnbelow the melting point o (of ice),

water condensates at saturation are limited in size and their radius of curvgives iby a

Gibbs-Thomson-type equatign [134},

V,, T
r_YMm

= 5
AH AT ®)

where AHgws is the enthalpy of fusion. A reduction in temperature belgthds has the same
effect as a reduction in vapour pressure below saturation akovEhiE has been found to

accurately predict the size (proportional to the radius of curvature of the vapour-wate

interface) of condensates of cyclohexane [134] and neo-pentan@1d9i8below T With

water, however, the condensate size and interfacial radius of curvaturdavwgre than
predicted but good agreement was obtained by assuming that each water condensate
contained all the K(in the form of KCQOs) from the mica surface with which it was in
contact. The vapour-pressure lowering due to potassium solute was then ddiintetene-

fifth of that due to interfacial curvature. This suggested that the rate of surfacsodifbf

K2CQOs is significantly smaller at subzero temperatures, which is not unexpected [133].

Remarkably, it was found that the condensate sizes measured during tkie stadly of

capillary condensation from the nonpolar liquids OMJTS [116] were in almost quastitativ

agreement with those obtained for condensation from vapour (when adjusted for the
difference between the interfacial tension between OMCTS and water and thee surf
tension of water, as required by eq. 1).
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A number of experiments on capillary condensation of water between mica suntee
show that all the observed properties of the water condens#teshigher refractive index,
the larger than expected interfacial radius of curvature, the negligible effebe pull-off
force and the crystalline residue left behind on evaporation and drying are congistené
presence of a potassium salt in the condensates. IftheeKeplaced by Hhe properties of

the condensates are consistent with those of pure water.

6. Surface Analytical Studies of Air-cleaved and Vacuum-cleaved Mica Surfaces

At the same time as SFA experiments were accumulating evidence foetience of water-
soluble material on the air-cleaved mica surface, several different suafzadgtical
techniques were providing further support for this ide@o years before the account of the

non-evaporating capillary condensates was publishetlidy of the surface of cleaved mica

with Auger spectroscopy [185] shed that the major surface contaminant on air-cleaved

mica is a carbon compound theamot be removed by heat treatment in UHV at 500 °C.
However, long-term heating in an atmosphere of oxygen -attd® and 450-500 °C did
remove the carbonaceous material, but also resulted in some loss of surfaceinpotass
Furthermore, it was found that the carbonaceous material was present regardleshaf whe
the mica was first cleaved in UHV and then exposed to air, or whether it wasdcieave
ambient air from the start. Exposure of an UHV-cleaved mica surfacezd000or CH did

not resultin any carbonaceous surface layer, and it was suggested that the préseates o

vapour was necessary for the formation of the carbonaceous mpter|al C18&rly, all these

observations are consistent with the presence-6f08 on air cleaved surfaces, but not with
adsorption of hydrocarbons or other common organic contaminants which would not remain

on the surface at 500 °C.
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A comparison of the Auger spectra of vacuum-cleaved and air-cleaved meacke in
conjunction with an investigation of the adhesion between gold and mica, cahftire
presence of carbon or hydrocarbon impuritieg [82] the air-cleaved surface. Furthermore,
it suggested that the weak adhesion found between gold and air-cleaved dueato the

presence of carbon or hydrocarbon impuritieg [82]. A comparison of thehpagiits of the

different spectra led the authors to suggest that the carbon-containing materiatated |

between the K i.e. not covering them.

A later SSIMS (static secondary-ion mass spectrometry) study confirmeardbence of

what was termed a “carbon compound” on the surface of air-cleaved micg [116], and that i

could not be removed by subsequent exposure to UHV, and that it was absemaon m
cleaved and maintained under UHV conditions. Additional SIMS studies comparing freshly
cleaved and weathered mica surfaces showed that there was depletion afimpotass

mica surfaces during weathering under ambient condifiong [137], and that a @odiegp

increase in surface oxygen occurred. This is consistent with timation and clustering of
K2COs on the surface, since any aggregation of species would lead to a netoreducti
average surface concentration when using a technique that probes onlyetineost layers

of atoms.

In an important contribution Bhattadlyga showed that C®would adsorb on vacuum-

cleaved mica, while air-cleaved mica showed no affinity towards [@38]. The author

concluded that the lack of reactivity was due to the presence of a carnshavedayer on

the air-cleaved mica, the presence of which was confirmed in a later(X#& Photo
Electron Spectroscopy) investigati80]. Since the temperature-programmed dasorptio
(TPD) of carbon dioxide in vacuum was found to follow second-order kineticsiinfexred

that two surface species must be involved, at least one of which must be able to diffuse across

the surface. The author considered it most likely that the mobile spemigd be a proton,
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and that desorption would occur when it encountered a carbonate bound to a siliediofn th
tetrahedral layer. Hence, the carbonaceous overlayer would originate @@ehinds to
hydroxyl groups just below the oxygen hexagons of the mica surfacgerierate a
bicarbonate species, which then releases a proton that can migrate alamfptteeand bind

to a surface oxygen. These ideas will be further discussed in séttion

Further evidence for the formation of a solid compound on the surface of mica came fr
LEED investigation of air-cleaved mica that found evidence of nanostructures surfhee

139|, which had not been noted in earlier stu .[BBpsequently, while attempting to

develop a method for contact printing of polymers and lipids with poly(dimdtxdse)

(PDMS) stamps on mica, Workman and Manne found that patterns were produced even in

the absence of lipid or polymér [140Jhe patterns only appeared at intermediate humidities

between 35% and 70% [140], and it was suggested that the patterns consistemhties

thick layers of a potassium compound (assumed to be bicarbonate, not carbdmatgh alo
evidence for this distinction was presented). Transport of surface potassium icseihed
water was necessary for pattern formation, so the patterns were abdentiry conditioa
(<25 %) when not enough water was present, and at higher humidities (>70%), when the

potassium compound remained dissolved in the water film.

Even stronger evidence for the presence of potassium carbonate on air-cleaveehsnica

obtained by Ostendorf et gl. [1#142)]. Several previous studiHZ%S 13G|138] were in

agreement that the carbonaceous overlayer formed on cleaving mica iruldirnod be
removed by exposure to UHV conditions. Ostendorf et al. carried out a compa&Vi

study of mica cleaved in air and in UHV, and found very different results with the two

samples of different origin [141]. The surface cleaved in UHV could not béas&tisly

imaged in non-contact mode due to the magnitude of the surface potentiall|yypetween

-80 and -130 V. The potential could not be reduced by annealing in UHV, evenl&t Im@0

31



after a few minutes exposure to air the potential decreased to +2.5 \Gul$eguent AFM

images revealed the presence of numerous particles on the surfaterabklae in the range

1-5 nm, and the authors suggested that these were@@; Krystallites previously observed

by one of ug

[125].

In a later study, the crystallites on air-cleaved mica samples wagedrat higher resolution

by non-contact AFM in UHV|[142]. Anhydrous KCOs, which normally forms at

temperatures below 3& 143|ﬂ, is monoclinic with unit cell dimensions a = 0.564 nm, b =

0.980 nmc = 0.688 nm ang = 98.8°|[144], and high-resolution AFM scans showed row

periodicities that were close to the a and b unit cell dimensions, indicating thaa#e

would be perpendicular to the surfac&€he angle of 117° measured between these rows is

not, however, consistent with the bulk monoclinic structure A8®, which should give an

angle of 90°, but rather suggests a hexagonal structure imposed by the underlgng mic

surface, as seems to be the case for the taugér crystallites imaged by AFM and shown in

Figure 4 and also those published previously [125]. Potassium bicarbonate is also monoclinic

but with very different lattice parameters (a = 1.52 nm, b = 0.56 nm an@.87 nm§ =

104.99 [14

carbonate is again monoclinjc [1

so this cannot explain the observations. The sesquihydrate of potassium

1647]), butits lattice parameters of a = 1.19 nm, b = 1.38

nm, ¢ = 0.71 nm an@ = 120.6° are not consistent with §eeAFM data |[142]. It is very

likely that the mica surface is able to impose a structure different from ttred biilk crystal

with these very thin crystals that are only about 3 unit cells thick.

7. Adsor ption of Water Vapour to Mica Surfaces

Langmuir] and later Bangham and Mosallﬂﬁmsed muscovite mica as a substrate for

vapour adsorption studies, but confined themselves to working with gases and ogueatsc li
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and did not study adsorption from water vapour. Bangham and Saweris, however,
investigated the spreading of various liquids on mica and found that waterndobes
completely wet air-cleaved mica but has a finite contact angle (the vatuaovaeported)

, although for example methanol clearly wets mica, as shown by thérmetere colours
around the edge of a spreading droplet. Complete wetting of a surface by a liquid is
equivalent to that liquid spreading on the surface, or having a zero contact arthle on

surface. Mica that has been cleaved in water vapour introduced into a pheeeacuated

chamber has been reported to be wetted by water F]L41§T‘, and there is a very old

observation of water having a zero contact angle on mjc&&Bheron quotes a value of 2.6°

for the contact angle of water on miegosed to air “for a couple of hours” [150], which is

in agreement with our unpublished measurements on mica exposed for a few mhutes o

However, a recent study reports a contact angle of only 0.06° for water aroaimcbahble

pushed against a mica surfgdce [[L51].

The adsorption isotherm of water on mica was measured with ellipsometry biglReaget

al. [152 [153], and the results shew a finite thickness of the adsorbed water layer at

saturation (varying between 0.8 and 2.5 nm, depending on the mica sampulgsimse
agreement with the small but finite contact angle observed experimefitad yinite film
thickness and contact angle both contradict the resiutte Lifshitz theory of van der Waals
forces, which predicts that water should wet mica completely, i.e. a bulk wadéetdsioould

spread (contact angle = 0) and an adsorbed film of water should grow without bounds as

saturation is approached [1853]. This disagreement is not surprising as Lifshitz theory is

based on the dielectric properties of bulk materials, which will be very different from the
dielectric properties of thin films whe orientational effects such as those in hydrogen

bonding are involved. Similar amounts of water adsorbed to mic were measured

by Cantrell and Ewing using Fourier Transform Infrared (FTIR) spectrosapy they
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found a limiting thickness of about 1.25 nm. A later multiple-beam interferorsteidy by

Balmer et al.[[15p] only included measurements up to a relative vapouanere$svater of

0.9 (at which the adsorbed thickness was 0.6 nm), but the authors did investigdfedhof

ion exchanging the surface. The adsorption isotherm of K-mica showed a moreegntom
knee at low pressures, but at relative vapour pressures in the range 0.5r@dultisewere
within error the same for surfaces with" ldr K* (Figure 9). The average water layer
thickness at pgp= 0.50 was about 0.25 nm, so the influence of theviuld appear to be
unimportant for thicknesses above a statistical monolayer of water. Skicbkeain the
adsorption isotherm at low pressures is normally due to surface heterogeneiséssiwith
larger free energies of adsorption that lead to a greater increase of adseiiitisapour
pressure at low pressures. Thedf the surface are the obvious candidates for these sites,

whether located in their ditrigonal cavities or elsewhere on the surface.

While the properties of mica as an electrical insulator are well known, adsorptizater
from the atmosphere leads to a significant surface conductance at higher humiditses

of importanceto the use of mica in capacitors, as the increased surface conduetwsyto

resistive losses [157-160]. It also means that mica in humid air can be imagedavithng

Tunnelling Microscopy (STM) [161162], which requires conducting substrates. The surface

conductance of mica increases approximately exponentially with the ralapeer pressure

of water|[161-16B], and the mobility of'as well as H, Mg?* and C&") on mica also shows

an exponential increase with relative humidjty [[59The surface conductivity of mica in

water vapour has been said to be four ordlers|[164] or five orders [fLBHgmitude greater

than if the layer were pure water, indicating the presence of considerable numioers o
The increase in conductivity with humidity can only be due to an increased snobilitese
ions as it is difficult to understand why the number of ions would increase Swalitg with

the water vapour pressure. The presence of potassium ions on the swtacets
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qualitatively for this increase. At low humidity the',Kvhether hydrated or not, are mostly
present as scattered entities or as crystalGf depending on the previous history of the

surfaces. Above about 42-43 % relative humidity (the vapour pressure owturates

solution of KCQOs 165|]) the crystallites start to dissolve and the potassium ions, with any

associated water become mobile, and this mobility increases with watent

8. Structure of Water Adsorbed to Mica Surfaces from Vapour

The nature of the adsorption isotherm of water on mica provides some information on the

structure of the adsorbed film, e.g. that the increased adsorption on K-micaedhupH-

mica suggests that initially adsorbed water hydrates the potassium iops [156]orfsddit

information may be gleaned from studies of the temperature dependence of adsehition,

allows determination of the entropy and enthalpy of adsorption. Thus it was @dssibl

conclude from the IR measurements discussed alpovg [154] that water adsantwediso

more structured than bulk water, and that the first (statistical) layer of water inulaatrisc

highly ordered. A calorimetric study of water vapour adsorption to mica parnicles

diameter < Jum and specific surface area 21.8/gn1646] confirmed that water at

submonolayer coverages was more ordered than bulk water, but that the mbthktyvater
molecules increased at higher coverages. Detailed comparisons atdt @diffia particulate
sample contains different crystallographic planes at the edges of flakes in additien to
basal plane. Interestingly, the authors found that reversible migratiohaufckirred in the

presence of adsorbed water molecules.

The more detailed structure of adsorbed water films on mica has attracted cblesidera
attention in recent years using various scanning probe techniques, X-rayvigf]esurface

spectroscopy as well as simulation&.difficulty when comparing the results of the different
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studies is that some of these, experimental as well as simulations, strictly spukaiingh

the interface between mica and bulk water whereas others consider a system of

mica with a thin film of water in vapoyr [169-174]. Hed¢wo systems may be quite

different for films that are only a few water layers thick, when the mica-adsorbeafdrthe
adsorbed film-vapour interface are not independent. We will concentrate onttities s

that consider the mica in in a vapour environment.

In AFM studies in ambient or controlled humidity environments a capillary neclateirw

forms between the surface and the tip at small separations (Figure 10), aadi$eis

unwanted effects, such as a jump into corﬁ1 133|175-177], as occurs in the SFA (see

section 5). In an AFM, however, these jumps are typically found to beden of magnitude
smaller, or of the order of 1 nm. The large attractive capillary interaatioplecates
contact-mode operation of AFM under ambient conditions by increasing the atttgctive
surface interaction and the frictional forces, and obviously makestutig of adsorbed water
films impossible. This inspired the invention of amplitude modulated (AM) dynamic AFM
modes with stiffer cantilevers than for contact mode operation, #0-50 N/m (compared to
k ~0.1 to 0.5 N/m for contact moy . In a tapping-mode approach, the tip performs
intermittent contact with the sample surface and the capillary neck is overcootkgadly
during the cantilever oscillation cycle of typically >10 nm. This method is robust but can
limit the achievable resolution and may damage soft samples andAstdrpps. The
physics of tapping mode in air is complicated by a bi-stable behaviour of theamti
vibrating in the non-monotonic tip-sample potential, which can be further exacebplyated

capillary neck formation between the tip and sample. For the underlyiractdrastics we

refer the reader to the Iiteratt1re [1280]. Alternatively, the capillary interaction may be

avoided altogether in a true non-contact (NC) mode experiment, where the yettgolatip

and surface do not contact at all, by using a sufficiently small cantilevert 123
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181]. The spatial resolution will be lowered somewhat because the tip is ogeaftether

away from the surface, but the dynamics of water films may be imagediveibly|[181

182]. Another methods to use a sufficiently sharp tip, where there is strong evidence that the

capillary neck cannot form [183-1B5], as expected from restrictions impodad Mpung-

Laplace equation as well as the tip size and geometry [183].

Before NC AFM in ambient conditions using AM control was established, a powerful

derivative of AFM known as Scanning Polarization Force Microscopy (SPFM)réidL)

was introduced by Salmergn [186-189]. In SP&pbtential in the volt range (constant or of

variable frequency) is applied between the metal-coated cantilevedtijh@ substrate. The
potential induces an attractive force between the tip and the substrate, ot ¢his
modified in the presence of adsorbed layers on the substrate. If the dielectric adrib&ant
adsorbed layers is larger than that of the substrate, the attractive forcenttgivesel sample
increases and the force-feedback control compensates by moving the tipawayer
surfaces. Consequently, adsorbed layers of a higher dielectric constanttkipgear

whereas those with a smaller dielectric constant than the substrate will seeen (fh88],

but the absolute thickness of the adsorbed layers cannot be measured. Indhengzse a
humid environment, the polarization is sensitive to the orientation of adsorbed wate
molecules as well as the presence of mobile surfacs [59]. SPFAMespi@ non-contact
mode due to the long-range nature of the electrostatic force between tip andaainple
hence does not disturb adsorbed water or surface ions. Due to the larger tip-substrate

separation compared to NC AFM the lateral resolution is limited to ca. 2Butrsub-

micron size droplets of liquid on surfacae nevertheless readily imagged [1291]].

The results of SPFM studies of the mica surface suggested the presence dirnato dis
“phases” of water at low humidities. Below about 20% relative humidity a homogeneau

water film designated phase | was found, whereas between 25 andik®%Im of phase I
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formed apparently hexagonal domains in epitaxial relationship with the mica substrate, and
the authors suggested that it might be solid-like in nature (Figale C&ntacting the tip to

the surface temporarily transferred adsorbed water to the tip, producing a depregso

surface film, which would disappear as water refilled the hole|[187]. Thetdiea for the

depression to refill varied with humidity and the structure of the film (phase | or phase |

and increased with the time of exposure to the ambient after cleavage.

In a later stug the evolution of adsorbed water films was studied with SPFM after the films

had initially been perturbed by contact with the(tip [[150]. It was foundhkahteshold

humidity for the appearance of phase Il cotelavith that observed for the onset of
capillary condensation during tip-sample contact. Once again the authors inferred the
existence oamore strongly bound water layer at r.h. < 20 %, but now discussed the

importance of the surface*Kor phase Il, present for 20% < r.h. < 45%, although n

evidence for solid residues of e.g2QQOs after drying was found [1%0].

Experiments usingun-frequency generation vibrational spectroscopy provided further

evidence of a solid, ice-like water structure on mica, with no free (dangldgdden bonds

192||. Together with the repeat measurements using SPFM a slightly revised pfdfue
structure of water layers on mica was obtained , with a very low wateragevbelow 20%

humidity and a gradual increase in water with ice-like, ordered structure untiidotblayer

coverage was reached at ca. 90 % humidity|[192]. sibbsequent study the humidity was

increased beyond 90%, and it was found that water films with dangling H-bonds apteare

room temperature, but that in adsorbed films below 0 °C the ordering without free Bl-bond

persisted to larger thicknesses, leading to a ferroelectric structure of the adsorfpg@3jim

(Figure 12b).

In agreement with the results of Salmeron, a molecular dynamics simwati@ter
adsorbedo mica from vapour found that water condensed into a completely connected, two-
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dimensional network of hydrogen bonds at monolayer coverage [172]naesi?D-ice by

the authors. Although the simulation cell covered only two unit cells of thesmitace,
establishment of this hydrogen-bond network appeared to be more importasoltifzion

of the potassium ions. More recent simulations, however, have contradicted thisamcture

found little indication of well-ordered, 2-dimensional ice-like structiyires|[174], and coxclude

that the water adsorption is influenced both by H-bonding to surface oxggedrs/dration

of potassium ions. A grand canonical Monte Carlo simulation of the adsorption isather

water on micd [17/0] was able to reproduce accurately several features found in the

experimental adsorption isotherm by Balmer ef al. [156]. It was found that initial adsorptio

for p/m < 0.1 occurred both into the plane with the(kKe. between the ¥ as well as into a
second layer hydrating the"Kresulting in a knee as observed experimentally. There was no
indication of ice-like structures in the adsorbed film, which showed considerable
heterogeneity because the water was strongly bound both td tredikhe basal plane
oxygens. The authors also found that the results were consistent with the exiadisime
observed (most commonly) partial wetting of mica by water. A density-functtundy of
water on the mica basal plane has concluded that the properties of dgaidrea on mica are

dominated by hydration of the*Krather than ice-like coordination of water with the basal

oxygens|[1738].

Nevertheless, a relatively recent imaging study by AFM has claimed to reselike

ordering of water on micia humid environmentg [194]. Although interpretation of these

images has similar issues to those of the mica lattice under liquighatine used force
measurements in combination with imaging to corroborate their findings. The saupehgs

also reported that it is possible to use the AFM tip to write nanochannels inte-ie

layer at humidities above 30%, with long relaxation time-scales of adéateecond [195].

Other force measurements between a tungsten tip and mica detected a sh¢rOr&nge

39



repulsive force before contact which was also attributed to an ice-like lewae([196]. The

onset of these forces corresponded to 20% humidity, which correlates with ¢he@fons
capillary condensation and the transition between phase | and phase hsvdéscribed by

the Salmeron group. Furthermore, Monte Carlo simulations of water films on mica by

Meleshyn|[164171] found support for the existence of polygonal water islands on mica as

observed with SFPM, and attributed them to clusters"ofikh a saturated first hydration

shell.

Developments in the reconstruction of tip-sample forces from amplitude-distance

measurements, both in the large and small amplitude ljmits [197-20@]ehabled AM

AFM measurements of the thickness of thin water films, which on mica [201]rapdea

consistent with the results of other technigues [152 -15%], and also show the importance

of ageing or weathering effeqgts [201].

9. Adsorption of DNA to Mica

The use of mica as a substrate for the study of biomolecules with AFM wasmeéntiche
Introduction. In most cases the studies are carried out in aqueous solutrerttvehi§ will
have been exchanged for other ions. There are some examples, howeverthe
measurements are performed in humid atmospheres, involving in particular DNtAeaad
provide interesting information on some properties of mica relevant to the sofitjeist

review.

Hansma and Laney showﬁ%] that linear, double-stranded (ds) DNA woulighbithgl
enough to mica for tapping mode AFM imaging in solution in the presence térdiva
transition metal ions. The strength of the binding coreelaith the cationic radius, which is

approximately inversely proportiontd the enthalpy of hydration, so the authors concluded
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that it was related to how well the cations would fit into the ditrigonal cavifiee strongest
binding was found with N, Ce?* and Zi#*, whereas M¢f would not bind DNA tightly

enough for imaging. A flow-through system that enabled the adhesion of DNA taatiea

switched on and off was devised for solutions containirig [202].

Rivetti and Bustamante deposited linear dsDNA on mica from solutions contdifiargnt

cations, imaged the surfaces in air and then analysed the shape of the D@ eBalsing

polymer-chain statisticg [203]. The results indicated that when the micaeased with

Mg?* the DNA molecules could diffuse across the surface and fimditieest energy
configuration in 2D (Figure 13b). In the absence ofiMbe DNA coils could overlap if
sufficiently long, indicating a different mechanism of binding to the surface. &bésis
known as kinetic trapping, where the DNA backbone is pinned at the pointstattoaith
the mica and the conformation is a projection of the 3D solution conformatiother2®

mica surface (Figure 13c). In bulk, mica treated withf Nsually gives rise to kinetic

trapping with long DNA strandp [204].

Billingsley et al. found that sufficiently short dsDNA molecules (< 800 base pai§0om

long) deviated from the expected average binding conformation on Nitmica T2@se

molecules were characterised by surface-equilibrated conformations hathdxeing
kinetically trapped, which provided evidence that the surface distriboftidi?* on the mica
was not homogeneous. A model involving patches of charge on theurf@eeswas
proposed, where the effective size of thé"¥inding domains was of the order of ~100nm
across (Figure 13a). This suggests that when mica is cleaved it weaglbatrostatic
domains at the nanoscale as well as on the aforementioned longer Iengt,
and that these domains somehow persist for long enough to influence the ion-exchange
procedure. In these AFM experiments the time between cleavage and ion-exgbanfe

the order of seconds.
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The ionic “patchiness” of mica at the nanoscale was supported by the results of an earlier
humidity controlled AFM study on Mg-mica and Ni-mica using 3 different topetogf

circular DNA (plasmids) [206]. At sufficiently high humidity (>90%) where the waterlaye

thickness on mica approaches the dsDNA diameter of 2 nm, irreversible conformational
switches were observed in DNA molecules containing supercoiling strain energsharioe
was greatest on Ni-mica for supercoiled plasmids: the implication beinthéhpartial 3D
conformation of these molecules means that they are not fully bound tofteesand able

to re-arrange.

Mica in a humid atmosphewith double-stranded DNA bound to the surface with Wias

studied by AFM imaging in NC mode [207]. The well-defined diameter oisBNA

molecule could be used as a “molecular dip stick” since the apparent height of the molecule is

influenced by the adsorbed water thickness surrounding the DNA [208]. The kirietiatD

layer formation were influenced by the incubation time of the micadhddiution (30 s or 5

min) as well as the time the Ni-mica was left at ambient humidity (hours §).day

It is clear from these AFM studies and those mentioned in section tBeéharocess of ion-
exchange of Kat the surface of mica is a complex process. DNA binding to mica appears
require the presence of divalent cations and their ability to bind into thgoddt cavities
depends on their hydration. The DNA conformations give additional evidencerobtlkty

of certain ions on the surface (i.e. equilibration vs kinetic trapping) and while tioadare
not directly implicated in DNA binding, the persistence of charged domains sarfaee

suggests that they play a role in the ion-exchange process.
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10. Epitaxial Crystal Growth on Mica

The use of mica in early studies of epitaxial crystal gr[Was mentioned in the

Introduction, and numerous investigations of epitaxy of especially alkali haldesca

have since been carried out, using both vapour depositiop [209] and solution growth of

crystals . 210-212]. The utility of mica for studying epitaxy is obvious; the basalepl

exposed on cleavage provides large, atomically smooth surfaces with a regiiratyce.
Of particular interest for this review, however are some cases where the presabsence
of potassium ions appears to hawaajor effecton crystal growth and epitaxy on the mica
surface. For example, Christenson andvorkers hae found an intriguing difference

between freshlgleaved and slightly “weathered” mica in a study of CaC@precipitation on

mica from aqueous solutign [2[13]. Calcite does not grow epitaxially shljreleaved mica,

but if the mica has been exposed to a low-humidity (< 40-45%) environment fan3H

more after cleavage the calcite crystals will grow preferentially oriented withakis c
perpendicular to the mica basal plane (Figure 14). No epitaxy is found if thasiteen
exposed to very humid atmospheres (> ca. 70%) at any stage before immerdiatioim. so
Epitaxy only occurs if the mica is immersed directly in a metastable @olofiNaCOs; and
CacCb, not if it is first immersed in one of the two solutions before the secons adeled.
There is no epitaxy with H-mica. It appears asACRs must be present on the surface at the
moment of contact with the metastable solution to induce epitaxy, but the mechahisich
this is not clear. Perhaps a local and transient increase in carbonate ion congentratio

contributes. However, calcite also grows epitaxially on both freshly cleaved and wdather

surfaces of the related phyllosilicates lepidolite, biotite and vermiqali#. The interlayer

cation of the first two is K as for muscovite mica, but in vermiculite the interlayer cation is

Mg?*. There is clearly scope for more work on this topic.
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Tungsten oxide (W§g) is a wide-gap semiconductor with important applicationsanoscale
electronics. Nanowires of tungsten oxide may be grown on mica by subliming &hWO

film onto the substrate at atmospheric pressure, 30-40 % relative humidity anctikelyel

low temperature of 550 °C [2]L5]. This temperature is far below the sublimatiperaiure

of bulk WG, and it is likely that water vapour is involved by converting the oxide to a

hydroxide. The nanorods are epitaxially oriented by the mica surfaceamaigangles that
are multiples of 60°, as expected from the pseudohexagonal surface lattice of the mica
(Figure 16). Similar nanorods do not form on surfaces such@s 8t SiQ, and it has been

shown that the Kfrom the mica surface are involved by forming a non-stoichiometric

tungsten bronze JXVO3 asan intermediat¢ [21216]. Subsequently, it was demonstrated

that only freshly cleaved mica produced the optimum conditions for nanorod drowth [217]

Mica that had been annealed for 10 min at 350 °C and mica that hakiepédéor 10 min in
ambient air gave a significantly reduced density of oriented nanorodsnerat all, and a
also showed a depletion of surfaced€cording to XPS measurements. As the authors
concluded, these observations are consistent with the potassium ions afatseirface very
quickly becoming locked up in#Gs crystallites and hence not as readily available for the

formation of the tungsten bronze, which is necessary for the growth of the oriented nanorods

217]. When the Kcollect in crystallites the mean surface density as measured by XPS

would decrease as the signal from some of the deeper lying K+ will be shielttersby

above.

Another example of the influence of the potassium ions on crystal growth invopes va

deposition of pentacene on mica [R18], during which high-aspect ratio nanorods grow

oriented parallel to the surface. However, if the potassium ions are remposkiadibg with
water or acetone, or the surfaseéntenionally contaminated with diffusion pump oil, the

crystals take on a different orientation perpendicular to the surface. ybt@ growth of a
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second rod-shaped aromatic molecule, para-hexaphenyl, has also been df@gensitive

to the presence of*kon the mica surface [2[L9]. With freshly air cleaved mica the vacuum-

deposited para-hexaphenyl formed flat, needle-shaped crystals lying omf#oe swhereas
if additional potassium was vacuum-deposited on the mica surface, the cryspadsiado
standing configuration. The authors explained the difference by assuming thatitioeadd

potassium disrupted lateral electric fields present on the air-cleaved mica.

It is likely that there are many more examples of crystal growth aextation being

influenced by the surface potassium, although the mechanism behind this may be unclear

220)(221]. There is call for more extensive studies of such cases since it is &lselativ

simple matter to exchange the potassium for hydrogen ions or other cations.

11. Origin of the Carbonate lonson Mica

The carbonate ions on the air-cleaved mica surface must result from sonwnreattieen
atmospheric carbon dioxide and water catalysed by the mica surface. That thisatughs
perhaps not entirely unexpected as zeolites, which are well known for theiticataly

properties, are aluminosilicates like midae possible mechanism of this catalytic surface

reaction appears to have been first discussed by Bhattacharyya [138] poknsated

mechanism for C@adsorption and conversion to a carbonate species at the mica surface was
mentioned in section 6. The hypothesis was that\Wddld attack a hydroxyl site in the
outermost tetrahedral layer to form a bicarbonate species, which would then dissociate into a
carbonate and a proton that would migrate along the surface until it becamsestatahr an
aluminium site. Our extension of this idea would be that thiseplaces the Kin

neutralising the lattice charge, and that two tEgether with the carbonate then form

K2CQs, which becomes mobile on the surface in the presence of water, butisgstander
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dry conditions. However, we do not feel that we are in a positiopettutate on the details of

the mechanism, or exactly where therhight reside.

The general idea is based on earlier work showing the presencbafai@ species after

adsorption of C@on zeoliteq [22P]. Zeolites and mica are both aluminosilicates and are

hence chemically closely related, but with an important structural differencéitezare
porous on the nanoscale and able to absorb large amounts of gases amnmblemialiks in the
pores. Zeolites are potent catalysts with numerous industrial applications arid there

currently considerable interest in the use of zeolites for the separation and captuse of CO

from industrial emissiong [223]. Further examples of carbonate formation in zeolites are to

be found in the more recent literature [2244227], and there have even been cadesnaite

species forming on the external surfaces of the nanoporous zgolitgs [228].

In the case of zeolites an increase in the amount of édthpared to Sipfavours adsorption

of COp because of the resultant increase in surface charge [223]. Compared é3 zewtia

has a very large Alto SiGy ratio, so CQ adsorption should be favoured, as should the
initial presence of Kon the surface. Indeed, the mesoporous aluminosilicate Al-SBA-15

doped with K shows greater C{adsorption than when doped with LINa" or Cs |22

Proton migration such as that envisaged to accompany carbon dioxide binding to the mica

surface is an impaatt elementary step in the catalytic activity of zeoli{es 230]. Findilly,

should be noted that similar reactions that lead to the formation of calspeaties occur on

many other mineral surfaces, e.g. aluntina [231], and iron oxidel [232] andl cefia [233], in the

last case even on macroscopically flat surfaces.

Although the details of the reaction leading to the formation of potassium carborthte o
mica are yet to be clarified there is overwhelming direct evidence for thexpeeske
potassium carbonate on the surface shortly after cleavage in air, and itsdonsatitirely
consistent with the properties and behaviour of structurally very similar alsicates.
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12. Concluding Remarks

The existing literature provides a wealth of evidence that muscovitectagpaed in
laboratory air bears a water-soluble compound which is almost certainly ankydr
potassium carbonate. Using the bulk density of 24303amd the surface area pet &f
0.47 nnd this is equivalent to a 0.10 nm thick layer ofXQOs; covering the entire surface.
This amount is consistent with what would be contained in the 25 nmaeigshaped

K2CQs particles covering perhaps a few tenths of a percent of the surface areanafah

12ﬁ|, which were discussed in section 5. This surface density@bKis also consistent

with the amount dissolved in the subzero water condensates mentioned in tisec@one

§3|].

On formation of KCQ;s after cleavage, perhaps according to a mechanism similar to the one

suggested by Bhattacharyya

—

138] (section 6), thaddtralising the lattice charge would be

replaced by H Strictly speaking, this then means that the main function of the ioamgyeh
procedure used in the SFA experiments is to wash 18©ifrom the surface, rather than
replace any ions neutralising the lattice charge of the mica. We doaowt &f course, how

quickly after cleavage all the carbonate ions form, and whether or there [zaotidy

conversion. The amount of epitaxy of calcite apparently induced®®4|213] does

depend on time, but this is most likely related to surface transport of medérer than to a
reaction rate.

The implications of the ¥COzs for water condensed between mica surfaces in reasonably
large volumes, such as the capillary condensates discussed earliar, idHdeever, the
effect on adsorbed water films of nm-size thickness is less obvious. Sloemeantly some
theoretical disagreement about the relative importance of water adsorptioneinahedral

oxygens in the mica basal plane on the one hand, and hydration of the potassiomthe

other [17(ﬂ 172-174]. Resolving this controversy by experimental means will be difficult
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unless proper account is taken of th&€Kx on the surface. To carry out experiments with H-

mica is straightforward all it takes is a quick dip in a weakly acidic solution - but very few

examples are to be found in the literatpre [234]. Similarly, few other authorslisaussed

the implications of the ¥COzfor their work [14fﬂ150 201(217]. It is possible that the only

way in which to ensure that the mica hasiK the ditrigonal cavities rather than dispersed
across the surface as®0;, is to ion-exchange the mica in an aqueous solution witatla
high enough pH to avoid any'tdsorption. There are examples of work where it is difficult

to believe that the presence afGOs on the surface is not playing an important role in the

observed behaviour of the syst 235-237]. Simulations in which the*kare placed

in ditrigonal cavities may not always provide the best model for the behaviaurraéaved

mica [16£T|171 172|238]. There has recently been great interest in studying mica coated

with graphene sheefs [239-241], e.g. for trapping nanosize water droplets betvexrath

and graphene, and here, too the likely presence@DiKon the surface may need to be taken

into account.
Although the presence of mobilef ind CO?™ on the air-cleaved mica surface undoubtedly

complicates the interpretation of many experiments and makes comparidosgmnilations

and theory less straightforward, it mayeaome potentially useful consequences. The layer
of K2COsmay to provide an interesting model system for the study of two-dimensional ion
diffusion and electrical conductivity. Such studies could be carried out as a ffuoickioth

temperature and humidity.
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Figure 1 (a) Idealised structure of muscovite mica with two tetrahedras lay&iQ
above and below an octahedral layer of AlOne in four Si in the tetrahedral layers is
randomly substituted for Al and the resultant negative charge is neutralitiesl Ky
between the centres of hexagonal 8i@gs in opposing tetrahedral layers. (b) [110]
projection, showing the hydroxyl groups in the octahedral layers thabashared with the
tetrahedral layers. (c) The basal plane [001] of the cleaved surface shosvdityiggonal
symmetry of the oxygen hexagons, the a and b vectors of the unit cell, and the [110]
symmetry axis.

Adapted from L. Cheng, P. Fenter, K.L. Nagy, M.L. Schlegel, N.C. Styrétnys. Rev. Lett.
87 (2001) 156103 (a) and T. Fukuma, Y. Ueda, S. Yoshioka, H. Asakawa, PhykefRev.

104 (2010) 016101 (b,c).
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Figure 2 Examples of the two types of AFM image of the mica surfatexagonal

rings of SiO4 tetrahedra; b) Hexagonal array of bright spots with periodicity of 0.833nm

and b) reprinted with permission from Kuwahara (Phys Chem Minerals 26 (1999) 198-205. c)
Example of the two types of mica lattice acquired in a single AFM image, dentiorgsthe
importance of the tip-sample interaction on the observed surface topographptdRewith

permission from Coleman et al. Surf Sci 297 (1993) 359-370.
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Figure 3 The ditrigonal symmetry of the mica lattice taken using contaix AWFM
under water. a) and b) Reprinted with permission from Fig. 5 of KuwaharaCReys
Minerals 26 (1999) 198-205. c) Reprinted with permission from Figf Ruwahara, Phys

Chem Minerals 28 (2001) 1-8.
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Figure 4 Work of cleavage as a function of depth of cleavage in mmida crystal in

a vacuum of 16 mm Hg (1 torr) - after an initial 3 mm of cleavage at 720 torr. [tefg 1
mJ/n?. Note the dramatic rise in the work as the charge on the surfaceases during
cleavage at a speed of 0.5 mni(surve 2), and the fall as a discharge occurs, and how this
variation is significantly smaller for a slower cleavage speed of 0.05h{ousve 1).

Reprinted with permission from M.S. Metsik, J. Adhesion 3 (1972) 307-314.
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Figure 5 (a) Cross-section through surfaces parallel to one cylindeftgastual

surface configuration during capillary-condensation experiment in the SFA. Fidavdcs,

T., H. K. Christenson, Faraday Discuss. (2012) 159, 123-138 (Reproduced by perafission
The Royal Society of Chemistry).

(c) The annular condensate around contact of surfaces becomes a bridge ohliquid o
separation of the surfaces and the bridge then evaporates and snaps, turningdrapléi

on the opposing surfaces.
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Figure 6 The natural logarithm of the water activity (= fractional degfreaturation)

as a function of the inverse radius of the condensate-liquid interface, forceatEnsing

from the nonpolar liquid octamethylcyclotetrasiloxane, around the contact point of two
crossed cylinders of mica. The different points are from separate series ofenesgs

with different mica surfaces. The solid line is the prediction of a modified Kelvin equation
(eq. 1), and the dashed line is a least-squares fit to the data.

Reprinted with permission fron.K. Christenson, J. Colloid Interface Sci. 104 (1985) 234.
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Figure 7 AFM tapping mode images of crystallites on air-cleaved mitace after

drying over ROs, showing the hexagonal symmetry that is most likely caused by the

pseudohexagonal/ditrigonal symmetry of the mica basal plane. Images btk ktad M.

M. Kohonen.
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Figure 8- Interfacial curvature of water condensates between mica surfaceszeeto(a)
and at room temperature (b). The symbols in (a) are the results of 3 sepaes®f
measurements with different mica surfaces and the solid line is the predidtien of
modified GibbsThomson eq (eq. 5). The dashed line is the predicted result if the
condensates contain dissolvegz from all K* on the mica surfaces in contact with the
condensate.

The open squares in (b) are the results with hydrogen mica at room temperature,satfid th
line is the prediction of the Kelvin eq (eq. 1). The open circles are thesresthitpotassium
mica at room temperature and the dashed line is a least squares fit fwihtse The dotted
line is a rescaling of the fit to the experimental points of Figure 6 to takadntunt the
difference between the surface tension of water and the interfacial tension beM@&&®s O
and water. The agreement between the dotted and the dashed line shivesdlzat

similar concentrations of Oz in the water condensing from vapour and from OMCTS.
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Figure 9 Water vapour adsorption isotherms measured on hydrogen mica (dastsettlline)
potassium mica (solid line) at 22.7 °C in terms of mean water layer thicke#gsor

average number of water molecules per lattice charge?, torKreshly cleaved mica. Note
the significant reduction in the knee of the adsorption term at loywplpes on replacement
of the K" with H*., but the experimentally insignificant change op/f®.5. The inset shows
The repulsive van der Waals force between the mica and the vapouinietace

calculated from the adsorption isotherms is shown in the inset"foriéa (solid line) and
H*-mica (dashed line).The gray line shows the predictions of the Lifshitz theory.
Reprinted with permission from T.E. Balmer, H.K. Christenson, N.D. Spencer, M.

Heuberger, Langmuir 24 (2008) 1566-69, Copyright 2008, American Chemical Society.
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Figure 10 a) Schematic representation of a liquid capillary bridge hetmeAFM tip

and a surfacezfand p are principle radii of curvature of the liquid bridgejRhe radius of
curvature of the AFM tip; 01 and 02 are contact angles with the tip and surface respectively.
b) A comparison of force curves in water and ambient air environments demonsgtrating
large adhesive force cause by the capillary bridge in air. Tip deflectionpamndssto the

force on the AFM cantilever. The capillary interaction causes 120nm of nedatfigetion

of the cantilever towards the mica surface, which for the nominal spring constants of the
cantilevers used here (0.1-0.4 Nypputs the capillary force in the range 12-48 nN. a) Fig. 1
and b) Fig. 2 reprinted with permission from Sedin and Rowleal Chem, 72 (2000) 2183-

2189, Copyright 2000, American Chemical Society.

65



Humidity control

Metallie Tip L~ —
i “\‘. i D~20hm
e L[
20

T 10
L Piezo Lock-in  Lock-in

R |

I Feedback 1: 2m constant

Electronics

Feedback 2: =0

Figure 11 Schematic of a scanning polarisation force microscopy (SPFM) getawp.
volts DC are applied to the conducting cantilever and tip to produce the eletdrié\fie
frequency dependent AC voltage is used to induce the polarisation signaldiéléctric
between the tip and surface. A combination of demodulation and two feedbpslale used
to separate the surface topography and contact potential contributions. Reprimted wit
permission from Fig. 17 in Verdaguer et al., Chem Rev. 106 (2006) 1478-151@igbo

2006, American Chemical Society.
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Figure 12: a) Example of SPFM image showing two phases of water on micativhe
higher one (proposed as phase Il) shows evidence of hexagonal symmetopdsgR ice-
like bilayer structure of water on mica from sum-frequency generation (Bluhm 20G0),
and SPFM. Reprinted with permission from Figs. 18 and 20 in Verdagaky @hem Rev.

106 (2006) 1478-1510, Copyright 2006, American Chemical Society.
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Figure 13 a) Schematic representation of an idealised patchy Ni-miaaesutiere 50%

of the surface has been ion-exchanged with Ni and the other 50% remainsrak-eitlca,

H-mica or Mg-mica, the exact composition of which should depend on the bufiditions

under which DNA is deposited onto the surface. b) and c) are schematic repicrsenta

linear DNA molecules adsorbing to the mica surface, showing how the final surface
conformation will depend on both the trajectory from bulk solution and both thpasition

of the mica surface and the bulk solution. b) Represents surface equilibration wigere lo

range forces dominate and c) represents kinetic trapping where short range forces dominate.
Reprinted with permission from Fig. 2 in Billingsley et al. Nanotetdgyo25 (2014)

025704.
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Figure 14 Scanning electron microscopy images of calcite precipitatelca surfaces
from a metastable solution of 5 MM Ca@hd 5mM NaCQOz after 2h. Left-hand image
shows unoriented crystals on freshly cleaved mica, the centre image showsiemntesl o
crystals on mica weathered for 1 hour in laboratory air at a humidity of cabdfive
precipitation, and right-hand image has almost all calcite crystals oriented dftef 12
weathering time before precipitation. Note the two orientations of the calcite crystals 180°

apart, indicated by the arrows. Images by Dominika Nowak.
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Figure 15 SEM images (back-scattered electron mode) of Wd@owires grown on two
‘face-to-face’ mica cleavage planes (a and b). The orientation and length of the WO
nanowires are sensitive to the amount of K on the surface, so the largenddéfbegween the
images shows that there can be a significant asymmetry in the K distribution omgeleava

From [. Matolinova, M. Gillet, E. Gillet, V. Matolin, Nanotechnology 20 (2009) 445604.
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