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Origins of solidification when a simple molecular fluid is confined
between two plates
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A simple globular-shaped liquitbctamethylcyclotetrasiloxane, OMCT®as placed between two

rigid mica plates at variable spacings comparable to the size of this molecule and the linear shear
viscoelasticity of the confined interfacial film was measured. Strong monotonic increase of the shear
relaxation time, elastic modulus, and effective viscosity were observed as the spacing was decreased
below about 10 molecular dimensions. The frequency dependence of the viscoelastic spectra
measured at different film thicknesses appeared to scale with reduced variables. The data are
inconsistent with the abrupt first-order transition, from bulk fluid to solid with decreasing film
thickness, whose possibility has been hypothesized, and suggest a glasslike transition instead.
© 2001 American Institute of Physic§DOI: 10.1063/1.1380207

I. INTRODUCTION The problem is how to interpret the shear rheology of
molecularly-thin films in a surface forces apparatus. Solidity
Mechanical shear experiments performed since the lati force-based experiments using the surface forces appara-
1980s show that simple low-viscosity fluids “solidify” when tus was at first unequivocably identified with
confined to molecularly-thin spacings between opposedrystallinity>—it was at first presumed that solidification
single crystals of micef or between mica coated with self- must represent a transition to some kind of periodic molecu-
assembled organic monolayers that lack long-range crystalar array with long-range order. Yet the amorphous solid state
line order® Since the discovery of this phenomenon, muchis surely another possibility in principle whenever a sample
has been written seeking to interpret the molecular origin oflisplays mechanical stiffne§Several reviews, written from
“solidification,” of which the laboratory signature is that opposing points of view, summarize current uncertainties
sliding motion over a macroscopic distance cannot be aceoncerning confined fluid film$:%? It continues to be argu-
complished unless a yield stress is exceeded. There has beedh that the very observation of yield stress signifies that
controversy between those claiming that the effect originatesolidification represents  crystallization induced by
in a first-order transition from liquidlike to solidlike behav- confinement!~'* If so, solidification is a phase transition
ior, and others who lean towards a continuous transition to and kinetic sliding represents shear-induced melting. Given
glassy state. the fact that crystallization is a first-order phase transition, it
Solidification in these systems contrasts with confine-was desirable to test, by direct experiment, whether the tran-
ment of fluids within small pores, where confinement causesition is first-order or not, and this was the first goal of the
shifts of the melting, freezing, and vitrification transitions experiments reported below.
towards lower temperature$® Eventually, for films a few This laboratory has argued that the transition from fluid-
molecular diameters thick, these transitions become smearéty to solidity is “glass like” with diminishing film thickness,
and almost vanish entirefyOne difference is probably that the force squeezing two surfaces together playing a role
confinement under constant load can readjust the film thickanalogous to the more familiar variables of temperature or
ness slightly to optimize molecular packing; there may alsqressure:®1%5|f so, shear stiffness reflects some kind of
occur small shifts of the confining solid surfaces to achievelisordered state whose transition to solidity may be continu-
this effect. A second difference may be related to theous. Similarly, kinetic sliding is then analogous to flow in a
“surface-Ty" problem of thin films against air, which re- granular materiaf and to shear-induced unjammihgThe
cently has become an active field of stdd@oncerning that experiments presented below present new evidence in favor
problem it is increasingly clear that different research probe®f this interpretation.
(which may be as diverse as calorimetry, dielectric response, The many computer simulations that address this prob-
thermal expansion coefficient, transport properties, and cormlem have supported both points of view, depending on the
puter simulations®*~) generate findings that are in some simulaton model. Crystalline structure is seen in
cases difficult to reconcile—a fact that has rendered this fielanolecularly-thin films of fluid particles whose size is nearly
of study rather controversial. A third difference concerns thehe same as atoms in the confining solid. The particle then
molecular interpretation of “solidity.” This paper will argue fits into potential wells of the corrugated surface and epitax-
that it is a “soft” solidity and not to be identified with a ial alignment with the solid surface is possibfe?® This
phase transition. breaks down unless the solid surfaces are aligned to be in
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registry with one another. If the fluid particle is larger, or if readily be cleaved to produce atomically smooth and step-
the solid surfaces are misaligned, then structures may forrfree areas of~cn?. The advantage is that surface separations
that are incommensurate with the sofff& and, alterna- of intervening films are defined with a resolution of ang-
tively, amorphous packing may reséftPredictions of con- stroms. Many of the early experimental studies on confined
fined fluid structure evidently depend on details of the simudiquids concentrated on static measurements, i.e., the interac-
lation model. To the authors of this paper, it seems unlikelytion of the surfaces through the liquid film as a function of
that the ubiquitous observation of solidity in laboratory ex-film thickness, which is usually referred as force-distance
periments can be explained as an effect of having crystallinerofile.
solid surfaces that are in strict registry. The first force-distance profile of a hydrocarbon liquid

The issue of solidity may also be addressed by measueconfined between atomically smooth mica surfaces was re-
ing kinetic properties such center-of-mass diffusion in theported for OMCTS [ (CH5),SiO],, octamethylcyclotetrasi-
rest state. A limited set of molecular dynami®ddD) com-  loxane, considered to be a model liquid for comparison with
puter simulations have been performed with this purpose ithe theoretical concept of a “Lennard-Jones” liquid because
mind. Attention has focused on diffusion parallel to the con-of the globular shape of this ring-shaped nonpolar
fining walls (the rate of diffusion perpendicular to walls of molecule?*=2 OMCTS is a compact, cyclic-shaped molecu-
molecularly-thin spacing not being well-defined in the usuallar liquid with eight pendant methyl groups. It is approxi-
sense These studies show that the center-of-mass diffusiomately globular with a diameter of9 A.2® The melting
coefficient slows down with decreasing film thickness, ap-temperature of 18°C is close to the temperature of most
pearing to oscillate with film thickness as do force experiments in this fieldroom temperatune which sparked
measurement®. The amount of slowing down relative to the suggestion, from early days, that the melting point of
bulk diffusion rates has been reported to be a factor oOMCTS might be elevated by confineméhtHowever,
30-100%°22Unfortunately these studies report diffusion av- force-distance relations of OMCTS display minimal depen-
eraged over the film. As Schweizer has ndtédjolecules  dence on temperature when this is varied from room tem-
closer to the walls should be most ordefeghst mobil@ and  perature to below the bulk melting temperatéfe.
molecules closest to the center of the film should be least Below a surface separation ef70 A, the force-distance
ordered(most mobilg. It would be arguably more relevant, profile of OMCTS shows spatial oscillations with periodicity
when considering the transfer of stress from one solid surequal to the size of the molecules and the amplitude decay-
face to another, to consider molecules at the center of thimg exponentially with increasing surface separation. At very
confined film?® Regardless, it appears that the arrest of transsmall surface separations the local ordering induced by the
lational mobility on the MD time scale, as would be expectedtwo separate boundaries begins to overlap and to interfere
of crystalline order, has not been observed to date. constructively, or destructively, thus generating oscillatory

Many computer simulations on confined fluid systemsforces. The maximal forces occur when the surface separa-
involve sliding. Computations about dynamics are so timetion is close to an integer number of molecular diameters.
consuming, however, that in order to exceed the rate of thefFhen the molecules can pack efficiently in distinct layers and
mal motion, the lowest rate of externally-driven flow that canthe density is high within the molecular layers. The minimal
be studied is presently=10"s ! (and, in many of the re- forces occur when the surface separation is around an integer
ported simulations, still higher than thisThese very high and a half multiple of the molecular diameter. In these cases,
rates leave unclear whether, at lesser rate, the confined liquitlis not possible to utilize the space very efficiently so the
would be solid or fluid. To resolve this issue, a measuremendensity is low and the structure is more diffugelowever
should involve linear-response in order to rule out the possifor alkane molecules of more complex shape, computer
bility of shear-induced changes. A recent molecular dynamsimulations show that the force-distance relations and den-
ics simulation in which pains were taken to achieve linearsity profiles do not have a one-to-one relationsHjp.
response did observe a smooth transition, with diminishing Comparison of such experiments to theory and computer
thickness, towards slower relaxatith. simulation rests on the Derjaguin approximatidt(D)/R

To put this problem in context, the fundamental interest=27W(D). Here F(D) is the force needed to bring two
in liquids confined between two parallel solid surfacescurved surfaces of mean radius of curvat®éR~2 cm is
started increasing during the 1970s with the availability oftypical in SFA experimenjsto a closest spacind; and
the surface forces apparat(8FA) technique. It is true that W(D) is the energy per unit area of two parallel surfaces
many other measurements have also concerned fluids coseparated by spacin®. In laboratory experimentsk-/R
fined within porous solid media, which have the advantages1-10mNm! is typical, which amounts to 0.15-1.5
of a vastly larger surface area and therefore larger sampl®J m 2 This in turn is equivalent to 0.04—0k4 T per nnt.
volume, but this confining geometry suffers from nonunifor- Here we consider the cross-sectional area of 1 because it
mity. Furthermore, it is not feasible to vary either the poreis roughly the cross section of the globular-shaped OMCTS
size continuously, and not feasible to apply external sheamolecule that has been considered to be the prototypical
fields that are well-defined. The SFA technique, in contrastsimple molecular fluid in this field of study.
made possible direct measurements of the interaction of two This weak layering explains why it is possible to pass
surfaces as a function of surface separation with an interversequentially to smaller-and-smaller film thickness simply by
ing liquid between the twd® The experiments are performed applying increasing compressive force to a confined
when this fluid is confined between mica, a crystal that cadiquid—a transition that would not be feasible to effect in the
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case of an ordinary macroscopic crystal. The tendency of théRefs. 13, 14 and other confined small-molecule flutds
liguid to organize in strata parallel to a solid body is very were interpreted to show a first order dynamic phase transi-
weak on a per molecule basis. It is observed only because ¢ibn to a solid structure. However, the shear rates in those
the very high force sensitivity of the SHpstratification of  experiments were so large that the responses should have
OMCTS has, more recently, also been observed using atomfaeen highly nonlinear. For comparison, it is worthwhile to
force microscopyAFM) (Ref. 30]. check the linear responses. We recently studied in detail the
Oscillatory force-distance profiles are also observed witHransition from linear- to nonlinear-response in the OMCTS
linear alkanes, fH,.,, which are flexible chain systent* Of special significance was the demonstration that
molecules® The period of the oscillations is close to the stick-to-slip transitions were observed routinely when fims
expected molecular thickness of 4 A; this indicates that thevere subjected at stimulating frequencies faster than the ter-
molecular axes are preferentially oriented parallel to the surminal relaxation time.
faces. Flexibility of linear molecules hinders efficient pack- A brief account of the experiments described below has
ing, so the magnitude and range of these oscillations are legppeared previously. The aims of the paper that follows
than those of globular molecules. The magnitude and rangeere as follows:
of the oscillations in the normal force degrease further as' t.h%l) Given that crystallization is a first-order phase transition,
shapes qf the molecules become_ more irregular by addition ™ o q sought to determine, by direct experiment,
of C_H3 side groups to linear chain molecules as _branches. whether confinement-induced solidification is first-order
Adding one side group does not prevent the oscillations com- or not:
pletely; 3-methylundecane, GECH,);CH(CHy)CH,CHs,  (9) Given that the act of shear may induce structural

displays  oscillatory  forces.  For  squalane, changes, we have sought, in order to rule out this possi-
(CH[CH(CH3)(CH,)3[,CH(CHy)CH,CHy),,  with 6 Chg bility, to perform all these measurements in the limit of
side groups attached to the backbone, the force-distance pro- |inear response:

file is not oscillatory but has only a single attractive mini- 3) Given that a liquid's viscoelastic stiffness can limit its

mum at a thickness of 18 Aalthough computer simulations  capacity to respond to rapid deformatigmther like the
predict that the density profl_le nonetheless is layéfed. viscoelasticity of that childrens’ plaything, Silly Putty

A common observation in manfout not al) shear ex- we have sought to perform these measurements over a
periments and shear simulations is the observation of “stick-  \yige spectrum of deformation rate, spanning several
slip:” the fluid film responds elastically when the applied logarithmic decades.

force is small but appears to break up when a critical level,
the “yield stress,” is exceeded. Indeed, when a system
whether in the bulk or confined, is sheared at small enougH' EXPERIMENT

strain amplitudes that the equilibrium structure is weakly  Recently, new shear attachments were developed in this

perturbed, but at a rate faster than the reciprocal of the longaboratory for use with the SFA techniqhié32-333536These

est relaxation time, the system cannot respond so fast angttachments allow the two surfaces to be sheared past each
appears to be frozefl.It is important to appreciate that this other at varying sliding speeds in steady shear or oscillatory

is not a change in the physical state of the system, but just ghear, while simultaneously measuring both the shear and the
change in the response of the system because of the limitatbrmal forces. Oscillatory shear attachment was employed in

time given to respond. the experiments presented here.

We turn now to the issue of shear stiffness and shear Oscillatory shear modification to SFA is accomplished
viscosity. In the case of shearing liquids, for a given terminaly mounting the top surface to a small boat rigidly attached
relaxation time,r;, when the shear rate;, is smaller than  to two piezoelectric bimorph strips, for which the dominant
1/7;, the dissipative properties dominate, as the liquid hasnotion is bending. The other ends of the bimorphs are fixed
enough time to relax the stress imposed by the external she@ar a base support by an epoxy glue. To increase flexibility,
by conformational changes and thus dissipate energy. Whesach bimorph is lengthened at one end with a short strip of
v'>1/7(, the liquid can not relax as much in the given time. more flexible steel spring by gluing the two. Shear is induced
Less energy is dissipated and the elastic properties dominat@hen a voltage difference applied between the two sides of
Experiments of this kint:%1°3233show that the dynamic one of the bimorphs bends it. The resulting displacement is
variables such as the viscosity and relaxation times are atransferred to the other bimorph through the rigidly attached
fected significantly by confinement. With decreasing surfacéoat inducing a voltage difference between the two sides.
separation, the longest relaxation time of molecularly-thinThe comparison of this output voltage when the surfaces are
films was prolonged and the viscosity enhanced by orders ddpart, called the calibration output, with that when the sur-
magnitude over that of the bulk. The entire film shows afaces are in contact with an intervening fluid gives informa-
gradual switch, over a range of a few molecular diameters ofion about the response of the fluid to the applied shear. The
film thickness, from predominantly viscous to predominantlyviscoelasticity of the fluid confined between the two surfaces
elastic response. Pains were taken to perform these phenomesists the applied shear motion and results in amplitude at-
ena in the limit of linear viscoelastic response so that ittenuation and phase shift with respect to the output voltage
would be certain that the act of measurement did not perturlvhen the surfaces are apart.
the system being measured. The surfaces, atomically smooth sheets of muscovite

Recent experiments involving the shear of OMCTSmica, are silvered on one side for interferometry and the
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silvered side is mounted with an adhesive onto silica disksiid. For the shear measurements described below, such reso-
with cylindrical shape. The top and bottom surfaces are orinhance peaks were avoided by choosing the oscillation fre-
ented in a cross cylinder configuration. When the two surquencies accordingly in order to be able to apply the above-
faces are brought together in this configuration, they toucimentioned mechanical model for the analysis of the data.
each other at one point. Due to the compliance of the under- In the output circuit, the finite input resistance of the
lying adhesive the surfaces flatten under the action of adhemeasuring device is in parallel with the piezoelectric bi-
sive forces and the normal load, producing a region of conmorph. This is represented as a capacitor in series with a
tact in which the surfaces are locally planar and parallel. Involtage source; the measured voltage is not the same as the
the case of a simple nonpolar liquid between the surfacesnduced voltage in the bimorpii.The amplitude of the mea-
this flattening happens at very small surface separationsured voltage is reduced with respect to the induced voltage
(<50 A) when the fluid forms a structure that can support theby a constant factor and the phase is shifted by a constant
normal load. The onset of flattening approximately corre-amount, both depending on the oscillation frequency and the
sponds to the surface separation where the differences in tiigne constanRC, whereR is the equivalent resistance in the
amplitude and phase of the output voltage with respect to theutput circuit andC is the equivalent capacitance. In prac-
calibration output start. tice, the main contribution to the equivalent resistance of the
The mechanical and the electrical characteristics of th@utput circuit comes from the input resistance of the measur-
shear device, together with the mechanical behavior of thég device. The resistance of the bimor3hl G() is much
intervening liquid, was previously modeled and expressionsarger than the input resistance of the measuring device
relating the measured amplitude attenuation and the phase 10100 K2). The equivalent capacitanéhas contribu-
shift to the apparent dynamic viscosity and the elastic modutions both from the capacitance of the bimorph and from the
lus of the liquid were derivetP® The mechanical model input capacitance of the measuring device. The resulting
replaces the device, glue and the liquid with a combinatiorfime constantRC, is typically in the range 0.05-0.5 s.
of effective masses, springs and dashpots. Simply put, a No correction for theRC effect is needed in the calcu-
complex impedance,=kp +iwbp , can be assigned to the lation of the viscoelastic parameters according to the me-
device, which responds like an underdamped forced haichanical model, because the reduction factor in amplitude

monic oscillator when a Vo|tage is app“ed to the input ter_and the shift factor in phase cancel out in amplitude ratio and
minals. phase difference, respectively. However, in expressions

Here the real part of the impedance represents thwhere the absolute values of the amplitude are used, such as
equivalent spring constant of the device, a combination ofh€ displacement, velocity and shear rate,R@effects had
the spring constants of the bimorphs and the leaf springd® be taken into accounR C effects are dominant at frequen-
The imaginary part is due to the dissipation in the systemCi€s lower than RC and the corrections can be neglected
mostly caused by the adhesive that holds the bimorphs to tH@r frequencies larger thanRC. RC effects can easily be
leaf springs. In this configuration the applied stress is spli€orrected by calculating the voltage induced in the bimorph
into two, between the device and the combination of glue¢'Sing the measured voltage and the measured value of the
and liquid. The resulting displacement is the sum of the dis{ime constant according to the relation,
placement of the glue and the displacement of the liquid.
However, with changing liquid impedance, neither the force Vinducec(t):Vmeasurth)+(1/RC)f Vimeasurelt)dt. (1)
nor the displacement of the liquid is constant in time due to
this parallel configuration, unlike the traditional viscoelastic  ap aqditional consideration comes into play because of
measurements where either the stress or the strain is keg,t'y leakage currents due to finite resistar(teough very
constant and the change of the other parameter is observed@ge of the bimorphs used. In this case, at very small output
time. This has the advantage of observing the transient timgg|tages (for the very smallest displacement amplituges
effects, namely, how the force and the displacement of thgmajler than 3QuV, the data has also been corrected for the
liquid evolve to their steady state values when a change igffset voltage. The offset voltage is defined as the output
the state of the liquid happens. voltage at zero input voltage. ThX=Rcos¢ and Y

In practice, even below the main resonance frequency of R sin ¢ components of the output voltage, whdRés the
the device, some frequency regions must be avoided whegmpiitude and is the phase, and both are linearly related to
the top and bottom surfaces are in contact and couplinghe input voltage. Whei andY are plotted against the input
strongly. When two mica surfaces are in contact the maioltage, the extrapolation of the linear fit to the zero input
resonance peak is moved to slightly lower frequencies beygjtage are found to give nonzero interceptsiof andAY.
cause of the increased equivalent mass of the system. WWith decreasing input voltage, the amplitude of the output
addition, several other resonance peaks are also observegitage then approaches to the value ak X)2+ (AY)?)Y2
The amplitude of these resonance peaks depends on the stiffnd the phase to tak(AY/AX). The offset voltage can be
ness of the interface. Even in the case of an interveningorrected by Ca'cu|ating the amp"tude and phase after sub-
liquid between the surfaces these resonance peaks were Qpacting AX and AY from the X and Y components of the

served and their amplitudes increased as the response of tgtput voltage. The corrected amplitud@c, and phase,
liquid became predominantly elastic with decreasing filmg . are then given by

thickness. Such resonance peaks could in principle be used
to get information about the stiffness of the intervening lig-  Rc=[(X—AX)?+(Y—AY)?]*? 2
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de=tan (Y—AY)/(X—AX)]. (3 1.2 . .

The offset voltage has a slight frequency dependence which 2 09| o o |

requires the offsets iX and Y to be determined separately o o

for each oscillation frequency. Typical values are in the range § E,D

0-3 V. £ 0.6 | .
The cleaved surface of muscovite mica has a very high E

surface energy. The surface energy of mica in vacuum is o3l ¥ ° oo |

around 2000—4000 mJ/fmWhen cleaved in ambient air, the ' T R Y

surface energy is an order of magnitude less, approximately 10 10° 10’ 10° 10°

200-400 mJ/h due to molecules adsorbed on to the sur- T T T e

face. For the experiments, all the mica handling was done in @ 20 - ® .

ambient air and some molecules are expected to adsorb on % o

the surface before the liquid is added. Depending on the time ﬁ Ooo

mica surface is exposed to the ambient air, the surface will g 10 ° ]

have varying surface energies from one experiment to the o %,

other. Although this might be a source of scatter in the quan- & o o oom °

titative experimental results, no qualitative differences were 5 0 T

observed between the experiments, all the other parameters T S W R

having been kept constant. The relative cleanliness of the 10" 10° 10’ 10° 10°

mica surfaces was checked by verifying the sudden jump-in

shear displacement (A)

when the surfaces were brought together and the jump-out
when they were separated. FIG. 1. Limits of linearity in an oscillatory shear experiment. OMCTS of

. - icknessn~2 molecular layers was deformed by oscillatory shear at 256
In some Of these experiments, the cleaved mica sunca‘CEZ.Amplitude ratio, the outgut shear voltage relat)i/ve to Outpl)Jlt shear voltage
was coated with a self-assembled monolayer of condens&gr an OMCTS film of macroscopic thickneg®p panel, and shear phase
octadecyl chains in the manner described previoﬂs‘l&he lag relative to an OMCTS film of macroscopic thicknébsttom panelare
surface energy of the resulting methyl terminated surfaces ij@lotted against shear displacement. These responses were independent of

. . shear displacement when it is sufficiently small but deviated markedly when
about 22 m‘J/ﬁ] an order of magthde less than that in shear displacement exceede@® A. The gap between shear displacements

ambient air, which causes a much weaker interaction of thef ~3 and~10 A indicates stick-slip analyzed in detail in Fig. 2.

liquid molecules with the surfaces. The experiments using

such organic monolayer-coated surfaces were performed to

isolate confinement effects from the effects of high surfacexm at the maximum applied normal force of 3.81 mN, as-

energy and stronger molecule—surface interactions. suming a Hertzian contact. This is a reasonable assumption
As the liquid sample, OMCT$luka, purim gradewas when one recalls that it is the glue under the mica surfaces

used as received after control experiments showed simildhat deforms under the action of normal pressure. The as-

behavior following further purification by distillation. Ex- Sumption was also justified empirically by the observation

periments were performed at 27 °C. A highly hygroscopicthat these calculated contact diameters were withfnum

chemical, BOs, was kept in the sealed sample chamberof the measured values.

throughout the experiment. The sample was left in the dry  To analyze more quantitatively the shear forces, we also

chamber atmosphere for a few hours before any measuréalculated the normalized forces, the effective shear moduli.

ments were done. Surface separation was then decreasefl this purpose we took the elastic and viscous force con-

slowly. All the data were taken in the direction of decreasingstants and normalized by the effective contact afeq,and

surface separation, so that the system was always in the rélm thickness,D, to give an effect shear modulu§es.

pulsive force regime, close to the peak of the oscillatory(Here Ag was estimated as described in the previous para-

structural forces. Because oscillatory force amplitude in-graph) Specifically,

creases with decreasing surface sgparation, below a surface Gl ) =[ (f ejasid @)/d) ][ D/ Agg], (4)
separation of 4 layers it was possible to perform measure-
ments at different increasing values of normal forces while  Ggg(®)=[(fyiscoud @)/d)1[D/Ags], (5)

having the same number of molecular layers between thﬁlhere the symbold, refers to the shear amplitude in oscil-

rff“:\tory deformation. The elastic force constant igg;d )/d

weak, but the systems were transiently stable, long enough Od the viscous force constantfis,.,.{ )/d
Ccou .

make measurements.
The contact diameter for the thinnest films was calcu-
lated from the flattened tip of the interference fringes taking
into account the lateral magnification of the focusing mecha-  The goal of these measurements was very different from
nism. However the accuracy in the measurement of contad¢hat in which solid surfaces are slid past one another at rapid
diameter wast5 um, resulting in considerable error bars for rate to measure “friction.” Instead we have sought to mea-
thicker films. In these instances we calculated the contaciure the frequency dependence of linear response of confined
diameter with respect to the measured contact diameter of 4&tatesunperturbedoy external shear field. When a system is

lll. RESULTS
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FIG. 2. Elastic and viscous shear forces calculated from the raw data in Fig. % 0
1. At small displacements they grew in direct proportion to the shear dis- s
placement, indicating that the linear system was sheared at an oscillation -15+ B
amplitude small enough that the equilibrium structure of the liquid was not b
disturbed. In this regime, the viscoelastic parameters of the system were . . . .
o_nIy a function of thg oscillatipn frequen(_:y, not the osci_llation amplitude. -20 0 2000 4000 6000 8000
Filled symbols: elastic force, in phase with the shear displacement. Open .
symbols: viscous force, 90° out-of-phase with the shear displacefinent time (s)

in phase with the rate of shear displacement . ) ) ) ) )
FIG. 3. Shear responses during an experiment in which mica surfaces with

an OMCTS droplet came together slowly owing to thermal and mechanical

drifts. The output shear voltage amplitudep panel and its phasébottom
sheared at an oscillation amplitude small enough that theane} are plotted against elapsed time. A sinusoi@si0 H2 applied shear
equilibrium structure of the liquid is not disturbed, the vis- force of 4.3uN was appliedlinear response regimeOne observes, espe-

lasti fth | f . f hcially in the top panel, discontinuous changes of the shear response as suc-
coelastic parameters of the system are only a function of t Eessive layers of OMCTS were squeezed out. Vertical arrows show the

oscillation frequency, not the oscillation amplitude. points where a molecular layer was squeezed out from between the surfaces.
L . . The symbol ‘" denotes the dimensionless film thickness, total film thick-
A. Limits of linearity ness normalized by the dimension of the OMCTS molecule.

We begin with the evidence of linearity. In general, the
response O.f any V|.scoela§t|c_system goes frpm "”e"?“ o norEufﬁciently small displacements both forces grew in direct
linear with increasing oscillation amplitudéFigure 1 illus-

. . proportion to the shear displacement, indicating that the lin-
trates this for the case of OMCTS deformed by oscnlatoryear system was sheared at an amplitude small enough that

shle?r att 256tHzt. ?}mplltu?te rat:to, thegll\*'/ltgt_:_tssplear ;/oltagqhe equilibrium structure of the liquid was not disturbed.

relative fo output shear vottage for an M OF MAC*\yhen the elastic force reached a critical level the elastic
roscopic th|c_knes$top pane] a’?d shear phase lag relative to energy stored could no longer withstand the forcing shear
an OMCTS film of macroscopic thicknegsottom panélare and the system broke apart. The peak elastic force, which

plotied against shear displacement. corresponds to the static friction in this system, has been

. The abscissa is peak shear d|§placem§nt dunryg the O3'nalyzed in detail by us previousl{The subsequent kinetic
cillatory cycle. The phase and amplitude ratio were indepen;

. . . -~ friction is nearly independent of shear displacement per unit
dent of shear displacement provided that this was su1‘f|C|entI¥.me i.e., is nearly independent of effective velocfy® In

small but deviated markedly when the shear displacement.. ; ; ; R
exceeded=3 A. Beyond this point of “slip” the sliding sur- qrelgioaaper we are concemed with stiffiness in the "stick

faces accelerated to keep up with the applied force. Conse-
quently the shear displacement increased discontinuous
from ~3 to~10 A. The large phase lag in this sliding regime
is symptomatic of predominantly dissipative deformation
(kinetic friction). However, in the linear region, the moderate The effect of the film thickness on the viscoelastic pa-
phase lag and small amplitude ratio are symptomatic of “sorameters was observed by letting the surfaces slowly drift
lidification.” It will be shown below that they can be used to into contact while a constant shear force was applied to one
quantify the stiffness of the “solid” state. of the shear bimorphs at a constant oscillation frequency.
Alternatively, the same data can be expressed as elastizue to thermal and mechanical drifts, the surface separation
and viscous force, as shown in Fig. 2. This is done by exdecreased with time until a single molecular layer was left
pressing the shear response as one part in phase with thetween the surfaces.
shear displacemerithe elastic forceand one part in phase Figure 3 shows typical raw data, namely, the amplitude
with the rate of shear displaceme(tihe viscous force For  (top panel and the phaséottom panel of the output volt-

[
é/. Thickness dependence of viscoelastic parameters
at constant oscillation frequency
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0,09 —— 71— FIG. 5. Effective shear moduli calculated from the raw data shown in Figs.
008 [ 1 ] 3 and 4. The storage modul@ (squaresand loss modulu§” (circleg
S 8 ] are plotted as a function of the number of molecular layers for the OMCTS/
0,07 o s mica system, quantifying how the confined film grew progressively stiffer at
% 0,06 _ L 1\8\(] _ it became thinner.
% 0,05 ; 5 ]
0,04 - - - _ , _
o.03f . the system being close to the linear/nonlinear boundary. We
I'b i have discussed such fluctuations elsewfg#sthough the
0'020 T I Y é 10 exact form of the curve for the amplitude and phase depends

on the oscillation frequency, the above qualitative observa-
tions are common to any frequency within our experimental

FIG. 4. Shear displacement®p panel and strain, the ratio of shear dis- frequency window.

placement to film thicknesghottom panel plotted against the number of In these experiments the applied force was kept constant.

confined molecular layers for the same OMCTS/mica system whose ra%harefore. as the films became stiffer. the shear oscillation
data are presented in Fig. 3. The arrows indicate the direction of increasinﬁg . ! . . ! . .
time. One observes that the confined liquid film grew progressively stiffer a; mplitude decreased with decreasing film thickness. Figure 4

it became thinner. Note that even at the same number of molecular layer§top panel shows the oscillation amplitude as a function of
the oscillation amplitude and the strain decreased in time because the norm@lm thickness in number of molecular layers between the

pressure on the system |r_1creased from therma_l and mechanical drifts. Th, rfaces for an applied force of 4m at 250 Hz. The os-
caused a small decrease in the surface separation, too small to measure wi

the few A resolution of the optical technique employed to measure surfac&lllation amplitude decreased approximately by a factor of 4
separation, but still significantly affecting the shear oscillation amplitudes.as the film thickness decreased by a factor of 8.
These time effects were especially clear when there were few molecular |t ijs convenient to express this in terms of a dimension-
layers of OMCTS between the surfaces. less number, defined as shear displacement normalized by
film thickness, the “strain.” The strain was approximately
doubled as the surfaces drifted in till a single molecular layer
age, plotted against time as the surfaces drifted in and theas left between the surfaces, as shown in Figbdttom
film thickness decreased. The applied shear force amplitudeane). The arrows indicate the direction of time. Even at the
was kept constant at 4.8N and the oscillation frequency same number of molecular layers, the oscillation amplitude
was 250 Hz. The discontinuous changes in the shear ampland the strain decreased in time because the normal pressure
tude and phase, indicated by arrows in Fig. 3, were due to an the system increased due to thermal and mechanical
molecular layer being squeezed out of the surfaces. The fildrifts. This caused a small decrease in the surface
thickness in number of molecular layers is also shown in theseparation—too small to be measured with the few A reso-
figure. The onset of confinement effects wasnat8; at lution of the optical technique to measure the surface sepa-
larger film thickness there was no discernible difference fronration, but still significantly affecting the oscillation ampli-
bulk response. tude. These time effects were especially clear when there
With decreasing film thickness, first both the amplitudewere few molecular layers of OMCTS between the surfaces.
and the phase of the output voltage decreased. At a film The important question is whether, in Fig(gbttom the
thickness oin=3 the phase passed through a minimum andmaximum strain of 0.07, corresponding to a shear rate of 110
started increasing while the amplitude continued decreasingad s * at 250 Hz, was still in the linear response regime or
Such behavior of amplitude and phase indicate an increasimgpt. The dependence of the critical shear rate on the film
elasticity with decreasing film thickness and imply that thethickness is difficult to quantify, especially in the liquidlike
frequency-dependent viscosity peakd this frequencyat  regime. If one intuitively assumes that the longest relaxation
the film thickness where the phase is minimum. time of the system monotonically increases, decreasing the
Increased fluctuations of amplitude and phase with deeritical shear rate, with decreasing film thickness, a thickness
creasing film thickness are due to two factors. First, the sigwill be reached where the shear rate will exceed the critical
nal to noise ratio decreases with decreasing amplitude. Seshear rate and the system will go into the nonlinear region.
ond, the critical shear rate decreases and the system comiégen if the response does not become nonlinear, it is definite
closer to the linear/nonlinear boundary. The significant flucthat the system gets closer to the linear/nonlinear boundary
tuations observed at film thickness smaller than3, even at  with decreasing film thickness and some slight changes in
oscillation amplitudes as small as 1-2 A, were mainly due tdhe response are not unusual. In the solidlike regime, the

number of layers
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transition from linear response to non-linear response hap-

pens when the structure yieldas illustrated in Fig. 2 The 5,5¢

yield stress and the vyield strain significantly depend on the

normal pressure. 5,0r
Plotted as a function of the film thickness expressed in

number of molecular layers, Fig. 5 shows the storage modu- 4,5t

lus, G’, and the loss modulu&”, calculated from the raw

data of Fig. 3. Here5G’ is the component of the resulting 4,0t

stress normalized by the strain that is in phase with the ap-
plied stress an@s” is the component of the resulting stress

normalized by the strain that is out of phase with the applied 6
stress. The ared), calculated from the optically measured
contact diameteD, using A= (/4)-(D/M)?, whereM is 5t

the magnification of the optics, was constant at 108° for

all these measurements. At 250 Hz, the crossover from a
predominantly viscous respons&'(<G”) to a predomi- 4}
nantly elastic response3( >G") happened at a film thick-
ness larger than=8 andG’ is larger tharG" at every film

thickness in Fig. 5. At lower frequencies, this crossover hap- 6r
pened at lesser film thickness and could be observed. How-
ever, in no case was there observed an abrupt change in the

log moduli (Pa)

dependence of moduli on the film thickness. The data taken S

at every frequency showed the common pattern that moduli

increased, roughly exponentially with diminishing film thick- 4l ]

ness untilG’ leveled off andG” passed through a maximum. c
The structural changes that take place under confinement 0,5 1,0 1,5 2.0 25 3.0 35

and whether a phase transition is involved in the log w (rad/s)

confinement-induced solidity of liquids have been of _ _

controversf,‘l“as already noted. The observations presente IG. 6._ The _shear frequency spectrum for the OMCTS/mlca_syste_m at dif-
f t to the first piece of evidence that an abru erent film thicknessega) n=7; (b) n=5; (c) n=4, wheren is dimension-

SO a_r.amoun p Pkss film thickness, total film thickness normalized by thickness of the

transition does not occur. OMCTS molecule. The solid lines are second order polynomial fits to the

The maximum inG” at a film thickness ofn=3 is data. The elastic modul(G’ is denoted by squares, and the viscous modu-
clearly seen in Fig. 5. This tells that the maximum dissipa-us G" by circles.
tion happens at a film thickness nt=3 at 250 Hz. Experi-

mentally, it is difficult to observe the position of the maxi- quencies there will be insufficient time for the molecules to

mum with changing frequency due to insufficient thICknesSrelax the stress imposed by shear and the material will be

resolution. Instead, the frequency dependence of the mOdLWalatively stiff. On the other hand at lower frequencies the

at constant film thickness will be observed as discussed iﬂqolecules will have more time to move and the liquid will
the next section. Thickness dependence of moduli at consta%pear to be soft

frgquency a_md the frequency depende.nce at con§tant film The major experimental challenge to get the frequency
thickness will be related to one another in the following sec—Spectrum of the moduli, especially at larger film thickness,

tion. was to keep the system stable at a constant surface separa-
tion. Due to thermal and mechanical instabilities, the data at
large film thicknesses had to be taken within a few minutes.
The significance of linear response in oscillatory sheafThis did not allow more than several different frequencies to
experiments is that it provides a way to study molecularbe applied and the data were averaged for a shorter time
motions in confined liquids without disturbing the equilib- interval than otherwise. At smaller film thickness, the scatter
rium structure of the liquid. The oscillation frequency intro- in the data came from the larger range of amplitude and
duces a time scale;~1/w,, where w; is the frequency phase for a given thickness. As time passed the amplitude
where G'=G". Molecular motions with relaxation times and the phase changed due to increasing normal pressure
shorter thanr; are barely affected by the shear, while thosealthough the measured film thickness was constant, giving a
with longer relaxation times are strongly influenced. The fre-slightly different frequency spectrum for the same thickness.
quency spectrum of the storage and loss modulus is impor- Figure 6 shows the storage modul@’,, and the loss
tant as it is possible to relate the maxima of the moduli tomodulus,G”, of an OMCTS film as a function of frequency
particular types of molecular motion in the liquid. The maxi- at film thickness corresponding t@) n=7; (b) n=5; and
mum in the loss modulus, a measure of energy dissipated dc) n=4. The solid lines are the polynomial fits to the data to
lost as heat per cycle of sinusoidal deformation, can be reguide the eye and to be used in determining the crossover
garded as a “damping” effect and occurs at the frequency ofrequency from predominantly viscous to elastic behavior. At
some molecular motion in the liquid structure. At higher fre-low frequencies, shear induced perturbations were relaxed by

C. Thickness dependence of the frequency spectrum
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6,5- FIG. 8. The shear frequency spectrum of the OMCTS/mica system at a film
thickness ofn=1. The elastic modulu&’ is denoted by squares, the vis-
cous moduluss” by circles.
6,0
5,51 seen that though the film thickness was constant within the
experimental uncertainty of 1-2 A, the relaxation dynamics

05 1.0 |10'8 mz'((r)ad%ss) 30 35 slowed and the crossover frequency continued to move to
lower frequencies. Because the oscillation amplitude was
FIG. 7. Effect of increasing normal pressure on the shear frequency spegmall enough not to disturb the equilibrium structure
trum of the OMCTS/mica system at_afilm thicknessef 3. The data in the _ ﬁtrongly, this Change in the frequency spectrum towards
bottom panel, taken after the data in the top panel, show a slower termina . .
relaxation time, reflecting the higher normal pressure. The shear data Wo:-zélower relaxation was due to increase of normal pressure on
acquired at 250 Hz under a shear force of 41. The elastic modulug’ the system because of thermal and mechanical drifts. As the
is denoted by squares, the viscous mod@(sby circles. pressure increased, the state of the system climbed up the
repulsive side of a peak in the force-distance profile. This
thickness change is not possible to observe with the few
molecular motions that dissipate energy and the film wasngstrom resolution of our technique. However, such a small
predominantly viscous. At higher frequencies, the perturbaechange has a significant effect on the relaxation dynamics.
tions could no longer be relaxed in the period of the oscillaFor a constant number of layers between the surfaces, this
tion resulting in energy storage and hence an increase in trowdown in molecular motions could qualitatively be un-
elastic component. The general trend in the frequency depererstood in terms of the free volume, which is the space
dence above and below the crossover frequency is difficult tavailable for the molecules to move between the surfaces.
conclude from such data because of limited number of dat&Vith the contact area being constant, the free volume de-
points above and below the crossover frequency. creased with decreasing surface separation and the molecular
The viscoelastic frequency spectra in Fig. 6 are typicaimotions slowed down because it became more difficult for
of liquids in a frequency range nearrl/ the inverse termi- the molecules to find empty spaces to jump into.
nal relaxation time. The films relaxed shear stress predomi- Figure 8 shows the frequency spectrum for an OMCTS
nantly in the manner of viscous liquids when the frequencyfilm of thicknessn=1. The crossover of the storage and loss
was less than %/ ; at high frequencies the perturbation was modulus in this case did not happen within the frequency
not relaxed during the period of oscillation and energy wasvindow. Contrary to the frequency dependency in Figs. 6
stored. From common experience, the analogous viscoelastand 7, heres” decreased with increasing frequency and the
phenomenon is known for silly putty: it bounces when frequency dependence Gf was less, though still increasing
dropped on a floothigh-frequency respongbut flows when  slightly with increasing frequency. The crossover frequency
it sits on a table. was found to be 0.11 Hz as determined from the intersection
From the intersection of the polynomial fits shown asof the polynomial fits to the data. To estimate the crossover
solid lines in Fig. 6, the crossover frequency was found adrequency by extrapolating the fits to the data may be justi-
56.0 Hz forn=7 thick film, 22.2 Hz forn=5, and 15.6 Hz fied, so long as the crossover is not far from the lower limit
for n=4. Itis clearly seen that crossover frequency shifted toof the frequency window, and the estimated value follows
lower frequencies as the film thickness decreased. This shiffame trend in thickness dependence set by the previous mea-
to lower frequencies indicates slower relaxation dynamics. Isurements where the crossover frequency was within the ex-
the film thickness is further decreased, the crossover freperimental frequency window. As will be clear in the next
guency moved further down in the frequency. section, the estimated crossover frequency falls, by coinci-
The effect of normal pressure at constant film thicknesslence, on the same thickness dependence curve determined
is illustrated in Fig. 7. Figure Ttop and bottom panelsare by the previous measurements at larger film thickness. Of
the frequency spectra of an OMCTS film of thickness course the actual data points would not follow the polyno-
=3. The data in the bottom panel were taken after those imial fits below the frequency window, if data were taken at
the top panel. The crossover frequency is found to be 2.4 Hthe lowest frequencies.
for the top panel and 1.1 Hz for the bottom panel. Here itis ~ From the general trend of the frequency spectra with
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FIG. 9. Terminal relaxation timer,, plotted logarithmically against film
thickness expressed in multiples of the molecular dimension of OMCTS.
Data at different thickness were acquired by squeezing the surfaces together
progressively(data forD/r=6 are missing owing to thermal drijtsOpen
square: extrapolatet} used for frequency-thickness superposition shown in
Fig. 10. Filled squares: measured values.

log((g',g")b,) (N/m)

1 2 3 45 6 7 8
decreasing film thickness as shown in Figs. 6, 7, and 8, it is log (wa,) (rad/sec)
clear to see that within the frequency window of 1-260 Hz, N ) N
the storage modulus flattened, i.e., became less dependent@ . 10. Master curve describing frequency-thickness superposition of the
. . L - viscoelastic response. The shear moduli were normalizedh A with
frequency, with decreasing film thickness. The positive fre'respect to a film thickness of= 7 molecular dimensions. Ti# andg” are
quency dependence of the loss modulus decreased, becameelastic and viscous shear forces, respectively, normalized by shear dis-
negative and then formed a minimum. The magnitudes of thelacement~2 A). The reference state is= D/o=7 molecular layers. Data
storage and loss modulus increased with decreasing fily@t other film thickness were shifted verticallghifts denoted,,) and hori-

. . . ontally (shifts denoteds,,) as described in text, to make the elastic and
thickness while the crossover frequency shifted to lower val® y (shi ) e o !

. . dissipative spring constants coincidexat (Panel A: The following sym-
ues. Can we conclude anything from this data about th@gls indicate real and imaginary components, respectively: filled and open
larger frequency window behavior of the frequency spec-squares D/o=7); filled and open circles{/o=5); filled and open tri-
trum? Could the frequency spectrum taken at different filmangles to right D/o=4); diamonds with and without center dobD{o
thickness be related to each other and form a general pictur(:%izr;:s%rsﬁ]”edlg'us.s'gr.D(/ o=2); triangles with and without center dot
. . . . garithmic slopes of 1 and+2 are the classical response
in the frequency-thickness domain? The answers to thes§ a fiuid dictated by the Kramers—Kronig relatiori®anel B: Imaginary
guestions will be discussed in the next section. componentbottom curve calculated from the real compone(iop curve
These raw data show definitively that the change of visusing the Krar_ner_s—Kronig relation. Line throu_gh the top curve _is a third
coelastic response was continuous rather than abrupt Witg{;ﬂ:élpAolynomlal fit to the data. Data taken at differBrit- are identified in
decreasing film thickness. To quantify, a useful measure '
was the inverse frequency at which the ratio of dissipative
and elastic force was unity. In Fig. 9, is plotted semiloga-
rithmically against film thickness expressed as multiples o
the molecular diameter of OMCTS. The sudden slowing  When assessing the hypothesis of confinement-induced
down of 7; by three orders of magnitude, as the film wascrystallization, it is worth emphasizing that the elastic rigid-
squeezed from a thickness of 7—2 molecular dimensions, sy measured in these experiments in the rest sgjtevas
striking. Though the limited range of thickness admits vari-low. Hereg/ is the elastic stiffness, the linear elastic force
ous functional fits, the increase of appears to more rapid normalized by shear displacement in the regime at frequen-
than exponential. Well-known viscoelastic relations showcies whereg’ is nearly independent ab. The effective con-
that the effective viscosity of a viscoelastic body is propor-tact area between curved surfaces in this experiment is on the
tional to 7;,% indicating a similarly sudden increase of the order of 10um in diameter. Dividing by area and multiply-
viscosity. Control experiments confirmed this result also foring by thickness gives the frequency-dependent elastic shear
confinement between noncrystalline surfaces, between migaodulus, whose units are energy per unit volume.
coated with a densely-packed self-assembled monolayer of From this reasoning, it follows that the volume attribut-
octadecyl chains terminated with methyl grodps. able to akgT of elastic energy ranged fror¥30 molecules
The dependence on sample history was consistent witfat thickness of 7 moleculgto ~6 moleculegthickness of 2
the hypothesis of a glassy state. This is quantified in the largmolecule$. Clearly, explanation should not be sought in
error bars in Fig. 9. The error bars exceed the experimentalingle molecule—molecule interactions, but rather in collec-
uncertainty. In repeated experiments, variations of the comtive interactions at larger length scales than molecular—
pression rate resulted in somewhat differeftat a given again consistent with the hypothesis of glassy response.
film thickness. If liquid exchange between the confined vol-  This weak stiffness also helps to explain why it is pos-
ume and the reservoir outside were suppressed by the slugible to pass sequentially to smaller-and-smaller film thick-
gish mobility upon confinement, molecules might becomeness simply by applying increasing compressive force to a
trapped within the gap when the solid surfaces wereconfined liquid—a transition that would not be feasible to
squeezed together rapidly. effect in the case of an ordinary macroscopic crystal.

1L

P. The shear stiffness is “soft”
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E. Time-thickness superposition T T T T .

5
A general interpretation of the above linear data for a 4
constant film thickness is difficult due to the relatively small 3
frequency window. On the other hand, the method of reduced 2
variables has long been used as a means for enlarging the 1T - ]
0
b

loga

effective time or frequency scale available for experimental Pt ]
measurements. In this section, we apply this method to the bo 0z 04 06 08 10
linear data of the previous section to see if it results in sepa- 1/n

rating the two principal variables of tim@r frequency and —— T

thickness on which the viscoelastic properties depend. In 161 “ ]
such a case, the properties can be expressed in terms of a LS ]
single function of each variable, whose form can be deter- 208t . 1
mined experimentally whether or not it can be conveniently 204l T i
represented by an analytical expression. 00l o]
In Ref. 31, three criteria have been listed for the appli- o4l L

012 3 456 7 8

cability of the method of reduced variablés. Exact match-
number of molecular layers, n

ing of the shapes of adjacent curves over a substantial range
of frequencies(ii) The same ValU?S of thefh'ﬂ factar FIG. 11. The horizontaltop panel and vertical shift factorg¢bottom panel
must superpose all the viscoelastic functiofiis) The tem-  plotted semilogarithmically against reciprocal of layer numtiep pane)
perature dependence @f must have a reasonable form con- and against layer numbébottom panel The dotted lines are exponential

- . - - - fits to the data. The filledopern squares were determined experimentally
sistent with experience. Whe&T is a smooth function of (empirically). The datum represented by a diamond correspondsltiviPa

temperature with no gross fluctuations or irregularities, it iSmore external pressure than the datum represented by the square. Here the
usually fitted to the WLF expression. For the time-thicknessvertical shift factor is the relative elastic spring constant of confined
superposition presented here, the above criteria will also anMCTS at the frequency«{;) where elastic and dissipative shear forces are

h - e . . _equal. The elastic spring constant is the measured elastic shear force nor-
ply with slight modifications, the major one being the re malized by shear displacement. The horizontal shift factor is the relative

placemen_t of temperature with thickness. _ _ _ terminal frequency ) where elastic and dissipative shear forces are equal.
The viscoelastic spectra measured at different film thick-

ness were shifted on log—log scales so as to coincide at the
crossover frequencyw., where G'=G". Figure 10 (top The vertical shift factor®,, are based on the hypothesis
pane) shows the resulting composite graph. This mastethat the magnitude of the modul@, at the crossover fre-
curve consists of data taken at six different levels of filmquency normalized bfp,,/ A should be the same for all the
thickness but shifted on both the horizontal and verticalsuperposed data.
scales to coincide ab= w.. The linear response data fell on The superposition of the data using the shift factays
a single curve, within experimental scatter, in a frequencyand b, as described above is then equivalent to frequency
range of more than six orders of magnitude when superposespectra at different film thickness being pinned down at the
along the lines outlined below, with a few exceptididés-  intersection of theAG.4/D,, and AGg4/D,, curves. This is an
cussed in the fourth paragraph be)der the shift factors of advantage obtained by simultaneous measureme@t @fnd
n=1 andn=2 thick films. Specifically, the elastic and vis- G". Explicit values of the horizontal and vertical shift factors
cous spring constants are plotted against frequency on logare plotted against layer number in Fig. 11.
log scales. The reference state is the film of thickness It has to be emphasized that this way of determining the
=D/o=7 molecular dimensions. For films of lesserthe  shift factors does not bring any arbitrariness into the method,
data are shifted on the frequency scale by, since everything is, in principle, determined from experimen-
=71(n)/7(7). On thevertical scale, they are shifted by tally measured values. However, slight modifications from
b,=g'(1/71(n)/g’'(1/71(7)). A viscoelastic property mea- the experimentally-determined values were used for the films
sured at frequency and a given thickness was equivalent to of thicknessn=2 andn=1. Although thea,, value that was
the same viscoelastic property measured at a different fredetermined from the crossover by extrapolating the polyno-
guencywa,, and different thicknesa. mial fits in Fig. 8 was used fan=2 thick film, logb,=1 was
This is a generalization of the horizontal shift factor to used instead of log,=1.367 as determined from the cross-
give the ratioa,, of a particular relaxation time in state 2  over, so thab,, continued to satisfy the analytical expression
to that in state 1 in conventional time-temperaturewhich increases exponentially with decreasing film thick-
superpositiori* For the case of time-thickness superposition,ness, log,=1.42—-0.2h, and was determined by the cross-
the horizontal shift factoa,, is then given by the ratio of the over points forn>2. Vertical shift factors of 1.21 and 1, as
relaxation timer,, at a film thickness ofi molecular layers to  calculated from the above expression, were used for the data
Tno @t Ng molecular layers. A relaxation time, for the sys- of n=1 andn=2 thick films, respectively. A vertical shift
tem is defined as the reciprocal of the crossover frequencyactor of logb,=1.44 was used to superpose the data of 1
w;. This means that all the curves have to be shifted horiML thick film taken after applying a normal external pres-
zontally with respect to a reference curve in such a way thasure of approximately 1 MPa. The effect of normal pressure
the crossover frequencies are all at the same point on theill be discussed below. An empirical horizontal shift factor
horizontal axis. of loga,=4.5 was used for all data correspondingnts 1
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thick films, although it did not fall on the line, lag, 6,5 ' ' .
=(7.88h)—1.19, determined by the crossover frequencies E . og8 ¢
for n>1 and showing the linearity of lag, to 1h. The = 60 gz 8gs 1
above expression gives a value of Bg6.69 for n=1 =] o 9
which does not enable the superposition of the data for 1 ML 8 55r 8% ° ° i
thick films. The thickness dependenceagfandb, will be 2 98 50
discussed in detail beloffl. = 8o . [ ]
The consistency of the interrelation between the storage 0 1 2 3
and loss moduli was checked through Kramers-rgaela- log w (rad/s)
tion. One approximate expression relating the valugs’oat )
two frequenciess; and w, is given adl41 FIG. 12. The shear frequency spectrum of the OMCTS/OTE/mica system at

a film thickness oh=1. The elastic modulu&’ is denoted by squares, the
viscous moduluss” by circles.

G’(wz)—G'(wl)E(Z/W)J (G"(w)d(In )). (6)

To check whether the master curve in Fig. @0p panel ifference from the well-knownr and 3 relaxations of bulk
satisfied this relation, a third order polynomial was f'tted’glasses, whose separation increases with increasing pressure
Ag+Ay(In ) +Ag(In w)*+Ag(In w)®, to AGED, data with  or diminishing temperatur&:*2A point for future work will

the fitting parameter$\o=0.312,A;=1.759,A,=—0.386,  pe to expand the experimental frequency window to better
andAz=0.027, shown as the solid line through(w) inthe  probe the relaxation processes at high,, to test more
bottom panel of Fig. 10. The integration of this curve be-gtrictly whether the observed frequency-thickness superposi-
tween the lower and the upper limits of the frequency win-tion will hold as well at high frequency as at low. This,
dow over more than six decades, multiplied (&m), gave  powever, is not yet feasible with our present experimental
the line throughg”(w) in the bottom panel of Fig. 10. This geyp.

fits the data over most of the frequency window, except at  Fqr the data in Fig. 10, the loss modulus peaks at a
frequencies below the crossovergifandg”. At the lowest  |equced frequency of approximately“tads * and has a
frequencies the curve gives somewhat larger values than th§aar minimum around foad s indicating the possibility

Kramers—Kraig relation with the actual superposed dataguency of 18rads *.

over almost six decades is one check for the trustworthiness phenomenologically-similar minimum 6" (w) has
and self-consistency of this method of reduced variables. 5|0 peen observed for colloidal hard sphere suspensions
close to the glass transitibt*“and interpreted as having two
sets of widely separated relaxation times. Having two sets of
relaxation times are also well known in the case of other

The confinement-induced solidity of liquids has beenglass former§**° Although the molecular interpretation of
known since the late 1983<. However, the nature of this the responsible relaxation mechanisms might depend on the
transition has been controversial. In one point of view, it wasspecific system in question, for the glass transition of small
suggested that this is a first-order phase transition wher@olecules it is generally agreed that the faster relaxation is
above a critical film thickness the system is purely viscouglue to the localized motion of individual molecules in the
and below that it is purely elastic, as discussed in the Introcages formed by neighboring molecules and that the slower
duction. The frequency spectrum of the superposed data sugglaxation is associated with the breakup of these cages. Un-
gests instead a physical picture in terms of a gradual transder extreme confinement, high densities are expected and
tion to a predominantly elastic state similar to the glasssimilar mechanisms might be responsible in the relaxation of
transition of low molecular weight liquids with decreasing thin liquid films. While only the broad peak corresponding to
temperaturé! Also supporting this interpretation is the the slow relaxation associated with the break up of cages is
gradual increase, with decreasing film thickness, of the reseen in our data, the fast relaxation is only suggested in this
laxation time and of the magnitudes of the viscoelasticdata by the tendency of the loss modulus to increase at the
moduli. highest frequencie®.

As in the case of time—temperature superposition prin-
ciple, the successful superposition of all the linear data onto

The preceding section has presented a phenomenologicalmaster curve evokes free volume arguments. Does the mo-
master curve that appears to succeed in superposing the daélity at any film thickness depend primarily on the free vol-
The key point is wide separation between two families ofume remaining? Can the relaxation times be expressed in
viscoelastic relaxation. Figure 10 shows a broad maximum inerms of fraction of free volume rather than the film thick-
g”"(wa,) at low reduced frequency, indicating one cluster ofness as the independent variable? What is the significance of
relaxation times. At much higher reduced frequency thehe interactions of the molecules with the surface and with
g"(wa,) rise sharply, indicating the onset of additional re- other molecules? Although successful superposition of the
laxation processes. It is curious that these two clusters afata might suggest, along the lines of physical explanation of
relaxation times seem to be separated by a constant distan@é_F equation in terms of free volume, that the free volume
on the reduced frequency scale. This constitutes an importagbverns the relaxation times of confined liquids, the relative

IV. DISCUSSION

A. Split between two families of relaxation times
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importance of molecule—surface interactions is intuitivelyno change in surface separation is expected in the linear re-
expected to increase with decreasing film thickness. sponse regime where the oscillation amplitudes are small.
Differences between constant pressure and constant volume
B. Contrast between mica and methylated mica experiments'(constant surface s_epara}tion assuming the con-
surfaces tact area is constantwere investigated by computer
o . simulations®>*° Experimentally there are difficulties in do-
The significance of the energy of solid surfaces on theng 4 systematic study of the effect of pressure at constant
relaxation dynamics of the confined liquids can be experifjm thickness or the film thickness at constant pressure. The
mentally understood by repeating the experiments with soli¢omputer simulatio€ show that the viscosity and the long-
surfaces OI different energies. A procedure was previouslyg; rejaxation time of the confined liquids increase with de-
mtrodu_ce& to modify high energy mica surfaces with octa- creasing film thickness at constant pressure and with increas-
decyltriethoxysilane(lOTE) monolayers. The resulting me- ing pressure at constant number of layers between the
thyl terminated surfaces have surface energies~&2 g rfaces as expected intuitively.
mJ/nt, approximately an order of magnitude less than the o 4 given number of layers between the surfaces, the

surface energy of mica cleaved in ambient atmosphere, angke of pressure as the independent variable is more reason-
these surface lack long-range crystallinity. At a given film gpje The moduli are then a function of the total pressure
thickness, the linear shear response of OMCTS confined bgphich is a sum of internal and external contributions. Inter-

tween OTE coated mica surfaces was more viscous COmyg) pressure is related to the free ener§yD)=U(D)
pared to that between mica surfaces. However, the systemTS(D), by Py=—1/A(dF/dD);y. The moduli in-

eventually went into predominantly elastic state at a filmgreases with increasing total pressure. At constant number of
thickness ofn=1. Elsewhere we show that the successfulygiecular layers between the surfaces and for a given sur-
application of these same methods of time-thicknesgace energy, the change in the moduli is dominantly due to
superpositiorf? Figure 12 shows the frequency dependencesyternally applied pressure assuming that the change in the
of storage and loss modulus in this elastic state. Qualitatively,ternal pressure is small because of the small change in the
it looks very similar to Fig. 8 showing the frequency depen-g,iface separation. On the other hand, using different sur-
dence in the elastic state of OMCTS confined between micgyces and thus changing the surface energy only effects the
surfaces. _ _ internal pressure. The external pressure is effected indirectly
However a more extensive study of this problem showsyecayse the force-distance profile and thus the range of ex-
that the peak ofz"(w) spans, in the case of OMCTS €ON- torna| pressure that can be applied at that film thickness
fined between methylated mica surfaces, occupies a Sma"‘éhanges.
span ofw than for the case of bare mica surfatésn other In Fig. 12, the magnitudes of the viscoelastic moduli are
words, the relaxation peak at low frequency corresponds, f0fess than expected by extrapolating from Figs. 7 and 8 for the
methylated mica, to a more narrow distribution of relaxationopcTs/mica system. Decreasing the surface energy by an
times. This is consisten_t with.the intuitiv_e expectation thaty,qer of magnitude decreases the internal pressure and thus
weaker surface adsorption might result in a more homogege internal energy. So the elasticity and the shift factor go

neous confining environment. down.
C. The independent variable: Thickness or normal V. CONCLUSIONS
pressure?

In summary, the available shear experiments show that

So far in this discussion, the film thickness in number ofthe transition towards progressively more sluggish relax-
molecular layers between the surfaces was used as the ind&tion, with increasing confinement, is more reminiscent of a
pendent variable, as this could be measured most readilglass transition than a first-order process. With increasing
However, in the way that the experiment is performed, filmnormal pressure, time, or increase of confinement, a viscous
thickness adjusts to the action of force in the normal direcstate evolves to a solidlike state in which the elastic forces
tion. The associated surface separafiofor a film thickness exceed the viscous forces at a given frequency or rate of
of n molecular layers spans a range approximately fram  deformation. This is reminiscent of a glass-forming liquid, in
to (n+1/2) o, whereo is the molecular diameter. The ap- which a very sharp enhancement of viscosity is observed at
proximate range ofr{+1/2)c<D,<(n+1)o is not acces- the glass transition, eventually appearing as a glass over the
sible because of the finite spring constant of the force trangime scale of the experiment.
ducer (a double cantilever spring Considering thato is These conclusions, initially based on study of simple
approximatef 9 A for OMCTS, a resolution of 2—-3 A in the hydrocarbon liquids and later on studies with OMCTS, a
measurement of the surface separation easily allows to assigfiobular-shaped liquid® are further supported by the fact
the number of molecular layers between the surfaces. Howthat even glass-forming polymeric liquids without a melting
ever, the assignment of the exact surface separation is quitensition show a similar solidlike behavior upon extreme
difficult given the range ot/2—4.5 A. confinement?33

Since pressure is a single-valued function of the surface  For bulk fluids, an extremely small change of density
separation, the surface separation can be considered as tkads to these large changes of viscosity. While it is true that
independent variable. However, experiments are done at cotthe behavior of confined fluids is reminiscent of this as con-
stant pressure and surface separation can change, althouggrns sensitivity to film thickness and pressure, the clear rea-
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son for the observed slowing down of dynamics under exis typically 0.1° with oscillation amplitude of a few tenths of

treme confinement is not yet fully understood. a nanometer. Better resolution is possible when the ampli-
However, recent studies have argued that OMCTS antude is larger.

other small-molecule nonpolar liquids, upon confinement Consider the viscosity that can be measured by these two

from 7 to 6 molecular layers between mica surfaces, undergmethods, steady shear and dynamic shear. For forces mea-

a confinement-induced phase transition from a liquid, withsuring by spring displacement in steady shear, the resolution

viscosity close to the bulk, to a solid-1*It was argued that of +0.5 uN has been reported. Thus for a shear rate 20

the transition is abrupt, with a change of effective viscositynms* the minimum viscosity detectable is=10°Pas,

of at least seven orders of magnitude when the film thickneswhich is already 6 orders of magnitude higher than that of

is reduced by the spacing of one diameter. This contrastingulk OMCTS. In the case of forces measured by dynamic

conclusion has motivated us to re-evaluate the current instrwescillatory motion(this papey, a minimum change of phase

mentation and interpretative analysis available in variousy 0.1° corresponds to a viscosity of 0.5 Pas when using a

laboratories. This is contained in the Appendix. drive at 100 Hz.
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A version of the discussion that follows has appeared. The issue of experimental geometry

H 6
previously: The surface forces apparatus confines liquids between

1. Resolution in measuring viscosity two crossed cylinders; the geometry is approximated as a

There exist two different approaches to measure Sheéﬁphere against a flat plate. The measured quantity is the force

forces. The first is to infer force as a surface is translated & guired to ”a”S"'?“e this sphere para_lllel to the flat plate. For
a steady velocityor alternatively to hold a surface constant this case the continuum hydrodynamics was worked out long

and measure force after cessation of shear transj&ignt® 299 and is given by
The second approach is to apply a small sinusoidal shear Fg=(16x/5)(vR%)In(R/by), (A4)

displacement force and to measure the resulting phase an . Lo S
amplitude of motion:®°In the latter case there exist both Where is the shear velocitiRis the sphere radius; is the

elastic and viscous contributions, as discussed in the Exper}{'SCOSIty’ and is the closest separation between the sphere

7 .
ment. The elastic contributiofk) is in phase with the dis- and the platé’ Clearly, with a curved g_eor_netry, any shear
) S . R measurement probes the state of the liquid over a range of
placement and the viscous contributioah) is 90° out of

. . ~ film thickness. The contribution to the total force from the
phase. These are determined by the following relatins: . . . B
point of closest approach dominates only if the viscosity in

k=k{ (vi/ve)cose—1], (Al) this region exceeds that farther away.

_ _ When a sphere is flattened at the apex, as under a Hert-
wb=ksw[[(vt/ve)cOSe—1]. (A2) " Jian contact, this is approximated as a parallel-plate shear
Here kg denotes the spring constant of the force-measuringeometry and the shear force can be written,
spring in the apparatus angl denotes phase of the output

i X Fs=7nvAID, (A5)
voltage relative to input.
Omitting the elastic terms, the viscous contribution inwhere A denotes areaD denotes film thickness, and the
Eq. (A2) can be quantified as the effective viscosity, other symbols have the same meaning as in(&fy). This is

appropriate to use provided that the viscosity of the confined
7= wbD/A, (A3) liquid is enhanced by at least 1-2 orders of magnitude over

where the symbols have the same meaning as in the aboteat of the liquid outside the zone of closest approach.

equations. This model also allows us to accurately account When dealing with Eqs(A4) and (A5), the effective

for device compliance, since this also contributes to sheatontact areas, from which viscosity is calculated, are obvi-

forces®® ously very different. The resulting danger of comparing ex-
The sensitivity is limited by the absolute phase changeeriments performed with curved and flattened surface ge-

that can be detected. Using lock-in amplifiers the resolutiorometry is evident. If one compares E484) and(A5) for a
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