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Simple liquids confined to molecularly thin layers. I. Confinement-induced
liquid-to-solid phase transitions
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A surface force balance with extremely high resolution in measuring shear forces has been used to
study the properties of films of the simple organic solvents cyclohexane,
octamethylcyclotetrasiloxane, and toluene, confined in a gap between smooth solid surfaces. We
were able to probe in detail the transition between liquidlike and solidlike behavior of the films as
the gap thickness decreased. Our results reveal that in such confined layers the liquids are fluid down
to a film thickness of few molecular layeftypically seven, depending on the particular liquid
examined. On further decreasing the gap thickness by a single molecular layer, the films undergo
an abrupt transition to become solidlike in the sense that they are able to sustain a finite shear stress
for macroscopic times. At the transition, the effective rigidity of the films, quantified in terms of an
effective creep viscosity, increases by at least seven orders of magnitude. This sharp transition is
reversible and occurs as a function of the confinement alone: it does not require external applied
pressure. Following the transition the confined films behave under shear in a manner resembling
ductile solids. ©1998 American Institute of Physid$0021-960808)51415-§

I. INTRODUCTION Few experimental studies have addressed the process by
which a liquid changes to a solid as it becomes confined to

In recent years the properties of simple liquids in thejncreasingly smaller gaps. Some studies based on the shear
vicinity of solid surfaces, both for bulk liquids and particu- of highly compressed layers between parallel plates have re-
larly when they are confined to thin films, have been studiegyorted that these undergo a continuous increase in their vis-
extensively. This is partly because of obvious practical congqsjty as the plate separation decreases below a few

nections(friction and lubrication’ wetting propertie€,adhe- nanometerd®-2L This regime has been described as “inter-
sion and WegrA)’ but at the same time because the behaviorqjiate” between a bulk liquid and a solid, and it has been
of liquids in ultrathin films is not yet well understood. An remarked®2that the effective viscosity.; of some liquids
outstanding issue, on which we shall focus in this paper; . ... ; ; i o 213

' in this regime varies with the shear rajeas 7.xx . In
concerns the manner in which liquid films change from bein g eft™Y

fluid i ically thick fil 10 behaving lik lid gcontrast, a different picture, where the liquid-to-solid transi-
uid In macroscopica’y thick Tims, to benaving fike Sollds ., p, simple liquids is a very sharp one and occurs on

when CO”J'_Qed to f|Im§ qnly_a monolayer or tv_vo N increasing confinement at a well-defined film thickness, with
thickness->~" For bulk liquids in contact with a single . . .
. : o no intermediate regime, has recently been repdrted.
smooth solid surface, layering of the molecules is induced, : ; . . N
: : Computer simulations and theoretical investigations
decaying over a few molecular diameters from thehave shed much light on the molecular details underlyin
surfacé®1° The question of the fluidity of liquids near a both structural dg i behavior of liquids in the hi yhlg
surface has also been examifédCareful determinations of 20" Structural and dynamic behavior of iquids in the fignly
d:onflned regime, as will be discussed in more detail later.

the plane of zero shear when liquids flow past a single soli | studi hat liquid 4 of spherical
surface indicate that bulk simple liquids near a surface re>€veral studies suggest that liquids composed of spherica

main fluid right up to the solid—liquid interfadé-®Surface ~ Molecules may undergo a sharp Iigyid-to-solid transition on
force balance$SFB) have been used to probe both the dy-confinement to a few m_onolaye%‘. In others, the varia-
namic and the structural properties of ultrathin films and sugfion Of liquid viscosity with shear rate in ultrathin confined
gest that, even when confined, liquids retain their bulk visflms is explored, as is the guestion of stick-slip sliding be-
cosity as long as the films are thicker than about terfWween the confining surfacés?***~*Very recently, the na-
molecular diameters: 14 At the other extreme, highly com- ture of the confinement-induced liquid-to-solid transition it-
pressed films of simple liquids confined to 1—3 molecularself has been addressed directly both analyti¢afand via
layers between smooth solid surfaces have been shown &mputer simulation studié$:*
display solidlike features, manifested by a finite yield  The present study extends our earlier brief report of
stres&®1518and characteristic stick-slip behavioas well as ~ confinement-induced phase transitions in a simple liduid.
a marked layering of the confined molecuté<® Using a surface force balance with uniquely high resolution
in directly measuring shear forces across thin films, we in-
dAuthor to whom correspondence should be addressed. vestigate a number of simple nonpolar liquids with quasi-

Ypresent address: Department of Chemistry, University of Toronto, Tor-Sphe_rlcal molecules, _and exam_me comprehe_nswe_ly the dy-
onto, ON M5S 3H6, Canada. namical and mechanical behavior of the confined films. Our
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study reveals several qualitatively new features of thin-film T etengihs

properties. In this first papér) we focus on the issue of the 4

transition in the behavior of the confined films as the film Microscope Tube

thickness is reduced from macroscopic dimensions to the —_—

point where the liquid behaves in a solidlike fashion. In Sec. o : : s,

Il we describe in detail the surface force balance and its "'\" -, Vertea Leal Springs §
operation. The effect of increasing confinement on the shear . Sectored PZ Tube —————— |
response of the liquids is described in Sec. Ill. In the final U Lo
section we consider this behavior in the light of theoretical capaiir S ?

and computer simulation studies, as well as of earlier inves-cp " % Horizonta

tigations on confined simple liquids. In the following paper % oat Fiered i < Ao

(I we report on the properties of the solidlike confined white Light

fiIms,_ Fhat is, after they have undergone the liquid-to-solidg,g ;. Schemati¢approximately to scajeof the shear force balance used
transition. in the present experiments. The two mica sheets are mounted on cylindrical

quartz lenses in a crossed-cylinder configuratiprse). The top lens is
mounted on a sectored piezoelectric t¢B&T, shown blown up on the right

Il. EXPERIMENT and illustrating the sideways motion induced when opposing sectors in the
x-direction experience equal and opposite potentidlee PZT(see text for
A. Apparatus and measurements specificationsis mounted via a rigid stainless steel b&i® onto two ver-

. tical copper-berrylium leaf spring3; (spring constani ;=300 N/m) which
The use of mica as a model smooth substrate to measutg, rigidly mounted into the main body of the balance. Lateral forces be-

friction was first reported by Bailey and Courtney-PYatt tween the mica surfaces are transmitted to the sprigswvhose bending
who deposited boundary lubricants on the mica surfaceshanges the thicknessof the air-gapG between the boaBO and a ca-
Surface force balancéSFB), where normal forces between Pacitance probe CP. This is monitored by the change in capacitanGe of

. . . (measured with a capacitor bridge, see text for detaNermal forces are
atomically smooth, curved mica surfaces are directly mea-

) . . ~““measured via the bending of the horizontal stainless steel leaf sging
sured as a function of their separation, have been utilizegspring constank,=150 N/m, whose motion is a perfect up—down one
extensively since their first descriptions in the late 1960s bywithout tilt (the single cantilever representationSyfis for simplicity). The
Tabor and CO-WOI’keI%S, and especially foIIowing their ex- distanceD betV\_/een the mic_a st_Jrfaces is measgred_ as usual via_the_ fringes of
tension by Israelachvili and Adams to the case of forcethe“";‘:ifm[]"eats'c é’crfrgrsgg'génat'on from the white light after projection onto
across liquid medi&® Force balances have also been used to P be:
investigate friction and shear forces across mica sheets, be-
tween which different materialé&such as polymers, surfac-
tants, or simple liquidscould be compressed3"~*°In our  moval of four narrow conducting strips at 90° intervals, into
previous investigations we examined the shear forces bdeur equal sectordA—D. By applying equal and opposite
tween polymer-bearing mica surfac@soth adsorbed and voltages(with respect to the inner conducting surfageof
end-tethered chainsmmersed in a solverf®=#?Due to the  the PZT) to two of the opposing outside sectdsayA andC
remarkable lubricating properties of polymer brushes in goodvhich oppose each other alongin Fig. 1), one expands
solvents, the shear forces during steady sliding, even undevhile the other contracts. This provides a lateral motion
substantial normal loads, can be several orders of magnitud@ thex direction to the top mica surface, as indicated in the
weaker than the smallest forces measureable with earligight of Fig. 1. The range of lateral motion is some 15 000 A
force balances. The apparatus used in the present study wiaseither the+x or —x directions, for a total lateral motion
originally designed to measure these very weak forces.  amplitude x,,~30 000 A. The resonance frequency of the
Figure 1 shows the surface force balance schematicall?ZT in its shear mode is over 100 kHz, but in the configu-
(a brief description has appeared eaffler The normal ration shown in Fig. 1 the maximum usable shear frequency
forcesF (D) and laterakor sheay forcesF¢(D) between the v, is limited by the mountind8O to v,,~550 Hz. The full
two curved mica sheets a closest distabcapart are mea- range of accessible mean shear velocitigis thus from rest
sured by monitoring the bending of two orthogonal sets of(vs=0) to a maximal value s=2x,vy~3.5x10" A/s (a
leaf springs, vertical springsS; (spring constantK;  steplike voltage pulse can result in even higher instantaneous
=300 N/m), and a horizontal sprirg, (spring constanK,  shear velocities Any shear forces acting between the top
=150 N/m). The bending ofS, (on which the lower mica and bottom mica surfaces, as the former are made to move in
surface is mounted is determined, as in earlier thex direction, are transmitted to the vertical sprirfgjsvia
versions>>*%43ysing multiple beam interferometry. This is the rigid stainless steel mouBtO on which the top surface
done by monitoring the change in wavelength of fringes ofis mountedthe total mass of the PZT and upper lens and the
equal chromatic ordegffECO) in response to applied motion boatBO on which they are mounted is ca. 20§
in the z direction. The sectored PZT is especially versatile in providing
Application of shear motion and measurements of theéboth shear and normal motion of the upper mica surface:
shear force are carried out as follows. The top mica surface isure normal motion(in the z direction occurs when the
mounted on a piezoelectric tuliPZT, diameter 12.7 mm, potentials of all four outer sectors are equal. A change in this
length 12.7 mm, and wall thickness ca. 1 mm, ceramic mapotential then produces pure axial extension or contraction:
terial 5-H, supplied by Morgan Matroc Ltd., UK, cat. no. this is used particularly for the measurement of the profiles
8531-5H whose outside silvered surface is divided, by re-of normal interactions between the surfaces. The PZT can
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also provide simultaneous normal and shear motion, by inmotion, the adjustable feedback enables elimination of any
dependent adjustment of the voltages applied to the inner anthanges in the surface separati@neven when the surfaces
outer sectors(E and A-D, respectively, which enables are not in contact, when the top surface is moved laterally. In
measurement of shear forces while very delicately varyingractice, it is possible to ensure tHatchanges by no more
the normal forces. In addition, it can provide motion of anythan ca. 10 A as the top surface traverses the entire range of
desired form in thex-y plane(not only alongx) by suitable lateral motion of 30 000 A. Over the more usual range of
synchronized inputs to the four sectdfsr example, motion lateral motion in the experiments of order 18, the
at 45° tox, at right angles t, i.e. alongy, or circular  changes irD during the lateral motion can be adjusted to be
motion in thex-y plang. This can be especially revealing less than 1 A. At the same time, the extent of tilt due to the
where the shear forces are anisotropic with respect to theantilever motion of the PZT is extremely small, correspond-
relative shear direction, as in the case of confined liquidng to a change iD of less tha 1 A for a lateral motion of
crystals®® In the present experiments only motion along 10* A of the top surface.
was utilized. In a shear experiment, in addition to measuring the dis-
The bending ofS; in response to the shear forces istanceD and the normal forcé-(D) between the surfaces,
detected by the changes in the capacitance of a smalGgap two additional outputs are recorded simultaneously. These
between a fixed capacitance proB® and the moving boat are the voltage applied to the PZT, which gives a direct
BO as shown. The capacitance bridgeccumeasure 1000, measure of the applied lateral motion, and the signal from
probe ASP-1-ILA, MTI Ltd., Albany, NY can detect the capacitor bridge, which monitors the bending of the ver-
changesdx in the gapG as low aséx=+2 to 3 A, provid- tical springsS,, and thereby provides a direct measure of the
ing an optimal sensitivityK; 5x of better than+=0.1 uN in shear force=;. These are recorded simultaneously either on
measuringF¢(D). These values of the sensitivity and reso-an XYt double pen chart recorder or via a storage oscillo-
lution in measuring the shear forces in monotonic slidingscope. In the latter case signal averaging is possiblge-
motion are comparable to those achievable in measuring th&red to enhance the signal-to-noise level. In Fig. 2 we illus-
normal forced=(D). They are about 100—1000 times better trate typical outputs from the surface force balance.
than values reported in earlier studi€$® where frictional In Fig. 2(a) the surfaces are in contact with no lateral
forces were measured between mica surfaces sliding steadihgotion applied to the top surface. The level of this null sig-
past each other across simple liquids. Such sensitivity is estal, trace 2a) (from the capacitor bridgeis a measure of the
sential for the measurement of the weak shear forces resensitivity and resolution to which forces may be measured:
ported in the present studgnd, particularly, for measuring as noted, the noise levélx sets this resolution at;5x~
the ultraweak shear forces between sliding polymer brushes 0.1 uN. When the surfaces are far from contact the noise
reported earliét). The actual output of the capacitance level can be largefexamples are given laterTrace 2b)
bridge is in volts, linear in the dimensions of the capacitanceshows the voltage applied to the PZT when a back-and-forth
gap G; it is calibrated in the factoryl mV=25.0 A) and shear motionAx, is applied to the top surface: here the
checked by us prior to each experiméaee below. In an  surfaces are in adhesive contéiatair), and trace &) shows
experiment, following mounting of the surfaces, the capacithe bendingAx of the vertical springs in response to the
tor gapG is adjusted to be parallel, and set, using a differ-shear force between them. Whenever this shear fidscex
ential micrometernot shown in Fig. 1, to the appropriate is less than the frictional force between the surfaces, they
dimensions, within the thickness range=210 um. move together, as shown in trac&R That is, Ax=AX,.
Random vibrations due to ambient noise are minimizedThis type of measurement is carried out in each experiment
by a custom-built electronic vibration isolation unit specially to calibrate the shear motign.
tuned to eliminate the low-frequency tilting motion of the Finally, trace 2d) shows the shear response when the
building (MOD 2A, JRS Ltd, Zurich. All experiments were shear forceK;Ax exceeds the frictional force. In this ex-
carried out at 23.5 °C. The rooms in which experiments werample, four monolayers of cyclohexane are confined be-
performed were thermally insulated and actively temperaturéween the surfaces: the surfaces adhere and move together as
controlled to+0.25 °C in order to minimize thermal drift. ~ long as the shear force is less than the static friction force
A central requirement in measuring the shear forces ibetween them. When the shear fokcgA x exceeds the static
that the surfaces move parallel to each other, at any givefriction they slide via a characteristic stick-slip motion. This
separatiorD, when lateral motion is applied to the top sur- type of motion occurs when the confined material, which is
face. This is because changedircan lead to rapid changes able to sustain a finite shear stress, breaks down at some
in the normal force, which in turn result in changes in critical value of the increasing stress, at the top of the spikes
F<(D). In general it is not possible to ensure that mechanicaindicated by C in Fig. &). The surfaces then slide or slip
mounting of the PZT, boaB O, and springsS; will result in  rapidly relative to each other to relieve some of the stress, as
completely parallel motion of the surfaces when they are noin the vertical portions following the spike tips, but at some
in contact with each other under strong compression. To corfinite shear stress, as shown by point D in Figd)2they
rect for this, a small proportion of the voltage applied tostick together again. The confined material is then once more
either sectoA or sectorC of the PZT(whenA andC are the  capable of sustaining a shear stress, and the cycle repeats
active sectorsis fed back to the inner sect@. Since the itself. We note especially in Fig.(@) the very high repro-
voltage on sectoE provides for pure axial extension or con- ducibility of the stick-slip pattern between consecutive back-
traction (z direction) of the PZT, independent of the shear and-forth sliding cycles.
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| sec of the force balancéFig. 1) under dry filtered nitrogen. The
N inside of the force balance was kept dry withQB. We
a SAASS WM A i S AAN | found that for cyclohexane this distillation procedure did not

result in noticeable changes relative to using cyclohexane
directly from a freshly opened bottle, and in a number of the
experiments this latter procedure was used. For the case of
OMCTS, however, we found that distillation and transfer of
the liquid under dry nitrogen to a balance in which a dry
atmosphere was maintained influenced the value of structural
forces, and were essential for observing the behavior under
confinement described in this report.

IS All organic liquids used to clean the apparatus were ana-
C lytical grade. Water used was purifiédLGA-Q water puri-
fication system Sym(diphenyl carbazidewas used to glue
the mica sheets to the cylindrical glass lenses for the cyclo-
hexane and OMCTS experiments, and sucrose was used as
the glue for the toluene experimer{tsoth glues were BDH
analytical grade

Results shown are from several different experiments,
/\/\W with data often taken from a number of different contact
points between the mica surfaces in each experiment.

[30uN \ Ill. RESULTS
A. Normal force profiles

Prior to shear measurements the normal force profiles

\F/'G_- 2. Tra_cis Po”esfpok?ding to t_ypicg'_glﬁp“t_ Ofatjhe shear :_Xpe”'f‘ﬁ]m- F(D) were determined in each experiment. Figures 3 and 4
ariation with time of the capacitor bridge signé@orresponding to the . - : .

bending of the vertical leaf springS,;), giving the equivalent shear force show typlcal normalized force_dISte}nce prOfIIeS for cyc_Io.—

between the upper and lower surfaces, when the two are in adhesive contdd€Xane and for OMCTS. The profiles show characteristic

in air. No lateral motion is applied to the top surfad®. Variation with time  oscillations, with each maximum corresponding to a discrete

of the voltage applied to the sectored PZT, giving the back-and-forth laterah ymbem of monolayers, as marked. They are C|05e|y similar

motion of the upper surfacéc) Variation of the shear force between the . L .
surfaceqderived from the changes in capacitor bridge signatresponding to those reported earlier for these liquidsee captions to

to the applied motion irfb) when the surfaces are in adhesive air contact. Figs. 3 and 4, and also Fig).5The issue of sample purity is
The frictional force exceeds the shear force at all points and the surfacesrucial, as impurities can result in partial or total suppression
move together without slidindd) Upper trace: applied back-and-forth mo-  of the structural oscillationgespecially if the impurities are
tion of the upper surface. Lower trace: corresponding variation of the shear . . e .
force between the surfaces, separateciby4 layers of cyclohexane under surface aCtIVban.d’ as we see I?‘ter' I_n S.trong mpdn‘lcatlon of
a normal loadF/R= 3.5 mN/m. When the shear force exceeds the frictional the shear behavior of the confined liquids. In Fig. 5 our data
force slip occurs between the surfadesg., at pointC to point D) which  for the structural oscillations in OMCTS are compared with
then stick together agaifat pointD) when the stress has partially relaxed. several independent earlier determinatidii& 48 of struc-
tural forces in this liquid which had been purified and dis-
tilled or double distilled in a similar manner to that in the
present study. While there is appreciable scatter, for reasons
Three different liquids were examined: cyclohexane,which have been discuss&tinonetheless data from all such
toluene, and octamethylcyclotetrasiloxaf@MCTS). Both  studies fall within the shaded bands indicatgdh contrast,
cyclohexane and OMCTS, especially the latter, due to itsvhere the OMCTS is not distilled, the magnitudes of the
nonpolar nature and the large size of its quasispherical mokepulsive structural forces are very much weakepen
ecules(diameter ca. 9 A have been used as model liquids in circles in Fig. 5, presumably because of the presence of
several earlier investigationd:1"2%?1Their structures, mo- foreign (non-OMCTS molecules’ Studies on OMCTS
lecular dimensions, and melting temperatures are given iwhere the effect of added foreign molecules or of slight
Table I. roughening of the confining surfaces has been explicitly
Analytical grade toluenéFluka) was used as received investigatet®*"**also show a much reduced magnitude of
from freshly opened bottles. Cyclohexatfduka, analytical the structural forces. Taken together, these observations un-
grade and OMCTS(Fluka, purum grade, 99% pyrevere  ambiguously show that the effect of foreign molecules is to
stored for 2 days above 4A molecular sieves and then disdisrupt the ordering/layering of the molecules of the confined
tilled over pure, dry, filtered nitrogen. In several of the ex-OMCTS, and that in order to eliminate such a disruption it is
periments the liquids were twice distilled over nitrogen. Forimportant to distil carefully the as-received liquid as well as
OMCTS the middle fraction boiling at 175 °@he literature  to dry it thoroughly. Determination of the oscillatory force
boiling temperaturewas collected, and injected into the bath profiles at the beginning of each experiment was thus a pre-

B. Materials
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TABLE I. Structure and properties of liquids used.

J. Klein and E. Kumacheva

Liquid Structure and formula

Approximate
diameter(A)

Melting
temp. (°C)

Octamethylcyclo-
tetrasiloxane
(OMCTY

(Si0)4(CHy)g

CH
3 CH

3
O\/

\Si——-o

Cyclohexane

Toluene

8.5-9 17

55 6

(6) -95

condition for its continuation, as absence or reduced magni-
tude of the oscillations generally indicated the presence of
impurities>?

Similar oscillations could be observed for toluene,
though these could be observed to some four or five layers
only, and were not accurately measured in this study. Oscil-
lations were monitored frequently during the course of an
experiment for control of its continuing integrity. At the
highest normal compressions applied in this study the liquids
were squeezed down to=3 layers, though on occasion,
when sheared at high compressions, a further layer could be
“squeezed out”, ton=2. At the highest compressions we
were able to observe some flattening of the surfaces near the
contact regior(see below.

B. Confinement-induced liquid-to-solid transitions

We discovered that on progressively bringing the sur-
faces closer together, we could induce, by increased confine-
ment alone, sharp transitions in the dynamic properties of the
liquids in the gap. Figure 6 shows a qualitative manifestation
of the sharpness of this transiti¢gfor the case of OMCTS
as the two mica surfaces approach. The traces shown record
directly the change in capacitance of the air gagFig. 1),

F(OY R [mN/m]

-5

n=4 5 6 7
o]

Cyclohexane

3IO 35

D [A]

25

40

FIG. 3. Force F)-distance D) profile between curved mica surfadgdot-

and thus monitor the variation with time of the relative lat- ted asF(D)/R whereR is the mean radius of curvatyra a crossed cyl-

eral (sheay motion Ax of the surfaces across the confined
liquid. At large surface separatio®, and with no motion

applied to the top surfacéyx responds to external ambient surfaces.

inder configuration in cyclohexane. Solid triangles: data from Ref. 17. As in
earlier investigations of structural forces Refs. 17, 21, and 46—48, the values
of D are with respect to zero determined for dry air contact between the
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FIG. 6. Left-hand side: Direct recordingfsom a recording oscilloscopef
OoMCTS the variation in time of the relative lateral displacemé of the mica
i A ] surfaces immersed in OMCT@®vith no applied lateral motionat separa-
-10 tions as follows: tracéa) D=1160 A; trace(b) D=62+2 A; trace(c) D
20 30 40 50 60 70 =54+2 A. Traces(b) and (c) correspond to pointd andc on the force
D [A] distance profile for this liquid reproducdétfom Fig. 4 on the right-hand
side.

FIG. 4. F(D)/R profiles in OMCTS. Solid triangles: data from Ref. 17.

noise at the characteristic frequericg. 17 Hz of the spring Fran3|t|on o the sollq_llke(shear- stress sustaln.Dnghase IS

. induced by the additional confinement alone: little normal

S,, as shown in trace(8) (D=1160 A). When the surfaces ) . .
Lo .pressure on the OMCTS is necessé&ge caption to Fig.)6
are brought closer together, these random vibrations persi -~ - o
o . nce then=7—n=6 transition has taken place, the con-
down toD=62+2 A, trace &b); this corresponds to poirt . L - S )

. : i fined OMCTS retains its solidlike characteristics even if the

on the normalized force profile, as shown on the right of the_ " . ;
; applied small normal forccorresponding to point on the
traces, atn=7 molecular layers of OMCTS. Upon slight . : . :
) . right-hand sidgRHS) of Fig. 6] is reduced to zero.
further compression, the surface separation decreased dis® -
. : The sharp transition observed for OMCTS at the con-
continuously toD=54+2 A (point ¢ on the normal force . a R -
) . . . . finement changen=7—n=6 is characteristic also of the
profile, corresponding to=6). At this point, as seen in trace - : ; .
: ; : . other liquids studied, though it could take place at slightly
6(c), the 17 Hz vibrations cease abruptly. This transition oc- . .
: different confinements. For cyclohexane the abrupt change
curs over time scales shorter than we were able to measure_ . B
. , .“manifested in Fig. 6 was generally observedrnas7—n
(< 0.5 9. The change in confinement from seven to six . . . .
) . =6. However, in one or two instances where ambient noise
molecular layers has all at once rendered the film solid : . ) : .

) : L as especially low(in late night experimenjshe transition
enough to resist the random lateral shearing motion mduceWas seen for a chanae in laver spacime 8—n=7. and
by the external noise. The transition is reversible, that is, on g Y pacg '
increasing the separation @>6 monolayers, random vi-
brations(at ca. 17 Hx are observed again. Moreover, the

[ZOO nm
8 T T I00ms
6 - —
4+ .
2 o ] A e VNP IZ#N
1 e}
£ Or p—y A, 1160 A
Z o i
E 2
o -4F .
=} N e
-6} . B .
e ; ] B, 62*2A, n=7
-10 |- : -
Y
_12 I 1 ) 1 L L I 1 1 | L L I | ! | Il 1 a 18
0 10 20 30 40 50 60 70 80
Distance (A)
FIG. 5. Comparison of force-distance profiles in OMCTS from several in- 54i2£‘ , n=6 [ .
50A 60A

dependent studid¥, Ref. 17;A, Ref. 46;M, Ref. 47;+, Ref. 48 with the

present data®). The solid points are the maxima and minima of the

F(D)/R variation for samples that have been distilled or double-distilled. FIG. 7. Top trace: Lateral back-and-forth motion applied to the top mica
The shaded bands include scatter in all data. The open citcleare from surface when sliding past the lower surface across OMCTS. Traces A, B,
a study(Ref. 21) where the OMCTS was used as received, under dry con-and C correspond to the surface separations valueg shown; the normal

ditions but without distillation(no data for minima were reported in this forces for traces B and C correspond to the poBitand C shown on the
study). right-hand side force profiles for OMCTS reproduced from Fig. 4.
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solidlike behavior in cyclohexane was manifested in theseviscosity may change with the confinement we need a differ-
conditions already fon=7. For toluene, the abrupt liquid- ent approach, since the extent of confinem@md thus the
to-solid change was observed at the 5—n=4 transition.  viscosity changes across the gap due to the curvature of the
We discuss the nature of these transitions in more detadurfaces. We need to extract from the shear fdrgeD)
later. between curved surfaces, a closest distdha@part across a

A more quantitative manifestation of this liquid-to-solid liquid, the effective viscosity of a film of the same liquid
transition was obtained by applying a controlled lateral mo-confined between flat parallel plates a distaBcapart. We
tion to the top mica surface via the piezoelectric tube andequire, in effect, the equivalent for the shear forces of the
measuring directly the resulting shear foleg D) between “Derjaguin approximation” for normal forces. This is done
the surfaces. This is shown for the case of OMCTS in Fig. 7in Appendix A where it is shown that the effective mean
as the top surface is moved laterally at a uniform velocity,viscosity of the liquid confined to a layer of thickneBsis
first in one direction and then in the other, top zig-zag tracegiven by
in Fig. 7, the shear force transmitted to the lower surface by

the confined OMCTS is recorded directly in the traces  , .~ w 2)
shown. At surface separations frain=1160 A down toD (16_77) Ry
=62+2 A (n=7) no shear response is detected within the 5

noise level of the signal, as seen from tracesD*(1160 A) are y=(vs/D) is the shear rate at the point of closest
and B 0=62 A) of Fig. 7[trace B is taken at poiB onthe  an0ach In our experimenty(D) is within the noise
F(D)/R plot to the right of the trace When the surfaces are |g/q| |6F«(D)|~0.5uN throughout the range AD
moved together tD=54=2A (n=6), the form of the  _ (116 62 nm), as seen from curvésand B of Fig. 7.
shear stress transmitted by the OMCTS changes Sharp!b(pproximating JF{(D)/dD by (SF(D)/AD) in this
[trace C of Fig. 7, taken at poi on the adjacenk (D)/R range>* we find that forD=6.2 nm(i.e., seven monolayers

plot]. The response is now characteristic of a solid confinegy OMCTS) anduv.= 1600 nm/s(Fig. 6), this gives an upper
between two surfaces: an initial elastic regime, as the shedlgimate O ofsca 3 P(poise® ’
o .

stress rises to a yield poifrtegion« in curveC), is followed

by a “plastic” deformation of the OMCTS in the gap, as for

a ductile solid under shear. The two confining surfaces the&. Contact area between surfaces following the
slide past each other at a uniform mean velogiggiong in transition

curve C). This behavior is similar to that shown in Fig. 2, The analysis above treated the material between the sur-

trace D, though the data averaging in trace C of Fig. 7 hagces prior to the liquid—solid transition as fluid, and the

obscured any stick-slip behavior. solid confining surfaces themselves as remaining curved.
Following the transition the confined material is solidlike: it

1. Effective viscosity prior to the liquid-to-solid can then sustain a shear stress, and a flattening of the two

transition confining mica surfaces under normal load or due to attrac-

The shear force data of Fig. 7, trace B show that theion may occur in the presence of the confined fibre Fig.
responsd-4(D) of OMCTS films only seven molecular lay- 13 in Appendix B. We require the areaZ of this flattened
ers thick is liquidlike and similar to that of much thicker region between the surfaces as they are sheared at different
films, as in trace A, and that both are within the signal resodoads and film thicknesses. In general, it is only at normal
lution 8F¢. Qualitatively similar behavior was observed for loads F,/R=4 mN/m that measurable flattening of the
confined cyclohexane. We may use this observation to esteurved mica surface¢and thus a measurable?), is pro-
mate from our data an upper limit on the viscosity corre-duced by distortion of the glue/mica layers. Most of the
sponding to this response of the liquids confined between theange of interest for the study of films of thickness corre-
mica surfaces. We focus on OMCTS, and consider the besponding ton=3-7, for both cyclohexane and OMCTSee
havior in the liquidlike regime at film thickness correspond-Figs. 3 and 4 is at lower loads. In this case’ is evaluated
ing to n=7 monolayers just prior to the transition. using the Johnson—Kendall-Robe@@&R) modef® for con-
The configuration of the crossed cylindrical mica sur-tact between curved, adhering surfaces of finite compressibil-
faces near the region of closest approach is equivalent to thiy. According to this, for a sphere in contact with a rigid flat
of a sphere, radiuR (=1 cm) a distanceD from a plane. (equivalent to the geometry of our crossed cylindrical sur-
The forceF¢(D) required to move a sphere in a liquid me- faceg, a circular contact area of radigsis formed at the
dium of Newtonian viscosityy at constant velocity s par-  contact position when the two are compressed by a fBfce
allel to a plane wall a distande away, forD<R, is given  such that
by a series expansion whose leading tert is R
16m a’=1 [Fot2F p+2(F Fp+Fp)t2). 3)
FS(D):(?>US77R In(R/D). (1)
Here R is the radius of the undeformed sphef&
Thus forD<<100 nm, the range of the present study, the=(R;R,)/(R;+R,) for contact between crossed cylinders
force on the moving sphere is dominated by its viscous inof radii R;, R,]; K is related to the Youngs modul&sof the
teractions with the wall. Equatiofil) applies for the case sphere, a& =(2/3)(E/(1— %)) wherev is the Poisson ratio
where the viscosityy is constant. For the case where the of the material(the two contacting solids assumed to be of
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A B its solidlike phase following an applied shear stress, as illus-
trated in Fig. 8A) and 8B) for OMCTS and cyclohexane,
respectively.

In both casesOMCTS and cyclohexaneshown in Fig.
8 the films are six monolayers thick, having just gone
through the liquid-to-solid transition. They are at points in-
dicated byC on the respective normal force profiles shown
in the lower parts of Figs. (@) and 8B) for the two mate-
rials. The mica surfaces interact via a contact aréddif-
ferent for the two casgsevaluated from the JKR model as
described above. The configuration in each désgs. §A)
and 8B)] is then one of a Couette-like geometry where a
film of area.Z and thicknes® is subjected to a shear force
F. applied via a spring of constait; [see Fig. 13 in Ap-
pendix B]. Initially, the film confined between the two sur-
FIG. 8. (A) The top trace shows the shear force between two mica surfacefaces is under zero shear forég= 0 [regiona in Figs. §A)
across an OMCTS film of thickness=6 molecular layers, in response to 5,4 &B)]; at pointsh a steady lateral motion at velocity

the motion applied to the upper surface given by the second trace. Points . . .
op PP 9 Y = (dx/dt) is applied to the top surface. At first the shear

a—f refer to different stages in the shearing motion as noted in the text. The
normal force between the surfacesFigR=0.14 mN/m, corresponding to force across the film rise@egionc) to a yield valueF gy, .
the pointC on the OMCTS force-distance profile shown; the area of contactSubsequently, the surfaces slide past each other, via a stick-
7 for thi{ig)adz for OMCTS fom=6,_ evalyated from EqQ), is.Z=(1.2 slip motion, with a mean velocity. In this regimeregion
+0.3)-10 ** m“. (B) As for (A) but with a film ofn=6 molecular layers of d in Figs. §A) and 8B)] the shear force across the film
cyclohexane. The normal force between the surfacdsi&=1.67 mN/m, . ; . . .
corresponding to the poin€ on the cyclohexane force-distance profile oscillates due to the stick-slip motion, but its mean value
shown; the area of contac for this load for cyclohexane at=6, evalu-  remains essentially constant B{<F,. The applied mo-
ated from Eq(3), is . #=(1.9+0.3)- 107 n?. tion is then stoppefpointse], and the relaxation of the shear

force due to creep of the confined phasegionsf in Fig. 8]

is monitored by observing the changeRg. For both mate-
the same materiglandF, is the pull-off force required to rials, OMCTS, Fig. 8A), and cyclohexane, Fig.(B), the
separate the two surfaces against the adhesion force betweextent of relaxation irF¢ over the times shown is very low:
them. The contact area is then given by=ma? In our it is within the noise level of the signals in the two cases. In
experiments, the radiR; and R, are measured in the stan- Appendix B the relaxation of the shear forég due to creep
dard way from the shape of the interference fringes near thef the confined film in this Couette geometry is considered:
point of closest approach of theeparated surfaces. The for a decayAF (<Fgy,) in F¢ over a timeAt, the effective
force Fj, corresponds directly to the depth of the attractivecreep viscosity is given by
well in theF (D) profile that is associated with the number of
molecular monolayers in the film being studied. The modu- Fsy) KiDAt
lus K in our experiments refers to the three-layer composite Neft= " AF. 7 (4)
glass-glue-mica. It was estimated by measuring the actual S
area of contact between the surfaces under normal forc

large enough to produce a measureable flattening of the sug-(A) Fsy=9.5uN and.Z=(1.2+0.3)X 10 1°m? over a
y s(y)_ . SO— L U. ;

faces: a valuK=(1+0.3) 1¢ N/m? was evaluated. This ; )~ e .
value is comparable with that determined for the glass-glue'—Derlod At=10s the decay is within the noise levelFs

) L . . . < 6F¢=0.3 uN. This gives from Eq(4) a lower limit on the
mica combination employed in earlier experimetitsyhere effective creen Viscosi ~6.10 P
a different gluelEPON 1004 was used in a similar configu- P Y7er=0- '
ration of the surfaces. C. Variation of shear stress with shear velocity

ei—socusing again on OMCTS we have, for the trace of Fig.

The variation with shear rate of the shear stress in con-
fined films just subsequent to the liquid—solid transition, and
under essentially zero applied pressure, is of particular inter-

Figure 6 and 7 demonstrate that the changes in mechangést. This is because the variation of shear stress with sliding
cal properties of the confined phases following the liquid—velocity is qualitatively very different in liquids and solids.
solid transition ah=7—n==6 are striking. A measure of the The shear response of such films as a function of the mean
rigidity of the solidlike phases following the transition may relative shear velocityor, equivalently, shear ratef the
be obtained from their resistance to creep under stress, surfaces is shown in Fig. 9. The data shown is for OMCTS
process which may be quantified in terms of an effectivefiims with n=6 monolayers P =63+2 A). Figures %a)—
“creep viscosity” nq«. While it is not in general appropriate 9(c), top traces, show the back-and-forth applied motion of
to characterize solidlike materials by a viscosity, a measur¢he top mica surface at a number of different velocitigs
of such a viscosity is nonetheless instructive for highlightingtogether with the corresponding shear forces, lower traces.
the changes that take place at this transition. An estimate afould be conveniently varied by changing the rate at which
nef Was obtained by monitoring the relaxation of the film in the potential was applied to the PZT. We observe at once

3. Relaxation under shear stress following the liquid-
to-solid transition
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FIG. 10. Variation with film thicknesB of the effective mean viscosity,;
of confined OMCTS films(on a double-logarithmic plptdetermined as
W described in text. The broken lines Bt<54 A and atD>62 A are lower
and upper limits onye, respectively. The bulk viscosity of OMCTS at

23 °C is indicated asy,,,. The reversibility indicated ab=62—54 A
éefers to the transition in the dynamical properties of the confined OMCTS.

FIG. 9. The top trace in each ¢#)—(c) shows the back-and-forth motion
applied to the upper mica surface sliding relative to the lower mica surfac
across a film ofn=6 monolayers of OMCTSI=52+3 A); the lower
trace in each ofa)—(c) shows the corresponding shear forces between them.

v, are the applied velocities. The scale bar in the force applies to all thregparatus is capable of a sensitivity and resolution in measur-

cases. The normal loads af® F/R=0.01+0.1 mN/m; (b) F/R=-0.06  ing shear forces some three orders of magnitude higher than
+0.1 mN/m; () F/R=—0.09:0.1 mN/m. in the earlier studiesIn these, large compressions had to be
applied to flatten the surfaces at the region of contact, so that

that althoughv varies over a factor of 40, there is little the overall shear forces became large enough to measure.

change in the shear response between the traces. We nc')ligese large compressions squeezed the liquids being probed

that for all three cases shown the applied normal load id0 filmg Some three or fewer monolayers thick, vyeII wi.thin
extremely small(< 1 uN), so that the solidlike behavior the solidlike regime. In our study we were able to investigate

observed is induced effectively by confinement alone. Thé'n detail much thicker films, and so to access the confine-

clear conclusion from these trac@shich are typical of oth- ment-mduc_ed I|qU|d_-to?soI|_d transition. .. .

erg is that the shear stress is independént only very Our main new finding is the sharp transition on increas-
weakly dependehbn the shear velocity. This is true for both ing confinement between films of thlcknes_s correspo_ndlng o
cyclohexane and OMCTS&the variation ofF, with v for n=(n.+1) monolayers, where the confined material was

toluene was not investigatequst following the liquid-to- I|th|dI|k<ra], andf.ﬁln:jsf_fust one mt()JInoIayer th_lnnem,; Mo
solid transition. This behavior is characteristic of a solid,W ere the confined films were able to sustain a shear stress

since for a liquid one expects the shear stress to be propo?—ver macroscopic times. This ability to sustain a shear stress
tional to the shear rate. In the following pap@), we de- Is a fundamental signature of a solid: a liquid, by definition,

scribe how thinner films well in the solidlike regimen ( cannot sustain such a stress. The critical thickmgsmea-

—5-3), respond to shear at much higher pressures and OV;pred in our experiments varied somewhat between the dif-

a wider range obs. We find, in agreement with Fig. 9, that erent Ilg]wﬂs‘;nfc:G lfor OM:TS’nCZ_(S or 7 forf cyclohe>_<-
the mean stress to slide the surfaces past each other remal &, anc=4 for t_o usne.h con\{ement waycr)] quantn_‘ymg
largely independent of the sliding velocity for all these Iayert IS transition Is via the change e across the transition

thicknesses, particularly at the highest shear rates used. (Secs. 1B 1 anq Il B 2. This is shown in Fig. 10 for ,OM'
CTS, where an increase of at least 7 orders of magnitude

in the effective viscosity is observed as the confinement goes
from n=n.+1 (=7) layers of the liquid, aD=62+2 A, to

Two particular features of the surface force balance used=n. (=6) layers. The limits are set by the signal-to-noise
in the present study, true parallel motigilo =1 A over a  ratio of our measurements, as described in Sec. Ill. Similar
range of lateral motion of order 1000) And extreme sensi- effects were observed also for cyclohexane #gdalita-
tivity in measuring shear forces directly, allow us to probe intively) for toluene, at the respective, values. Within the
detail the dynamic properties of thin films between solid surtange of our parameters, there is clearly no evidence what-
faces. In particular, these features enable the determinatiaver of an “intermediate” regime of progressively increas-
of shear forces between the surfaces across confined simphegy viscosity on increasing confinement for these liquids,
liquids even in the absence of any applied compressive  as reported earlier for a number of liquit’s?* including
mal) forces. This permits us to examine in detail the changedDMCTS. The origins of this discrepancy in the case of
in properties of the progressively confined layers from theOMCTS may be related to different procedures in sample
liquid to the solidlike states. This was not possible in theprocessing’
earlier pioneering shear studies of simple liquids confined The abruptness and magnitude of the change at the
between curved surfacé$:® (We recall that the present ap- confinement-induced transition seen in Fig. 10 are reminis-

IV. DISCUSSION
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cent of a first-order transition, and suggest that at the transi-
tion the entire film locks into a solid structure. We note also
that this transition is brought about by increasing confine-
ment alone, with little applied external pressysee, e.g.,
data of Fig. 9. Finally, we remark that this effect is seen for
liguids (cyclohexane, OMCTS, and toluene@hose molecu-
lar size(Table ) differs appreciably from each other as well
as from the crystal periodicity of the confining mica surfaces;
this indicates that epitaxiality with the surface lattice is notgg 19, lllustrating schematically the transition between a layered but fluid
necessary for inducing the transition in such simple liquidsfiim of thicknessn.+1 molecular layers, and one of thickness with a
It would be extremely interesting, and challenging, to be abldayered but frozen structure.
to probe the in-plane and normal-to-plane structural features
of the confined solid on both sides of the transition. How-
ever, the geometry of the confinement and the extremely,y from fixing them in a solidlike lattice. Fon<n,., the
small volume of interest within the gap render this well be-gmgjier space available to the confined molecules reverses
yond the present capabilities of x-ray techniqtes.  his and a solidlike behavior results. This picture is illus-
Insight into the origin of this transition may be obtained {ateq schematically in Fig. 11. This effect should depend in
from the following considerations. Both experiments andy sensitive fashion on the excess temperature of the measure-
computer simulatioris™***suggest that simple bulk liquids ments above the bulk melting temperature of the liquid, as
in contact with a single planar surface undergo some layefyg|| as on the detailed surface—liquid interactions.
ing, extending to a few molecular diameters away from the  The above discussion is clearly rather qualitative. There
surface. This layering is due to geometric packing, and ihave been several detailed theoretical and computer simula-
similar to, but more marked and longer ranged than the denjon studies of the effects, both on structural and mechanical/
sity oscillations about a single liquid molecule revealed bygynamic properties, induced by confinement on liquids
its radial distribution functior(it may be viewed as corre- of poth spherical and linear molecul@?325-29:33,59,61-63
Sponding to the radial distribution function of the ||qU|d mol- These have shed much ||ght on the processes that may be
ecules about a “molecule” of radiuR, whereR—x). De-  taking place as liquids are confined to progressively thinner
spite this layering, as noted in the Introduction, experimentsjims, and as the films are sheared. The details of the models
have revealetd™** that unconfined liquidgor liquids con-  do not exactly tally with the conditions of our experiments
fined to large gapsn10)] retain their fluidity, with vis-  (for example, the liquid molecules are often assumed to be
cosities comparable to bulk viscosity, right up to the liquid/identical to the surface molecules, and are taken as perfect
confining-solid interfacéto within a single molecular laygr  hard spheres precluding detailed comparisons, but there
Layering, in other words, does not necessarily result in sohave been several very suggestive findings. Here we focus
lidity. This at once implies that we are not dealing with sev-priefly on those studies that provide clues to the issue of the
eral immobilized molecular layers on each mica surfaceliquid-to-solid transition under increasing confinement.
when they are far apart, that merely shift the effective solid—  As noted, the geometric constraints of smooth walls lead
liquid interface away from the surface. Rather, the pictureto layering of spherical molecul&s,even in the vicinity of a
that emerges is that, as the surfaces approach each other frgingle unconfined surface, though this is not necessarily cor-
large separations, the confined liquids retain their bulk fluidrelated with freezin§? In-plane orderingf (in addition to the
ity across the entire gap, until at a critical spacing the entirgayering and correlated freeziﬁﬁwere observed by Cush-
film undergoes a liquid-to-solid transition. man, Schoen, Diestler and Rhykerd in simulations of rare-
This transition appears to be due to a synergistic effectgas fluids confined between two solid surfaces. In related
produced by the confinement, and reminiscent, we suggesheoretical work* these authors have also shown that, under
of a Lindemann-like criteriofi® At gap spacings greater than sufficient confinement, liquids can form epitaxially growing
the critical valuen,, the layered molecules are less orderedsolids with a thermodynamically stable configuration. A con-
and have a freedom of displacement greater than some negenient measure of in-plane order is the Debye—Waller fac-
essary fraction of their mean spacing. At gapsor thinner,  tor (DWF), defined in terms of the two-dimensional structure
the confinement suppresses this freedom to move to belofactor within a layer, whose value is unity in a perfect crystal
the necessary fraction, and the entire confined liquicat zero temperature, and drops to 0.6 at the melting 3int.
“freezes.” Alternatively we may think of the layering about Molecular dynamics simulations by Robbins, Thompson,
each isolated surface as leading to a slightly higher meaand Grest®®>%® indicate that for confined spherical mol-
density in the near-surface region. When the surfaces apecules the DWF rises sharply on increasing confinement
proach, these near-surface regions overlap each other. THi®m a value below 0.8i.e., liquidlike) to one above itsol-
results in an overall mean density within the intersurface gajidlike) when the confined liquid is compressed to below a
that leads to the Lindemann crossover. Thermodynamicallygiven thickness. In contrast, for chainlikemonspherical
this effect may be viewed in terms of the associated entropimolecules the DWF remained lower than @iBdicating a
changes. Fon>n_ the entropy associated with local liquid- more liquidlike in-plane ordgrat all accessible compressions
like translational motion of the confined molecules results inin their study.
a greater free-energy reduction than the enthalpic gain result- Another useful measure of solidity of confined liquids is
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the self-diffusion coefficienD within the layers, which is the uncertainty in the normal loadrhis independence of the
related to the effective viscosity. In simulatidhé®33%%this  shear stress from the shear Patéi.e., S,<»°) is clearly
has been shown to drop abruptly when filifeg spherical  characteristic of shearing of a ductile sdiftrather than of a

molecule$ are confined below a given film thickne&rre-  liquid or a liquidlike film. We return to this point in the
lated to the point where the DWF exceeds)Qdgain indi- following paper(ll) when we consider a much broader range
cating a rather sharp solidification process. of data on liquids confined to even thinner films (

Some of the most suggestive indications concerning=3-6).
confinement-induced liquid-to-solid transition in thin films
have come from very recent simulation work by LandmannV. SUMMARY
. 7,33 ;
and co-workers** who use a grand canonical ensemble We have described a surface force balance with ex-

_r;]r?lgcular I?yne;]mms Imetlhoi t? snTuIaIte ct?]nftmed I'qblf'd?‘tremely high sensitivity and resolution in measuring shear
€Ir resutts snow clearly that molecules fhat are aole ajorces across thin films. Using this we have extended earlier

pacik e?SIIy(unbrat;}_chedomgagjalléanes and artllso spggnc nvestigations on the properties of confined simple liquids to
molecules resembling JSundergo a rather sudden thicker films and lower applied pressures. Here we have fo-

change in their propertie@ very sharp drop in the diffusion cus on the process by which simple liquids become solid
coefficient, for example from liquidlike to solidlike behav- under increasing confinement

lor, at film thicknesses _corre_sponding to_ arour_1d fiv_e to s_ix We discovered that the transition between liquidlike be-
layers. Moreover, at tr}'s pfomt th.e_confmehd films in ther|1r havior and a solidlike phase of the liquids under progressive
studies become capable of sustaining a shear stress. Thesg,finement takes place abruptly at a well-defined film thick-
observations suggest an abrupt liquid-to-solid transition aﬁess(equivalent ton, monolayers of the liquid, whera,

these confinements, very similar to the experimental 0bsefarieq with the liquid but was around six molecular layers
vations of the present studyThis contrasts with the simu- For thinner films G<n,) the films behaved in a solidlike

lated behavior of brqnched or irregularly s_haped mo'_ecme?ashion, in the sense of requiring a critical stress in order to
(such as squalahevhich exhibit a monotonic and continu-  ghear them. We found no evidence of an intermediate regime
ous (liquidiike) decrease in the number of confined mol- ut jncreasingly viscous behavior for the three simple liquids
ecules as the film thickness decreaSeS. The models of sy died. Our results are reminiscent of a Lindemann-like

these studies are necessarily cruder than reality even withechanism for freezing of a liquid, save that the changes are
liquids such as OMCTS and cyclohexane which have quasinguced by confinement, rather than by externally applied
spherical molecules. Their results, however, are fully consispressure or by changes in temperature. In the following
tent with our observation of an abrupt liquid—solid transition papef? (1) we describe in detail the mechanical, frictional

at a given film thickness for these simple liquids. and dynamic behavior of such confined films once they had
Recently the issue of confinement induced freezing hagjigified.

been examined explicitly using different analytical ap-
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dict the effect of temperature on the necessary confinement

at which the freezing occurs, and for both models the freezAPPENDIX A: A "DERJAGUIN APPROXIMATION”

ing is predicted to occur as a result of confinement alone: i.e’,:OR SHEAR FORCES BETWEEN CURVED SURFACES

in the absence of external pressure. This is in line with the  The Derjaguin approximatidﬁ for normal forces be-

observations of the present study. tween two curved surfaces a closest distaDcapart relates
We make a final brief remark concerning the variation ofthe normal force=(D) between them to the interaction en-

shear stress with shear rate indicated in Fig. 9. This showergy per unit area between flat parallel plates a distdhce

how the shear stress between sliding mica surfaces across apart obeying the same force-distance law, as

n=6 film of OMCTS (film thicknessD=53=2 A), that is,

just after the liquid—solid transition, varies with sliding ve- T (D)/2mR=E(D) (R>D), (A1)

locity. The velocitiesvs vary by a factor of 40, correspond- where R is the mean radius of curvature of the surfaces.

ing to shear ratesy=(v</D) in the range 8—300¢, while ~ When two curved surfaces a closest distaficeapart are

the applied normal pressurés are close to zergsee cap- moving with velocityv parallel to each other across a me-

tion). Within the scatter, the shear streSs is essentially dium with some effective viscositye; (which may be a

identical for all three shear velocitidthe small differences function of D), a shear forcd=4(D,vs) will result. In this

are well within the uncertainty in shear stress expected fromf\ppendix we derivE' an approximate expression for the
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FIG. 12. lllustrating the geometry of a sphere sliding at velogify closest

distanceD from a plane as discussed in Appendix A. FIG. 13. lllustrating the stress relaxation in a couette geometry when the

upper surface is under tension due to spi$aagnd is in contact over a film
of area 7 and thicknes® with the lower surface, as for the data of Fig. 8
equivalent shear stre(D,vs) between flat plates sliding and as discussed in Appendix B.

parallel to each other at velocity, a distanced apart across

a medium obeying the same viscosity versus thickness la%rce between the surfaces is then as befggaoring any
(i.e., the same variation of+ with D). This is particularly

useful since theoretical models of shear forces often treat fl tfaCkﬂOW effectsthe sum of the forces over all annuli, given

parallel plates rather than curved surfaces. To be explicit, wi
treat the case of a sphere, radRissliding parallel to a plane °° *
a closest distancB away (in the lubrication limitR>D). Fs(D,vg)= jD S(h,vs)dA(h) = fD 2mRSh,vy)dh,

It is instructive to derive first, via a crude model, the (AB)
shear force between a sphere moving at velagitin a fluid . L .
of uniform (Newtonian viscosity z parallel to a plane a dis- where we have put the upper integration limit-aginceR
tanceD away, as illustrated in Fig. 12. The main simplifica- >D.
tion of this model is the assumption of laminar flow, i.e., no From (A5) we have

backflow effects. We consider the forces on an annulus of 1 JF4(D,vy)
radiusr as shown. From the geometm?=2R(h—D), i.e., SDwy=—52—p (A6)
h(r)=D+(r?/2R). (A2)

This is the relation we have been seeking, giving the shear
The shear rate atis (vs/h(r)), so that the local Newtonian StressS(D,vs) between flat parallel plates in terms of the
shear stress(r) = 7(vs/h(r)). Integrating stresses over the shear forceFy(D,vs) between curved surfaces. Finally we

annuli for the total shear force, recall that neglect of backflow effects leads to some error,
. which for the simple Newtonian case was equivalent to re-

Fs:f 27t a(r)dr placing the prefactor 2 by (164/5), a change only in the
0 numerical prefactor by some 35%, as discussed following

Eqg. (A4) above[compare Eqs(A3) and (A4)]. If, by ex-
_ fRZ’JTr 7 dr trapolation, we make the rough assumption that the inclusion
0 D+ (r?/2R) of backflow has the same effect also in the case where the
viscosity is confinement dependent, we may make the same
=2mnvsR log(1+(R/2D)) correction to Eq(A6), to give finally

~2mnuR log(R/D) (A3) 1 IF{(D,vy)
since in the geometry of our experime®sD =10°. Now a S(D,vg)=~~ (167/5)R dD

detailed solution of the force acting on a sphere sliding closcﬁe lacing the shear stress (A7) by the Newtonian form
to a plane has been carried out by Goldneral>® These S(IS vs):gneﬁ-y where'y— (v /D) Igads at once to E42)

authors show, using the Navier—Stoke equations and tths1 the text
taking the correct flow field into account, that the force is :

: : : . We note that care should be taken when extracting
given by a series expansion whose dominant té¢fon R f h b d surf
>D)is S(D,vs) from shear measurements between curved surfaces.

In particular,S(D,v,) is obtained from data ofr((D,vs)
Fs(D)=(167/5)vsyR In(R/D). (A4) taken over a range dd at fixed shear velocity.

Comparison of(A3) and (A4) shows that the value dfg APPENDIX B: STRESS RELAXATION IN A COUETTE
derived in a calculation which ignores the backflow effeCtSCONFIGURATION

on the flow field has precisely the right fortm particular

Us

(A7)

the correct logarithmic dependencand differs in magni- The geometry of the contacting surfaces when the top
tude from a detailed calculation only by some 35%. Thisone is pulled by a springcorresponding to the shear spring
observation will be useful in what follows. S, in Fig. 1, of constanK,) is shown in Fig. 13. The area of

To extractS(D,vs) in the more general case where the contact is 7, enclosing a film of thicknes® with an effec-
effective viscosity in the gap may vary wilh, we proceed tive viscosity n., in steady motion the spring is stretched to
as follows. From the geometry of Fig. 12, we hadve D lengthxy, and the steady-state velocityudg. During steady
+(r?/R). Thusdh=(r/R)dr, and the ared A of an annulus motion the tensiorkK;x, in the spring is balanced by the
may be written adA(h)=2=nrdr=27Rdh The overall shear forced=4(y) across the film:
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K1Xo=Fgy)=.7.(shear stregs=. Zneqvs/D. (B1)

At time t=0 the motion of the spring tip is stoppédorre-
sponding to the poiné in Fig. 8A), for exampld. At sub-

sequent time the top surface will have moved by a distance
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