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Glasslike Transition of a Confined Simple Fluid

A. Levent Demirel and Steve Granick

Materials Research Laboratory, University of lllinois, Urbana, lllinois 61801
(Received 15 May 1996

A simple globular-shaped liquid (octamethylcyclotetrasiloxane, OMCTS) was placed between two
solid 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 at spacings less than about
10 molecular dimensions. Frequency dependence showed good superposition at different film thick-
ness. The observed smooth transition to solidity is inconsistent with a first-order transition from bulk
fluid to solidity. [S0031-9007(96)01142-8]

PACS numbers: 68.45.—v, 47.27.Lx, 62.20.Dc, 82.65.Dp

The literature is conflicting on the question whether theforces apparatus. The surface separation was measured
observed reduction of molecular mobility, as a fluid is con-by interferometry. The radius of curvature of the mica
fined in one or more directions between solid surfaces tsheets was larges2 cm, giving a slitike geometry when
be molecularly thin, stems from a phase transition [1-16]the surface separation was molecularly thin. To apply
For fluid particles of regular shape, some interpretationshear, sinusoidal shear forces were applied to one piezo-
show the possibility of surface-induced crystallization [3—electric bimorph and the resulting sinusoidal displacement
7], others of a glass transition [9—11], both at temperawas monitored by a second piezoelectric bimorph; details
tures well above the respective bulk transition temperatureaf the piezoelectric circuitry are described elsewhere [21].
This problem, with ramifications in tribology [14], geology A lock-in amplifier (Stanford Research Instruments 850)
[17], and biology [18], is important to decide in order to was used to decompose the output into one component in
resolve the senses in which confinement-induced soliditphase with the drive and a second component out of phase
has a thermodynamic or kinetic origin. It is unsatisfactorywith it, giving the elastic and dissipative shear forces as a
that the same basic experiment [1,13—16] has been intefunction of the excitation frequency. The apparatus com-
preted in both terms. pliance was calibrated separately and taken into account

The ambiguity stems from the problem that previousin analyzing the data [22,23]. However, films thicker than
measurements and simulations have both been made taree molecular dimensions were unaffected by this correc-
fairly high rates or frequencies—Ileaving unclear thetion because the apparatus was then so much stiffer than
response at sufficiently long times (or low frequencies}he sample. Linear response, obtained for shear displace-
to actually measure the relaxation time, the characteristiments less thar-20% of the sample thickness, was veri-
time of Brownian motion. Such a measurement shouldied. It is well known that a linear viscoelastic response
involve linear response in order to rule out the possibilitycharacterizes the Brownian relaxation rate of a sample at
of shear-induced changes. rest [24].

Here we provide the needed data by considering the Experiments were performed at ZZ with P,Os (a
linear-response shear viscoelastic spectrum of the liquidighly hygroscopic chemical) inside the sealed sample
that has been considered to be the prototypical smalehamber. The sample of OMCTS (Fluka, purim grade)
molecule fluid for experimental studies. This is oc-was used as received after control experiments showed
tamethylcyclotetrasiloxane (OMCTS), considered to be a&imilar behavior following further purification [25].
model liquid for comparison with “Lennard-Jones” liquids  As smooth solid surfaces separated by OMCTS were
because of the globular shape of this ring-shaped nonpolaushed together, fluid drained smoothly until oscillatory
molecule [19,20]. The data presented below definitivelyforces of alternative attraction and repulsion were first de-
rule out the possibility of the abrupt first-order transitiontected at thickness-7 molecular dimensions. As shown
whose possibility has been much discussed. Instead, th®y others in earlier reports [19,20], the period of oscillatory
solidification is continuous with diminishing film thick- forces was an integral multiple of the molecular dimen-
ness and the viscoelastic spectra at different film thicknession, =9 A. These oscillatory forces extended to larger
appear to scale with reduced variables. thickness than in our earlier preliminary study [15]; the

The frequency dependence of the shear modulus wagwesent measurements agree with literature values [19,20],
measured using a modified surface force apparatus das shown in the inset of Fig. 2. These oscillatory forces
scribed in detail previously [21—-23]. Briefly, a droplet of arise from the tendency of fluid to form layers parallel to
sample fluid was confined between two atomically smoothihe surface. Application of pressure caused the fluid to
crystals of muscovite mica, glued onto crossed cylindri-drain in discrete steps corresponding to squeezing out of
cal lenses whose separation was controlled using a surfaseccessive molecular layers.
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FIG. 1. Ratio of dissipative to elastic shear force plottedFIG. 2. Longest relaxation timer; plotted logarithmically

against logarithmic frequency for OMCTS confined betweenagainst film thickness expressed in multiples of the molecular
mica sheets at film thickness= D/o = 3, 5, and 7 molecu- dimension of OMCTS. Data at different thickness were ac-

lar dimensions of the OMCTS molecule (indicated by numeralsiuired by squeezing the surfaces together progressively as
next to lines in the figure). Temperature was°’@7 The relax- Shown in the inset (data foD/o = 6 are missing owing
ation time was quantified as = 1/w,, with . the frequency o thermal drifts). Inset shows the forde (normalized by
at which the ratio of dissipative and elastic force was unity.the radius of curvature of the mica sheeR), required to

The associated rigidity ab. (1, 3, and 60uN, respectively, = squeeze the films to the given thickness. As the normal
for 2 A deflection) is analyzed in Fig. 3. force was increased beyond the values indicated by circles,

film thickness decreased abruptly by the thickness of a single
molecule, as indicated schematically by the arrows. Control
. ] _experiments show that for a giveP/o but F/R <0, 7
Figure 1 shows shear measurements at three illustrativgas slightly less than plotted in the figure, but still within

levels of film thickness: 3, 5, and 7 molecular dimensionsthe indicated error bars. Open square: extrapolatedised
In order to avoid the need for normalization (problematicalfor frequency-thickness superposition shown in Fig. 4. Filled
aspects of normalizing shear forces between curved sufduares: measured values.
faces were discussed previously [22]), the dimensionless
ratio of dissipative to elastic force is plotted against loganential. Well-known viscoelastic relations show that the
rithmic frequency. effective viscosity of a viscoelastic body is proportional to
The viscoelastic frequency spectra in Fig. 1 are typi-r; [24], indicating a similarly sudden increase of the vis-
cal of liquids in a frequency range nedfr;, wherer;  cosity. Control experiments confirmed this result also for
is the inverse longest relaxation time. The films relaxechoncrystalline surfaces [26].
shear stress predominantly in the manner of viscous liquids Why are the error bars so large? The large error bars
when the frequency was less thbfr;, but predominantly in Fig. 2 were intrinsic to these experiments: In repeated
in the manner of solids when the frequency was higherexperiments, variations of the compression rate resulted in
at high frequencies the perturbation was not relaxed dursomewhat different; at a given film thickness. Others
ing the period of oscillation and energy was stored. Fromalso have noticed dependence on the compression rate for
common experience, the analogous viscoelastic phenomexperiments involving chain molecules [27]. This depen-
non is known for silly putty: It bounces when dropped ondence on sample history is consistent with the hypothesis
a floor (high-frequency response) but flows when it sits orof a glassy state. If liquid exchange between the confined
a table. volume and the reservoir outside were suppressed by the
These raw data show definitively that the change of vissluggish mobility upon confinement, molecules might be-
coelastic response was continuous rather than abrupt witome trapped within the gap when the solid surfaces were
decreasing film thickness. To quantify, a useful mea- squeezed together rapidly.
sure was the inverse frequency at which the ratio of dissi- We now discuss elastic rigidity of these confined films:
pative and elastic force was unity. In Fig.4,is plotted the in-phase component of the viscoelastic response. The
semilogarithmically against film thickness expressed aglastic shear forces were normalized by the displacement
multiples of the molecular diameter of OMCTS. The insetamplitude (0.1-0.5 nm) to give the elastic shear constant
of Fig. 2 shows the normal forces required to produce thig’(w), which is roughly proportional to the shear storage
change of thickness. The sudden slowing down,dby 3  modulus [24]. The dissipative shear forces were normal-
orders of magnitude, as the film was squeezed from a thickzed in the same fashion to give the viscous shear con-
ness of 7 to 2 molecular dimensions, is striking. Thoughstant g’ (w), which is roughly proportional to the shear
the limited range of thickness admits various functionalloss modulus [24]. Figure 3 shows that the longer the re-
fits, the increase of, appears to be more rapid than expo-laxation time, the stiffer the confined fluid at = 1/7;.
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FIG. 3. Elastic spring constant of confined OMCTS at the
frequency(1/7;) where elastic and dissipative shear forces are
equal, plotted logarithmically against film thickness expressed
in multiples of the molecular dimension= D/o. The elastic

log((g',9")by,) (N/m)
w

spring constant is the measured elastic shear force normalized 2+

by shear displacement (0.1-0.5 A). Open squares: extrapolated

values used for frequency-thickness superposition shown in 1 L L : . 1 . ) :
Fig. 4. Filled squares: measured values. 1 2 3 4 5 6 7 8

log (wa,) (rad/sec)

This elastic rigidityg; was rather soft. It can be nor- £ 4. Master curve describing frequency-thickness super-
malized roughly as follows. The effective contact area beposition of the viscoelastic response. Thé and g” are

tween curved surfaces in this experiment is on the order dhe elastic and viscous shear forces, respectively, normalized
10 um on a side; this gives an estimate of the frequencyby shear displacement (approximately 2 A). The reference

; : ; ate isn = D/o = 7 molecular layers. Data at other film
dependent elastic shear modulus, with units of energy p ickness were shifted vertically (shifts denotgg) and hor-

unit volume. From this reasoning, it follows that the j;nayly (shifts denoteds,) as described in text, to make
volume attributable to &3z7 of elastic energy ranged the elastic and dissipative spring constants coincidewat
from =300 molecules (thickness of 7 molecules)4@®0  (a) The following symbols indicate real and imaginary com-
molecules (thickness of 2 molecules). Clearly, an explaPonents, respectively. Filled and open squafpgo = 7).
nation should not be sought in single molepuIe-molecuIézl'ggdtoar;%h?'[(’gr};'fliiD/D‘Ta;;%ds F\/U!fhd a"}]r:jd Va‘t)ﬁguttrg"r;_
interactions, but rather in collective interactions at !arge ter dot (D/o = 3). Stars and plus signD/o = 2). Tri-
length scales than molecular—again consistent with thangles with and without center d¢D/o = 1). The loga-
hypothesis of glassy response. rithmic slopes of+1 and +2 are the classical response of
To describe the viscoelastic spectrumalite (not just 2 TUIE TR0 2, e K e ey caloulated from ihe real com
]?grtgerﬁg:ﬁgg\/;{ I;%?Jl‘(':eeréd\{;;i)é&&as 1t%m dpetlsncgrit)oest?jrlfﬂ pon%ant (sglid curve) using the Kramers-Kronig relation. Data
7 a S IK 11Qtaken at differenD /o are identified in (a).
uids in the vicinity of a glass transition, reduced variables
that relate time, temperature, and pressure are fundamen-
tal [24,28]. Though initial attempts to superpose the datand +2 (elastic componeng’) required for a fluid by the
solely by shifts along the frequency axis were not succesKramers-Kronig relation (the necessary relation between
ful, superposition was possible with an additional verticalthe real and imaginary parts of the response to a sinu-
shift, as we now discuss. soidal excitation) [24]. Furthermore, from the Kramers-
Figure 4 shows a master curve consisting of data takeKronig relation, one spring constant could be calculated
at six different film thicknesses but shifted on both thefrom the other; Fig. 4(b) showg’ calculated fromg’.
horizontal and vertical scales to coincidesat= w.. The  The quantitative overlap of measured and calculated quan-
elastic and viscous spring constants are plotted againgities shows consistency of the frequency-thickness super-
frequency on log-log scales. The reference state is thposition over the reduced frequency scale of 7 logarithmic
film of thicknessn = D/o = 7 molecular dimensions. decades. The shifts were not arbitrary; the measured vis-
For films of lessen, the data are shifted on the frequency coelastic response &y +, determined the shift for super-
scale bya, = 71(n)/71(7). On the vertical scale, they are position at every othew.
shifted byb, = g’ (1/71(n))/g' (1/71(7)). A viscoelastic We now discuss the main features of the phenomeno-
property measured at frequeneyand a given thickness logical master curve and ignore aspects of fundamental
was equivalent to the same viscoelastic property measurédterpretation. The key point is wide separation between
at a different frequencwa, and different thickness. two families of viscoelastic relaxation. Figure 4 shows a
This superposition was self-consistent as shown by thbroad maximum irg”(wa,) at low reduced frequency, in-
following test. The raw data [Fig. 4(a)] were consistentdicating one cluster of relaxation times. At much higher
with the classical slopes of 1 (viscous componeng”’)  reduced frequency the”(wa,) rises sharply, indicating
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