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Abstract

The nanotribological responses of a series of nonionic polyoxyethylene surfactants (Tween 20, Tween 40, Tween 60, and Tween 80) were inves-
tigated after they were adsorbed from aqueous solution onto atomically smooth hydrophobic substrates. The hydrophobic surfaces were composed
of a condensed monolayer of octadecyltriethoxysilane (OTE; contact angle θ > 110◦). The nanorheological measurements were performed us-
ing a modified surface forces apparatus after coating atomically smooth mica with these OTE monolayers, while adsorption measurements were
performed using phase-modulated ellipsometry on silicon wafers coated with these same monolayers. The minimum surface–surface separation
observed under high load in friction studies agreed quantitatively with the thickness obtained from ellipsometry. For Tweens 20, 40, and 60, the
thickness of the adsorbed film increases with increasing alkyl chain length. Systematic investigations of the nanorheological response showed
that there is a “solid-like” elastic response from confined surfactant layers, which is the case for the smallest separations to separations up to
slightly larger than twice the adsorbed film thickness. In kinetic friction, these confined layers are characterized by a shear stress of approximately
3 MPa with minimal dependence on shear rate. The magnitude of the sliding shear stress is the same as the apparent yield stress at ≈3 MPa; it
is independent of alkyl chain length within the Tween family of surfactants and corresponds to a nominal friction coefficient of μ ∼ 1. A similar
friction coefficient is observed for boundary lubrication on the macroscopic scale in a tribometer utilizing hydrophobic surfaces and μ ≈ 1.1 for
Tweens 20, 40, and 60. These results suggest that while Tween molecules adsorb onto hydrophobic surfaces to form a robust separating layer, the
lubricating properties of these layers are dominated by a highly dissipative slip plane, the same for all alkyl chain lengths.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Understanding the complexity of surfactant adsorption at
solid–liquid interfaces remains one of the main challenges of
colloid science. Furthermore, the dynamic properties of surfac-
tants at surfaces on the nanoscale are poorly understood and
the literature is relatively sparse, although the subject has been
studied for some time [1–3]. These dynamic properties have a
large bearing on the (nano)tribological and lubricating proper-
ties of surfaces coated by surfactant layers. This is a subject
of considerable relevance to many everyday-life systems, such
as foods and personal care products, as well as to industrial
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processes. Most published nanorheological/tribological studies
of surfactants have involved ionic surfactants, such as CTAB
[4], but we are not aware of a systematic prior study that in-
vestigates the tribological properties of nonionic surfactants. In
this paper, we aim to fill this knowledge gap by investigating the
adsorption of a series of nonionic surfactants (Tweens) onto hy-
drophobic surfaces as well as the nanotribological/rheological
properties of these surfactant-covered surfaces.

No unifying picture has emerged despite extensive studies
on the influence of surfactant charge on the kinetics, morphol-
ogy, structural properties, and mechanisms of adsorption by
cationic [5], anionic [6], nonionic [7], and zwitterionic [8] am-
phiphiles at the liquid–solid interface. These studies show that,
depending on the aliphatic chain length, aqueous electrolyte,
and surface chemistry of the substrate, surfactants may adsorb
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as hemicylindrical structures, cylindrical aggregates, monolay-
ers, or bilayers.

In this paper, for simplicity we consider the adsorption of
nonionic surfactants onto a hydrophobic surface. Previously, it
was found [9] that a monolayer forms in this situation, provided
that the solid hydrophobic surface is uniform in topography and
chemical composition—in other words, is very hydrophobic.
As the length of the hydrocarbon chain increases, the hydropho-
bic interaction between the surfactant and the substrate in-
creases. Moreover, the hydrophobic interaction between neigh-
boring molecules also increases, giving a more closely packed
density on the substrate. The amount of longer chain surfac-
tants adsorbed grows more rapidly than in direct proportion to
the alkyl chain length [10]. The series of Tweens 20, 40, and
60 varies only in alkyl chain length, which makes this series
a good candidate for investigating the influence of alkyl chain
length on adsorbed layer thickness.

In the experiments described below, we use the same hy-
drophobic surface—a condensed monolayer of octadecyltri-
ethoxysilane (OTE) [11–13], formed on a silicon wafer for the
contact angle and ellipsometry measurements and on freshly
cleaved mica for the friction measurements. From earlier stud-
ies [11–13] it is known that extended OTE monolayers are
highly hydrophobic (contact angle >110◦) and show extremely
low roughness (root mean square ∼3 Å) and the present study
confirms this essential premise of the experimental design.

We present contact-angle measurements to establish the
quality of hydrophobicity, ellipsometry measurements to deter-
mine the adsorbed film thickness, and friction measurements
in a modified surface forces apparatus (SFA) to quantify the
nanorheological properties of the confined surfactant films. The
results of these studies are compared to provide a unifying pic-
ture of the adsorption process of a homologous series of poly-
oxyethylene sorbitans (Tweens). We address the question how
monolayers adsorbed onto these hydrophobized surfaces slide
past one another in frictional contact. The film thickness and
nanorheological results are also discussed in terms of macro-
scopic tribological measurements in which the same surfactant
solutions are used to lubricate compliant hydrophobic surfaces
in a tribological setup utilizing macroscopic surfaces that are
rough on the molecular scale.

Fragneto et al. [14] quantified how surface coverage grows
with solution concentration and went on to show that chains
within the adsorbed layer are tilted regardless of surface cov-
erage; the lower the surface coverage, the higher the tilt for all
systems that they studied. They concluded that the hydrocar-
bon chain must lay close to flat on the surface. In contradic-
tion, Cross et al. [15] reported that surfactants with longer alkyl
chains form thinner, denser layers when adsorbed to extended
hydrophobic surfaces from aqueous solution. This they sought
to explain by considering the fluidity of surfactants, which is
known to decrease with increasing alkyl chain length [16].
The substrate used in those experiments can be considered as
pseudo-hydrophobic, however, as it was prepared through treat-
ment with trimethylchlorosilane. The level of hydrophobicity
determined from water contact angle measurements was mar-
ginal, with the advancing contact angle of only 71 ± 2◦.

2. Experimental

2.1. Materials and sample preparation

The following nonionic surfactants, each of them ethoxy-
lated sorbital esters of fatty acids and a polyoxyethylene unit 20
repeat groups long on average, were studied: (a) Tween 20, in
which the headgroup is sorbitan monolaurate; (b) Tween 40, in
which the headgroup is sorbitan monopalmitate; (c) Tween 60,
in which the headgroup is sorbital monostearate; and (d)
Tween 80, in which the headgroup is sorbitan monooleate.
Tweens 20, 40, and 60 possess 12, 16, and 18 saturated carbons
in the alkyl chain, respectively. Tween 80 possess 18 carbons
in the alkyl chain and is unsaturated. All of these surfactants
are soluble in water with a high value of hydrophilic–lipophilic
balance. These surfactants were purchased from Fluka and were
used as received. Key properties for the purpose of this study
are summarized in Table 1.

For the fabrication of OTE monolayers, N -octadecyltrieth-
oxysilane was purchased from Hüls America, Inc. In the lit-
erature, as different groups have reported variable experiences
when it comes to making OTE monolayers of good quality [17–
20], it is clear that the resulting monolayers depend highly on
details of the experimental protocol. A detailed discussion of
the experimental protocols that have been found in this labo-
ratory to be most effective will be presented later (manuscript
under preparation). Briefly, previous studies from this labo-
ratory showed that the packing density and degree of crys-
Table 1
A summary of the major physical properties of the Tween surfactants used in this study

Commercial name

Tween 20 Tween 40 Tween 60 Tween 80

Chemical name Polyoxyethylene (20)
sorbitan monolaurate

Polyoxyethylene (20)
sorbitan monopalmitate

Polyoxyethylene (20)
sorbitan monostearate

Polyoxyethylene (20)
sorbitan monooleate

Molecular weight 1228 g/mol 1284 g/mol 1312 g/mol 1310 g/mol
Density (g/ml) 1.105 1.080 1.070 1.064
cmc (mM) 0.059 (0.0072%) 0.027 0.0023 0.012 (0.0016%)
HLB 16.7 15.6 14.9 15.0
Cloud point (◦C) 76 65
Viscosity at 25 ◦C (cP) 330 500 550 425
Phase Clear liquid Yellow liquid–gel Liquid–gel Golden-yellow viscous liquid

Data are taken from Ref. [30].
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tallinity in well-prepared monolayers are comparable to those
of a Langmuir–Blodgett film of barium stearate [21]. Further-
more, the thickness of two OTE monolayers in contact in air,
measured in a surface forces apparatus, is 51 ± 3 Å relative to
mica–mica contact [21]. In order to form monolayers of low
roughness, we found it necessary to purify the as-purchased
chemical by vacuum distillation at 300 mTorr, at which the
liquid was found to boil at 165 ◦C. Other procedures of OTE
monolayer formation were essentially as described earlier by
this laboratory [11–13] with the modifications described below.
The surface energy of the resulting methyl-terminated surfaces
is known to be 22 mJ/m2 [13].

Tetrahydrofuran (THF), HPLC/spectrophotometric grade,
was purchased from Fischer Scientific and used as the solvent
for hydrolyzing OTE before monolayer formation. The prehy-
drolysis solution was a mixture of 0.21 g distilled OTE and
0.125 g 1.3 M HCl, diluted with THF to 25 ml total in a vol-
umetric flask. The solution was held at room temperature for
a minimum of 36 h and then diluted with cyclohexane (0.6 g
of prehydrolysis solution dissolved in 10 g of cyclohexane)
forming the so-called dipping solution. OTE was coated onto
silicon wafers (for ellipsometry measurements) and mica sheets
(for contact angle and SFA experiments) by immersion in the
dipping solution for 35 min. Immediately after removal from
the dipping solution the samples were rinsed in a sequence
of solvents: cyclohexane followed by 2-propanol and acetone,
followed by ultrasonication in each for 3 min to remove the ex-
cess nonadsorbed OTE, micelles, or other polymerized clusters
from the substrate. In the final monolayer formation step they
were baked in a vacuum oven (125 ◦C) for 2 h. Cyclohexane,
2-propanol, and acetone were purchased from Sigma–Aldrich,
HPLC or spectrophotometric grade, and used as received.

To form OTE monolayers on silicon wafers, first the silicon
wafers were cleaned in Piranha solution (H2SO4:H2O2, 7:3) at
75 ◦C. Silicon cleaned via this method shows hydroxyl (–OH)
functional groups, to which OTE can be chemically linked.
To form OTE monolayers on mica, first the mica was freshly
cleaved manually to produce an atomically smooth and hy-
drophilic surface of high surface energy. Mica prepared in this
way is almost entirely free of –OH functionality, and the silane
monolayer is believed to form by the creation of some fraction
of Si–O–Si bonds between mica and the OTE monolayer, as
described elsewhere [12,13]. It has been shown that this prepa-
ration protocol produces a monolayer in which the octadecyl
chains are closely packed with crystalline order.

2.2. Contact angle

Contact angles were measured using a home-built setup con-
sisting of a microscope equipped with a goniometer. Droplets of
different surfactant solutions were placed at different positions
on the test surface. First the advancing contact angle was mea-
sured by expelling the droplet through a microsyringe; then the
receding contact angle was measured by using the microsyringe
to reduce the droplet volume. For each measurement, a new
“virgin” part of the hydrophobic surface was used. Contact an-
gle measurements were generally reproducible to within ±0.5◦,
so long as exactly the same procedure was repeated. Surfactant
solutions were prepared using deionized (Nanopure) water.

2.3. Ellipsometry

Ellipsometry, which measures the changes in polarization of
light reflected from an interface, was used to infer the in situ
thickness of surfactant layers adsorbed from water solution in a
specially designed vertical sample cell described in detail by
Mukhopadhyay and Law [22]. The vertical configuration al-
lows the hydrophobic sample to be completely submerged in
the water. The home-built phase-modulated ellipsometer used
for these experiments was modeled after a similar setup de-
scribed elsewhere [22]. The light source is a very stable 2-mW
helium–neon laser (λ = 632.8 nm). The phase modulator is op-
erated at 50.1 kHz, a photomultiplier tube measures intensity
of the reflected light, and the output signal is detected using a
lock-in amplifier. Using this setup, in situ thickness of the ad-
sorbed layer is determined with a sensitivity of ∼0.6 Å, subject
to the assumption of the appropriate refractive index of the ad-
sorbed layer.

2.4. Surface forces apparatus

The home-built surface forces apparatus in the University
of Illinois laboratory, equipped for dynamical viscoelastic mea-
surements in oscillatory shear, has been described previously
[23,24]. The geometry consists of two molecularly smooth
cylindrical mica surfaces with a curvature radius R ≈ 2 cm,
arranged in crossed cylinder geometry. The surface separation
was measured by multiple-beam interferometry and detected
by CCD camera using standard techniques with an accuracy
of 1–2 Å. In circumstances in which the cylindrical sheets of
mica were undeformed by normal forces squeezing them to-
gether (relatively large surface–surface separations), the shear
forces were normalized by effective contact area by calculat-
ing as described in earlier studies from this laboratory [20] the
contact diameter with respect to the measured contact diame-
ter at the maximum applied normal force, assuming a Hertzian
contact, which is a reasonable assumption when one recalls
that it is the glue under the mica that deforms under the ac-
tion of normal pressure [23]. In the measurements described
below, the normal load pressing the sheets of mica together
caused the apex of each sheet to deform, producing a locally
flattened contact area in which the sheets of mica were parallel
to within the experimental uncertainty of thickness measure-
ment. The contact diameter for the thinnest films was calculated
from the flattened tip of the interference fringes taking into ac-
count the lateral magnification of the focusing mechanism. The
shear forces were normalized by the measured contact area to
give the shear stress.

The muscovite mica used in the measurements (V-4 grade)
was first cleaved and silvered on the backside using standard
techniques and then attached to cylindrical quartz lenses using
a thermosetting epoxy glue (Norland electronic adhesive). Such
prepared lenses were then coated with an OTE monolayer as de-
scribed above. In the findings described below, surface–surface
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separation refers to thickness after subtracting the calibrated
thickness of two OTE monolayers in air.

Oscillatory shear deformation was accomplished by mount-
ing the top surface to a small boat rigidly attached to two
piezoelectric bimorph strips, for which the dominant motion
is bending. The other ends of the bimorphs were fixed in a
base support by an epoxy glue. To increase flexibility, each bi-
morph was lengthened at one end with a short strip of more
flexible steel spring by gluing the two. Shear was induced when
a voltage difference applied between the two sides of one of the
bimorphs bent it. The resulting displacement was transferred to
the other bimorph through the rigidly attached boat inducing a
voltage difference between the two sides. The comparison of
this output voltage when the surfaces are apart, called the cali-
bration output, with that when the surfaces were in contact with
the intervening fluid gave information about the response of the
fluid to the applied shear. Viscoelastic forces from the confined
fluid resist the applied shear motion and result in amplitude at-
tenuation and phase shift in the thin-film situation.

The methods to infer force and motion from voltage induced
in piezoelectric bimorphs were described previously [21,23,24].
In brief, the mechanical and the electrical characteristics of the
shear device, together with the mechanical behavior of the inter-
vening fluid, were previously modeled and we derived expres-
sions relating the measured amplitude attenuation and the phase
shift to the apparent dynamic viscosity and the elastic modulus
of the liquid—the mechanical model replaces the device, glue,
and liquid with a combination of effective masses, springs, and
dashpots. Simply put, a complex impedance, ZD = kD + iωbD ,
can be assigned to the device, which responds like an under-
damped forced harmonic oscillator when a voltage is applied
to the input terminals. Here the real part of the impedance
represents the equivalent spring constant of the device, a com-
bination of the spring constants of the bimorphs and the leaf
springs. The imaginary part is due to dissipation in the system,
mostly caused by the adhesive that holds the bimorphs to the
leaf springs. In this configuration the applied stress is split into
two, between the device and the combination of glue and liq-
uid. The resulting displacement is the sum of the displacement
of the glue and the displacement of the liquid [23]. Earlier stud-
ies from this laboratory analyzed the glue displacement in detail
and showed that it does not change with time [21,24].

Each experiment began by bringing the OTE-coated mica
lenses into contact in air to calibrate the thickness by interfer-
ometry and to confirm cleanliness and smoothness of the mono-
layer surfaces. The surfaces were imaged using standard meth-
ods of optical interferometry [25] to give the surface separation
and contact (∼45 µm diameter) at the apex of the flattened
contact under high normal load. By measuring the oscillatory
deflection amplitude and phase in response to an oscillatory
shear driving force, effective viscous and elastic shear moduli
at the frequency of the drive signal were measured using these
piezoelectric techniques [23,24,26].

For subsequent analysis, the shear forces were normalized
by contact area to give stress, and stress was normalized to
the film thickness to give the effective shear moduli. For this
purpose we took the elastic and viscous force constants and
normalized by the effective contact area, Aeff, and film thick-
ness, D, to give effective shear moduli in and out of phase with
the drive, G′

eff and G′′
eff, respectively. Here Aeff was estimated

by a Hertzian contact as described (see above). Moreover, the
dynamic viscosity that quantifies energy dissipation was de-
fined in the traditional rheological way as the loss modulus
normalized by oscillatory frequency. Specifically,

(1)G′
eff(ω) = [

(felastic(ω)/d)
][D/Aeff],

(2)G′′
eff(ω) = [

(fviscous(ω)/d)
][D/Aeff],

(3)η′
eff(ω) ≡ G′′

eff(ω)/ω,

where ω is the radian oscillation frequency and the symbol d

refers to the shear amplitude in oscillatory deformation. The
elastic force constant is felastic(ω)/d and the viscous force con-
stant is fviscous(ω)/d . Moreover, it is known that when the am-
plitude of oscillatory deflection greatly exceeds the film thick-
ness, the viscous response depends not on frequency but on the
maximum velocity during the cycle of oscillation, which is the
product of frequency and oscillatory shear amplitude [26,27].
Normalizing velocity by film thickness gives the effective shear
rate.

Normal loads corresponding to 3 MPa pressure were used
to produce the thinnest films, at which the oscillatory shear
frequency was swept over the range 1.3 to 287 Hz and displace-
ment amplitude up to 150 nm to produce the range of effective
shear rates in the findings described below.

Whereas conventional measurements of linear viscoelastic
response concern rheological response that is strictly at the
same frequency as the drive frequency, as strains increase, the
dynamics of response become nonlinear and higher odd-order
harmonics are generated (the even-order harmonics are zero
because the stress is an odd function of strain). Detailed con-
siderations described previously [28] show that the energy dis-
sipated over one complete cycle of oscillation is determined by
G′′

eff(ω), where this quantity is measured at the drive frequency,
i.e., a cancellation of higher order terms signifies that they fail
to contribute. With these considerations in mind, in this study
we report values of elastic responses only for experiments in
which the deformation amplitude was comparable to or smaller
than the film thickness.

2.5. Macroscopic tribology

The friction measurements were performed at room tem-
perature (T = 22 ± 2 ◦C) on a mini traction machine (MTM;
PCS Instruments Ltd., UK). The rubbing contact consists of a
poly(dimethylsiloxane) (PDMS) ball with a radius of 0.95 cm
and a disk with a radius of 23 mm and a thickness of 4 mm.
The root-mean-square roughness of the ball is 26 nm, that of
the disk is 9 nm. The Youngs’ modulus of the PDMS used is
E = 2.4 MPa. More details of the preparation of the balls and
disks are presented elsewhere [29]. A normal load, L, is ap-
plied to the contact by pressing the sphere against the disk and
the sphere and disk are rotated at different speeds such that
there is a relative motion between the surface of the ball and
the disk. This results in a slide-to-roll ratio (SRR), defined as
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SRR = (Vball − Vdisk)/U , where U is the entrainment speed
defined as U = (Vball + Vdisk)/2 and Vball and Vdisk are the ve-
locities of the ball and disk surface with respect to the contact,
respectively. The lateral friction force Ff exerted on the ball is
measured through a force transducer, yielding the friction coef-
ficient μ = Ff /L. The applied load is 1 N and the slide-to-roll
ratio is set to 50%. Details of the setup and the procedure are
reported elsewhere [29,30].

3. Results and discussion

3.1. Contact angle

Atomic force microscopy and ellipsometry have previously
suggested that laterally homogeneous layers formed when non-
ionic surfactants adsorbed to hydrophobic surfaces [7,30,31].
Here we address the influence of the alkyl chain length using
Tween surfactants. It is reasonable to expect that Tween surfac-
tants adsorb with the alkyl chain at the hydrophobic surface and
the ethylene oxide headgroup, which is water soluble, protrud-
ing into the water solution.

Fig. 1 shows advancing (Fig. 1a) and receding (Fig. 1b) an-
gles for Tweens 20, 40, 60, and 80 and also shows how for
each of these surfactants the contact angles depend on solution
concentration. The contact angle decreases with increasing sur-
factant concentration. In Fig. 1a, a comparison is made with
the critical micelle concentration (cmc) values from the litera-
ture and one observes that the advancing contact angle changes
abruptly near the cmc and that the facile measurement of con-
tact angle provides a versatile and rapid estimate of the cmc.

3.2. Adsorbed layer thickness

The thickness of the adsorbed surfactant layers, determined
from ellipsometry, is shown in Fig. 2. If chains were to stand
perpendicular to the surface at close-packed coverage, the
thickness would be the end-to-end distance along a molecule,
e.g., 5.0 nm in the case of Tween 60. Our measurements consis-
tently showed values less than this—a reasonable finding when
one considers that the molecule may stand at an angle <90◦ and
also that an all-trans configuration is physically unreasonable in
the case of physical adsorption from solution. It is known [14]
that the surfactants can tilt at full surface coverage and that the
degree of tilt increases systematically with decreasing surface
coverage. This leads to a picture in which the alkyl chain must
lie close to flat on the surface in cases of dilute-to-moderate
surface coverage.

The film thickness values in Fig. 2 were calculated subject to
the assumption that refractive index within the adsorbed layers
was identical to that of the neat (undiluted) surfactant; devia-
tions from this assumption, allowing a refractive index closer
to that of water, would tend to raise the estimated thickness,
and indeed the nanorheology experiments presented below sug-
gest this possibility. In Fig. 2, it is striking that the apparent
film thickness reaches the expected plateau around the cmc
for Tweens 20 and 80 but not for Tweens 60 and 40. In the SFA
Fig. 1. (a) Advancing contact angle and (b) receding contact angle are plotted
against logarithmic solution concentration for the Tween surfactants described
in Table 1. Dashed vertical lines indicate literature values of the cmc (critical
micelle concentration) of each surfactant. From left to right, the dashed lines
refer to the literature cmc [35] of Tween 60 (squares), Tween 80 (triangles),
Tween 40 (circles), and Tween 20 (diamonds). Note that the cmc correlates
with an abrupt decrease in the advancing contact angle.

Fig. 2. In situ ellipsometric thickness of the Tween surfactants described in Ta-
ble 1, each plotted as a function of reduced concentration c/ccmc at ratios from
below to above the cmc concentration, under the assumption that the refractive
index of the adsorbed layer is identical to that of the bulk surfactant, undiluted
by water. Symbols are the same as in Fig. 1.
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experiments, the closest surface separation similarly increased
with concentration (see below). However, a problematical
point, in interpreting this difference, is that each of the sam-
ples contained a distribution of headgroup lengths—therefore,
the actual surface composition may have changed with concen-
tration in solution, if species of higher molecular weight tended
to segregate to the surface in the anomalous cases of Tweens 60
and 40.

However, comparison of relative values in Fig. 2 is not so
sensitive to assumptions about the refractive index. In Fig. 2,
one observes that the shortest surfactant, Tween 20, formed the
thinnest layer. In comparing Tweens 40 and 60, one sees that
thickness increased with increasing length of the alkyl moiety.
As Tween 80 possesses one unsaturated carbon–carbon double
bond in the alkyl moiety, on physical grounds one expects un-
saturation to force the molecule to lie more nearly parallel to the
hydrophobic substrate. This is probably why, despite the similar
extended lengths of the Tween 80 molecule and the Tween 60
molecule, the thickness at full surface coverage was measured
to be approximately half that of Tween 60.

We note that these findings appear to contradict the report of
Cross et al. [15], who found the opposite, namely that thickness
of adsorbed monolayers of the Tween series decreased with
increasing length of the alkyl moiety. However, that study em-
ployed surfaces considerably less hydrophobic than those used
here. In that study, hydrophobicity was produced by treating the
surfaces with trimethylchlorosilane, whose single carbon group
contrasts sharply with the octadecyl chains of OTE employed
in the present study. This may explain why the quoted con-
tact angle of 72◦ was not characteristic of a highly hydrophobic
surface—the contact angle was >30◦ less than in the present
study. The thicker and more hydrophobic alkyl layer used in
the present study probably explains why opposite conclusions
were obtained here—it is simply because of the lesser tendency
of surfactants with long alkyl chains to adsorb to those less hy-
drophobic surfaces.

Independent confirmation of the ellipsometric thickness de-
terminations came from thickness of the adsorbed Tween lay-
ers measured in the surface forces apparatus; here we defined
the thickness of one layer as half the separation measured
when the surfaces were squeezed together at 3 MPa pressure
in the normal direction. The thicknesses of the adsorbed lay-
ers for Tween 80, Tween 60, Tween 40, and Tween 20 are
6.70, 6.35, 4.11, and 2.50 nm, respectively. As this slightly
exceeds the thickness of 5 nm expected for an extended mono-
layer of Tween 60, it suggests the possibility of layers slightly
thicker than monolayers, which is consistent with the data
in Fig. 2. The uncertainty of which refractive index to se-
lect for calculations of ellipsometric thickness, noted above,
could also contribute to this difference. However, these val-
ues of film thickness were measured before, during, and af-
ter the samples were sheared and no changes were observed,
which indicates that the adsorbed Tween layers remain intact
when exposed to the lateral shear stresses in these experi-
ments.
Fig. 3. The logarithmic effective dynamic viscosity of Tween 60/water solution
is plotted against film thickness at c = ccmc (0.0023 mM) and at c = 0.1 mM,
as denoted by squares and circles, respectively. The shear frequency was 97 Hz
and the shear amplitude of ≈1 nm corresponded to small strain, where strain is
defined as shear amplitude normalized by film thickness.

3.3. Nanorheological and tribological behavior

We now turn to nanorheological measurements of adsorbed
Tween layers under confinement. We will discuss first the main
features observed for Tween 60; as to the friction behavior, the
results for the other Tweens were similar and are left out for
brevity.

First, the increase in film thickness with increasing solu-
tion concentration was confirmed: the surface–surface separa-
tion under high load was 3.7, 4.8, and 6.7 nm at 0.023, 0.1,
and 5.5 mM, respectively. Fig. 3 shows for Tween 60 how the
logarithmic small-amplitude effective viscosity η′

eff, defined by
Eq. (3), varied with plate separation. The strain amplitude was
kept at a value less than unity. One observes that η′

eff exceeds
the bulk value for the gaps tested in the surface forces appara-
tus, indicating the presence of a confined surfactant film. For
Tween 60 that is allowed to adsorb from a solution at the crit-
ical micelle concentration, η′

eff rose by 3 orders of magnitude
as the confined surfactant film was squeezed from 12 nm down
to 4 nm. Note that the changes appear to be exponential with
film thickness, with decay length 2 nm, though no fundamental
significance is attached to that at this time.

Other experiments (not shown) led to the conclusion that re-
gardless of the surfactant’s concentration in solution during the
adsorption process, the effective viscosity for a solution con-
centration of five times the cmc, η′

eff, rose more rapidly at a
gap of 14 nm but leveled off to a value of η′

eff ≈ 103 Pa under
compression at the highest loads as the film thickness was de-
creased, which is only marginally higher than that observed for
the solution at the critical micelle concentration.

Findings of this kind were the same regardless of whether
the films were squeezed together or pulled apart; no hystere-
sis was observed. To observe enhanced friction, as indicated
by a high effective viscosity, even when the surface separation
exceeded twice the film thickness measured by ellipsometry,
suggests the presence of some kind of loosely adsorbed layers
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Fig. 4. The elastic and viscous effective shear moduli, G′
eff(ω) and G′′

eff(ω), are
plotted against drive frequency on log–log scales for Tween 20/water solution
at c = 5.5 mM. Symbols are squares for G′

eff and circles for G′′
eff. The pressure

squeezing the surfaces together was 3 MPa and the thickness was 2.5 nm. Data
are taken at small strain with shear amplitude ≈1 nm.

and the necessity of calculating ellipsometric thickness using
a refractive index less than that of the neat surfactant. A strik-
ing point is the large difference in effective viscosity between 1
and 50 cmc, even at separations less than twice the thickness of
an adsorbed layer. This is consistent with Fig. 2 in suggesting
that the adsorbed layers restructure significantly as concentra-
tion was raised above the cmc.

Fig. 4 shows the frequency-dependent viscous and elastic ef-
fective shear moduli, defined by Eqs. (1) and (2), respectively.
The example concerns a film of Tween 60 rather than Tween 20
because there appears to be no effect of chain length. The ad-
sorbed layers were compressed by a normal pressure of 3 MPa
to a thickness of 6.0 nm. Here again, the amplitude of sinu-
soidal oscillation is smaller than in other measurements. One
observes that the viscous shear modulus grew in linear propor-
tion to frequency. This implies [by Eq. (3)] a constant viscosity
and validates the findings plotted in Fig. 3. However, it is in-
triguing to notice that at the lowest frequencies a marked elastic
response exceeded the viscous response. This elastic response
increased only weakly with frequency and suggests some kind
of paste-like elastic rheological response in this system, even
though the viscous response was Newtonian over this range of
shear rate.

Next, oscillatory amplitude was raised to larger strains in
order to explore the nonlinear responses. Oscillatory ampli-
tudes of up to 150 nm amounted to strain amplitudes of 30 or
more and in this regime it is appropriate to consider rheological
responses to be functions of effective shear rate rather than os-
cillatory frequency (similar findings, not shown, were found for
each of the other Tween surfactants included in this study). In
Fig. 5, the effective viscosity of Tween 20 surfactants allowed
to adsorb from a concentration 50 times that of the cmc is plot-
ted on log–log scales against effective shear rate. A regime of
constant viscosity (low shear rate) is followed by a regime of
shear thinning with power-law decay proportional to shear rate.

Alternatively, the data of Fig. 5 can be represented in terms
of viscous shear stress rather than viscosity. In Fig. 6, the vis-
Fig. 5. Effective dynamic viscosity plotted as a function of effective shear rate
on log–log scales for a Tween 20/water solution at c = 5.5 mM. The shear
amplitude is ≈1 nm (open circles), tens of nanometers (squares), <100 nm
(triangles), ≈100 nm (diamonds), and ≈150 nm (inverted triangles).

Fig. 6. Same data as in Fig. 5, except that viscous shear stress is plotted against
effective shear rate on log–log scales and additional findings are also presented
for other Tween surfactants. The data concerning each surfactant are averaged
over all data of the kind summarized in Fig. 5 for Tween 20 (circles), Tween 40
(squares), and Tween 60 (triangles). For each surfactant, the measurements are
taken at 3 MPa normal pressure: 6.0 nm for Tween 60, 4.1 nm for Tween 40,
2.5 nm for Tween 20. The solution concentration was 5.5 mM.

cous shear stress is plotted against effective shear rate on log–
log scales for Tweens 20, 40, and 60. One observes an almost
constant shear stress of about 3 MPa, the same for all of these
surfactants. This can be interpreted as an apparent yield stress
of ∼3 MPa and a subsequent constant sliding shear stress at
the same value. The small upturn in shear stress with increasing
shear rate may be significant but this is as yet unclear. To ob-
serve that the three surfactants display the same apparent yield
shear stress, despite different surface separation (2.5 nm for
Tween 20, 4.1 nm for Tween 40, 6.0 nm for Tween 60), sug-
gests that a slip plane exists, which dominates dissipation upon
sliding, and that the slip plane is the same in each of these sys-
tems. Hence, the sliding shear stress is not dependent on the
length of the alkyl chain.
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The limiting sliding shear stress at high shear rate between
OTE surfaces in air is four times higher than this, however
[32,33]. This shows that in the present situation Tween sur-
factant layers lower friction below the level that would be
characteristic of “dry” sliding of OTE surfaces. The adsorbed
Tween layers have the effect of separating the bare OTE layers
and lubricating the sliding surfaces. Although the nominal fric-
tion coefficient (viscous stress divided by normal pressure) is
high, μ ≈ 1, we did not observe these systems to degrade with
time; they were robust over multiple iterations of the shearing
process, at all shear amplitudes and frequencies studied under
the current applied load. Along with these robust tribological
properties, film thickness also remained constant. This leads to
the conclusion that Tween molecules adsorbed on hydropho-
bic surfaces act as a robust lubricating layer, although this does
not result in what are considered to be low friction coefficients
(μ � 1).

3.4. Comparison of SFA friction values to the macroscopic
world

In order to evaluate how results obtained in a “single-
asperity” contact in the SFA compare to macroscopic surfaces,
we performed parallel tribological experiments using a contact
that consists of a sphere with a diameter of 0.925 mm, sliding
and rolling against a flat disk. The sphere and disk were made
out of PDMS and were hydrophobic, with a contact angle for
water of θ ≈ 100◦, similar to the value for the OTE layers used
in the SFA experiments. The substrates were compliant and, at
a load of 1 N, gave a contact diameter of 2.4 mm and an av-
erage pressure of 0.22 MPa, 1 order of magnitude less than in
the SFA experiments. The second major difference compared
to the SFA experiments is that the surfaces are not smooth on
the atomic scale. The root-mean-square roughnesses of the ball
and disk were 25 and 9 nm, respectively.

Fig. 7 shows the friction coefficients in the case in which
water lubricates the contact as well as for Tween solutions at
a concentration of 5.5 mM, the same concentration as for the
SFA experiments in which the friction coefficients were deter-
mined. The horizontal plateau observed for water at low speeds
is the so-called boundary lubrication regime, where the rub-
bing surfaces are in direct contact. For water in between PDMS
surfaces, the friction coefficient in this regime is identical to
that of a dry contact, because water is squeezed out from the
contact. At higher speeds, the friction decreases into the mixed-
lubrication regime, due to hydrodynamic lift being able to re-
duce the number of asperity contacts.

In the case in which Tween solutions were used as the lubri-
cant, the mixed regime shifted to lower speeds. We attribute this
to enhanced fluid entrainment into the contact, facilitated by
the adsorption of a monolayer of surfactant on the hydrophobic
surfaces, effectively rendering them hydrophilic (manuscript in
preparation).

As the SFA inherently measures boundary lubrication, we
compare the effective friction coefficients obtained from the
SFA measurements (μSFA

Tween ≈ 1) to those obtained at the lowest
possible speed in the macroscopic measurement, U = 1 mm/s.
Fig. 7. Macroscopic friction coefficients, measured on standard tribology equip-
ment, as a function of entrainment speed U for the case of water and Tween
solutions (Tweens 20, 40, and 60) used as the lubricant. The surfactant concen-
tration is 5.5 mM in all cases. Symbols denote Tween 20 (circles), Tween 60
(triangles), Tween 40 (squares), and water (diamonds).

Fig. 7 shows that the boundary friction coefficient at U =
1 mm/s was reduced from a value of μMTM

water ≈ 2 for water to a
value of μMTM

Tween ≈ 1 and that this value was, within experimen-
tal accuracy, identical for all Tween solutions (20, 40, and 60).
This reduction for the Tween solutions is significant compared
to water, but the value for μ is still considered to be high. Con-
sidering the fact that the pressures within the rubbing contacts
as well as the surface roughness are quite different for the two
setups, the qualitative and quantitative agreement between the
measurements using the SFA and those obtained using macro-
scopic rough surfaces is striking. These results demonstrate that
SFA measurements on the nanoscale can be translated to the
macroscopic world.

Parenthetically, we note that while Tween 80 results were
discussed in terms of the adsorption measurements, we have
left them out of the comparison for the nanotribology experi-
ments because the adsorption experiments already pointed to an
insignificant effect. It is interesting to note that the friction co-
efficients measured in both nanotribology and macrotribology
experiments presented in this paper are larger than observed by
Rutland and coworkers in a study based on using atomic force
microscopy and a cellulose bead [34], perhaps because the sur-
faces in that study were less hydrophobic.

4. Conclusions

The nanotribological response of a series of nonionic poly-
oxyethylene surfactants (Tween 20, Tween 40, Tween 60, and
Tween 80) has been investigated after adsorption from aque-
ous solution onto condensed monolayers of OTE (contact angle
θ > 110◦). The minimum surface–surface separation observed
in friction studies agreed quantitatively with the thickness ob-
tained from ellipsometry. For Tweens 20, 40, and 60, the thick-
ness of the adsorbed film increased with increasing alkyl chain
length. Systematic investigations of the nanorheological re-
sponse showed that there is a “solid-like” elastic response from
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confined surfactant layers, which is the case for the smallest
separations to separations up to slightly larger than twice the
adsorbed film thickness. In kinetic friction, these confined lay-
ers are characterized by a shear stress of approximately 3 MPa
with minimal dependence on shear rate. The magnitude of the
sliding shear stress was the same as the apparent yield stress at
≈3 MPa; it was independent of the alkyl chain length within
the Tween family of surfactants and corresponded to a nominal
friction coefficient of μ ∼ 1. A similar friction coefficient was
observed for boundary lubrication on the macroscopic scale in
a tribometer utilizing hydrophobic surfaces and μ ≈ 1.1 for
Tweens 20, 40, and 60. These results suggest that while Tween
molecules adsorb onto hydrophobic surfaces to form a robust
separating layer, the lubricating properties of these layers are
dominated by a highly dissipative slip plane that is identical for
all alkyl chain lengths.
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