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a b s t r a c t
We study a bidimensional gel system formed by a Langmuir ﬁlm of gold nanoparticles. Its morphology
is thoroughly characterized by AFM, SEM, and ellipsometric imaging techniques and shows a complex
structure with features on a hierarchy of different sizes following a Levy distribution. The mechanical
response arising after the gel point is investigated by Interfacial Shear Rheometry. The ﬁlm is found to
be mainly elastic, with the mechanical moduli scaling as a power law of the reduced concentration, in
the same way as the ﬂuctuation time which was measured in a recent X-ray Photon Correlation Spectroscopy experiment. The frequency dependence of the moduli is well described in the framework of the
Soft Glass Rheology model (SGR) [Sollich et al. Phys Rev Lett 78, 2020 (1997)]. In this theory a power
law distribution of relaxation times is postulated, whose exponent is experimentally determined for the
present case. Such a distribution may reﬂect – in the dynamics – the hierarchical nature of the morphology of the ﬁlm evidenced by microscopy. A mastercurve can be built, extending time–temperature to
a time–concentration superposition principle as in [Cicuta et al. Phys Rev Lett 90, 116103(2003)]. This
allows to describe the mechanical response over a frequency range slightly larger than that experimentally accessible. Besides the SGR component, a viscous term is always present, whose origin is investigated
also taking into account samples with different preparation histories.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Many everyday life applications, as well as advanced technologies, rely on the diversity of colloidal interfacial processes and
properties. In particular one of the frontiers in the ﬁeld of nano sciences is represented by the self-assembling processes of molecules,
colloidal particles and bio-colloidal materials at ﬂuid–ﬂuid interfaces, like in Pickering emulsions [1], and the possibility to tune
their self-assembly properties [2]. In this framework, inorganic
nanoparticles (NP) are particularly interesting as they can be
exploited in an increasing number of technological applications,
including biosensing, therapeutics [3,4] and diagnostics [5].
The basic scientiﬁc knowledge in this area feeds into many applications in chemical, pharmaceutical and food industries, as well as
in designing nano-devices such as sensors, assays, photonics and
bio-fuel cells. These devices in turn are deployed in the areas of
energy, health and environmental protection. NPs can also be used
as “additives” to improve the performance of existing materials
(as thermal conductivity, mechanical stability or energy transfer)
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[6], or to impart new functions to them (e.g. magnetic NPs have
been investigated for drug delivery [7,8]). From the fundamental point of view, NP bridge the length scales between molecular
surfactants and micron-sized particles. The former usually are in
dynamical equilibrium with a bulk reservoir, whereas the latter
are irreversibly attached to the surface as ﬁrst shown by Pieranski
[9]. NPs are somehow in between the two extremes and can be in
dynamical equilibrium between surface and subphase, depending
on their coating and on surface pressure.
New experimental and theoretical tools need to be developed
to address the complex and multidisciplinary issues raised from
the study dynamics in conﬁned geometry, such as on the interface.
In particular, the interaction between nanoparticles at the interface (not directly predictable from their behaviour in solution) is of
paramount importance in determining the properties of the interface itself. Recently Isa et al. have been able to characterize the
adsorption of NPs at the oil–water interface [10] and to measure
the contact angle at the microscopic interface between colloidal
particles and ﬂuid [11], which in turn determines the interaction
between particles. Looking at the surface rheological properties,
Cicuta et al. have been able to formulate a time/concentration
superposition principle – analogue of the time/temperature superposition principle – to the case of the shear response of colloids at
an interface [12]. This allows to build a mastercurve and thus to
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Fig. 1. Particle size is characterized by various techniques. (a) SEM image of an array of 7 nm diameter GNPs deposited on silicon substrate. (b) AFM image of the same
nanoparticles spread on mica. (c) UV–Vis absorption spectrum from suspensions of GNPs of different sizes.

extrapolate the material response function outside the experimentally accessible frequency range. Optical techniques such as
Waveguide Enhanced Dynamic Light Scattering [13] and Total
Internal Reﬂection Ellipsometry [14] allow the study in situ of
thin ﬁlms in close proximity of solid surfaces, while X-ray PhotonCorrelation Spectroscopy (XPCS) in total reﬂection mode [15,16]
allows a direct measurement of the intermediate scattering function in the limit of long times, and to address the long-standing
debate on the nature of dynamical heterogeneity in arrested systems. In principle the ﬂuctuations measured on the microscopic
scale by XPCS should be directly linked to those measured by interfacial microrheology techniques [17–19] and to the dissipation
measured by Interfacial Shear Rheometry on the semi-macroscopic
scale [20,21]. It is noteworthy that, even if the results of the different techniques agree on the qualitative evolution of the mechanical
moduli as a function of thermodynamic parameters, there seem to
be some important discrepancies in the absolute values of the moduli themselves. For example Ortega and co-workers measured the
shear viscosity of a polymeric monolayer made of PtBA as a function of molecular weight, comparing the results of Multiple Particle
Tracking and of oscillatory Interfacial Shear Rheometry. A difference was found of more than 3 orders of magnitude between the
viscosities measured by the two techniques [19].
Therefore it is fair to say that, despite many efforts, the
interfacial dynamics of colloidal nanoparticles is still far from
being completely understood. In this paper we employ the semimacroscopic technique of Interfacial Shear Rheometry to address
the issue of the mechanical properties of a ﬁlm of gold nanoparticles (GNPs) stabilized at the air water interface and we interpret
our results in view of our recent characterization of surface
ﬂuctuations by XPCS [22]. We also show how the repulsive interaction that stabilizes the nanoparticles when suspended in an
organic solvent, turns into an attractive interaction at the air/water
interface.
2. Materials and methods
Gold nanoparticles coated by dodecanethiol have been produced following the literature [23] by Ruggeri and collaborators
at the Chemistry Department of the University of Pisa, in the
framework of an FP7 FET-OPEN project on Biologically Inspired
Adaptive Organic Networks (BION). The nanoparticles have been
thoroughly characterized by Dynamic Light Scattering, AFM, TEM
and SEM microscopies. We report here some AFM images obtained
using a Thermomicroscope Autoprobe CP Research instrument
operated in contact mode with a SiN soft cantilever, and SEM
images obtained by a FEG-SEM Zeiss Supra 40 operated at 2–10 kV.
Null-ellipsometric imaging was performed either with an Optrel
Multiskop operated at wavelength  = 632 nm and by an EP3

Microscope produced by NANOFILM and operated at  = 532 nm.
Two different batches of colloids are used in the present study
having diameter 7 nm and 80 nm, respectively, with typical distribution width  = 5 and 20 Å. Their size has also been checked
by measuring the UV–Vis absorption spectrum, which is shown in
Fig. 1. Spectra were measured on a diluted hexane suspension of
gold nanoparticles, using a double beam Jasco V-500 spectrometer.
An estimation of the diameter, used to conﬁrm the measurement
obtained through SEM and TEM characterization, was evaluated
from the position of the surface plasmon resonance peak of gold,
following [24].
Uniform Langmuir monolayers have been prepared using an
appropriate Langmuir trough with two moving barriers (maximum
surface 280 mm × 80 mm). It must be noted that the dodecanethiol
coating provides a hydrophobic interaction which stabilizes the
particles when dispersed in an organic solvent (e.g. in toluene),
so that the bulk suspensions are stable for months after preparation. On the contrary, when dispersed at the air/water interface, the
same organic coating provides an attractive interaction between
the particles, which then aggregate readily thus forming a very
delicate branched 2D network structure which requires particular care in handling. Uniform Langmuir monolayers were prepared
with an hexane–chloroform 9:1 suspension of gold nanoparticles,
whose concentration was monitored by measuring its optical density. The suspension was spread on the water surface using a 50 L
Hamilton syringe, while keeping the tip of the needle in contact
with the water surface. The spreading of a single syringe of solution required roughly 5 min, with frequent changes of the position
of the needle’s tip on the water surface. This was followed by a
waiting time of 10 min for solvent evaporation. The procedure was
repeated to reach the total amount of 400 L of solution spread.
Then the compression was started and successive very slow compression/expansion cycles were applied between the pressures of
3 and 5 mN/m, repeating the cycles at increasing pressure up to a
maximum of 9 mN/m, at constant temperature of 15 ◦ C, in a similar way as reported in the literature [25]. Measurements were
then performed at constant temperature (18 ◦ C) and increasing surface pressure, ranging from 10 mN/m up to 30 mN/m. In Fig. 2 we
report a compression isotherm also containing a series of compression/expansion cycles, which produce an irreversible compaction
of the Langmuir ﬁlm. The required number of cycles (around 5) is
empirically determined by observing when they do not produce a
further increase of the packing of the ﬁlm. In the presence of an
important shear modulus, the surface pressure is to be replaced by
the tensor of the stresses, and therefore the reading of Wilhelmy
plate depends also on its relative orientation with respect to the
moving barriers [26,27]. Keeping this in mind, the isotherms as
well as all the rheological measurements presented in this work
were performed while keeping the Wilhelmy plate always in the
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Fig. 2. Surface pressure–area compression isotherm for a 80 nm nanoparticle
ﬁlm. The surface layer of gold nanoparticles is initially prepared by a careful
protocol of spreading and compression–expansion cycles. After the preparatory
compression–expansion cycles used to improve the packing of the ﬁlm, the surface
pressure–area compression isotherm shows a clear upturn and a smooth build-up
of pressure. Insets: time evolution of surface pressure ˘ and of the area A during
the compression–expansion conditioning cycles.

same orientation, i.e. perpendicular to the moving barriers of the
Langmuir trough.
The morphology of the monolayers thus obtained was characterized by null-ellipsometry in imaging mode, at wavelength

3

 = 532 nm, an example of which is shown in Fig. 3(a) and (b), in
which a10× objective was used on monolayers of surface concentration  = 31% and  = 71%, respectively. As the concentration is
increased, an evolution from a foam-like structure, similar to what
reported in [28], to a more compact structure can be observed. In
Fig. 3(c) we report a SEM image of a monolayer of a similar concentration ( = 69%) transferred onto solid substrate by the Langmuir
Schaeffer technique. The marked similarity (although on different
length scales) between Fig. 3(b) and (c) suggests that the transfer
onto solid substrate do not substantially alter the ﬁlm morphology.
A statistical analysis of this morphology, focusing on the size
distribution of the voids in the ﬁlm, is depicted in Fig. 3(d). The
distribution follows a Levy distribution characterized by a long tail
towards large voids described by an algebraic decay N(d) ≈ dn with
power coefﬁcient d = −3 [22].
The fraction  of area covered by nanoparticles is the main
parameter controlling the properties of these ﬁlms. In principle 
is deducible from the amount of dispersed suspension, but it has
also been independently evaluated by imaging techniques to check
for possible systematic errors. In Fig. 4 we compare, as a function of
the surface area, the fraction  deduced from the null-ellipsometric
imaging (empty circles), and that obtained from SEM imaging of
transferred monolayers at selected values of the area (ﬁlled circles)
with the determination of  from the dispersed amount (continuous line). The nice agreement between the different determinations
makes us conﬁdent of their accuracy.
2.1. Mechanical measurements
Measurements of the mechanical properties of the ﬁlm are done
using an Interfacial Shear Rheometer (ISR). This instrument is an

Fig. 3. The structure of the ﬁlms is highly heterogeneous. (a) Null-ellipsometry imaging of a Langmuir monolayer at  = 31%. (b) Null-ellipsometry imaging at  = 71%. (c)
SEM image of a monolayer deposited onto solid substrate at  = 69%. (d) Levy distribution of void sizes following the Levy law discussed in the text.
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the needle oscillations divided by the distance between the needle
and each wall of the glass channel in which it is ﬂoating. The shear
strain (ω) induced on the ﬁlm presents a phase lag with respect to
the stress. The loss factor is then tan(ı). An external trigger signal
is used to synchronize the digital acquisition of both the image and
the driving force, thus achieving a typical time accuracy better than
10 s, required to properly determine the amount of elasticity of
the ﬁlm with respect to its viscosity. The complex dynamic shear
modulus G* describing the mechanical response of the ﬁlm is then
obtained from the relation:
G∗ = G + i ∗ G =

(ω) iı(ω)
e
(ω)

(1)

in which G and G are the storage and loss moduli, the real
and imaginary parts of G*. The instrument is capable of measuring mechanical moduli ranging from about 10 N/m to about
100 mN/m covering the angular frequency range from 0.1 rad/s to
10 rad/s.

Fig. 4. There is agreement between three ways of measuring area fraction. Comparison of the determination of the covered fraction  from the dispersed aliquot
(continuous line) with that measured by null-ellipsometry imaging (empty circles)
and by the analysis of the SEM images of samples deposited on solid substrate (ﬁlled
circles).

adapted version of the device developed by Fuller and co-workers
[20,21]. The probe consists in a needle (12 mm long, 0.34 mm thick)
magnetized to saturation, that oscillates parallel to its axis on the
water surfaces inside a channel, deﬁned by two vertical parallel
hydrophilic walls. Two coils in Helmholtz conﬁguration (R = 16 cm),
placed around the Langmuir trough, generate a constant ﬁeld that
aligns the needle along their axis, which lies on the water surface.
A sinusoidal current with angular frequency ω is sent to one of
the two coils to produce an oscillating ﬁeld gradient that moves
the needle, and assuming no-slip conditions, the same sinusoidal
stress (ω) is induced on the monolayer. In this setup, the stress
(ω) is proportional to half of the amplitude of the force exerted
on the ﬁlm, divided the length of the needle. The force is proportional to the sinusoidal tension applied to one coil, and the
proportionality factor is obtained from a measurement of the oscillations on the water surface [20,29]. The resulting displacement of
the needle is detected by a CCD USB camera (The Imaging Source,
1024 × 768 pixels) equipped with a long focal Mitutoyo MPLANAPO-20X objective. The strain (ω) is measured as the amplitude of

3. Results and discussion
In Fig. 5 we report the evolution of the dynamic shear modulus
and of the loss factor (measured at ω =  rad/s) during compression of the Langmuir ﬁlm at constant barrier velocity (diamonds
and circles). It is noteworthy that the mechanical response of ﬁlms
formed by particles of either 7 nm and 80 nm diameter is mainly
elastic even at the lowest concentration studied, meaning that a
gel network has been formed. As the area is reduced, and the surface pressure increases, |G| increases continuously while tan(ı)
shows little evolution, decreasing slightly and reaching a limit
value close to 0.5. Therefore, the ﬁlm is mainly elastic at almost
all concentrations and this seems to be independent of the sample
preparation, since it has been observed both in a ﬁlm formed with
the compression–expansion cycles and in a ﬁlm formed without
such a preliminary preparation (data not shown). This fact suggests that the behaviour of tan(ı) is related with the interparticle
interaction more than to the mesoscopic structure of the ﬁlm. A
similar evolution of mechanical moduli as a function of ageing time
has been recently found in thermotropic colloidal gels [30]. On the
contrary, the modulus |G| clearly depends on the diameter of the
particles, which is reasonable for a gel presenting formation of irreversible links during compression. We compare these results with
measurements performed after a waiting time of 5 min following
the end of the barrier’s motion necessary to reach each surface

Fig. 5. The elastic component always dominates the response, and elasticity increases as the layer is compressed. (a) Mechanical shear moduli G (ﬁlled symbols) and G
(empty symbols) for Langmuir ﬁlms of gold nanoparticles of 7 nm and 80 nm diameter measured at constant angular frequency (ω =  rad/s) both during compression of
ﬁlm (diamonds and circles for 7 and 80 nm, respectively) and after a waiting time (triangles). (b) Loss factor tan(ı) measured in the same conditions.
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frequencies. It should also be remembered that it remains always
smaller than G . This complex behaviour can be rationalized in the
framework of a widely used model for the soft glass rheology (SGR)
[31]. This viscoelastic model is an extension to the ﬁeld of rheology
of models, such as the trap model, commonly used in glass physics
to describe systems under ageing [32]. The SGR model predicts that,
in the linear regime, the system dynamics is governed by a distribution of relaxation times, P(), with a power law tail towards long
times, P()∼ −x/xg . Here x is an effective noise temperature and xg
a glass transition temperature, below which the system dynamics
is time-dependent, in the sense that it is shows ageing. The model
predict G and G to follow, at sufﬁciently low frequencies, the same
power law with an exponent ˛ = (x/xg ) − 1. In the same frequency
range the loss factor, tan(ı), is predicted to be proportional to ˛.
Hence for small values of ˛ the model is suitable to describe an
essentially elastic material. In this framework the complex shear
modulus is described by the following equations:
G = Aω˛
Fig. 6. Shear softening of the mechanical response for strain  > 0.1%. Dynamic
shear moduli G and G , normalized to the limit of zero strain |G( = 0)|, measured
as a function of the strain  at constant ω =  rad/s.

pressure (red triangles). (For interpretation of the references to
color in text, the reader is referred to the web version of this article.) We note that, while the storage modulus G is unchanged, the
loss modulus G (and so tan(ı)) is visibly reduced by a factor 2.5.
This ﬁnding helps us in understanding the origin of the dissipation,
which is to be related with the presence of dissipative “rubbing”
motions between the particles, which is stronger when the system is much out of equilibrium (steady compression). This viscous
mechanism is less pronounced when the system is allowed to relax
towards a stationary gel state, waiting for some minutes after the
end of the barrier motion.
Mechanical properties of gel systems are known to be strongly
dependent on the strain amplitude, as at high deformation the gel
mechanics can be non-linear: the breakage of weak links may alter
the system and reduce the mechanical modulus. In order to check
this point, we performed measurements as a function of the shear
amplitude at a given frequency, namely ω =  rad/s, as shown in
Fig. 6. We can identify a critical strain rate   = 2 × 10−3 s−1 as the
limit below which the modulus is strain-rate independent. All the
measurements reported here have been performed well below this
threshold, in the linear regime.
The frequency dependence of G and G is shown in Fig. 7(a) and
(b). The storage modulus is almost constant in the frequency range
here probed, with only a slight frequency dependence on the lower
frequency side, which becomes more apparent at the highest covered fractions. The loss modulus is, on the contrary, almost constant
at low frequency, crossing over to a linear increase at the higher

(2)

G = Bω˛ + ω
where ˛(), A(), B(), () are the free parameters of the model.
The purely viscous, or linear, term in G is not part of the SGR model
itself: it is observed in many systems, and can be added to the model
to account for the contribution coming from the suspension viscosity , as in [33,34]. The continuous lines in Fig. 7(a) and (b) are
obtained ﬁtting simultaneously G (ω) and G (ω) for each measured
packing fraction. The values of the exponent ˛ range between 0.01
and 0.06, meaning that for all the packing fractions here studied the
system is in a stationary state (x > xg ) but very close to the transition towards a situation where its dynamics would evolve with
time. The ratio between the parameters B and A (the tan(ı) of the
SGR contribution) is always greater than 0.1 and almost constant
as a function of the covered fraction, as shown in Fig. 7(c). We are
thus conﬁdent that what we see is not an artifact of the measurement, since the ISR instrument is sensitive to such values of tan(ı).
The viscosity increases with the surface concentration . This
dependence is reported in Fig. 9 and is to be discussed later.
The frequency dependent mechanical moduli measured at
several values of concentration , for either 7 nm and 80 nm
nanoparticles, can be superposed to form a mastercurve. The superposition is obtained robustly – as a two step rescaling of each data
set: the ﬁrst step consists in a shift of both G and G by the same
factor b; the second step is done by multiplying the frequencies by
a factor a. The master curves obtained are reported in Fig. 8. Since
G shows a very weak frequency dependence at all concentrations,
the curves had to be shifted mainly along the y-axis. On the contrary, G presents the same decrease with ω at every value of ,

Fig. 7. Mechanical response of the system as a function of frequency. Mechanical shear moduli (a) G and (b) G measured at increasing covered fraction as a function of the
angular frequency. Lines are ﬁt to Eq. (2), described in the text. (c) The loss factor of the SGR model – see Eq. (2) – reported as a function of surface concentration.
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Fig. 8. Rheological master curves created from frequency-dependent measurement
of the dynamic shear moduli. G (ﬁlled symbols) and G (empty symbols) master
curves for 7 nm (triangles) and 80 nm (circles) nanoparticle ﬁlm, obtained from the
scaling procedure described in the text.

˜ z in which
in Fig. 9(a), are found to obey a power law like G ∝ 
the power law exponent z = 0.65(1) is the same for all the three
˜ is the reduced concentration 
˜ = ( − 0 )/0 ,
quantities, and 
thus deﬁned scaling the concentration to a reference value 0 =
0.27(1) close to that at which the gel was compacted by the expansion/compression cycles. Analogous results were found for ﬁlms of
80 nm particles.
The power law scaling of elasticity post gel-formation has been
shown in many bulk systems, and is related with the underlying
physics of percolation [35,36]. The value of z = 0.65 measured here
for the growth of two-dimensional G is weaker than 2.4 observed in
protein gels [37] or 4.0 in carbon black gels [38]. Both these systems
however are in the bulk, and a dependence on dimensionality is to
be expected. There is less comparable data in 2d, but approximately
linear growth of G for protein layers can be seen in [39].
One may wonder what is the meaning of 0 : is it an intrinsic
properties of the monolayer, a sort of minimal concentration for the
formation of a percolation cluster, i.e. the threshold for the transition from viscous to elastic monolayer, or alternatively and more
simply, 0 could be related with the sample preparation history.
Further investigation is in progress also on ﬁlms not compacted
with any expansion/compression cycle, or compacted with cycles
performed at higher surface pressure.
We note that the quantities reported in Fig. 9(a) – the storage
and loss moduli, the inverse of the master curve parameter b, and
the viscosity deduced from the ﬁts – all follow the same power law
˜ 0.65 with 0 = 0.27. This needs to be commented. The increase
G∝
of G – and correspondingly of 1/b – may result from the increase
of adhesive links among the nanoparticles, which occurs with the
increase of . Subsequently, the increase of G and of the effective
viscosity – which describe the linear dependence of G (ω) – could
indicate the onset of dissipation due to the increase of points of
friction between nearest neighbours particles, which also can be
thought to increase according with the number of links in the gel
network.

4. Conclusions

Fig. 9. The response moduli grow as a power law of the reduced concentration, after
the gel point. (a) The dynamic shear moduli G (squares) and G (circles), the inverse
of the scaling parameter b used to build the master curve, and the effective viscosity
– measured for 7 nm nanoparticles – all follow the same functional dependence
˜ Continuous lines represent the power law ﬁts to
on the reduced concentration .
the data, with exponent z = 0.65. (b) The frequency re-scaling factor a is essentially
˜
independent of .

therefore the parameter a – representing the shift along the x-axis
– is constant over .
The scaling parameters a and b of the mastercurve are reported
in Fig. 9 for the case of 7 nm nanoparticles at different concentrations. The frequency scaling parameter a is constant within
the experimental accuracy. On the contrary, the mechanical shear
moduli and the inverse of the scaling parameter b(), reported

We have here investigated complex interfacial systems constituted by bidimensional gels formed of nanometre sized particles,
which bridge the gap between the more traditional Langmuir
monolayers of surfactant molecules and those formed by micronsized particles. The morphology of these systems has been
thoroughly characterized by different microscopic techniques,
namely AFM, SEM, and ellipsometric imaging. A combination of
these techniques was needed in order to accurately determine the
surface coverage fraction, which in turn is one of the parameters
driving the mechanical properties of the ﬁlm. The ﬁlm shows a
complex morphology with holes presenting a hierarchy of different sizes. The mechanical properties above the gel point are found
to be dominated by the ﬁlm elasticity, with the mechanical moduli
scaling as a power law of reduced concentration. The reduced concentration is deﬁned by scaling the effective concentration  to a
reference value 0 close to that at which the gel itself was formed. At
the same time the frequency dependence of the complex modulus
can be well described in the framework of Soft Glass Rheology, making reference to a wide distribution of relaxation times governed
by a power law, which may reﬂect – in the dynamics – the fractal
nature of the morphology of the ﬁlm evidenced by microscopy. Well
after the gel point, a viscous component is always present in the
higher frequency region. Its origin is investigated also taking into
account samples with different preparation histories. It is supposed
that this dissipative response may originate from some mechanism of interparticle friction, as it scales with the surface coverage
and therefore with the number of interparticle contacts, a quantity
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whose growth is inferred from the elastic response. Finally, a mastercurve can be built, extending the well known time–temperature
superposition to a time–concentration superposition principle and
allowing to describe the mechanical response over a frequency
range slightly larger than that experimentally accessible.
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