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Nanoparticles with grafted layers of ligand molecules behave as soft colloids when they adsorb at fluid-
fluid interfaces. The ligand brush can deform and reconfigure, adopting a lens-shaped configuration at the
interface. This behavior strongly affects the interactions between soft nanoparticles at fluid-fluid interfaces,
which have proven challenging to probe experimentally. We measure the surface pressure for a stable 2D
interfacial suspension of nanoparticles grafted with ligands, and extract the interaction potential from these
data by comparison to Brownian dynamics simulations. A soft repulsive potential with an exponential form
accurately reproduces the measured surface pressure data. A more realistic interaction potential model
is also fitted to the data to provide insights into the ligand configuration at the interface. The stress of the
2D interfacial suspension upon step compression exhibits a single relaxation time scale, which is also

attributable to ligand reconfiguration.
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Soft colloids at fluid-fluid interfaces, for instance star
copolymers [1], microgels [2,3], and polymer- or ligand-
grafted nanoparticles [4-9], stretch and deform, adopting
shapes that are dictated by the interplay of surface tension
and deformability, much like in the wetting of membranes,
vesicles [10], and soft solids [11,12]. Ligand-grafted metal
or semiconductor nanocrystals at fluid-fluid interfaces
are widely used in nanomaterials synthesis [13—15] and
in catalytic processes [16]. Simulation studies predict the
rearrangement of the ligand brush into anisotropic lens-
shaped configurations when these nanoparticles adsorb at
fluid-fluid interfaces [4-6,8]. This prediction is supported
by x-ray reflectivity measurements of nanoparticle density
at the interface [7]. These configurations are particularly
important, as ligand rearrangements modify the interpar-
ticle interactions, which ultimately determine colloidal
stability and phase behavior at the interface. Ligand-
mediated interactions can be dominant in the case of
soft nanoparticles, where the thickness of the deformable
grafted layer is comparable to the size of the particle core.
These interactions have been studied in simulations [9] but
have never been characterized experimentally. Direct mea-
surements of the interparticle potential have been hampered
by the challenge of obtaining a stable nanoparticle sus-
pension at a fluid-fluid interface. Specifically, since adsorp-
tion at the interface exposes the nanoparticles to a second
fluid with different polarity and solvent quality, colloidal
stability is not always preserved [17].

Here we report measurements of the steric repulsion
between ligand-grafted nanoparticles, with a length of the
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ligand comparable to the radius of the nanoparticle, within
a fluid-fluid interface (see Fig. 1). We measured the surface
pressure of a 2D nanoparticle suspension as a function of
surface coverage, and related it to an effective pair potential
using Brownian dynamics simulations. A soft repulsive
potential with exponential decay accurately captures the
measured surface pressure. An empirical interaction poten-
tial is also fitted to the data to provide insights into the
ligand configuration. In a step-compression experiment
we find a slow relaxation time scale, which we conclude is
due to slow rearrangements of the ligands grafted on the
surface of the nanoparticles, resulting in a time-dependent
interaction potential.

The nanoparticles used for the experiments are 4.5 nm
gold nanocrystals grafted with an amphiphilic ligand,
mercapto-undecyl-tetra(ethylene glycol). The particle pol-
ydispersity, estimated from a transmission electron micro-
graph provided by the supplier (Sigma-Aldrich), is at

FIG. 1. Schematic of nanoparticles at fluid-fluid interface with
ligand rearrangements (drawing not to scale).
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least 10%. These particles exhibit spontaneous adsorption
from an aqueous suspension onto the interface with
fluorinated oil octafluoropentyl acrylate [18]. The oil
was obtained from Sigma-Aldrich and used as received.
The surface tension of the bare oil-water interface is
7o = 26 mN/m. Adsorption of the nanoparticles at the
oil-water interface effectively reduces the surface tension
[18]. We measured the effective surface tension by pendant
drop tensiometry. Briefly, the shape of a pendant drop is
determined by the balance of surface tension and gravita-
tional forces, described by the Bond number Bo =
ApgR?/y where Ap is the density difference and y the
surface tension between the two fluids, g the acceleration
due to gravity, and R the radius of the drop. A numerical
solution to the Young-Laplace equation is fitted to the
contour of the drop to extract the surface tension.

In general, the effective surface tension is given by
y = 7o — I where II is the two-dimensional osmotic pres-
sure, referred to as surface pressure, due to the interfacial
nanoparticles. If the interfacial phase is a stable suspension,
and in the absence of extra stresses due to dynamic
deformation, the measured pressure Il is an equilibrium
property of the suspension that only depends on the nano-
particle surface coverage ¢. Upon dynamic deformation,
transient stresses can arise due to nonequilibrium configu-
rations of the interfacial nanoparticles or of the grafted
ligand layers, which subsequently relax when the system
has reached a new equilibrium configuration. We probed
the relaxation time scales of the system by performing
compression experiments at different strain rates and step-
compression experiments. One of the limitations of pendant
drop tensiometry for these measurements is that the Young-
Laplace equation is fitted to the shape of a dynamically
deforming drop. This approach is justified if viscous and
inertial stresses in the bulk are negligible compared with
surface stresses [19]. The capillary number and the Weber
number during our step-compression experiments are
both small (Ca= (7R/y)~ 1075, We = (pR*R/y) ~ 1077)
confirming that surface stresses are dominant.

We previously reported surface pressure measurements
revealing that this nanoparticle system forms a stable 2D
suspension over a broad range of surface coverages [20].
The nanoparticle surface coverage ¢p = Nza®/A, expressed
in terms of the hard-core radius a of the particles, was
obtained from optical absorbance measurements as
described in our previous work. We also found that beyond
a critical surface pressure I, ~ 13 mN/m, the short-range,
ligand-mediated repulsive interactions promote expulsion
of the particles out of the interface and back into the bulk
suspension. In contrast, cohesive nanoparticle monolayers
buckle like elastic films upon compression [21]. This
observation further confirms that, in the entire range of
surface pressures considered here, IT~ 0-10 mN/m, the
interfacial layer of nanoparticles remains fluid and its
elasticity is negligible.
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FIG. 2. Surface pressure as a function of surface coverage for
three values of interfacial dilatational strain rate. The surface
pressure is independent of the rate of compression up to ¢ = 0.43.
Rate-dependent behavior is observed for ¢ > 0.43 (see inset),
and discussed in the text.

Figure 2 shows the surface pressure as a function of
surface coverage for three values of the interfacial dilata-
tional strain rate @ = (1/A)(dA/dt). By preparing the
interface with a fixed number of particles N and changing
the area A of the drop at constant N, we measured the
surface pressure as a function of surface coverage. In
practice, we performed compression experiments at suffi-
ciently high initial surface coverage and sufficiently low
volume fraction that the rate of change of surface pressure
due to adsorption from the bulk (107* mNm™'s™!, see
[20]) is much lower than the strain rate, therefore ensuring
that N can be considered constant. The strain rate a was
kept sufficiently small that the monolayer could equilibrate
upon compression, as will be discussed below. Up to a
surface coverage ¢ ~0.43, where 1~ 9 mN/m, the
response is independent of & (see Fig. 2) and reversible
upon expansion (as shown in [20]), to within the limits of
experimental repeatability. Because the surface viscosity
of the interfacial suspension increases with ¢, the revers-
ibility of the compression isotherm over the whole range
0.32 < ¢ < 0.43 indicates that interfacial viscous stresses
relax on time scales faster than the time scale of the fastest
compression rate, of the order of 1072 s

To extract the effective interaction potential, we per-
formed canonical ensemble 2D Brownian dynamics sim-
ulations using a short-range soft repulsive force of the
form F(r) = Foexp[—(r —2a)/A]. The surface pressure
I, was computed for particle coverages in the range
0.33 < ¢ <0.45. The van der Waals force between gold
cores is estimated to be 10 times smaller than the magnitude
of the ligand-mediated repulsion in the range of separation
distances considered, and so was not included in the force
field. The prefactor F; and decay length 1 are determined
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by least-squares regression of the computed osmotic
pressure Il to the experimental data collected with the
slowest strain rate. The stated errors in all parameters reflect
the combined effect of fitting uncertainties and experimen-
tal calibration uncertainties. In simulation, the particles are
monodisperse and the system favors crystalline order for
surface coverage ¢ > 0.30. By initializing the system in a
disordered state and a crystalline state at ¢ = 0.30 the
resulting osmotic pressures were found to be the same to
within 2%, suggesting that the polydispersity of the
particles in the experiment (which may suppress crystal-
lization) does not significantly affect the osmotic pressure.
Simulation studies of nanoparticle adsorption kinetics
also confirm that the surface pressure is unaffected by
polydispersity [8]. A single set of parameters is found,
Fo=(6+£3)x107"* N and 1= (0.60 £ 0.02) nm, that
gives the best fit to the experimental data as shown in
Fig. 3(a). Figure 3(b) is the fitting surface for this force
field, displaying the sums of the squares of the residuals.
The short-ranged soft potential is also in qualitative agree-
ment with the results of numerical simulations of the
mean-field potential between polymer-grafted nanopar-
ticles at fluid-fluid interfaces [9].

A frequently used interaction potential model for steric
repulsion is the Alexander-de Gennes (AdG) model,
which relates the interaction strength to molecular details.
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FIG. 3 (color online). (a) Experimentally measured osmotic
pressure (filled circles). Computed surface pressure for an expo-
nentially decaying interaction force (hollow squares) and the
Alexander—de Gennes (AdG) model (filled triangles). The surface
coverage ¢ is normalized by the maximum surface coverage
for hard disks ¢, =~ 0.91. (b) Fitting surface for exponential
interaction force. (c) Fitting surface for Alexander—de Gennes
interaction model. Color map in (b) and (c) corresponds to the
sum of squares of residues (scale shown to the left).

The pressure between flat plates with grafted ligands is
given by P(h) = kzTc>/?[(2L/h)/* — (h/2L)>*] where h
is the separation distance between the plates, L is the
thickness of the brush, and o the grafting density [22].
The best fit of the surface pressure obtained with this model
captures the experimental data no better than the simpler
exponential form [see Fig. 3(a)] but does provide estimates
for its relevant physical parameters: L = (1.8 £ 0.1) nmand
o = (0.6 = 0.3) nm~2 [Fig. 3(c)]. The value of L can be
compared with the contour length of a undecyl-tetra(ethylene
glycol) molecule of approximately 2 nm, corroborating
the picture that the ligands are almost completely stretched
out in the plane of the interface. One limitation to the
interpretability of this model is that, in deriving the interaction
force between the particles, we assumed a brush of uniform
thickness L over the surface of the particle. This assumption
appears inconsistent with the hypothesis of ligand rearrange-
ments at the fluid interface. However, since the steric
repulsion is localized to a small contact area between the
brushes, it seems plausible that the AdG model gives a
measure of the local thickness of the brush in that contact area.

To more sensitively detect any time-dependent relaxation
phenomena in the interfacial nanoparticle monolayer, we
performed a step-compression experiment. After rapidly
increasing the surface coverage from ¢ =~ 0.30 to ¢ =~ 0.34
(interfacial dilatational strain o = AA/A,~0.1), we
observed a time-dependent surface pressure as shown in
Fig. 4. Before compression, the equilibrium surface pres-
sure is [Ty ~ 1.45 mN/m (solid triangle). At long times, the
surface pressure plateaus to the equilibrium value corre-
sponding to the final surface coverage after compression,
ITy ~ 2.40 mN/m. The time-dependent difference from
this final pressure can be fit to a sum of two expon-
entials, ATI(¢) = AIl, exp(—t/7;) + AIl, exp(—t/7,) with
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FIG. 4. Stress relaxation behavior in a step-compression experi-
ment (solid circles). The initial surface pressure is 1.45 mN/m
(solid triangle). The extra stress decays to zero with two
relaxation time scales. The fast time scale (z; = 6 s) is due to
coadsorbed ligands. The slow dynamics (7, = 266 s) is attrib-
utable to ligand rearrangements.
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All; =0.13 mN/m, 7, =6s and AIl, =0.22 mN/m,
7, = 266 s. Neither a power law nor a stretched exponen-
tial capture the stress relaxation behavior, in contrast with
viscoelastic monolayers of soft colloids at interfaces such
as protein monolayers, which have relaxation following a
stretched exponential decay [23]. The nonuniform rate of
change of area over the surface of a pendant drop results in
gradients in surface coverage, which could produce unac-
counted for Marangoni stresses. These stresses do not affect
the measurement if the time scale of the convective flow
that relaxes the gradient in surface coverage, 7y = nR/Ay,
is sufficiently fast [24,25]. The maximum difference in
surface tension over the surface of the drop can be
estimated as the change in surface tension upon compres-
sion, Ay ~ 1 mN/m. The time scale of the Marangoni flow
is then 7,, ~ 1073 s, significantly faster than the relaxation
time scales observed in the experiment.

We hypothesize that the faster relaxation process
(r;7 = 6 ) is due to coadsorbed free ligands [26], and that
the slow dynamics are attributable to the reconfiguration of
the ligands on the nanoparticles. To assess the effect of free
ligands we performed control experiments with supernatant
fluid obtained by centrifuging the nanoparticles. The sur-
face tension between oil and the supernatant fluid decreases
by 0.3 mN/m after a clean interface is formed, confirming
the presence of traces of free ligands in solution [20].
Step-compression experiments with supernatant fluid
show a single relaxation time scale comparable to the fast
process seen here. The slow process, in contrast, requires
the presence of the nanoparticles themselves. The observed
relaxation suggests some manner of slow reconfiguration of
the particle-grafted ligands at the interface, resulting in a
time-dependent interaction potential and a time-dependent
surface pressure I1(7). This suggests that the faster of the
quasistatic compressions in Fig. 2 could still be subject to
dynamical effects, and so the interpretation of Fig. 2 as an
equilibrium curve is to be treated with care. Because the two
faster strain rates used were not sufficiently slow compared
to the slow relaxation time (7, = 266 s), the corresponding
data do not formally report the true equilibrium surface
pressure of the system. The apparent independence of the
measured surface pressure to the strain rate at coverages
¢ < 0.43 is most likely due to the small pressure contribu-
tion of the slow relaxation process, AIl, = 0.22 mN/m.
This value can therefore be regarded as an uncertainty in the
quasistatic surface pressure data presented in Fig. 2.

The surface pressure depends on the strain rate and the
system displays interesting nonmonotonic behavior for
coverages ¢ > 0.43 (see inset in Fig. 2). The appearance
of the effect only for sufficiently slow compression, and, in
particular, at strain rates comparable to the reciprocal of the
slow relaxation seen in the step compression, suggests that
it may be due to the same relaxation process as in Fig. 4.
At higher surface coverage ¢ > 0.43, its amplitude has
become sufficiently large to be visible also in the constant

strain rate experiments. We identify two possible physical
mechanisms for this effect. One possible explanation is
phase separation of the binary mixture of nanoparticles and
coadsorbed free ligands at the interface, which is only
observed if compression is sufficiently slow that the mixture
can equilibrate. Alternatively, the rate-dependent behavior
can be interpreted as follows: for ¢ > 0.43, the surface-to-
surface interparticle separation (2 ~ 2.2 nm) is comparable
to the contour length of the ligands, and therefore the ligand
brushes are significantly compressed. The resulting osmotic
pressure within the brush, which contributes to the increase
in surface pressure, means that it is entropically unfavorable
for the ligands to remain in the contact area between the
particles. As the ligands are free to move over the surface of
the particles because the thiol-gold bond is mobile [27], the
ligand brush slowly reconfigures. The slow time scale for
reconfiguration is attributable to the competition between
the osmotic pressure forcing the ligands away from the
contact area, and the favorable configuration of the ligands
lying flat on the interface (Fig. 1). As a consequence this
transition is only observed for the slowest compression
rate (& = 0.5 x 1073 s7!, circles). Ligand reconfiguration
results in stress relaxation when the brushes become less
compressed as the density of ligands in the contact area
decreases. The increase in pressure upon compression
resumes from ¢ > 0.45, when the brushes reach their
new configuration, with lower density in the contact area
between the particles. For faster compression rates
(& =5 x 1073 s71) this effect is less pronounced, and for
the fastest compression rate (@ = 7 x 1073 s7!) it is almost
absent because the ligand brush is quenched in a configu-
ration where the ligands cannot rearrange, and the pressure
increases monotonically.

Our measurement of the interaction potential between
soft nanoparticles at fluid-fluid interfaces corroborates the
picture that ligands stretch out into lenslike configurations
at the interface. The grafted ligand layer dominates not
only interparticle interactions but also stress relaxation
through ligand rearrangements and a reconfiguration of the
layer. Our measurements also confirm the importance of
surface-active trace ligands in the behavior of nanoparticle-
laden fluid-fluid interfaces. The equilibrium behavior
and mechanical response of nanoparticle monolayers have
important consequences in many emerging applications
that exploit nanoparticles at fluid-fluid interfaces, for
instance, in the making of 2D nanomaterials with tunable
optical properties [13,14] where precise control of inter-
actions and stability is crucial for obtaining reversible
properties. Our experimental method for the measurement
of interactions between nanocolloids at fluid interfaces
makes it possible to validate simulation studies not only of
the mean-field interaction potential between ligand-coated
nanoparticles [9] but also of the effect of 2D confinement
on the interaction potential between star polymers [28] and
other soft nanoparticles.
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