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Self-assembly of colloidal particles at liquid—-liquid interfaces is a process with great potential for the
creation of controlled structures, due to the trapping of the particles in the plane of the interface
combined with their lateral mobility. Here we present a multiscale characterisation of the adsorption and
interfacial behaviour of core—shell iron oxide—poly(ethylene glycol) nanoparticles at a water—n-decane
interface using three complementary, in situ, methods, which span many different length scales. First,
dynamic interfacial measurements are taken to follow the adsorption of particles from the bulk aqueous
phase to the interface. The mechanical properties of the interface are then probed using micron-sized
tracers in probe-particle tracking and nano-tracers in fluorescence correlation spectroscopy. The results
show that the rate of particle adsorption to the interface scales with the square of bulk concentration, as

predicted by a recent model. In addition, we show that despite full monolayers of nanoparticles forming,
Received 24th August 2014 the interf . tedly fluid. with ont lowi ft ticl bility but id
Accepted 27th October 2014 e interface remains unexpectedly fluid, with only a slowing of tracer particle mobility but no evidence
of interface jamming as seen for hard nanoparticles. Our results illustrate that nanoparticles stabilised by
DOI: 10.1039/c4sm01881h soft, extended polymeric shells, display distinct features at fluid interfaces that can be harnessed for the

www.rsc.org/softmatter fabrication of functional materials.
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1 Introduction

Nanoparticle monolayers at the interface between two fluids are
materials with high potential in a vast range of technologies.
Their use has been demonstrated in the production of func-
tional membranes and capsules'™ and in surface patterning
applications,® as well as in the stabilisation of foams and
emulsions.”® Functional nanoparticle building blocks can
impart novel properties to the final nanostructured materials,
and are of interest in fields such as tailored magnetic materials,®
plasmonics,’®** optical materials (e.g. mirrors with tunable
surface plasmon resonance and electrical conductance and
moth-eye anti-reflection structures*?), biosensing,® electronic
memory,** photonics™ and oil recovery.*

Interfacial nanoparticle monolayers can be obtained using
two main strategies. The first, leading to so-called Langmuir
monolayers, consists of directly depositing a particle film
onto the interface with the aid of a spreading solvent, which is
either immiscible and volatile for liquid-gas interfaces (e.g.
hexane or chloroform for air-water interfaces), or highly
miscible with the liquids for the liquid-liquid case (e.g
alcohols). The main advantage of preparing Langmuir
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monolayers is that a controlled number of particles can in
principle be inserted at the interface, making it possible to
have a system with externally controlled surface concentra-
tion and thereby suited for well-defined mechanical and
thermodynamic characterisation (e.g. compression isotherms
in a Langmuir trough).

In practice however, this relies on the assumption that all of
the injected particles are effectively trapped at the interface
during spreading. While this is true for insoluble monolayers,
e.g. hydrophobic NPs spread at an air-water interface, partial
solubility in the subphases or weak binding to the interface may
ultimately lead to reduced control of the surface concentration
and thus limited reproducibility. Moreover, the use of
spreading solvents has been demonstrated to alter the wetting
properties (i.e. contact angle) of particles at fluid interfaces'”*®
and the preparation of Langmuir monolayers is not feasible in
many relevant practical situations, e.g. in the case of foams and
emulsions.

The alternative strategy, the creation of so-called Gibbs
monolayers, goes instead via the spontaneous adsorption to the
interface of nanoparticles initially dispersed in one of the bulk
fluid phases. The main advantages of this approach are
common to all self-assembly processes: the process is parallel,
spontaneous and driven by thermodynamics and thus, at least
in theory, facile and reproducible. Spontaneous adsorption is
therefore the preferred option in many cases, including the
fabrication of capsules and particle-stabilised emulsions using
microfluidics.*>*
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In spite of the ideal simplicity, spontaneous adsorption of
interfacial monolayers with controlled microstructure can in
reality be far from trivial. As pointed out in detail in a recent
review article by Garbin and coworkers,* spontaneous adsorp-
tion can only take place under specific circumstances. First and
foremost, adsorption has to be energetically favourable; when a
nanoparticle adsorbs at a fluid interface, the free energy of the
particle in one bulk phase combined with that of the pure
interface needs to be compared to the free energy of the particle
at the interface, exposing part of its surface to the second fluid
and “cutting a hole”* in the pure interface. Given the typical
high energies associated with fluid interfaces, the balance is
often tipped towards adsorption.

Even if energetically favourable, adsorption can be compli-
cated by kinetic effects. In fact barriers to adsorption can be
present, due to electrostatic, solvation and steric effects.””
Regarding the latter, further adsorption at the interface can be
hindered or slowed down by the presence of other particles
already adsorbed at the interface. In this case, new particles can
adsorb only if large enough spaces are available at the interface
and the time scale for adsorption becomes then coupled to the
timescale for the creation of these voids, i.e. to the dynamics of
the particles already at the interface.*

In order to obtain an interface with a desired microstructure,
the interactions between the nanoparticles at the interface need
to be controlled. Using small nanoparticles capped with func-
tional ligands (surfactants, polymers or bio-molecules) gives
one great flexibility to tailor the final structure and material
properties. For instance, magnetic particles with hydrophobic
coatings of the right length can be embedded in lipid vesicles
for triggered release®**® or silica particles stabilised by
different amounts of cationic surfactants can be used to invert
oil-in-water emulsions.”

Using stabilisers to tune particle adsorption and interactions
has, on the contrary, the drawback of significantly complicating
the thermodynamic description of particle adsorption. If the
length scale of the stabilisers is comparable to the particle size,
the details of the interaction of the ligands with the interface
and with the two fluid phases, i.e. the core-shell nature of the
NPs, can no longer be ignored. Various numerical simulations
and experimental studies have shown that, if the stabilising
shell is deformable and surface-active, this causes an accumu-
lation of the ligands at the interface and deformation of the
shell.?® In this situation, even the notion of the wetting or
contact angle of the particle becomes ill-defined and the
composite, core-shell nature of the particle plays a key role.

For solid spherical particles, neglecting gravity and line
tension effects, the trapping energy of a single particle at a fluid
interface, i.e. the energy, AE, required to remove the particle
from the interface into the bulk oil phase (positive sign in
brackets) or into the aqueous phase (negative sign) is given by:

AE = TR*you(1 * cos 0)* )]

where R is the radius of the particle, v, is the interfacial
tension between the two pure fluids (in this case oil and water)
and 6 is the contact angle of the particle at the interface,
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measured in the aqueous phase.” For deformable core-shell
objects, the contact line is substituted by the fuzzy boundary
between more- or less-solvated molecules or chains on each side
of and at the interface. How to define the contact line, and thus
the contact angle, as well as the particle size at the interface
becomes a non-trivial task. Similarly, without the knowledge or
assumption of a well-defined particle position, size and
conformation at the interface, measuring the trapping energy of
a single particle at the interface becomes also a complex task.

Du and co-workers verified the R scaling of the adsorption
energy of polystyrene NPs, measuring the steady state value of
the apparent interfacial tension of particle-laden interfaces,
assuming particle size and hexagonal close-packing at the
interface.*® Recent modelling work, has instead shown that for
core-shell particles, the scaling of eqn (1) breaks down and the
particle size is substituted by an effective size depending on the
full details of the polymer solubility into the two phases.** For
this reason, the development of alternative methods where AE
can be directly measured, without any assumptions, is a
continuing and highly important pursuit.**?

The directed formation of controlled Gibbs monolayers
using core-shell NPs therefore requires a thorough investiga-
tion of the kinetics and energetics of NP adsorption. In addi-
tion, another fundamental, but mostly neglected, aspect in
determining the structural evolution of interfacial NP assem-
blies is the characterisation of their rheological and mechanical
properties. One of the features that makes particle self-assembly
at fluid interfaces such an attractive process is that despite the
trapping in the direction perpendicular to the plane of the
interface, the NPs retain lateral mobility within the interface
plane, as opposed to binding at solid-liquid interfaces. This
allows the NPs to move, release internal strains and gradients
and evolve towards equilibrium microstructures. The absence
of lateral mobility, stemming from attractive interactions,
clustering or steric effects can on the other hand freeze the
interface into non-equilibrium structures, such as 2D gels** or
glasses®** with very different viscoelastic properties.

In this paper we perform a thorough characterisation of the
adsorption and mechanical properties of Gibbs monolayers of
composite, core-shell iron oxide-poly(ethylene glycol) (PEG)
NPs at a water-n-decane interface using three complementary
experimental techniques that bridge from the millimeter scale
of a droplet used for dynamic interfacial tension measure-
ments, through the micron scale of probe-particle tracking, to
the nanometer scale of fluorescence correlation spectroscopy
used to measure nanoparticle mobility at the interface.

2 Experimental
2.1 Nanoparticles

Nanoparticles were produced in house,*” consisting of an 8.4 +
1.4 nm diameter superparamagnetic iron oxide core sur-
rounded by a PEG shell of varying thickness and architecture.
Here we focus on three particle batches: two sets of linear PEG
with molecular weights of 2737 and 5557 ¢ mol™ ' (named L2.5
and L5, respectively) and a second generation dendritic PEG
with molecular weight 2477 ¢ mol ™" (termed D2.5). In previous
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work using X-ray reflectivity, we have directly demonstrated that
these nanoparticles spontaneously adsorb at a water-n-decane
interface with a small, but detectable protrusion into the oil
phase.®®

2.2 Pendant drop tensiometry

PDT experiments were performed with a drop shape analysis
system (DSA100, Kriiss, Germany). 30 ul droplets of the aqueous
NP suspension (in MilliQ water, R = 18.2 Q, TAC = 6 ppb) were
produced directly inside n-decane (99%, Sigma-Aldrich). The n-
decane was cleaned before use to remove surface-active impu-
rities. The n-decane was passed five times through a basic
alumina column® and the purity confirmed by measuring the
dynamic interfacial tension of a pure water-decane interface
over a period of 15 hours, with a reduction of vy of less than 5%
being termed clean. During each experiment, several aqueous
droplets were passed through the oil phase to sequester any
remaining impurities and the measurements were started only
when the values of y were within a 0.5 mN m ™" tolerance over a
3 min time window. Both the short- and longtime measure-
ments were repeated for consistency and to detect any presence
of drift due to contamination.

The droplets were produced at the tip of a stainless steel
needle (diameter 1.80 mm) at a rate of 200 ul min~", at room
temperature and imaged with a CCD camera as a function of
time. At such formation rates in n-decane, inertia effects do not
play a significant role; i.e. oscillations and drift in the droplet
profile are absent. The droplet profile was detected automati-
cally with an analysis software (DSA3, Kriiss) and fitted with the
Laplace-Young equation® to obtain the interfacial tension ()
as a function of time; the accuracy in determining vy from each
image is 0.1 mN m~". Experiments were completed on all
samples at three frame rates (12.5 Hz, 0.25 Hz and 0.025 Hz)
over different time scales (3 minutes, 3 hours and 15 hours,
respectively). In some cases measurements were performed
additionally at lower frequencies over time scales up to 48
hours. In this way both the fast initial adsorption dynamics and
the long-time evolution were captured.

2.3 Probe-particle tracking

The rheological properties of the interface on the microscale
were investigated by tracking the motion of monodisperse
polystyrene fluorescent tracers (diameter 2.8 + 0.2 um, labelled
with FITC, PS-Fluo Particles, Microparticles GmbH, Germany)
at the interface in a custom-designed cell using an upright
microscope and a 40x immersion lens, as shown in Section 3.2.

The sample cell is made of Delrin with a chamber of diam-
eter 5 mm and depth 5 mm. The cell was placed within a glass
crystallisation dish and the chamber filled with the NP in milliQ
suspension. Purified decane (as above) was gently poured over
the cell to create an interface, while filling the surrounding dish
and covering the cell to a depth of approximately 4 mm. The
interface between the NP-containing aqueous suspension and
n-decane was made first and then 5 pl of the 0.25% w/v tracers
was injected directly at the interface, to ensure sufficient tracers
were present at the interface. The tracers were repeatedly
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washed in MilliQ water to ensure that no surface-active impu-
rities were present. Trapping of the tracers at the interface is
confirmed by the fact that they only move visibly within the
interface plane, without going out of focus. This finding has
also been confirmed by freeze-fracture cryo-scanning electron
microscopy imaging, which unequivocally shows tracers trap-
ped at the interface. We waited a sufficient amount of time to
ensure that a full monolayer of core-shell NPs adsorbed at the
interface from the bulk and then started tracking the motion of
the fluorescent tracers.

A typical image from within a measurement is shown in
Section 3.2, as an illustration of ideal tracer particle density, so
that there are enough for statistical analysis and removal of
drift, while they are sufficiently far apart to avoid interactions
with each other. The red lines indicate the trajectories followed
by each particle during a 500 frame video.

Videos of the tracers at the interface were analysed using the
IDL particle tracking code of Crocker and Grier** available on
the internet® to track the tracer particles over time. Drift in the
videos was removed from the tracking, along with any tracer
aggregates. From the particle tracks, their mean squared
displacements were calculated and subsequently Dy, the value
of the tracers in-plane diffusion coefficient at the interface in
the presence of NPs, was calculated using the equation below:

(x* +)%) = 4Dyt (2)

Data sets generally contained 5-10 particles and were 200~
1000 frames long, with frame rates varying between 20 fps and
0.5 fps, to cover short and long time behaviour. We emphasise
here that these microscopy measurements are only able to
measure Dj and not the diffusion coefficients of the tracers in
the direction transverse to the interface. Previous studies have
demonstrated that the two can differ significantly when a
particle crosses a fluid interface.** In any case, given the high
interfacial adsorption energies of the tracers, we expect them to
be trapped in a deep potential well transverse to the interface,
and thus to only exhibit limited motion in that direction.**

2.4 FCS

Water-soluble quantum dots (QDot®585 ITK™Carboxyl
Quantum Dots) with a diameter of 10.8 £ 1.0 nm purchased
from Invitrogen were used as tracer nanoparticles. Their surface
is modified with carboxyl-derivatised amphiphilic molecules.
The experiments were performed following a procedure
described in detail in ref. 45. Briefly, the water-n-decane inter-
faces were prepared in an Attofluor cell chamber (Invitrogen,
Leiden, Netherlands) with a thin microscope cover glass base.
An aluminum foil O-ring with inner diameter of 5 mm and
thickness of approximately 0.3 mm was fixed on the cover glass
to restrict the sample volume and surface. This O-ring was first
filled with a PEG-ylated nanoparticle solution (which contained
also tracer QDs with a concentration of roughly 107 *° M) to a
height of approximately 100 pm. Then, the n-decane phase (100
uL) was carefully added on top of the aqueous phase. The QDs
adsorbed to the interface with a typical surface coverage of 0.1-
1.0 um® per particle. The QDs were used at a 10 000-fold

This journal is © The Royal Society of Chemistry 2015
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dilution compared to the initial stock solution, so that the effect
of any residual surface-active impurity from synthesis is
negligible.

Fluorescence Correlation Spectroscopy (FCS) measurements
were carried out using a commercial setup (Carl Zeiss, Ger-
many) comprising the module ConfoCor2 and an inverted
microscope Axiovert 200. The fluorescent particles were excited
by a HeNe laser (543 nm) focused at the interface (Fig. 5a) by a
water-immersion microscope objective, C-Apochromat 40 x, NA
1.2 (Carl Zeiss, Germany). The fluorescent light was collected by
the same objective, passed through a confocal pinhole and a
LP585 long-pass emission filter, and finally directed to an
avalanche photodiode detector that enabled single-photon
counting. This arrangement results in the formation of a
confocal detection volume V4 around the laser focus. The
detection volume has a 3D Gaussian shape and typical dimen-
sion of approximately 300 nm in the radial direction and 1.5 pm
in the normal direction*® Only the fluorescence originating from
species within V4 can be delivered to and detected by the
avalanche photodiode detector.

The confocal detection volume was scanned through the
interface (in 200 nm steps) by moving the microscope objective
mounted on a high-precision electromechanical stage. No
fluorescence could be detected if V4 was moved away from the
interface (Fig. 5b), which indicates that there were negligibly
few QDs diffusing in the bulk aqueous or n-decane phases. In
previous work it was also demonstrated that the diffusion
coefficient of the QD tracers at different interfaces scales with
the viscosity of both the aqueous and the oil phases, giving a
clear evidence that the tracers are trapped at the interface and
are immersed in both liquids.** As a next step, V4 was positioned
exactly at the interface, i.e. at the height of maximum fluores-
cence intensity. The fluctuations 0F(t) = F(t) — (F(t)) of the
fluorescence intensity F(¢) caused by the interfacial diffusion of
the tracer QDs through the confocal detection volume were
recorded and evaluated in terms of an autocorrelation function
G(t) = (0F(t')oF(t' + £))/(0F(t)))? (Fig. 5¢). For each data point, the
autocorrelation curves were recorded for 60 seconds; data sets
influenced by occasional large aggregates were excluded. The
experiments were repeated on different days with freshly
prepared samples.

For the case of two-dimensional Brownian diffusion consid-
ered here the FCS autocorrelation function has the form:*

1 1
<~ T (3)
Nip L

D

G(ty=1+

N is the average number of diffusing molecules in the focal
volume, which is inversely proportional to the surface coverage
(area per particle) and tp, is the diffusion time. 1y is directly
related to the two-dimensional diffusion coefficient by D = r,?/
41p. Here ry = 240 nm is the lateral dimension of the confocal
detection volume, V4. It was determined by measuring the
diffusion time of Rhodamine 6G in bulk water and using the
literature value for its diffusion coefficient (3.82 x 107" m”> s "
at 22 °C (ref. 47)). In a typical measurement, the number of QDs
in the measuring volume is in the range of 0.1-1.
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3 Results and discussion
3.1 Pendant drop tensiometry

The macroscopic adsorption behaviour of the particles was
investigated by measuring the apparent interfacial tension, v, of
a droplet of an aqueous suspension of the NPs in n-decane,
using a pendant drop tensiometer. As NPs diffuse from the bulk
of the droplet and adsorb at the interface, they effectively reduce
v resulting in a modification of the droplet profile. Therefore, by
fitting the droplet profile with the Laplace-Young equation as a
function time, we can follow the kinetics of NP adsorption.
Fig. 1 shows the characteristic behaviour previously reported for
those particles.®* At short times vy decreases relatively slowly due
to the adsorption of single NPs onto a pristine interface (akin to
the low surface pressure rise in the gas phase of a compression
isotherm). When the surface concentration of NPs increases,
the apparent interfacial tension drops more rapidly (linked to
the steeper increase of surface pressure in a liquid phase), fol-
lowed by a slow adsorption phase, corresponding to very high
surface coverage, approaching saturation. In the absence of NPs
in the bulk, the interfacial tension of the pure liquids remains
constant over time. As indicated by Fig. 1, the time scales for the
different adsorption regimes depend on the nature of the
polymer shell stabilising the NPs. In particular, we observed
that for a concentration of 1 x 10~> mol m™? the particles sta-
bilised by the dendrimers do not reach steady state. Multiple
concentrations were therefore investigated for all three NP types
to monitor adsorption over different timescales and elucidate
the effects of bulk concentration on the adsorption kinetics.

Fig. 2 shows the adsorption curves for the three particle types
and for varying bulk concentrations. Fig. 2a-c report the raw
data, while the Fig. 2d-f show that a master curve can be
obtained for each particle type, by appropriately normalising
the adsorption time with a characteristic, concentration-
dependent time scale. The characteristic time is found to scale
quadratically with the concentration.

In order to understand where such dependence originates
from, we investigated in detail the kinetics of particle adsorp-
tion following a recent model proposed by Bizmark et al.*®

55
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Fig. 1 Adsorption curves for L5 (red), L2.5 (green), D2.5 (blue) at 1 x
107° mol m™® concentration and for the pure n-decane—water
interface (black), with a representative sketch showing the relative
sizes of the particle cores and shells. On the left two images high-
lighting the change in droplet shape due to NP adsorption.
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Fig.2 Raw adsorption curves for (a) L5, (b) L2.5, (c) D2.5 at different concentrations for the three particle types. Master adsorption curves formed
from the same data (d) L5, (e) 2.5, (f) D2.5. Bulk concentrations: 4 x 10~> mol m~3 (dark cyan), 2 x 107> mol m~3 (red), 1.3 x 10> mol m~>

(green), 1 x 10> mol m~3 (blue and navy), 6.7 x 107® mol m~> (

These authors identified a model for NP adsorption that is
based on previous results for surface-active molecules**>* or
nanoparticles,* but that explicitly takes into account the fact
that NPs can show irreversible binding at interfaces, with
trapping energies easily exceeding 10°-10°ksT. In particular,
two limiting adsorption regimes exist, at short and long times.
At short times, ¢ — 0, an individual NP adsorbing to the
interface sees no other particles there, rather experiencing a
pristine interface. Assuming that there is no barrier to adsorp-
tion at the interface, the adsorption is Fickian, i.e. the rate of
diffusion of the particles through the bulk is the rate-limiting
factor. In this regime, the time dependence of the apparent
interfacial tension obeys the following equation:

Dt
Y=Y — 2NA|AE|C0\/¥

where v, is the interfacial tension of the pure liquids, N, is
Avogadro's number, AE is the trapping energy of a single
particle at the interface, D is its diffusion coefficient in water
and C, is the bulk concentration. This can be rearranged in the
form:

4)

2|AE| [t
Y=Y~ onre\: (5)
where 1 is the characteristic time scale, defined as:
1
T=—>""7— 6
(TR2)*NA2Co’ D (©)
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cyan), 5 x 107® mol m~ (pink).

From this we can observe that indeed the characteristic time
scale for interfacial tension reduction scales with the square of
the concentration. We note here that particle diffusion close to
the interface may be different to bulk diffusion due to wall
effects.® Such deviations are expected to appear at distances
from the interface comparable to the particle radius, but the
presence of a solvated polymer shell around the particle
complicates the hydrodynamics of the problem, making it
difficult to estimate accurately this effect. For simplicity's sake,
we neglect the occurrence of such effects; in any case, they will
have the effect of rescaling the characteristic time scale for
particle adsorption.

On the other hand, at long times ¢t — o, adsorbing NPs
experience an already crowded interface. In order to allow the
adsorption of an additional particle, those already residing at
the interface must rearrange to make space. The rate of this
rearrangement is determined by the mobility of the particles
within the interface, i.e. the diffusion coefficient at the inter-
face, rather than in bulk as in the case of eqn (5). Previous
reports for NPs stabilised by rigid, short and hydrophobic
ligands have demonstrated that interface diffusion coefficients
can drop to between 10 and 10" times the bulk values (in water
or oil as appropriate),****> when the viscosities of the two
phases are similar. However, data presented later in the FCS
results for our soft, hydrophilic, core-shell NPs show that
diffusion at a crowded interface drops to, at the minimum, 30%
of the bulk value and to approximately 40% of the value at a
pristine interface.

This journal is © The Royal Society of Chemistry 2015
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The slowing of adsorption can effectively be accounted for by
introducing a blocking function (as described by Adamczyk®®).
The blocking function can be combined with existing equations
to give the following description of long-time behaviour:**

Ki|AE| 1
t —n o\ D (7)
('TCRZ) NAC() Dt
where v. is the long-time, saturation apparent interfacial
tension and

T="w

_ 6
k= 1ok ®)

with 6 being the surface coverage, K; a dimensionless reaction
coefficient and k, the dimensionless adsorption constant. Even
though the time dependence of y has changed, the character-
istic time scale can still be rescaled by Cy.

Again, this can be rearranged with the same t as above to
give:

K\|AE| [t

Vet TR? t

Y= )
and the true adsorption constant, k,, can be calculated using
the following relation:
ky = k,DNACymcR? (10)
As seen in Fig. 2 the two linear-PEG-coated particle batches
display analogous behaviour, also consistent with those
measured by Bizmark et al*® for other particle types. The
dendritic-coated particles follow instead a more complex
behaviour, which will be described later. First we will consider
the particles of type L5 and L2.5 and use the previously
described models to characterise the adsorption parameters.
Fig. 3, shows that the short-time and the long-time values of
y follow the \/(¢) and 1//(¢) dependencies predicted by eqn (5)
and (9), respectively. This behaviour has also been confirmed by
interfacial tension measurements carried out by microfluidics,

This journal is © The Royal Society of Chemistry 2015

in addition to conventional pendant drop tensiometry.”” We
emphasise again the fact that analytical expressions for the time
evolution of the interfacial tensions exist only in these two
limiting cases; the rest of the adsorption curves cannot be fitted
by the functions introduced above.

Fig. 3a displays an example of the short-time adsorption
curve, here for particles L5 at concentration 1 x 10> mol m 3
after the shift onto the master curve. The values of the bulk
diffusion coefficient in Table 1 were calculated from the Stokes—
Einstein relation for the previously measured hydrodynamic
radii of the particles in water®® and the viscosity of water at room
temperature. Using these values we were able to fit the data in
Fig. 3a and extract the adsorption energies of the particles to the
interface. Given that all other prefactors in eqn (5) are known,
AE is the only fitting parameter (since the fits are done on the
shifted curves, the bulk concentration does not enter the fit).
Table 1 reports the values of the adsorption energies and of the
diffusion coefficients for particle types L5 and L2.5 and
compares them with literature values measured by an inde-
pendent technique.*® The measured values here are in close
agreement with the values reported by Zell et al. and are of the
order of 1000kgT, reinforcing our view that these particles
adsorb irreversibly at the interface (unless mechanically forced
out). Possible sources of the discrepancies with the surface
pressure measurements of Zell et al. may be stemming from

Table 1 Calculated Stokes—Einstein diffusion coefficient (D), particle
adsorption energies (AE) from ref. 33 and current calculations from
PDT data, errors represent the standard error of mean of values
calculated from each concentration separately for each particle type

D (m?>s™ ) AE (microtensiometer) AE (PDT)
L5 1.45 x 10~ 1930 + 250kT 1230 + 120kgT
L2.5 1.90 x 10" 1160 + 110kgT 860 + 160ksT
D2.5 2.57 x 107" — 790 + 130ksT
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Table 2 Reaction constants for each particle type. Errors are given by
the standard error of mean across the different concentration curves
fitted. For particle type D2.5 no errors are given as only one data set
showed the final saturation of adsorption necessary for the fitting

Ky (—) Ky (ms™") bp (keT)
L5 0.049 4 0.009 7.9 x 10 °+3.8x10° 5.6 + 0.5
L2.5 0.08 & 0.03 1.5 x10°°+0.4 x 10°° 7.6 £ 0.4
D2.5 0.387 1.5 x 1077 10.6

errors in determining precisely the hydrodynamic radius of our
core-shell particles or from inaccuracies in determining the
surface concentration in ref. 33.

Fig. 3b shows the long-time adsorption curve for the same
sample as in Fig. 3a. Using the results of the previous fit and the
known inputs, here the only fitting parameter is the dimen-
sionless reaction coefficient K;. From eqn (8), assuming a
saturation interface packing of 91% (close-packed), we can
calculate the kinetic constant k.

Using the following relation, it was possible to calculate an
approximate value for the interaction energy or adsorption
barrier, ¢, between the pristine interface and an individual

particle adsorbing:**
by
exp (- )

The values of ¢}, in Table 2 are very small, of the order of
10kgT compared to adsorption energies of approximately
1000kgpT, indicating that the assumption made at small times,
that the adsorption is barrier-free, is valid.

We remark here that the assumption of 0.91 as the final
interface coverage is strongly dependent on the particle size
distribution and adsorption kinetics. Nevertheless, recent
computer simulations** demonstrated that the overall adsorp-
tion mechanism is very robust, regardless of the details of the

D | ¢

ka R\ mwkgT

n

(11)

2 Microscope
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cell \ ‘ / Gil
T — |
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particles used. Therefore, we expect that, even if the absolute
values of the reaction constants are slightly different, our result
effectively captures the two different adsorption regimes, as well
as the dependence on bulk concentration.

After discussing the details of the linear PEG-stabilised NPs,
we turn our attention again to the dendrimer-stabilised NPs.
The D2.5 particles show a more complex behaviour, presenting
a shoulder in the adsorption curve. Previously the presence of
such shoulders has been attributed to the occurrence of
collective rearrangements that enable further adsorption to an
interface that is jammed at short times due to rapid adsorp-
tion.> In this case, the height of the intermediate adsorption
plateau was only a very weak function of the bulk
concentration.*

The difference with the D2.5 particles may be ascribed to the
presence of a small, but non-negligible charge on the particle
surface of —9.8 mV compared to —1.4 mV and —3.2 mV for L5
and L2.5 respectively.®” The greater surface charge compared to
the L2.5 particles stems from lesser shielding of the core surface
charge by the shorter and stiffer dendritic PEG molecules,
compared to the linear PEG of a similar molecular weight. At
longer times, the presence of a charged interfacial layer of
already adsorbed D2.5 NPs may act as an additional adsorption
barrier. Nevertheless, at short times, when these collective
particle-particle interaction effects are absent, the adsorption
curves can be effectively rescaled and eqn (5) used to estimate
the single-particle adsorption energy, which had not been
previously possible using other methods.

Using the results of the short time fit, we also calculated the
reaction constants for the data set using the long time fit. As only
one of the pendant drop curves seemed to approach the final
plateau, calculations were made using the data set with concen-
tration 4 x 10> mol m . The fitting parameters were used to
calculate k,, K; and ¢y, as shown in Table 2. The values for ¢y, are
in good agreement with those from the linear-PEG coated parti-
cles, indicating that the interaction between these particles and
the pure interface is analogous to that described previously.

100+

10

¢ +y?> (um?)

0.1+

0.01 T T T T

Time (s)

(a) Scheme of the interface microrheology setup. (b) A typical image (black and white) showing fluorescent tracer particles at the interface,

with tracks over 1000 frames highlighted in red. (c) Mean square displacements measured for the pure decane—water interface (black) and with
NPs adsorbed: L5 (red), L2.5 (green), D2.5 (blue). Particles adsorbed to the interface from bulk concentrations of 2 x 107> mol m~3, left to

equilibrate for at least 15 minutes before measurements.
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3.2 Probe-particle tracking

After investigating the details of the adsorption kinetics, we
focus our attention on the rheological characterisation of the
interfacial assemblies. As previously mentioned, the mechan-
ical properties of the interface are crucial for a range of appli-
cations, and therefore many different methods have been
devised to carry out such measurements.” The mechanical
properties of the interfacial NP monolayers were here initially
studied by means of passive microrheology/probe-particle
tracking.®® The details of the procedure are given in the mate-
rials and methods section, but briefly, the method consists of
extracting the viscoelastic properties of the nanoparticle-laden
interface by following the motion of micron-sized fluorescent
tracer particles (see Fig. 4a and b). The method presents marked
advantages compared to standard rheological approaches, in
that it is very sensitive to low interfacial viscosities and that the
properties of the interface are measured at a local level, which is
very important in the presence of heterogeneous interfaces.®*
Fig. 4c shows the mean square displacement of the tracer
particles as a function of time for tracers at the pristine water-n-
decane interface as well as at oil-water interfaces with a satu-
rated NP monolayer for all the three particle types. The satu-
ration of the interface was ensured by waiting times
significantly longer than the characteristic times found in the
adsorption curves in Fig. 2. The linear behaviour with a slope of
unity, in a log-log plot, indicates purely diffusive tracer behav-
iour, with a diffusion coefficient that can be extracted using eqn
(2). The tracers exhibited purely diffusive motion both at the
pure oil-water interface and in the presence of a NP monolayer,
excluding the presence of any detectable interface elasticity.
Moreover, the mean squared displacements did not seem
to depend significantly on the type of particles composing the
interfacial monolayer or even on whether the particles were

n-Decane

Objective

Excitation beam

. R
Lens Lens
- » Lens
Computer

= i

10°  10* 1 ({3 10% 10"

Fig.5 (a) Schematic of the FCS setup. (b) A fluorescence intensity scan
through a water—n-decane interface on which QDs are adsorbed.
Scanning was carried out by moving the focus from water into the n-
decane phase in steps of 200 nm. The position of the maximum
identifies the position of the interface. (c) Typical FCS autocorrelation
curves at the interface and their fits (solid lines) following egn (3) for
QDs diffusing at a pristine water—decane (black squares) and a water—
decane interface with a monolayer of L5 NPs adsorbed suspension of
concentration 2 x 107> mol m~ (red triangles).
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present at all. All the data are basically overlapping within
errors (please note that at higher times the error bars increase
due to lower statistics) meaning that tracer diffusivity at the
interface is not affected by the presence of a NP monolayer.
The measured values of the diffusion coefficient were 1.2 £+
0.2 x 102 cm?® s~ ' in comparison with the calculated Stokes-
Einstein bulk diffusion coefficient of 1.7 x 107° em® s~ .
Previous studies have demonstrated that at low surface
coverage, if the tracers are not interacting and are trapped at
the interface, they undergo two-dimensional Brownian diffu-
sion.®® The ratio between the bulk and the interface diffusion
coefficients that we measured is indeed indicating that the
prefactor in the diffusion coefficient goes from 6 to 4, as the
particles effectively diffuse in two dimensions and no longer
in three. Previous theoretical work has predicted that the
presence of a free interface, and thus of a significant viscosity
difference between the two phases, can significantly slow the
in-plane particle diffusion; in our case, since the difference in
viscosity between water and n-decane is lower than 5%, the
particle practically sees a uniform environment, and thus
does not experience the increased flow resistence.* There-
fore, tracers could only be slowed down by the presence of a
full core-shell NPs monolayer surrounding them, but the
technique is not sensitive enough to detect it. The main
reason for this lack of sensitivity is probably to be found in the
fact that the tracers may be too large for the presence of a
weak particle monolayer to affect their motion. For this
reason we moved to a different technique, using tracers on the
same scale as the adsorbing NPs, as described in the following
section.

3.3 FCS

Using fluorescence correlation spectroscopy (FCS) we measured
the diffusion coefficient of small fluorescent tracers at the oil-
water interface during the adsorption of our core-shell nano-
particles. As tracers we used carboxyl quantum dots (QDs) with
diameter of approximately 10 nm purchased from Invitrogen
(see Experimental section for details). As previously shown and
evidenced in Fig. 5b, when dispersed at very low concentrations
in the water phase these QDs adsorb and accumulate at the
water-n-decane interface. During an FCS experiment one
measures the fluorescence intensity fluctuations resulting from
the thermal motion of the fluorescent tracers through a small
observation volume formed around the focus of a confocal
microscope.

Akin to a dynamic light scattering experiment, these fluctu-
ations are evaluated in the form of an autocorrelation curve that
has a characteristic decay time directly related to the diffusivity
of the tracers.**** As depicted in Fig. 5, here the method was
specifically applied to measure the lateral diffusion coefficient
of the QD tracers at the n-decane-water interface.*>* The
adsorption of the core-shell iron oxide-PEG particles from the
bulk is followed indirectly by monitoring the change of the QD
tracers' diffusivity at the interface as a function of time and thus
the interfacial concentration of the core-shell iron oxide-PEG
particles.
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Fig.6 QDs interfacial diffusion coefficients D), normalised by their bulk value Dy, as a function of time and bulk NP concentration for NPs (a) L5,
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D2.5. Concentrations: 5 x 10> mol m~ (purple), 3 x 107> mol m~3 (

m~> (grey), pure interface (black).

Typical examples of FCS autocorrelation curves measured at
the interface at different adsorption times are shown in Fig. 5c.
These curves can be fitted well (solid lines, Fig. 5¢) with eqn (3)
(Experimental section), indicating single-component Brownian
diffusion of the QD probes. From the fits, the corresponding
values of the tracers' diffusion coefficient were obtained. As
opposed to the previous probe-particle tracking measurements,
FCS has sufficient sensitivity to capture the change of the
tracers' diffusivity as a function of NP content at the interface,
for all NP types.

The values of the QDs' interfacial diffusion coefficients D,
normalised by their bulk diffusion coefficient (D, = 4.2 x 10"
m? s~ as measured independently by FCS in bulk water), as a
function of time are plotted in Fig. 6a-c. The black data points
represent the case of the pristine oil-water interface; it can be
seen that these values are time-independent, and smaller than
1, indicating that the diffusion of the QDs is slower at the
interface than in the bulk, despite the viscosity of the decane
and water being very similar. This is consistent with previous
observations.*

The coloured symbols give the values of Dy/D, as a function
of time for varying initial bulk concentrations of core-shell NPs
for the three particle types L5, L2.5 and D2.5.

The general observed trend was that D decreased as a
function of time with the adsorption of NPs; this change was
more pronounced at higher concentrations, up to a point where
a plateau was reached and D did not reduce further (saturation
may not be reached for the D2.5 particles within experimental
timescales). This corresponds to the point at which a full
monolayer is formed, no further NPs adsorb to the interface and
the diffusivity of the tracers reaches a steady state.

126 | Soft Matter, 2015, 11, 118-129

orange), 1 x 107> mol m™~

3 (blue), 5 x 107 mol m~ (pink), 2 x 10~° mol

Several observations can be made from this data. Firstly, in
all cases, the fitting of the autocorrelation curve indicates that
tracers’ mobility remains purely diffusive at all times and
concentrations, including in the presence of a full monolayer.
This result coincides with the findings of the probe-particle
tracking experiments, albeit on a much smaller length scale.
This has the surprising consequence that the interface remains
liquid-like, without showing any sign of elasticity characteristic
of a glassy or crystalline structure.***-%%

The second remarkable fact emerging from the data is that
the values of the tracer diffusivity at full coverage are only 30%
of the diffusivity in the bulk and approximately 40% of the
tracer diffusivity on the pristine interface. This result is in stark
contrast with the findings of particle diffusivity in dense inter-
facial monolayers of hydrophobic NPs stabilised by short and
rigid ligands.* In the latter case, reductions up to four orders of
magnitude were found. The main difference may arise from the
loss of colloidal stability and aggregation of the particles with
short ligands at the interface.

In fact, as previously discussed, the requirements for
colloidal stability in the bulk and at the interface can be
different, with the latter typically being more stringent.** Cryo-
TEM images of the adsorption of the above-mentioned hydro-
phobic NPs at various stages, indeed show that the realisation
of an interfacial monolayer proceeds via the formation of NPs
clusters that subsequently merge to form a gel-like spanning
network.®® This implies NP aggregation at interfaces and the
formation of an elastic, arrested interface. In the case of our
hydrophilic core-shell NPs, previous measurements have
demonstrated that even at saturation, the vast majority of the
interface is covered by PEG chains, leaving highly spaced iron

This journal is © The Royal Society of Chemistry 2015
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oxide cores at the interface,* as depicted in the sketch in Fig. 5.
Moreover, measurements of the desorption energy of PEG
chains from an air-water interface, showed that each single
ethylene glycol (EG) unit is bound with an energy of 0.15kzT and
that whole chains as well as whole particles can be desorbed
upon compression.*® Similar values are expected at the water-n-
decane interface. It is therefore possible that the local fluctua-
tions in the compressive state of the particle shells coming from
the thermal motion of QDs, or even more pronounced from that
of the micron-sized tracers, are sufficient to push some PEG
sections of the polymer shell into the bulk water. As a result, the
fluidity of the interface is retained and the tracers can diffuse
freely, albeit more slowly, in the presence of NPs at the inter-
face. Therefore, the softness of the polymer shell and its solu-
bility in the bulk play a crucial role in defining the mechanical
properties of the particle-laden interface.

The time and concentration dependence of Dy in Fig. 6 for
the three particle types suggests that concentration-indepen-
dent master curves can be drawn as a function of an effective
time for each particle type. Using the adsorption model and the
scaling previously described for the dynamic interfacial tension
data, we obtain that the tracer diffusivity at the interface can
also be rescaled by the bulk concentration squared, as observed
in Fig. 6d-f. This finding further confirms the adsorption model
for the adsorption kinetics.

4 Conclusions

In this paper we have demonstrated a comprehensive
approach to investigate the formation and the mechanical
properties of monolayers composed of hydrophilic core-shell
iron oxide-polymer NPs at fluid interfaces. Our experiments
span length scales over several orders of magnitude. We first
elicited the adsorption kinetics and measured the adsorption
energy of single NPs via monitoring the dynamic interfacial
tension of macroscopic droplets. We emphasise that the latter
quantity is measured directly, without any assumption of
particle size or coverage at the interface, from the early stages
of diffusion-dominated particle adsorption and that this
matches values previously and independently found. From the
analysis of the pendant drop tensiometry data, we could also
extract additional information on the adsorption constants
and barriers, shedding additional light on the mechanisms of
interface formation. We then moved to the mechanical char-
acterisation of the particle-laden interfaces using both tracers
which are much larger than the adsorbed NPs and other
tracers in the same size range as the NPs. Through FCS
measurements we could follow in real time the modification of
the particle diffusivity at the interface as a function of NP
adsorption and we verified that the scaling of the adsorption
kinetics measured by macroscopic interfacial tension is
matched by the nanoscale dynamic characterisation of inter-
face mechanics.

Our findings also highlighted that our interfaces remain
fluid, even at full NP coverage, which is a result strikingly
different to the behaviour of interfaces covered by proteins™
or, as previously discussed, hydrophobic NPs capped by short
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ligands, and which has a direct impact on tuning the
mechanical properties of such interfaces. The outcome of the
probe-particle tracking and of the FCS measurements indeed
unexpectedly indicates that the interfaces always show a fully
viscous response. Translating probe particle diffusivity into
surface viscosities has been investigated theoretically,”* but
still presents significant open experimental challenges and
orders of magnitude differences may be found between macro
and microrheological characterisations of complex fluid
interfaces.”>” There is still open debate on the true origins of
this discrepancies; among the different factors, theoretical
predictions for instance make the assumption that the
interface is incompressible, while recent measurements on
the NPs used in this study show that interfacial monolayers
can be compressed to varying extents and that compression
can also cause the NPs to desorb.** The fluidity of the
monolayers may be directly related to the soft nature of the
polymer shell surrounding the particles; the polymer layer
provides sufficient steric stabilisation so that the particles do
not aggregate at the interface’ and are able to move as single
objects rather than clusters. Furthermore, the softness of the
polymer chains may also make it possible that upon local
compression, stemming from in-plane NP thermal motion,
they can be partially and temporarily desorbed from the
interface (single EG units have an adsorption energy compa-
rable to thermal energy, while the NP as a whole stays bound
with much higher energy), allowing more space for particles
to “squeeze past each other”, even in crowded environments,
such as full monolayers. This behaviour may be analogous to
the one of soluble surfactants that, despite significantly
lowering the interfacial tension, do not exhibit any measur-
able surface viscosity.” It is worth emphasising that X-ray
reflectivity data show that at saturation more than 90% of the
interface is actually occupied by PEG chains for both the
linear PEG-stabilised NPs.*® For the dendritic PEG particles,
both the X-ray reflectivity and FCS measurements may have
not reached full saturation in the experimental time window,
and their adsorption behaviour is more complex, as evidenced
by the pendant drop measurements. It would be extremely
interesting for future studies to access systems where inter-
face activity and softness can be varied over a large range, to
detect the onset of deviations from purely viscous interfaces.
Recent numerical simulations are indeed going into the
direction of calculating explicit interaction potentials
between soft particles at interfaces as a function of parame-
ters such as chain length, grafting density and solvent
quality.”®

The use of soft, deformable nanoscale objects for interfacial
self-assembly and stabilisation is rapidly growing. In addition
to the above-mentioned properties, using polymer shells
makes it also possible to encode different functions in the
stabilising layer, e.g. for triggered response’” or multi-func-
tional capping that adapts to local environments.”® Our results
constitute a step further in the understanding of the
complexity of interfacial adsorption and assembly of such
versatile intriguing objects.
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