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We investigate the concentration and size dependent self-assembly of cadmium selenide

nanoparticles at an oil/water interface. Using a pendant drop tensiometer, we monitor the

assembly kinetics and evaluate the effective diffusion coefficients following changes in the

interfacial tension for the early and late stages of nanoparticle adsorption. Comparison with the

coefficients for free diffusion reveals the energy barrier for particle segregation to the interface.

The formation of a nanoparticle monolayer at the oil/water interface is characterised by

transmission electron microscopy.

Introduction

The hierarchical organization of inorganic and organic nano-

particles, nanocrystals and other nanometer-sized objects con-

stitutes an important field of research aiming to devise new

materials for encapsulation and delivery, sensing, data storage,

etc. Size variation of nanoparticles strongly affects their

physical properties (optical, electrical, magnetic, etc.). There-

fore, size dependent assembly of these particles is an important

prerequisite for the construction of novel materials or devices,

i.e. hierarchical, three-dimensional assemblies. Thus, strategies

to organize nanoparticles in a controlled manner in three

dimensions need to be devised. A simple and generally used

technique is the organization through self-assembly processes

at liquid or solid interfaces.1–9

Three different approaches to control ordering of nano-

particles via self-assembly processes have been used:

(1) Three-dimensional ordering by crystallization of the

nanoparticles to produce so-called ‘‘colloidal crystals’’.10–12

(2) Wet-deposition using directed supramolecular inter-

actions between a template and the nanoparticles.13,14

(3) Assembly of the particles at liquid/liquid interfaces

driven by a decrease of the interfacial tension.15

Each of the above-described approaches obtains different

levels of order: a sedimentation and precipitation process

yields a high degree of ordering. Due to the low rate of

sedimentation, several weeks may be required to generate a

highly ordered structure. The second strategy leads to the

formation of irregular arrays due to the initial strong attach-

ment of the particles to the substrate.16 Annihilation of defects

after assembly is not possible. The segregation of the particles

to the liquid/liquid interface, on the other hand, affords

sufficient mobility to nanoparticles at the interface, which

results in the formation of highly ordered nanoparticle

arrays17,18 provided the components equilibrate between

aggregated and non-aggregated states, or adjust their positions

relative to one another once in an aggregate. Thus, fluid

interfaces are ideal templates for such a process. In addition,

the fluid/fluid interface provides easy access to the nanoparti-

cles for possible particle replacement at the interface,3 their

chemical modification via reactions of attached ligands with

reagents in either or both fluids, or cross-linking to form an

ultrathin network.2,19

Recently, nanometer-sized CdSe particles were found to

stabilize water/oil emulsions in a manner similar to that seen

with Pickering emulsions of micron-sized colloids. The nano-

particle assembly was demonstrated using fluorescence con-

focal microscopy and it was shown that densely packed

assemblies of ligand-covered nanoparticles could be cross-

linked via free radical or ring opening metathesis polymerisa-

tion (ROMP) methods to yield stable, mechanically-robust

capsules and ultrathin membranes.2,20

Here the kinetics of nanoparticle adsorption at the fluid

interface as a function of the size and bulk concentration of

the nanoparticles is discussed. The change in interfacial ten-

sion was studied using a pendant drop tensiometer. In addi-

tion, TEM was used to examine the evolution in the packing of

the nanoparticles during the course of the adsorption process.

Experimental

Synthesis

TOPO-stabilized CdSe nanoparticles were synthesized using

standard techniques as described in the literature.21 The

nanoparticles were grown to the requisite size and repeatedly

precipitated in methanol to remove excess ligand. UV-Vis and

thermogravimetric analysis (TGA) measurements confirmed

complete removal of the free TOPO ligands.

Electron microscopy

Transmission electron microscopy (TEM) was performed

using 200 mesh Cu grids coated with a B30 nm thick carbon

membrane, on a Zeiss CEM902 microscope operated at 80 kV.
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Tensiometer measurements

The dynamic surface tension of the CdSe nanoparticles at the

toluene/water interface was measured using the pendant drop

method (OCA20, Dataphysics, Stuttgart). The setup of the

pendant drop apparatus is shown schematically in the ESI

(Fig. 1).w This method has proven to be a useful tool for the

investigation of the time dependent evolution of the interfacial

tension of classical surfactants, proteins or semiconductor

nanoparticles from dilute and semi-dilute solutions.22–24 Com-

puter automation allowed rapid acquisition of the drop image,

edge detection, and fitting of the Laplace–Young equation to

determine the interfacial tension. We performed the measure-

ments with a water drop (Milli-Q Academic A-10 system,

Millipore, Eschborn, saturated with toluene) immersed in a

toluene solution of the nanoparticles. All experiments were

performed at room temperature (22 � 1 1C).

To image the structure formed by the particle assemblies at

the toluene/water interface as a function of time, a small drop

of water was placed on a TEM grid and then immersed in a

nanoparticle solution, allowing the nanoparticle adsorption to

proceed for a desired period of time that paralleled the

tensiometer measurements. Subsequently the grid was

removed from the solution and the water was extracted with

dust free paper from below. The grid was then slowly dried

in air.

Results and discussion

Size dependence of the interfacial assembly

In Fig. 1 a series of pendant drop tensiometer measurements

for particles of 2.3, 4.6 and 6.0 nm diameter at the same molar

concentration (3.75 � 0.6) � 10�6 mol L�1 is shown. The

interfacial tension decreases with time and, finally, approaches

an equilibrium value, that decreases with increasing particle

size. With 6 nm particles the interfacial tension decreases from

33 to B21.8 mN m�1, while with 4.6 nm particles it decreases

to B23.8 mN m�1, and with the smallest 2.3 nm particles a

value of 25.7 mN m�1 is observed after B2 h. In the inset in

Fig. 1, these data are plotted on a logarithmic time scale which

points to different stages of adsorption characterized by

different slopes. At the early stages of adsorption (t - 0),

the interfacial tension rapidly decreases. Subsequently, the

decrease in interfacial tension slows, and, finally, the change

in interfacial tension decreases further and the nanoparticle

assembly attains a dynamic equilibrium where the adsorption

and desorption of the nanoparticles proceed with the same

rate. Under these conditions the maximum coverage of the

interface with nanoparticles is reached (t - N). In this

respect, Fig. 1 shows that only the largest particles have

reached a constant interfacial tension, and with decreasing

nanoparticle size the rate of adsorption of the nanoparticles

decreases.

This observation can be explained as follows: the assembly

of the nanoparticles at the oil/water (o/w) interface leads

to a decrease of the total free energy. The initial high inter-

facial energy, E0, between oil (O) und water (W) can be

reduced to E1, a change of DE1 by the placement of the one

nanoparticle with an effective radius r25,26 at the interface.

DE1 is given by

E0 � E1 ¼ DE1 ¼ �
p � r2
gO=W

� ½gO=W � ðgP=W � gP=OÞ�2; ð1Þ

where the three contributions to the interfacial energy arise

from the particle/oil (gP/O), the particle/water (gP/W), and the

oil/water interfaces (gO/W). From eqn (1) it is evident that for a

given system with fixed gP/O, gP/W, gO/W and at the same

temperature influence in terms of kBT the stability of the

particle assembly increases with increasing r. For microscopic

particles, the decrease in the energy per particle is much larger

than the thermal energy, kBT, so the particles are strongly held

to the interface. However, with nanoparticles the energy gain

by adsorbing a particle at the interface is small, of order of

kBT. For example, based on the reported values for

the toluene/water system:3 gO/W B35.7 mN m�1, gP/O
B15 mN m�1 and gP/W B40 mN m�1, we calculate DE1 to

be B�3.3 kBT, �4.9 kBT and �13.1 kBT for the 2.3, 4.6 and

6.0 nm diameter nanoparticles, respectively. Consequently, the

nanoparticles can be easily displaced from the interface, lead-

ing to a continuous particle exchange at the interface. This

exchange occurs more rapidly and more readily with decreas-

ing size of the nanoparticle and at the same particle concen-

tration, the coverage of the interface will be more complete

with larger particles.

To gain further insight into the structures formed at

the interface, we investigated the behavior of 6 nm particles

at the toluene/water interface by pendant drop tensiometry

and simultaneously collected TEM samples. Fig. 2 shows a

representative example of the evolution of the surface

tension with time for 6.0 nm CdSe nanoparticles at a particle

concentration of 1.58 � 10�6 mol L�1 in the bulk solution.

Fig. 3 shows a series of TEM images of the particle assemblies

at the interface taken at the adsorption times indicated in

Fig. 2 (the numbering in Fig. 2 corresponds to the numbers of

the TEM images). From the tensiometer data and the TEM

images one can infer that the interfacial energy rapidly de-

creases with increasing number of particles assembling at the

interface. The logarithmic plot in the inset of Fig. 2 reveals the

Fig. 1 Time dependence of the interfacial tension for the adsorption

of CdSe–TOPO nanoparticles of different diameters at the same bulk

molar concentrations ((3.75 � 0.6) � 10�6 mol L�1) at the toluene/

water interface.
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previously described regimes with different slopes. In combi-

nation with Fig. 3, we can quantitatively distinguish between

different adsorption stages. The early stage of the adsorption is

dominated by the diffusion of the particles to the free toluene/

water interface. The number of particles at the interface

increases rapidly, leading to a coverage of B20% after 230 s

(calculated from the large area analogues of the TEM images

in Fig. 3). After 1400 s, the coverage has risen to 40%. The

decrease in interfacial tension slows down dramatically after

B3500 s (coverage more than 50%), leading to the final stage

of adsorption (t - N). Here, we anticipate that the adsorp-

tion of new particles is increasingly hindered by the desorption

of particles from the interface and rearrangement of particles

already adsorbed at the interface. Once the rate of adsorption

and desorption are equal, a dynamic equilibrium is achieved

and a maximum coverage of the interface with nanoparticles is

reached (Fig. 3 E: 80%, F: 90%).

In addition to the coverage, the TEM series also yields

insight into the mechanism of structure formation. Initially

nanoparticles organize into the clusters, the size and form of

which changes with time. This suggests that there is a weak

favorable interaction between the nanoparticles. Based on

published data,27,28 this is, more than likely, dipole–dipole

interactions. With time the clusters grow and finally form large

islands (Fig. 3D–F), leading to almost complete coverage of

the oil/water interface.

Concentration dependence of the interfacial assembly

Fig. 5A and 6A illustrate the experimentally obtained g(t)-
curves for 2.3 and 6 nm diameter CdSe nanoparticles at

different particle concentrations in toluene. With changing

concentration, the surface tension at which the system attains

dynamic quasi-equilibrium at t - N changes.24,29 Here,

‘‘quasi-equilibrium’’ means, that the system reaches an almost

full interfacial coverage in form of a particle monolayer. As

shown before, from the logarithmic plots in Fig. 5B and 6B the

particle assembly at the interface undergoes different stages: (i)

free diffusion to the interface, (ii) continuing adsorption of

nanoparticles, including ordering and rearrangement of the

nanoparticles at the interface and (iii) additional packing

leading to the formation of a monolayer at the interface. As

discussed earlier, it takes the smaller nanoparticles a longer

time to reach an equilibrium interfacial tension. From the

concentration series, for a fixed size, decreasing the nanopar-

ticle concentration extends the time at which the system

reaches equilibrium. So, for 6 nm particles, all concentrations

investigated reached a plateau value in the final stage, whereas

for the 2.3 nm particles only the highest concentrations come

close to such a state. Obviously, the 2.3 nm system does not

reach full coverage of the interface. Here we note, that Zeta

potential measurements showed that the nanoparticles did not

carry any charge. Therefore, we can exclude electrostatic

repulsions. From a geometric point of view, one may antici-

pate that the small particles may pack more closely at the

interface and, therefore, cover a larger interfacial area than the

6 nm particles. However, considering the energetic gain in

keeping the nanoparticles at the interface (eqn (1)), one has to

conclude that the smaller particles also undergo desorption

from the interface more often than the larger particles. This

may lead to the observed differences in adsorption behavior.

For the 6 nm particles, we have shown the interfacial coverage

with TEM. For the 2.3 nm particles, we used the Langmuir–

Szyszkowski approach to estimate the interfacial coverage.

The values of the quasi-static equilibrium surface tension for

the CdSe nanoparticle assembly at the water/toluene interface

are extracted from the long-time asymptotes in Fig. 4A, and

are plotted versus the bulk particle concentration in Fig. 6.

These interfacial tension values were determined for each

concentration at an adsorption time of B7200 s. The equili-

brium interfacial tension decreases with increasing CdSe na-

noparticle concentration until a ‘‘critical’’ concentration (c* =

8.56 � 10�6 mol L�1) is reached, where the interface is

saturated (in analogy to typical surfactant).30 Therefore, at

the critical concentration c*, the density of the adsorbed

particles, i.e. the coverage, reaches its maximum value

Fig. 2 Time dependence of the interfacial tension of the toluene/

water interface in the presence of 6.0 nm CdSe nanoparticles (c =

1.58 � 10�6 mol L�1). The circles mark the time at which the TEM

samples were prepared.

Fig. 3 Series of TEM images of 6 nm nanoparticle adsorption to the

toluene/water interface at different adsorption times as marked in

Fig. 2: (A) 230, (B) 1060, (C) 1400, (D) 3514, (E) 4700 and (F) 10 800 s.

Structure formation via nucleation and growth of clusters can be seen.

Scale bar: 40 nm.
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GN, and remains constant with increasing number of nano-

particles in the bulk, ceq 4 c*.

To describe an adsorption coupled with bulk diffusion of the

interface-active nanoparticles the Langmuir model has been

used. The Langmuir model, or localized ideal model, considers

the molecules without any interactions adsorbed on localized

sites on the interfacial layer and is a good approximation for

the equilibrium relationship between the adsorption density G
at the interface and the particle concentration in the volume

phase c.31 Thus,

G ¼ G1 �
ceq

aL þ ceq
ð2Þ

Here, ceq is the bulk concentration at quasi-static equilibrium

interfacial tension, aL is the Langmuir parameter (bulk con-

centration at half surface coverage) and GN is the monolayer

capacity expressing the maximum amount of nanoparticles

that can be accommodated at the interface. At low nanopar-

ticle concentrations, the behavior at the liquid/liquid and air/

liquid interfaces is similar to that for surfactant molecules.

Hence, at low nanoparticle concentrations, the CdSe solution,

Fig. 6 Quasi-static interfacial tension g as a function of the logarith-

mic concentration of 2.3 nm CdSe nanoparticles. The line represents a

fit based on the Langmuir–Szyszkowski equation (eqn (4)).

Fig. 4 (A) Time dependence of the interfacial tension at toluene/

water interface with 2.3 nm CdSe–TOPO at the different particle

concentrations (’ 4.49 � 10�4 mol L�1, 2.24 � 10�4 mol L�1,

1.12 � 10�4 mol L�1, 5.61 � 10�5 mol L�1, 2.81 � 10�5

mol L�1, 1.41 � 10�5 mol L�1, 7.05 � 10�6 mol L�1, 3.50 �
10�6 mol L�1, 1.75� 10�6 mol L�1). (B) Logarithmic representation

of the data in (A).

Fig. 5 (A) Time dependence of the interfacial tension at toluene/

water interface with 6.0 nm CdSe–TOPO at the different particle

concentrations (’ 6.32 � 10�6 mol L�1, 3.16 � 10�6 mol L�1,

1.58 � 10�6 mol L�1, 7.90 � 10�7 mol L�1, 3.95 � 10�7

mol L�1, 1.90 � 10�7 mol L�1). (B) Logarithmic representation of

the data in (A).
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can be considered as ideal. The Gibbs adsorption equation32

G ¼ � 1

R � T
dg

d ln ceq
ð3Þ

and the equilibrium isotherm (2) allow the calculation of the

surface tension explicitly as a function of a particle concentra-

tion in the volume phase ceq. The combination of eqn (2) and

(3) leads to the Langmuir–Szyszkowski isotherm equation30

g ¼ g0 � R � T � G1 � ln 1þ ceq

aL

� �
; ð4Þ

where g0 is the interfacial tension of the pure components.

According to Ross and Morrison,33 the Langmuir–Szyszkow-

ski isotherm can be used to describe the decrease in surface

tension of a solution as a function of concentration. It should

be noted that the energies of adsorption and desorption of the

particles at the interface depend on the surface coverage. With

increasing surface coverage, more work is required to insert

additional particles onto the interface, and, therefore, the

adsorption rate decreases relative to that of desorption. The

Szyszkowski model neglects this fact and achieves the best fit

of the equilibrium data at low particle concentrations. For a

given water/toluene interface gO/W = 35.7 mN m�1 and

at a constant temperature T = 295.15 K the Langmuir–

Szyszkowski isotherm is characterized by a maximum adsorp-

tion density, GN (2.3 nm) = 1.05 � 10�10 mol cm�2, and the

Langmuir parameter, aL = 8.2 � 10�9 mol cm�3 (Fig. 6). The

theoretically estimated value for the maximum monolayer

capacity is G* (2.3 nm) = 3.61 � 10�11 mol cm�2 (shell size

of CdSe–TOPO not taken into account) and G* (2.3 nm) =

1.26 � 10�11 mol cm�2 (with the CdSe–TOPO shell). Both

values are in good agreement with the experimental value GN.

Therefore, these results point to the fact that at higher con-

centrations even the 2.3 nm particles may reach a full mono-

layer coverage at the interface.

The Langmuir–Szyszkowski isotherm for the 6 nm particles

is characterized by a maximum of the adsorption density GN

(6.0 nm) = 2.34 � 10�11 mol cm�2. The theoretically-

estimated value corresponding to the maximal saturation

of an interface by particles is five times less and is equal to

G* (6.0 nm) = 3.32 � 10�12 mol cm�2. As expected, the

GN (6.0 nm) value is also smaller than that of the 2.3 nm

nanoparticles, GN (2.3 nm). As the plane capacity of the

interface is proportional to the square of the particle radius,

the increase of the radius of the particles of a factor of 2.6

explains the decrease of the interfacial coverage of about one

order of magnitude.

Diffusion to the interface and potential barrier of adsorption

At the early stage of adsorption, a diffusion controlled ad-

sorption kinetics of the CdSe nanoparticles is expected. This

process can be quantitatively described by the theory of Ward

and Tordai34 in the following form:29

GðtÞ ¼ 2

ffiffiffiffi
D

p

r
ceq

ffiffi
t
p
�
Z ffiffi

t
p

0

cð0; t� tÞd
ffiffi
t
p

 !
ð5Þ

where D is the diffusion coefficient. The time dependence of

the dynamic interfacial tension is described by the following

asymptotic relations (intermediate application of the Gibbs’

adsorption isotherm):29

where gN is the interfacial tension at maximum adsorption.

Based on these approximations, the diffusion coefficients D

(for t - 0) and D0 (for t - N) at different nanoparticle

concentrations were calculated for the 2.3 nm particles and the

results were plotted in Fig. 7. At small particle concentrations

(Bc2.3 nm = 1.75 � 10�6 mol L�1), the diffusion coefficient is

similar to the value predicted by Stokes’ theory: DStokes

(2.3 nm) = (4.0 � 1.5) � 10�11 m2 s�1. With increasing

particle concentration (c2.3 nm = 2.24 � 10�4 mol L�1), the

diffusion coefficient for long times decreases by three orders of

magnitude. Here, we note that the 6.0 nm diameter nanopar-

ticles show a qualitatively similar behavior: at c6 nm =

1.9 � 10�7 mol L�1 the diffusion coefficient is in the Stokes’

region:DStokes (6 nm) = (4.6� 0.6)� 10�11 m2 s�1. Increasing

the particle concentration (c6 nm = 6.3 � 10�6 mol L�1), also

decreases the diffusion coefficient at long times by three orders

Fig. 7 Calculated diffusion coefficients of the 2.3 nm sized CdSe

nanoparticles at room temperature at different particle concentrations

for t - 0 and t - N (eqn (6)).
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of magnitude. For all particle sizes at each concentration, we

find the diffusion coefficients for the short time limit to be

larger than for the long time limit. The diffusion coefficients D

and D0 decrease when the particle concentration is increased.

At a low concentration D and D0 reach the diffusion limit as

predicted by Stokes–Einstein equation. These observations

point to the fact that with increasing nanoparticle adsorption

at the interface the adsorption switches from a diffusion

controlled to an interaction controlled process, i.e. at higher

concentrations or longer adsorption times, the reduction of the

diffusion coefficient can be attributed to the interaction be-

tween the particles close to the oil/water-interface. This inter-

action is a result of the collisions of the nanoparticles

approaching the interface from the bulk with nanoparticles

that are already adsorbed to the interface or that desorb from

it due to thermal fluctuations. Thus, one nanoparticle can

adsorb to the oil/water-interface only if free space is available.

During the course of the adsorption, with increasing particle

concentration in the sub-layer (which is defined as the region

of the bulk solution, immediately next to the interface with a

thickness of the few particle diameters34,35), the number of

collisions increases. In addition, the desorbing nanoparticles

hinder the adsorption of each additional nanoparticle from the

bulk to the interface. This suggests the existence of an effective

potential barrier close to the interface, which manifests itself

by restraining the particle movement normal to the interface in

the range of the sub-layer. Consequently, the motion of the

particles around the interface involves two mechanistic steps:

(i) the diffusion-controlled particle motion from the solution

volume to the sub-layer and (ii) overcoming the potential

barrier DEp between the real interface and the bulk. The

position of the barrier and its width depends on the strength

of the inter-particle interactions close to the interface. It

should be mentioned that at very low nanoparticle concentra-

tions the sub-layer vanishes as it becomes too broad and

indistinguishable from the bulk. This notion is supported by

the fact that, at low particle concentrations, the diffusion

coefficients approach the Stokes’ diffusion coefficient, which

is a direct consequence of the rare interaction between the

nanoparticles and the resulting free diffusion to the oil/water-

interface. From our observations, we have developed a model

of the particle adsorption at the liquid/liquid interface, sche-

matically presented in Fig. 8, which combines Pieranski’s

interface energy well for the already adsorbed nanoparticles

(red line) with the predicted energy barrier for the incoming

particles from the bulk phase (green line).

In view of the proposed adsorption model: initially (early

stage of adsorption in the Fig. 5B and 6B) the interface is

essentially empty and every particle colliding with the interface

can adsorb freely. Thus, the sub-layer concentration rapidly

approaches zero. Therefore, at the early stage of the process,

there is no energy barrier between the interface and the sub-

interface. The concentration gradient produced by this ad-

sorption causes the diffusion-controlled movement of the

nanoparticles from the bulk into the sub-layer until its con-

centration is equal to the bulk. To allow for a concentration

balance, the bulk is considered an infinite reservoir of nano-

particles. The further course of the particle adsorption is

characterized by the presence of the adsorbed nanoparticles

at the interface (a complete interfacial coverage has not yet

been reached), i.e. there is a decreasing area where the incom-

ing particles can adsorb. With increasing interface coverage,

the incoming particles are repelled by the adsorbed solute, and

as a result, they remain outside the sub-layer. Thus, the

adsorption is less diffusion-controlled. Consequently, a poten-

tial barrier emerges that increases with increasing interfacial

coverage. The analysis of the estimated values of diffusion

coefficients confirms the notion of a non-diffusional adsorp-

tion for later stages. For a certain particle concentration, the

diffusion of the CdSe–TOPO nanoparticles is hindered with

increasing adsorption time, i.e. the diffusion coefficient derived

from the early stage fit (t- 0) is larger than for the later stage

(t - N), because the limiting step is the reaction, i.e. particle

exchange and displacement at the interface. In addition, for

both approximations, we observe that the diffusion coefficient

also decreases with increasing initial concentration of the

nanoparticles in the bulk (Fig. 7) which also points to an

increasingly reaction-limited process. Finally, the coverage of

the oil/water-interface with the nanoparticles is almost com-

plete. Adsorption of the new particles from the bulk is possible

only if there is a permanent thermal particle release and

exchange from the interface into bulk, increasing the particle

concentration in the sub-layer. As soon as the number of the

particles close to the interface increases, the osmotic pressure

increases as well. Now, before the incoming particle finds an

unoccupied place at the interface, it collides with a large

number of neighbors, and therefore the particle concentration

Fig. 8 Schematic energetic diagram of spherical CdSe nanoparticles

at the oil/water interface (CdSe–NP1) and in the bulk (CdSe–NP2).

With g: interfacial tension, P: particle, W: water, O: oil, d: effective

nanoparticle diameter. The hatched region presents the area of the

sub-layer. The red line presents the estimated form of the interfacial

energy well of the depth DE1 for the already adsorbed nanoparticle

CdSe–NP1 (according to ref. 25). Green lines represent the form and

position of the potential barrier for any incoming CdSe–NP2 from the

bulk. The increase of the DEp is marked with a color gradient. The

yellow arrow shows the direction of an escape of a thermally activated

nanoparticle from the interface.
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in the sub-layer region increases temporarily, which finally

leads to a retardation of the overall diffusion process and the

build-up of a potential barrier.

Based on the assumption that the TOPO-covered nanopar-

ticles act as elastic balls, we assume a symmetric form for the

potential barrier (Fig. 8). The activation energy DEp, i.e. the

potential barrier for adsorption in the case of the reaction

controlled adsorption, can be calculated from the effective

diffusion coefficient Deff by:36,37

Deff ¼ D� exp �DEp

kBT

� �
; ð7Þ

For the free diffusion case without energy barrier, D* should

be equal to the diffusion coefficient predicted by Stokes–

Einstein. Indeed, Fig. 7 demonstrates that the values calcu-

lated for low particle concentrations, as well as the early stages

of adsorption (short time approximation), approach the

expected Stokes diffusion coefficient DStokes. As Deff we used

the values obtained from long-time approximation (see eqn

(6)). The values of DEp calculated by the eqn (7) yield a

magnitude of the energy barrier, DEp, of about 10�20 J for

all the nanoparticles, regardless of size, investigated in this

study. We note that this is a few kBT, and coincides with the

desorption energy calculated for 2.3 and 6 nm particles,

according to eqn (1). This result confirms the idea, that at

the higher nanoparticle concentrations the probability of the

one single nanoparticle diffusing to the interface is determined

by the desorption rate of the already adsorbed nanoparticles.

In this situation the energy of the thermally activated de-

sorption kBT can be considered as the measure of the activa-

tion energy DEp.

It should be mentioned that, in general, the diffusion of the

nanoparticles along the interface can lead to generation of the

‘‘free’’ places at the interface by particle rearrangement and

close packing, and thus, can further influence the process of

adsorption. In fact, in-plane diffusion of the nanoparticles at a

fully covered interface was found to be about four orders of

magnitude slower than that of the particles in solution

(Dinterface B10�14 m2 s�1).38 Therefore, at the late stage of

adsorption the most probable mechanism to create a free space

at the oil/water interface is by desorption of a particle rather

than lateral diffusion and reordering of the nanoparticle

interfacial assembly.

Conclusions

In this study, we have demonstrated that the pendant drop

technique can be used to characterize the adsorption behavior

of the TOPO-covered CdSe nanoparticles at the oil/water

interface. From the time evolution of the interfacial tension,

we could infer the characteristics of early (t - 0) and late

stages (t - N) of the adsorption process, i.e. free diffusion to

the interface, followed by continuing adsorption of particles

including ordering and rearrangement of the nanoparticles at

the interface and finally additional packing leading to forma-

tion of a monolayer at the interface. TEM images of the oil/

water interface taken during the nanoparticle adsorption

process revealed a nucleation and growth mechanism for the

monolayer formation. Moreover, it was shown that the self-

assembly process changes from diffusion-controlled to inter-

action-controlled with increasing interfacial coverage. In addi-

tion, the respective potential barrier for nanoparticle

adsorption to the interface was calculated from the diffusion

constants of the late stage of adsorption and found to be on

the order of the desorption energy for a single particle from the

interface. This fact supports the notion of an interaction-

controlled adsorption at the late stage of the process.
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