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The 3D distribution of nanocrystals at the liquid-air interface is imaged for the first time on a single-

particle level by cryogenic electron tomography, revealing the equilibrium concentration profile from the

interface to the bulk of the liquid. When the surface tension of the liquid is decreased, the interaction of

the nanocrystals with the liquid-air interface shifts from adsorption to desorption. Macroscopic surface

tension measurements do not detect this transition, due to the presence of surface-active molecular

species.
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Adsorption of colloidal particles at liquid interfaces is a
versatile way to control the stability of emulsion droplets
or microbubbles [1–4] or to guide the self-assembly of
colloidal particles into superlattices or membranes [5–7].
For particles of only a few nanometers in size, adsorption
to the liquid-gas or liquid-liquid interface can be of order
kBT and reversible [8], as for molecular surfactants. To
evaluate how strongly nanoparticles adsorb to liquid inter-
faces, the conventional method is to measure the interfacial
tension as a function of particle concentration [9–12].
However, in the presence of surface-active molecular spe-
cies, their adsorption will dominate the changes in macro-
scopic interfacial tension and obscure the effect of
adsorbing colloidal nanoparticles. Here, we introduce
cryogenic electron tomography as a promising tool to
investigate the adsorption of nanoparticles at the liquid-
air interface. This technique resolves the spatial positions
of individual nanoparticles, quantifying the complete con-
centration profile from the interface to the bulk of the
liquid. From the profile, the adsorption energy is calculated
and compared to the energies of the interfaces separating
solid, liquid, and air.

Previous in situ characterizations did not provide a direct
visualization of the distributions of individual nanopar-
ticles at the liquid-air interface but instead relied on macro-
scopic measurements of the interfacial tension [12] or
grazing incidence x-ray scattering [13]. Single-particle
techniques like atomic force microscopy [14] do not detect
the nanoparticles present below the interface or have insuf-
ficient resolution to resolve particles of a few nanometers,
as in the case of scanning electron microscopy [15]. The
technique that we adopt here, cryogenic electron micros-
copy (CEM), is well known in biology [16] and gives
snapshots even of structures that only exist in a narrow
temperature window, such as the molecular liquid crystal-
line phases of a lipid membrane [17]. Also, in the field of
materials science, CEM is becoming an established way to

visualize fragile structures at the nanoscale [18]. We have
introduced CEM before to image nanoparticle structures in
colloidal dispersions, be it only in two dimensions [19–22].
Here, the sample structure is obtained in three dimensions
using tomography [23].
Our experimental model system consists of PbSe nano-

crystals with a diameter of 5.3 nm, dispersed in mixtures of
decalin and pentanol. The so-called quantum dots are
synthesized according to a variation on the method of
Heiss et al. [24] (see the Supplemental Material [25] for
details). The surface of the particles is covered with oleic
acid ligands, in order to disperse the particles in an apolar
liquid. In a thermostatted Vitrobot, 3 �l of 0:4 �mol=l
quantum dot dispersion is placed on a QuantiFoil TEM
grid with holes of 2 �m. Excess fluid is removed using
absorbent paper, resulting in a film with a thickness of a
few particle diameters, after which the sample is vitrified
using liquid nitrogen. For each sample, typically three tilt
series of the vitrified samples are acquired on a Philips
Tecnai 20 transmission electron microscope (200 keV)
making use of a liquid-nitrogen-cooled Gatan 626 high-
tilt cryoholder. The tomograms are reconstructed using the
weighted back projection implemented in IMOD [26] from
tilt series containing approximately 100 images acquired at
angles between �65� and 65�.
Our cryogenic electron tomography results are summa-

rized in Fig. 1. Representative X-Z views of samples
with different volume fractions of pentanol are shown in
Figs. 1(a)–1(c), where the Z axis is perpendicular to the
film. From the tomograms, the particle positions were
detected, as shown in Figs. 1(d)–1(f), using regular particle
tracking algorithms implemented in MATLAB 7. In tomog-
raphy, contrast variations in the Z direction are hard to
resolve due to the limits of the tilt range. Nevertheless, due
to density fluctuations in the bulk liquid, a clear difference
in background noise is observed between liquid and vac-
uum, which makes it possible to resolve the position of the
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liquid-air interfaces from spatial analysis of the intensity of
the noise. Using this information, it is straightforward to
calculate the distance of a particle center to the nearest
interface [Figs. 1(g)–1(i)], which reveals the equilibrium
distribution of particles between interface and bulk of the
liquid. From Fig. 1, it is clear that the equilibrium distri-
bution shifts from strong adsorption, when the apolar
liquid decalin is used [Fig. 1(g)], to weak adsorption,
when the polar liquid pentanol is added [Fig. 1(i)].

It is well known that the addition of a polar liquid such as
methanol can induce cluster formation and (size selective)
precipitation of the nanoparticles [27]. However, larger
alcohols such as butanol [27] and pentanol have this effect
to a lesser extent. In pure decalin, the clustering of these
particles is reversible, with a coupling free energy of
approximately �2kBT [22], indicating that only a small
fraction of the particles is present as a cluster; these clus-
ters are constantly forming and breaking up and therefore
can adjust their shapes to the energy potential set by the
interface. Although the aggregation strength increases with
increasing pentanol concentration, the sample precipitates
only at concentrations above 63% (see Fig. S2 in the
Supplemental Material [25]). Below 63% v=v pentanol,
the samples are stable for at least one week, indicating that
the interactions are weak, even at much higher concentra-
tions than the highest pentanol concentration used in
our measurements (25% v=v). This indicates that the

distributions observed with cryogenic electron tomography
are mainly dictated by the adsorption of the particles to the
liquid-air interface.
The conventional way to quantify reversible adsorption

to the liquid-air interface is less direct. It relies on mea-
surement of the macroscopic surface tension as a function
of the concentration of the surface-active species. We
measured the macroscopic surface tension of our liquid
dispersions with a Dataphysics OCA15 pendant drop ten-
siometer. From thermodynamics, the adsorption density �
can be calculated using the Gibbs adsorption equation [28].
The common analysis assumes that besides pure solvent,
the only other chemical component is the adsorbing
species, so that

� ¼ �@�=@� ¼ �ð1=kBTÞ@�=@ lnð�Þ; (1)

where � is the macroscopic interfacial tension and � the
chemical potential of the adsorbing species, for ideal parti-
cles defined as� ¼ �0 þ kBT lnð�Þ, with kB Boltzmann’s
constant, T the absolute temperature, and � the volume
fraction of the particles. A more general form of the Gibbs
adsorption equation is d� ¼ P

i�id�i, for a system with
different components i [28]. In our case, the liquid consists
of two components when decalin and pentanol are mixed,
but their chemical potentials hardly change when the nano-
crystals are added, since the particle volume fraction
remains below 0.01; as such, Eq. (1) remains a good first
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FIG. 1 (color online). Cryogenic transmission electron tomography of freestanding thin liquid films of decalin-pentanol (PeOH)
mixtures with added PbSe nanoparticles. (a)–(c) Representative cross sections perpendicular to the film with white scale bars of 25 nm,
(d)–(f) 3D plots of the positions of the detected particles (movies of the data sets are provided in the Supplemental Material [25]), and
(g)–(i) concentrations in planes parallel to the film as a function of distance to the interface. The nanoparticles have a much stronger
affinity to the surface of decalin than to decalin-pentanol mixtures, and surface coverage clearly remains less than a monolayer in all
cases. The inset in (g) shows a close-up of a nanoparticle (average image of 100 nanoparticles) of radius R at a distance h from of the
decalin-air interface, with the interfacial tensions (�) between liquid (L), particle (S), and air (G).

PRL 111, 108302 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

6 SEPTEMBER 2013

108302-2



approximation. As seen in Fig. 2, in the absence of nano-
particles, the addition of pentanol decreases the interfacial
tension. With increasing nanoparticle concentration, the
interfacial tension decreases further gradually, indicating
reversible adsorption. The slope of � versus ln� is
more or less the same, regardless of the pentanol concen-
tration. Applying Eq. (1), we find an adsorption density of
4� 1017 m�2, while electron microscopy shows that a
close-packed monolayer can accommodate only
0:12� 1017 m�2 particles (see the inset of Fig. 2).

Rather than helping to explain the adsorption behavior
observed by cryogenic electron tomography, the surface
tension measurements are in conflict with it. The macro-
scopic surface tension suggests almost complete indepen-
dence of the adsorption density on the decalin-pentanol
ratio, whereas the tomographic measurements show a
transition from strong adsorption to complete desorption.
To resolve this discrepancy, we will first explain the
adsorption behavior observed with cryogenic tomography
on the basis of different contributions to the adsorption
free energy of a nanoparticle at the liquid-air interface.
The apparently unrelated behavior of the macroscopic
surface tension will then be explained separately.

The concentration profiles as obtained from cryogenic
electron tomography can be accounted for as follows. For
an equilibrium system, the number density � of the parti-
cles at a distance h from the particle center to the liquid-air
interface depends on the adsorption free energy FðhÞ,
according to

�ðhÞ ¼ �ð1Þ exp½�FðhÞ=ðkBTÞ�; (2)

where �ð1Þ is the number density in the bulk liquid. The
free energy profile is estimated via the Pieranski [29]
approach, which has been successfully applied to many
microparticle systems [1]. For a particle of radius R at a
distance jhj<R from the liquid-air interface [see the inset
in Fig. 1(g)], the interfacial energy can be described by the

sum of two contributions. First, the surface area of the
liquid-air interface is decreased as the particle sticks out,
resulting in a decrease in free energy of �F ¼
��LG�ðR2 � h2Þ, where �LG is the liquid-air interfacial
tension. Second, part of the particle surface is now exposed
to the gas, resulting in a change in free energy of �F ¼
ð�SG � �SLÞ2�R2ð1� h=RÞ, where �SG and �SL are the
interfacial tensions of the particle surface in, respectively,
the gas or the liquid. Characterization of the binding
strength of colloidal particles at a liquid-air interface is
typically done by the contact angle �, defined as cosð�Þ ¼
��=�LG ¼ ð�SG � �SLÞ=�LG. In Figs. 1(g)–1(i), the solid
red curve indicates the fitted distribution as obtained with
this model using �� and �ð1Þ as the fitting parameters
and taking �LG from surface tension measurements on
pure solvent mixtures: 30:7 mN=m for pure decalin,
28:7 mN=m for 20% v=v pentanol, and 28:3 mN=m for
25% v=v pentanol. To take into account the experimental
resolution and fluctuations in the position of the interface,
the distribution is broadened with a Gaussian having a
standard deviation of 0.3–0.6 nm, corresponding to 1–2
pixels. The description using Eq. (2) and a potential energy
in terms of �LG, �LS, and �SG is clearly sufficient for a
good fit of all the profiles.
Quite high values of �� ¼ �SG � �SL were obtained

from the fit: in the case of pure decalin as the liquid, �� ¼
25:9 mN=m, corresponding to a contact angle of 32�, and
in the case of 20% v=v pentanol, �� ¼ 25:7 mN=m and
� ¼ 26�. With 25% v=v pentanol, the particles do not
adsorb at all, so the contact angle is not defined, and only
a lower bound to �� can be given: �� > �LG ¼
28:3 mN=m. The fact that �� has a high value can be
understood on the basis of the surface coverage of the PbSe
nanoparticles with oleic acid molecules; they consist of a
carboxylic acid head group bound to the nanoparticle
surface and an apolar octadecene tail pointing away from
the nanoparticle. The surface of the nanoparticle is thus
similar to octadecene (OD), and the particle-air interfacial
tension is approximately that of octadecene-air tension
�SG ffi �OD ¼ 28:16 mN=m. For the particle-liquid inter-
facial tension, an experimental value is not available, but
an estimate can be obtained using the Girifalco and Good
mixing rule [30]

�SL ¼ �SG þ �LG � 2ð�SG�LGÞ1=2 (3)

using the octadecene surface tension for the solid-gas
interfacial tension �SG and the measured liquid-air inter-
facial tensions �LG. For all liquid compositions used in this
work, this estimate yields �SL < 0:1 mN=m, so that �� �
28 mN=m, independent of solvent composition. This theo-
retical prediction has the correct order of magnitude but
fails to describe our observations quantitatively, as it would
lead to an adsorption free energy of only�3kBT in the case
of pure decalin, compared to �9kBT found by cryogenic
tomography [see the minima in Fig. 3(a)]. A more
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FIG. 2 (color online). Interfacial tension of the liquid-air inter-
face for mixtures of decalin and pentanol (PeOH) as a function
of the concentration of PbSe nanoparticles. Inset: Cryogenic
transmission electron microscopy image of a full monolayer of
particles, indicating the maximum possible packing density.
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complete description of the interfacial energies would have
to take into account more contributions than the terms of
the Pieranski equation. The effects of line tension and net
charge on the nanocrystals will now be briefly discussed.

In contrast to microparticles, nanoparticles are expected
to exhibit much stronger line tension effects, which cause
an additional contribution to the adsorption energy

�F�ðhÞ ¼ �ðR2 � h2Þ1=2 [31]. As shown in Fig. 3(b), a
line tension of �5� 10�12 N is already sufficient to
change the adsorption free energy minimum from �3kBT
to �9kBT. This value is close to that reported by Wi et al.
[11] and well within the range of 10�12 to 10�6 N reported
experimentally [31]. For models that include a line tension
contribution, a discontinuous wetting transition is pre-
dicted [31], which can explain the sudden transition from
adsorption to desorption of the nanoparticles when the
solvent is changed from 20% to 25% pentanol. A more
systematic study of the dependence of the adsorption
energy on particle size would be necessary to determine
the magnitude of the line tension.

Electric charging of the particles is expected to play only
a minor role. In pure decalin, only 1% of the particles is
expected to be charged, considering the dielectric con-
stants of the particle and the liquid [32]. The dielectric
constant increases from 2.1 in pure decalin to 3.1 in 25%
v=v pentanol, resulting in fewer than 2% of charged
particles in our most polar sample.

Although the particle adsorption at the liquid-air inter-
face can be accounted for on the basis of interfacial ten-
sions and line tension, the question remains why the
macroscopic measurements of the surface tensions show
a qualitatively different behavior. The high adsorption

density of 4� 1017 particles=m2 calculated from Fig. 2
corresponds to 1 particle per 3 nm2, much less than the
cross section of the nanoparticle cores (22 nm2). Although
multilayer adsorption of nanoparticles has been found in
simulations of liquid-liquid interfaces [33], our electron
tomographic images show no evidence of multilayer
adsorption. Therefore, the species that adsorb to the
liquid-air interface and affect the measured interfacial
tension are apparently not the nanoparticles themselves.
One candidate would be oleic acid molecules desorbed
from the surface of nanoparticles, molecules that are about
2 nm in length. However, oleic acid molecules in aprotic
solvents are present as linear apolar dimers [34], which do
not adsorb to the liquid-air interface; we verified that the
surface tension of decalin remains unchanged (within
0:2 mN=m) after dissolution of pure oleic acid, even up
to a concentration of 0:040 mol=l, twice as much as present
on the particles (assuming an adsorption density of
�3 nm�2 [35]) in the sample with the highest nanoparticle
concentration (� ¼ 0:01). A more plausible adsorbing
species is lead oleate, consisting of a Pb2þ cation coordi-
nated by two oleate ions and being one of the chemical
precursors present during nanocrystal growth. We mea-
sured that 11 �mol=l lead oleate suffices to decrease the
interfacial tension of decalin by 3 mN=m, a concentration
which can easily be present in the solution, even after
repeated washing of the freshly synthesized nanoparticles.
For further proof of this explanation, we measured the
interfacial tension of the sample with 30% v=v pentanol
and a nanoparticle volume fraction of 3� 10�3 after sed-
imenting the nanoparticles by approximately 8 h centrifu-
gation at 16 000 g. The interfacial tension of the
supernatant of this centrifuged sample is 26:7�
0:2 mN=m, which is within error equal to that of the
same sample before centrifugation (26:5� 0:2 mN=m).
In conclusion, we have demonstrated with cryogenic

electron tomography that colloidal nanocrystals coated
with oleic acid molecules adsorb strongly at the surface
of an apolar liquid and that they desorb when a liquid of
lower interfacial tension is added; in contrast, no change in
adsorption behavior was evidenced by measurements of
the macroscopic surface tension as a function of the
concentration of the nanocrystals. Those measurements
were dominated by surface-active molecular species.
Similar behavior is expected for many other types of nano-
crystals, whose surfaces are generally coated with surface-
active molecules so that they can be dispersed in apolar
liquids [36].
Rob Kortschot is thanked for the measurements of the

dielectric constants. Remco Tuinier and Daniël
Vanmaekelbergh are thanked for useful discussions. This
work is part of the research program of the Foundation for
Fundamental Research on Matter (FOM), which is part of
the Netherlands Organisation for Scientific Research
(NWO).
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