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Quantum dots form equilibrium structures in liquid dispersions, due to thermodynamic forces

that are often hard to quantify. Analysis of these structures, visualized using cryogenic electron

microscopy, yields their formation free energy. Here we show that the nanoparticle interaction

free energy can be further separated into the enthalpic and entropic contributions, using the

temperature dependence of the assembled structures. Monodisperse oleic acid-capped PbSe

nanoparticles dispersed in decalin were used as a model system, and the temperature-dependent

equilibrium structures were imaged by cryo-TEM, after quenching from different initial

temperatures. The interaction enthalpy and entropy follow from van ’t Hoff’s exact equation for

the temperature dependence of thermodynamic equilibria, now applied to associating

nanoparticles. The enthalpic component gives the magnitude of the contact interaction, which is

crucial information in understanding the energetics of the self-assembly of nanoparticles into

ordered structures.

Introduction

Nanoparticles of inorganic materials differ in their optical,

electrical and magnetic properties from the bulk phase, and

by self-assembly into ordered structures, new materials can

be prepared with properties derived from those of the nano-

particles.1 Fundamental aspects of the self-assembly process

are of great current interest, in particular the effect of inter-

actions between the nanoparticles,2 but often quantitative

information is missing. Contributions to the interactions

between nanoparticles include van der Waals dispersion inter-

actions, electrostatic interactions between net nanoparticle

charges, interactions between permanent electrical or magnetic

dipoles, and sterical interactions of adsorbed organic capping

layers.3,4 Theories are available to calculate the effects of those

interactions,5 but experimental data for the magnitude of the

interactions between nanoparticles are scarce. We propose to

determine the contact interaction of nanoparticles dispersed in

a liquid environment from image analysis of equilibrium

association structures. The size of such structures not only

depends on the coupling energy of interacting nanoparticles,

but also on the effects of nanoparticle coupling on rotational and

translational entropy. This is why our approach is to perform

temperature-dependent analysis of equilibrium assemblies, to

separate the enthalpic and entropic effects of the coupling of

two nanoparticles.

Essential to our approach is the well-known van ’t Hoff

equation6 for the temperature dependence of the equilibrium

constant K:

� lnðKÞ ¼ DG0

kBT
¼ DH0

kB

1

T
� DS0

kB
ð1Þ

where kB is the Boltzmann constant, T the absolute temperature,

and DG0, DH0, and DS0 are the changes in, respectively, the

Gibbs free energy, enthalpy, and entropy for a reaction under

standard conditions. The van ’t Hoff equation is often used in its

differential form,

d lnðKÞ
dð1=TÞ ¼

�DH0

kB
; ð2Þ

to determine the interaction enthalpy from a plot of the logarithm

of the equilibrium constant as a function of 1/T, the so-called

van ’t Hoff plot. The synthesis of ammonia is a classical

example7 where DH0 follows from a linear van ’t Hoff plot.

Both eqn (1) and (2) are exact thermodynamic relations6 which

are also valid when DH0 and DS0 are temperature-dependent,

resulting in a non-linear van ’t Hoff plot. Due to this generality

the van ’t Hoff equation is not restricted to chemical equilibria,
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including those involving biomolecules,8 but should also apply

to the thermodynamic self-assembly of colloids and nano-

particles. Here we show that, indeed, the formation free energy

of nanoparticle assemblies and its enthalpic and entropic

contributions follow from the temperature dependence of

particle assembly equilibria.

To calculate reaction free energies, equilibrium constants

have to be determined, which for chemical equilibria involves

straightforward determination of the concentration of the

various compounds in the reaction mixture.9 To measure the

interaction enthalpies of colloidal particles, calorimetry can be

used.10 However, the determination of number densities of

interacting species in colloidal systems is a challenge. For

example, reversible dimerisation of nanoparticles can be detected

using analytical ultra-centrifugation,11 but resolving separate

monomer and dimer concentrations is hardly feasible; the

same holds for techniques like light and neutron scattering.

We therefore use cryogenic transmission electron microscopy

(cryo-TEM)12 to obtain images of the particle positions in

vitrified films of a liquid dispersion. This method has been

used to image different types of nanoparticles, for example

silica,13 gold,14 and quantum dots.15 Although the feasibility of

temperature-dependent cryogenic imaging was demonstrated

for systems of molecular liquid crystals,16 no previous attempt

has been made to study the temperature dependence of

nanoparticle clusters.

Data analysis method

For the analysis of 2D cryo-TEM images we re-formulate van ’t

Hoff’s equation as follows (for details, see the ESIw). The

equilibrium constant for single particles assembling in a cluster

of n particles is:

K ¼ fn

fn
1

ð3Þ

where fn and f1 are the surface fractions of clusters and

monomers, respectively. Rather than mole fractions,15,17 sur-

face fractions are used to take into account the large size ratio

between the nanoparticles and the solvent molecules,18,19 as

discussed in the ESI.w As our primary interest is the pair

formation free energy, the total formation free energy is

written as:

DG0 = (n � 1)DG0
2 (4)

assuming the contribution of each bond in a chain to be DG0
2,

namely the formation free energy of a dimer. This equation

neglects the influence of non-nearest neighbors, which can

contribute 10 to 20% for long-range dipolar interactions.20

However the so obtained interaction free energy can be used as

an experimental effective free energy that can be compared with

an effective free energy obtained from theoretical interaction

models. From eqn (1), (3) and (4) it follows that:

lnðfnÞ ¼ n lnðf1Þ �
DG0

2

kBT

� �
þ DG0

2

kBT
ð5Þ

This equation predicts that the natural logarithm of the surface

fraction of chains depends linearly on their length, n, with the

y-intercept determined by DG0
2. Confirmation of eqn (5) also

demonstrates that the observed clusters are indeed equilibrium

clusters.

Experimental method

We tested our approach with PbSe quantum dots (QDs)

synthesized according to the method described by Houtepen

et al., 2006,21 with slight modifications. The method is based

on the co-injection of Pb and Se precursors in di-phenyl ether

(DPE 99%, Aldrich) at high temperature and under an inert,

nitrogen atmosphere. The Pb-precursor is prepared by dissolving

1.7 mmol of lead acetate trihydrate (99.999% Aldrich) in a

mixture of 1.5 mL oleic acid (OA, 90% Aldrich), 8 mL

of trioctyl phosphine (TOP, 90% Fluka), and 2 mL DPE.

This solution is heated at about 120 1C under low pressure

(10�3 bar) for about 2 h and then purged with nitrogen at

room temperature. A 1 M Se-precursor is prepared by dissolving

0.31 g (3.9 mmol) of Se powder (99.999% Alfa Aesar) in 4 mL

of TOP. Next, 1.7 mL of the Se-precursor solution is mixed

with the PbSe precursor solution and rapidly injected into a

hot bath containing 10 mL DPE at 190 1C. Soon after

injection, the temperature drops to about 140–150 1C and

the solution is kept at this temperature for 1.5 or 20 min, to

obtain oleic acid capped particles with a diameter of, respectively,

6 nm or 11 nm. The reaction is finally quenched by injecting a

mixture of 20 mL butanol (99.8% Aldrich) and 10 mL methanol

(99.8% Aldrich). Separation of the QDs and purification from

unreacted species and excess surfactant are performed by two

cycles of precipitation by methanol addition, centrifugation,

and redispersion in toluene (99.8% Aldrich). Due to the better

vitrification properties of decalin, the nanoparticles are trans-

ferred from toluene to decalin by evaporating the toluene

under nitrogen flow and redispersing the particles in cis/

trans-decalin (98% Merck).

In a thermostatted Vitrobot22 3 mL of an approximately

0.4 mM QD dispersion is placed on a QuantiFoil TEM grid

with 2 mm holes. 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. We emphasize here that the films are freestanding,

without any substrate material above or below the liquid film

in the visualized parts of the sample. TEM images of the

freestanding films in the 2 mm holes are acquired on a Philips

Tecnai 12 transmission electron microscope (120 keV) making

use of a liquid nitrogen cooled Gatan 626 cryo-holder.

Results

The so obtained images of the vitrified films (Fig. 1 and ESIw)
clearly show mainly linear assemblies in the liquid dispersion.

Using IDL 7.0 (ITT Visual Information Solutions, Boulder,

Colorado) analysis software, the particle coordinates are

determined from these images. Particles are part of the same

cluster if their center-to-center distance is less than a certain

cut-off distance, defined as the far side of the main peak in the

radial distribution function g(r), see Fig. 2.

For simplicity we will limit our analysis to linear chains,

defined as clusters where all particles have at most 2 neighbors.

Branched chains do not affect the equilibria between the linear
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chains and are included in the calculation of the total surface

fraction of the QDs. The surface fractions of the chains, fn,

are defined as:

fn ¼
AQDnNn

AIm
ð6Þ

where AQD is the occupied area of a quantum dot, Nn the

number of chains with length n, and AIm the total area of the

cryo-TEM image. AQD is defined as a disk with a diameter

2rQD equal to the nearest neighbor distance obtained from the

g(r), shown in Fig. 2. The B3 nm spacing between 2 particles

at this equilibrium distance is less than 2 times the length of the

capping molecules (2 � 2.2 nm), indicating a partial overlap

between the capping layers of the two nanoparticles. By defining

the effective particle diameter this way, we compensate for the

permeability of the capping layer.

In Fig. 3 the chain length distribution (CLD) plots are

shown for different concentrations of 6 nm PbSe QDs; each

CLD is calculated from a single image containing B300–2000

NPs. Although we started from the same initial dispersion in

all experiments, the final surface fractions can be very different,

partly due to nanoparticles that preferentially adsorb to the

holey carbon film rather than ending up in the freestanding

liquid film. Therefore we use the surface fraction of each image

as the surface fraction of the thermodynamic system. The

linear dependence of ln(fn) predicted by eqn (5) is clearly

observed; the contact free energy follows accordingly from a

linear fit of the data. The contact free energy is constant in the

observed range from 4% to 25% surface coverage, as shown in

the inset of Fig. 3, which confirms that all samples are in

thermodynamic equilibrium. The average free energy, DG0
2,

is �1.8 � 0.13 kBT, and the scatter in the data (B0.5 kBT)

is indicative of the error in the measured free energy for

a single image. For the 11 nm QDs, a contact free energy of

�5.0 � 0.3 kBT was found. Each temperature-dependent DG0
2

is based on 10 images, about 10 000 particles in total.

The CLD plots of PbSe QDs (Fig. 4) show that the contact

free energy decreases with increasing temperature. Provided

that DH0
2 and DS02 are temperature independent, the van ’t Hoff

Fig. 1 Representative cryo-TEM images of vitrified films showing

structure formation of PbSe quantum dots with average diameters of

6 nm (A) and 11 nm (B) dispersed in decalin at 20 1C. More images are

shown in the ESI.w

Fig. 2 Radial distribution function of an image containing B1700

quantum dots with a core diameter of 6 nm. The arrows show the

effective QD diameter (2rQD) and the cut-off distance (rCO) used to

distinguish between neighboring and non-neighboring particles. Radial

distribution functions of both particle sizes used in this work are

presented in the ESI.w

Fig. 3 Chain length distribution plots of different cryo-TEM images

of PbSe QDs with a diameter of 6 nm at different total surface

fractions, f. The inset shows the contact free energy as a function of

surface fraction.
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equation (eqn (1)) predicts a linear dependence between the

interaction free energy and the inverse temperature, which

agrees well with the measured free energies, see inset of Fig. 4.

A linear fit of the data yields for PbSe QDs with a diameter of

6 nm, DH0
2 = �3.9 � 0.7 kBT and TDS0

2 = �1.9 � 0.7 kBT;

for a diameter of 11 nm we find DH0
2 = �6.4 � 1.1 kBT and

TDS02=�1.4� 1.0 kBT. The error in the values of the interaction

free energy is smaller than the symbols used in the inset of Fig. 4

and the error in the values of the enthalpy and entropy is mainly

due to the large extrapolation of the van ’t Hoff plot.

Discussion

The obtained value of DG0
2 E �2 kBT for the 6 nm particles is

compatible with the observed long-term colloidal stability of

these particles in dispersion, because for this interaction free

energy, mainly monomers and dimers are present in the

samples. The 11 nm sample with a DG0
2 E �5 kBT contains

much longer chains, compatible with the faster sedimentation

observed in this sample. The dispersion of the 11 nm particles

forms a clear supernatant and a black sediment after a few

months, whereas the dispersion of the 6 nm particles does not

show any sign of sedimentation at all.

The value of DS02 can be compared to the following theoretical

prediction, based on the change in the number of degrees of

freedom due to the coupling reaction. Before coupling, there

are two crystalline particles with, in two dimensions, two

rotational and two translational degrees of freedom. After

coupling, a single unit with two rotational and two translational

degrees of freedom remains, so the system loses 4 degrees of

freedom in this process. As follows from the equipartition

theorem, each degree of freedom contributes with 0.5 kB to the

entropy, resulting in a net entropy change of�2 kB, which is of

the same order as the experimental values.

Since our structures are mainly linear, suggesting a domi-

nating dipolar interaction, our values of DH0
2 can, in principle,

be compared to the enthalpy calculated from a dipole moment

measured with independent methods (such measurements, as

far as we know, have not been reported yet for PbSe QDs). In

this way the contribution of dipole–dipole interactions to the

total pair potential might be assessed. Although DH0
2 does not

entail a unique pair interaction, it provides a critical test for a

proposed interaction mechanism.

Our method does not take specific pair interactions into

account, and therefore the obtained interaction parameters are

the sum of all interactions present in the system. The only

restriction applied in this work is the limitation of the analysis

to linear structures, justified by the observed configurations.

We showed that this method is able to give the interaction free

energy in a wide range of concentrations. In principle, the only

requirement is the presence of, in this system, linear clusters,

and the presence of non-linear clusters will not influence the

equilibrium between the linear structures.

At this moment we have little information about the thickness

of our films, but if the films would become too thick, the

particles would gain significant freedom in the third dimension

and volume fractions would have to be used instead of surface

fractions. However in all our images we do not observe any

particles positioned above each other, which would be visible

as overlapping particles. This justifies the use of a 2D model.

The use of quantitative microscopy to study colloidal

interactions is new to nanoparticles but has been applied

extensively to fluorescent microparticles, using confocal laser

scanning microscopy, with impressive results that will inspire

our further studies of nanoparticles.23,24 In the future, we also

aim to complement our cryo-TEM studies with X-ray scattering,

providing the possibility to do statistical analysis on a large

number of particles, while our real space analysis provides

information on the local structure of the samples. To compare

the real space and scattering results, we plan to determine the

second virial coefficient of osmotic pressure25 by both techniques,

from the radial distribution function of cryo-TEM and the

structure factor of X-ray scattering. Another exciting experi-

mental challenge that we are currently working on is quanti-

tative cryo-TEM in three dimensions, using cryogenic electron

tomography. It will allow us to test the hypothesis that the

nanoparticle interactions deduced from cryo-TEM of two

dimensional films are representative for three dimensional

colloidal dispersions.

Conclusions

In conclusion, we have disclosed that the temperature-dependent

contact free energy DG0
2 of nanoparticles can be determined by

direct cryogenic imaging of equilibrium structures in liquid

dispersions. From the temperature dependence, the separate

enthalpic and entropic contributions can be obtained by

application of van ’t Hoff’s equation to the temperature-

dependent contact free energies. This thermodynamic method

applies, in principle, to any type of nanoparticle that can be

imaged with cryo-TEM while dispersed in a liquid medium.
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Fig. 4 Chain length distribution plots for different temperatures. In

the inset, the contact free energy is plotted as a function of inverse

temperature for PbSe QDs with a diameter of 6 nm (triangles) and

11 nm (circles).
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