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ABSTRACT:

Novel colloidal crystals made of maghemite nanocrystals are fabricated by a co-evaporation method with
ethanol. Thanks to a comprehensive characterization performed by grazing incidence small-angle X-ray
scattering (GISAXS) and field emission gun scanning electron microscope (FEG-SEM), we show the
first example of well-defined face-centered cubic (fcc) colloidal crystals. In order to obtain a clear picture
of the crystal formation, the amount of ethanol in the solution is monitored using gas chromatography.
In parallel, the interactions between the nanocrystals are calculated by statistical mechanics theory using
solubility parameters. Theory predicts the formation of colloidal crystals at quite high amounts of ethanol
around 15 %, in perfect agreement with experiment.

KEYWORDS: Maghemite nanoparticles, fcc colloidal crystallization, Solubility parameters, Flory

theory of solvation

1. INTRODUCTION

The assembly of inorganic nanocrystals (NCs) in long-range ordered superlattices is a fascinating field
of nanomaterials research.!? These artificial solids exhibit new and enhanced collective properties
(magnetic, mechanical, catalytic) arising from interactions between neighbouring NCs, making them
very attractive for technological applications.’”” For engineering of advanced materials, it is crucial to
perfectly control the assembly of NCs at microscopic scale. This task requires understanding what
happens during the self-assembling of NCs into superlattices, which remains an open question. The
homogeneous growth of colloidal crystals within a colloidal solution has emerged as a novel form of NC
superlattices. Thanks to their perfect ordering at the microscopic scale and well-defined and tunable
morphologies, these single supercrystals constitute ideal candidates not only to investigate their unique

properties and the crystallization process resulting from the interactions between ligand-coated NCs. The
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structural similarities between colloidal crystals and nanocrystals, their atomic counterpart, allow to
improve our knowledge in crystallographic mechanisms at various scales.

In the literature, many colloidal crystals made of non-magnetic NCs have been reported, whereas only a
few composed of magnetic NCs are published.> 8-!!- 13-1° The main strategy used to grow these NC
assemblies consists in a slow destabilization of the colloidal solution either by the diffusion technique of
alcohol in the colloidal solution or by adding an excess of alkyl chains such as oleic acid. Their
“crystallization” is always explained in terms of the reduction in the solubility of the NCs. However, a
quantitative description for the conditions of the colloidal crystal formation is still missing. A better
knowledge of these conditions is required to optimize the elaboration conditions such as the solvent in a
controlled way.

In this paper, we use a classical method to fabricate colloidal crystals composed of maghemite NCs: an
NC solution in hexane is co-evaporated in the presence of a second beaker containing ethanol so as to
allow ethanol to progressively diffuse into hexane. Here the colloidal crystals are distinguished from the
super lattices as resulting from a homogeneous growth process and characterized by an overall size in
the few micrometers range.

Thanks to a novel setup, the alcohol transfer into the hexane is accurately controlled. The colloidal
crystals are characterized by SEM, FEG-SEM and GISAXS techniques. The evolution of ethanol
contents in both beakers is measured using gas chromatography. In parallel, the interaction between NCs
as a function of the solvent is calculated. These calculations are based on the Flory theory using Hansen
solubility parameters.?’ Thus, we obtain a coherent picture of the mechanisms underlying the superlattice
formation. The proportion of ethanol into NC solution increases up to 15 %, value for which the
calculations predict attractive interactions between the NCs. To the best of our knowledge, we propose,
for the first time, a quantitative explanation for the colloidal crystal growth induced by the slow ethanol

diffusion in the colloidal solution based on the solvent-mediated interactions between NCs. In addition,
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this study highlights a novel class of colloidal crystals made of maghemite NCs with an unprecedented

superstructure characterization, here, fcc.

2. EXPERIMENTAL METHODS

Products

All materials were used as purchased without further purification. Iron chloride (FeClz.6H>O, 99%,
Prolabo) sodium dodecanoate (CH3(CH2)10COONa, 97%, TCI), dodecanoic acid (CH3(CH2)10COOH,
99.5%, Acros) and 1-octadecene (90%, Sigma Aldrich).

Synthesis of Dodecanoic Acid Coated 12.7 nm y-Fe>O3 Nanocrystals

12.7 nm y-Fe2O3 NCs having a low size-dispersion (5 %) are synthesized by thermal-decomposition of
iron-dodecanoate complex.?! Dodecanoic acid and iron-dodecanoate complex are dissolved in 1-
octadecene. This mixture is heated to the boiling point of 1-octadecene under stirring and is refluxed for
30 min and then cooled to room temperature. A black gel is formed and washed with a large excess of
ethanol to collect the NCs. The NCs are dispersed in hexane. For the TEM study, some drops of the
colloidal solution are deposited on an amorphous carbon coated TEM grid. The average diameter and the
polydispersity are determined from more than 700 particles. The electron diffraction spots in the

measurements of nanocrystals are indexed to the maghemite structure (y-Fe>O3).

Synthesis of Colloidal Crystals made of 12.7 nm- y-Fe;O3; NCs

Colloidal crystals made of 12.7 nm y-Fe>O3 NCs are produced as follows: 200 uL of a colloidal solution
in hexane containing 0.03 % by weight of nanocrystals is added to a vertically positioned glass beaker
(beaker 1), 1.5 cm in height and 1 cm in diameter, at the bottom of which a silicon wafer (5 x 5 mm?) is
positioned horizontally. Another beaker (beaker 2) having the same size is filled with 800 pL of ethanol
and positioned next to the previous one. The two beakers remain opened and are positioned inside a third

one, 4.2 cm in length and 2.5 cm in diameter, which is sealed and left at room temperature for
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approximately 12 h. After total evaporation of the solvent in beaker 1, the as-prepared samples are

investigated by SEM, SEM-FEG and SAXS techniques.

Transmission Electron Microscopy (TEM)

TEM study is performed using a JEOL JEM-1011 microscope at 100 kV.

Scanning Electron Microscopy (SEM)

SEM studies are performed using a scanning electron microscope (SEM, JEOL 5510 LV) and a field
emission gun scanning electron microscope (FEG-SEM, Hitachi Su-70).

Grazing Incidence Small-Angle X-Ray Diffraction (GISAXS)

Grazing incidence small-angle X-ray scattering (GISAXS) measurements were carried out using a
rotating anode generator operated with a small size focus (copper anode; focus size 0.2 mm x 0.2 mm;
50kV, 30mA). The optics consisted of two parabolic multilayer graded mirrors in KB geometry providing
a parallel monochromatic beam. The sample was mounted on a rotating stage and the diffraction patterns
were recorded on photo-stimulable imaging plates. Vacuum pipes are inserted between the sample and
the imaging plate to reduce air scattering. A single GISAXS measurement probes a section, several
micrometers wide, from one edge of the substrate to the other.

Gas Chromatography-Flame Ionization Detection (GC-FID)

The quantification of ethanol was performed using GC-FID apparatus (Thermo Quest Trace GC).?? The
column used was a ZB Wax plus (Phenomenex — 30 m x 0.25 mm ID x 0.25 um df). The initial column
temperature was set to 60 °C and programmed to increase at a rate of 20 °C/min to 130 °C. The injector
and the detector temperatures were set to 250 °C. Hydrogen was used as carrier gas giving a column flow
of 1.6 mL/min. 1 pl of solution was injected in a split/splitless injector: split mode (split ratio 10). The
solvent used was dodecane.

Theory: Interaction Model



The model proposed and described in detail in the references 23 and 24 was used using the code
NanoForceG. The interaction energy between nanocrystals are calculated as a sum of the van-der-Waals
attraction between the metallic cores of the particles, the free energy of mixing of the ligands, the elastic
compression of the ligands, and magnetic interaction between the cores. The interaction parameter 1>

between the solvent 1 and the ligand 2 is calculated from the usual equations®*: 312 =VsAi2/RT+B

with A2 = (8 p2 - 8p1)*+0.25(8p2 - 6p1)>+0.25 (Sm2 - Smi)® Op, dp and 3y are the Hansen solubility
parameters for the dispersion, polar and hydrogen bonding interactions, respectively. For § the generally
accepted average value near 0.34 is used.?? For other systems we have observed that this factor is essential
to obtain results in agreement with the experiments. The magnetic dipole moments are calculated from
the saturation magnetization (maghemite nanoparticles: 3.75 10> Am™'). The molecular volumes and the
solubility parameters published in reference 23 are used to describe the ligand and the solvents. For the
dodecanoic acid, the counter length is estimated at 1.78 nm following reference 25. The average core
surface covered by one ligand is estimated from the head group size at (16 A?) which is a typical value
found in nanocrystals. The Hamaker constant for the van der Waals interaction for the maghemite
nanocrystals is taken from reference 26 considering the solvent (maghemite: 10.0 10-2° J).

To estimate the influence of the presence of ethanol in the solvent hexane on the nanoparticle
interactions, we calculated an average molecular volume and solubility parameter for the solvent (Vs =
f(hexane) Vs(hexane) + f(ethanol) Vs(ethanol) and (05 = f(hexane) ds(hexane) + f(ethanol) ds(ethanol)).

f(hexane) and f(ethanol) is the molar amount of hexane or ethanol in the solvent.

3. RESULTS AND DISCUSSION
3.1. Experimental investigation of the colloidal crystals of y-Fe,O3 NCs
v-Fe203 nanocrystals of 12.7 nm in diameter were synthesized by thermal-decomposition of iron-

dodecanoate complex and dispersed into hexane. The as-prepared solution was added into a beaker and
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evaporated in the presence of a second beaker with ethanol. After a total evaporation of the solvent the
samples are investigated by SEM, FEG-SEM and GISAXS techniques.

The SEM study performed on the sample made with dodecanoic acid coated 12.7 nm y-Fe;O3 NCs
characterized by a low size distribution of 5% (Inset Figure 1a), shows an extensive production of

assemblies reaching sizes up to 2.4 of micrometers (Figure 1a).



15.0kV 4.5mm

Figure 1. (a) SEM images of colloidal crystals made of 12.7 nm y-Fe>O3 NCs. The inset is a TEM image

of y-Fe2O3 NCs. (b) FEG-SEM image of a colloidal crystal made of 12.7 nm y-Fe2O3 NCs. The inset is

the Fast Fourier transform of the colloidal crystal.



Various morphologies, i.e., triangles, truncated triangles and hexagons, are obtained. Whatever the
morphology, these assemblies all exhibit regular facets, clear edges and sharp corners. This geometrical
trend is consistent with the formation of ordered assemblies of NCs, in solution °!2 or in the Tagish Lake
meteorite.!? The average frequencies of triangles, truncated triangles and hexagons obtained with more
than 600 single objects are 14 %, 37 % and 49 %, respectively. Focusing on one hexagon, a high-
resolution SEM image shows a regular stacking of NCs on the top layer of the assembly, indicating the
existence of a likely long-range ordered 3D assembly (Figure 1b). A six-fold symmetry and 2D
hexagonal packing are observed on the top layer of the assembly and confirmed by the Fast Fourier
transform (FFT) pattern (Inset Figure 1b). This is compatible with either the hexagonal compact packing
(hep) or the face-centered cubic (fcc) 3D structure. Similarly, to their atomic counterparts, terraces and
steps are visible on the edges of the objects. The mean thickness of these isolated assemblies is found
around 760 nm. To determine the 3D structure of these single assemblies, grazing small-angle X-ray
diffraction is performed. The diffraction pattern (Figure 2) is typical for an oriented powder, where
domains have an fcc structure and are mostly oriented with the [111] perpendicular to the substrate.?’
The weak continuous ring observed on the diffraction pattern, is due to the randomly oriented colloidal

crystals, clearly visible in the SEM image showed in Figure 1A. The modulus of the g-vector associated
to the (111) reflection is 7, = 223/ a where a is the cubic parameter. The value deduced from the
X-ray pattern is ¢,,,= 0.505 nm!, that leads to @ = 21.54 nm and an inter-particle distance D= 15.2

nm. Taking into account the average NC diameter of 12.7 nm, we find the inter-particle gap of 2.5 nm.
Reflection-like spots in non-equatorial position are well-defined, which indicates the absence of stacking

faults.



Figure 2. SAXRD of the colloidal crystals made of 12.7 nm y-Fe,O3 NCs shown in Figure 1

3.2. Experimental Monitoring of the Formation of the Colloidal Crystals of y-Fe>O3

The slow destabilization of the colloidal solution by the controlled diffusion of alcohol is well known to
promote the formation of colloidal crystals. In order to quantitatively follow this process, two open glass
beakers, one containing 200 ul (V1) of the colloidal solution of NCs with the silicon wafer placed at the
bottom, and the other with 800 pul (V2) of ethanol, are placed in a closed bottle (Figure 3a). The reduced
height is defined as the ratio h(t) / h(t=0) where h(t) is the height of the solution at time t. Evolution of
the reduced height of ethanol and colloidal solution of NCs in hexane at different times are compared
during the entire duration of the experiment. As shown in the graphic (Figure 3c), the reduced height of
ethanol (V2) increases by 18% after 350 min and remains quite stable until the end of the deposition

process. Besides, the reduced height of the colloidal solution in hexane (V1) decreases, until the near total
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evaporation of the solution, occurring after 480 min. The evaporation process starts from the center

toward the edges of the substrate. It is observed that after 270 min (Figure 3b), a large part from the

center of the substrate is no longer immersed in the beaker containing the NCs solution. After 350 min,

the substrate is totally free of the colloidal solution.

Nanocrystals
in n-hexane

04 1 A

Reduced height of solutions

0.2 1 A A
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Figure 3. Selected photographs of the beakers at initial state (a) and after 270 min (b) during the
evaporation process. (¢) Evolution of the reduced height on the beakers for solutions of nanocrystals in
hexane (B1, “A”) and ethanol (B2, “X”) at different times. The vertical bars indicate the percentage of
ethanol in the beaker containing nanocrystals in hexane at selected times obtained with Gas

Chromatography-Flame lonization detection.

The evolution of the relative liquid heights in the 2 beakers results from a complex process. Nevertheless
from the Hertz-Knudsed law, and using the values of the saturated vapor pressure at 25 °C on one hand
(7.927 kPA (ethanol) and 20.265 kPa (hexane)), and the molar masses on the other hand (46 g/mol
(ethanol) and 86 g/mol (hexane)), and the molar volumes (vin = 58.5 cm?/mol (ethanol), 130 cm?/mol
(hexane)), one can estimate a volumic evaporation rate about 8 times higher for hexane than for ethanol
if we neglect the partial pressures of both solvents in the vapor surrounding the beakers (the volumic
evaporation rate is then proportional to vm\V(M/kT)ps).28 From this estimation we can conclude that the
total volume of hexane is evaporated before a significant part of the initial volume of ethanol. However,
the amount of ethanol dissolved in the beaker with the NC solution is unknown. The following theory
will show that this amount is central to explain the formation of colloidal crystals. The quantification of
ethanol was performed by Gas chromatography-flame ionization detection (GC-FID). The ethanol
percentages in hexane are found equal to 5, 9, 16 and 13 % after 160, 200, 250 and 310 min, respectively.
3.3. Theoretical Investigation of Formation of Colloidal Crystals of y-Fe>O3; NCs

In order to understand the homogeneous nucleation of colloidal crystals, we calculated the interaction
between the nanocrystals. Recent works have shown that the solvent markedly influences these
interactions.?*?*? We used the model proposed and described in detail in the references 23 and 24 using
the code NanoForceG. It assumes that the interaction potential is defined as the sum of the van-der-Waals

attraction between the metallic cores of the particles, the free energy of mixing of the ligands, and the
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elastic compression of the ligands. To take into account the magnetic interactions, a Keesom term was
added.?® The details of the computations are given in the method section.

In Figure 4, the interaction potential between the nanocrystals is shown as a function of the amount of
ethanol in hexane. In previous simulations it has been observed that when a threshold of -3 kT is reached
for the interaction between nanocrystals, a homogeneous nucleation occurs observed presently.?*?4 It is
explained by the fact that the attraction between the nanocrystals becomes strong enough to induce selt-
assembly. Figure 4 shows that the amount of ethanol has to be quite large (> 15%) to observe a

homogeneous nucleation.

interaction energy / kT

hexane
hexane/ethanol(10%) =
hexane/ethanol(14 %)
,_hexane/ethanol(15%)
12 13 14 15 16 17 18
NC distance / nm

Figure 4. Interaction energy between two dodecanoic acid coated y-Fe2O3 NCs of 12.7 nm as a function

of the nanoparticle distance for different amounts of ethanol in hexane.

The measurement of ethanol in hexane during the evaporation by gas chromatography-flame shows that
such a high percentage of ethanol (>15%) is actually reached at around 250 min (see Figure 4). This
shows that, from a theoretical point of view, the experimental conditions permit a homogeneous
nucleation. The formation of colloidal crystals is explained by the solvent mediated ligand interaction

induced by the “bad” solvent ethanol. This is mainly due to the free energy term of mixing, while the
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van-der-Waals and magnetic interactions only play minor roles. Indeed, the solubility parameters for
ethanol used to calculate the energy of mixing are significantly higher than for dodecane. This means
that the ethanol molecules prefer to stick together and avoid the contact with the dodecanoic ligands,
which leads to an attraction between the nanoparticles.

This leads to the following description of the mechanism of colloidal growth formation. During the co-
evaporation, the concentration of ethanol in the nanocrystal solution increases to reach a threshold of 15
%. From this threshold, colloidal crystals form due to homogeneous nucleation induced by the attraction

between the nanocrystals predicted by the theory.

4. CONCLUSIONS

To the best of our knowledge, we show the crystallization of novel colloidal crystals, made of 12.7 nm
nanocrystals of maghemite, obtained by a co-evaporation experiment with ethanol. The perfectly facetted
crystals, are characterized by various shapes i.e., triangles (14 %), truncated triangles (37 %) and
hexagons (49 %). A comprehensive characterization performed by GISAXS and FEG-SEM, evidences
for the first time, perfectly ordered superstructures, here, face-centered cubic. Experiment and theory
give the following picture for the colloidal crystal formation. When a proportion in ethanol into the NCs
solution of ca. 15% is reached, interactions between NCs become attractive, leading to the formation of
the colloidal crystals. The theory enables us to predict the best conditions and solvents for co-evaporation
experiments. For instance, in good agreement with the experiment theory does predict no formation of
colloidal crystals, when ethanol is replaced by toluene or water. In the first case toluene is not able to
induce attraction between the NCs. The absence of colloidal crystals for water is explained by the fact

that water is not soluble in hexane.
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