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Abstract 

The morphology of complex micellar assemblies is generally described using indirect methods such 

as small-angle X-ray scattering (SAXS) or small angle neutron scattering (SANS) that can yield to 

ambiguous descriptions of the nano-objects when the sample contains multiple structures or 

completely unknown structures. We herein propose to directly observe the nano-objects formed in 

P123 pluronic solutions (with and without rare-earth element - REE) using wet-Scanning Transmission 

Electron Microscopy (wet-STEM) and to compare the results with sample descriptions derived from 

SAXS and SANS measurements. The results obtained by the different analytical techniques are 

consistent. Each analytical method provides complementary information that allows the internal 

structure of the objects, their compositions and their mutual interactions to be described precisely. 

The main contributions of wet-STEM microscopy are to describe the nano-objects individually and, in 

particular, to show that the REE content can vary from 1 to 10 from one micelle to another, to observe 

the dynamics of the nano-objects in the liquid and to prove the co-existence of nano-objects with very 

different morphologies in the same system. 

 

Keywords: Micelles, SAXS, SANS, Wet-STEM    
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1. Introduction 

Amphiphilic compounds such as surfactants are building blocks of soft matter. They exhibit the 

property to self-organize into mesoscopic structures that can adopt different morphologies depending 

on temperature, concentration, or solute addition. These complex micellar systems are usually 

characterized by indirect methods using light scattering, small-angle X-ray scattering (SAXS) or small 

angle neutron scattering (SANS) [1,2]. These methods allow the characterization of a large amount of 

matter. The collected data yield to the average characterization of a wide population of micelles and 

results in an average view of the system obtained using mathematical models to fit the curves. As the 

description of the sample results from a mathematical model of the spectra, a major problem can arise 

when the sample contains multiple structures or completely unknown structures. Thus, both validation 

of the models and determination of unknown structures can only be achieved by recording images of 

the individual particles that are in the sample.  

Electron microscopy methods such as cryo-TEM [3,4,5] or cryo-SEM [6,7,8] are used to record 

images of such assemblies for decades. As the sample is quickly frozen before observation, individual 

objects can be observed under different configurations. These techniques are used to describe the 

frozen configuration of assemblies but other microscopy techniques could also be implemented to 

observe these objects directly in the solution, without any sample preparation. Direct observation of 

1.5 – 5 µm diameter polyelectrolyte assemblies in the liquid was achieved using Soft X-Ray imaging on 

the BESSY II synchrotron (Berlin) [9]. Sample preparation is performed at room temperature, as well 

as the image recording. An image of the polyelectrolyte assembly is recorded within 3 seconds to limit 

radiation damages due to X-Ray exposure. However, if large particles remains immobile in the solution 

for 3 seconds, smaller objects will move due to the Brownian motion, and the displacement will be as 

fast as their size is small. Last, the best image resolution that can be achieved is 20 nm. Thus, this 

technique is not suitable for the observation of very small (few tens of nanometers) particles or 

assemblies. 
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More recently, liquid cells for transmission electron microscopes were developed. Liquids 

containing the objects to be observed are directly injected into the cells. They are separated from the 

high vacuum of the TEM column by two 30 nm thick silicon nitride windows. The thickness of the liquid 

is generally ranging between 0.5 to 2 µm. Among all the possibilities offered by these devices, those 

cells can be used to observe dynamics [10] and / or growth [11,12,13] of nanoparticles in the solution. 

This method is also used to observe and describe directly the dynamics [14,15,16] and stability [17] of 

soft materials [18], including complex micellar systems. However this method remains difficult to 

implement and requires both the use of a new generation of TEM / STEM microscopes as well as a high 

level of know-how by the user. Furthermore, the effect of the electron beam, and the associated dose 

deposited on the sample, can modify the morphology or organization of the objects to be observed 

[19]. One of the main concerns of the liquid-cell TEM imaging is the effect of the electron beam that 

can alter or destroy the materials to be observed and / or their environment [18] that can hardly be 

avoided. The beam damages can sometimes also help for experiments [20]. 

Scanning electron microscopy (SEM) is also an important technique for the observation of soft 

materials (including biological samples). As this apparatus works under high vacuum, the specimens 

must be prepared using fixation and staining methods, and/or a metal coating. Several strategies have 

been recently developed to undergo these limits, most of them being based upon the use of 

environmental sample holders, where the sample is fully separated from the microscope chamber. 

First, in the Wet-SEM device, a drop of solution is deposited in a closed sample holder that isolates wet 

samples from the high vacuum atmosphere of the SEM chamber [21]. The materials that are present 

in the solution are directly observed through an electron transparent window using the backscattered 

electron mode. The interfacial structure of particle-stabilized emulsions was observed with this 

method [22,23]. Second, a series of adaptations of detectors on a SEM [24], thus of the SEM column 

geometry [25], allowed Ogura at al. to develop new imaging methodologies which combines secondary 

electron collection and soft X-ray detection [26,27] that resulted into high resolution images (8 nm) of 
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wet samples [28] and living cells [29] without radiation defects. In these developments, the sample is 

contained within a closed environmental cell and the SEM operates under high vacuum conditions.  

Bogner et al. have developed a direct method for the characterization of nanometer scale objects 

dispersed in a solution: the wet-STEM method [30,31]. The principle of this method is to observe 

directly the particles that are present in a liquid, the thickness of the liquid being sufficiently thin to be 

transparent to the electron beam. With this method, the liquid is not separated from the chamber of 

the SEM as a drop of the solution to be observed is directly deposited on a holey carbon grid. The wet-

STEM device is implemented in an Environmental Scanning Electron Microscope as it requires both 

controlling precisely the sample temperature and the water pressure, to equilibrate liquid water of the 

sample with the water vapor in the chamber of the microscope. This technique allows observing 

directly nanometer scale solids dispersed in solutions as well as their dynamics [32]. Wet-STEM has 

also been used to characterize biological materials [33,34], latex-aerogel systems [35], colloidal 

suspensions, mini-emulsions [30] and soft matter such as micelles [31] and vesicles [36]. The resolution 

of this technique is in the order of few nanometers [31,33]. 

The wet-STEM technique remains underused up today, particularly in the field of the 

characterization of soft matter and micellar systems. The aim of the present study is to perform both 

wet-STEM and SAXS / SANS methods for the characterization of complex micellar systems in order to 

validate the ability of wet-STEM for the direct observation of systems that sensitive to the electron 

beam. Pluronic P123 micelles will be used as a model system. These micelles have been widely studied 

and described in previous studies. They are very well known for their use as soft template in 

mesoporous silica synthesis such as SBA-15 [37]. They are also reported to be a part of a separation 

process allowing recovering of rare-earth elements (REE) from water outflows in a sol-gel method [38]. 

In this latter case, the addition in aqueous phase of a hydrophobic complexing agent of REE such as 

bis-(2-ethylhexyl)-phosphoric acid (HDEHP) makes the REE cations migrate from bulk water to P123 

micelles. The presence of this REE-HDEHP complex in the micelles therefore modifies the morphology 
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of the assemblies providing colloids with different shapes and contrasts. Wet-STEM imaging will be 

used to characterize and describe the different types of assemblies that are formed when modifying 

the liquid composition. The shape of the nano objects, derived from the SEM images, will be compared 

with models derived from SANS and SAXS measurements.  

 

2. Material and methods 

2.1. Micelle solution preparation  

Pluronic P123 solution was purchased from Sigma Aldrich (average molecular weight of 5800) and 

was used after purification. The lanthanides salts La(NO3)3,6H2O – Nd(NO3)3,6H2O – Sm(NO3)3,6H2O – 

Eu(NO3)3,5H2O for lanthanum, neodymium, samarium and europium respectively were purchased 

from Sigma Aldrich with 99.9% of purity and used as received. The bis-(2-ethylhexyl)-phosphoric acid 

(HDEHP) ligand was purchased from Aldrich and used as received.  

The samples were prepared by mixing the components with a milliQ water solution of nitric acid 

at pH = 4 (0.1 mmol.L-1). The operating temperature was room temperature. All the samples were 

filtered before measurements with a Versapor® acrylic membrane (cut-off threshold of 1.2 microns). 

For all the experiments, neodymium was chosen as the reference REE. 

The REE-free solution is constituted by water with 1 %wt P123. The sample is called P123-1%.The 

typical concentrations of each component was set to 1 %wt for P123, 0.14 mM for REE3+ and 0.42 mM 

for HDEHP ligand. In this case, the sample name is P123-1%-REEH. The molar ratio between REE and 

HDEHP was always kept constant due to the theoretical stoichiometry of REE:HDEHP complex known 

to be 1:3. 10 and 30 times concentrated systems were also studied, therefore exhibiting 

concentrations of respectively 10 %wt and 30 %wt for P123, 1.4 mM and 4.2 mM for REE3+ and 4.2 mM 

and 12.6 mM for HDEHP. In this case, the samples are called P123-10%-REEH and P123-30%-REEH 
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respectively. Table 1 presents the references and compositions of the different samples, as well as the 

direct and indirect techniques that are used for their characterization. 

 

Sample Composition SANS SAXS STEM 
P123-1% H2O + 1 %wt P123 X  X 
P123-1%-NdH H2O + 1 %wt P123+ 0.14 mM Nd3+ + 0.42 mM HDEHP X X X 
P123-10%-NdH H2O + 10 %wt P123+ 1.4 mM Nd3+ + 4.2 mM HDEHP  X  
P123-30%-NdH H2O + 30 %wt P123+ 4.2 mM Nd3+ + 12.6 mM HDEHP  X X 
P123-1%-LaH H2O + 1 %wt P123+ 0.14 mM La3+ + 0.42 mM HDEHP   X 
P123-30%-LaH H2O + 30 %wt P123+ 4.2 mM La3+ + 12.6 mM HDEHP   X 
P123-1%-SmH H2O + 1 %wt P123+ 0.14 mM Sm3+ + 0.42 mM HDEHP   X 
P123-30%-SmH H2O + 30 %wt P123+ 4.2 mM Sm3+ + 12.6 mM HDEHP   X 
P123-1%-EuH H2O + 1 %wt P123+ 0.14 mM Eu3+ + 0.42 mM HDEHP   X 
P123-30%-EuH H2O + 30 %wt P123+ 4.2 mM Eu3+ + 12.6 mM HDEHP   X 

Table 1. References and compositions of the Pluronic samples. Direct and indirect techniques used 
for their characterization.  

 

2.2. SAXS / SANS  

SAXS experiments were carried out with a X-ray energy of 17.45 keV (corresponding to an 

average wavelength of 0.709 Å-1). Monochromatism is obtained using the Xenocs Fox2D mirror. The 

0.8 mm diameter beam is obtained by a two slots collimation. Beam intensities were collected using a 

2D plate detector MAR345. The sample to detector distance is 770 mm. This configuration allows 

covering q values ranging from about 0.1 nm-1 to 30 nm-1. Scattering diagrams were recorded during 

3600 s per sample. The image centre was measured precisely by analysing silver behenate, a standard 

lamellar phase. Samples were analysed in 2 mm diameter glass capillaries. Absolute intensities were 

considered by normalising the signal with polyethylene. Data were simulated using the SasFit software 

[39]. Core-shell spheres and cylinders form factors models are given in SI3 while sticky hard sphere 

structure factor model used to describe interactions between core-shell spheres can be found in the 

SASFIT guide. 
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SANS experiments were performed on the PACE beamline at the Léon Brillouin Laboratory 

(LLB, Orphée Reactor, Gif-sur-Yvette, France). Three spectrometer configurations were chosen to cover 

the whole q-values range (q being the scattering angle between the incident and the scattered neutron 

beam): a small angle configuration with a d sample-to-detector distance equal to 5 m and a λ 

wavelength equal to 12 Å, a medium angle configuration with d = 5 m and λ = 6 Å and finally a wide 

angle configuration with d = 1 m and λ = 6 Å. All samples for SANS have been prepared in D2O. Samples 

were analysed in quartz cells with a thickness of 1 or 2 mm depending on the hydrogen content in the 

samples. 1mm Quartz cells filled with H2O were used to normalise the signal so that curves are plotted 

with absolute intensity. Data processing was done with the PASINET software package [40]. 

 

2.3. Wet-STEM 

A Quanta 200 Environmental Scanning Electron Microscope (ESEM) FEG (FEI Company, 

Eindhoven, The Netherlands) equipped with a field electron gun was used to perform the sample 

observations. The Wet-STEM stage (Scanning Transmission Electron Microscope) is directly attached 

to the microscope [30]. A schematic description of the wet-STEM stage attached to the ESEM is 

reported in SI1. The observation conditions are: acceleration voltage = 30 kV, working distance = 7-10 

mm, temperature = 2°C, water vapor pressure = 706 Pa. The formation of the thin liquid film is 

particularly difficult because the sample should not be dried during the pumping sequence. A 20 µl 

drop of liquid is deposited onto a holey carbon grid. Then, the air that is in the ESEM chamber is 

progressively replaced by water vapor through a controlled pumping sequence. When the equilibrium 

is reached between the liquid water (sample) and the water vapor (gas in the chamber), the liquid film 

is thinned by slightly decreasing the water vapor pressure in the chamber. When an image of the liquid 

film is obtained in the transmission mode, the water vapor pressure is adjusted to 706Pa, that 

corresponds to the equilibrium pressure between liquid and gaseous water at T=2°C. During this 

sequence, the quantity of water that is present in the film is divided by 30 to 100, which yields to a 
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concentration of the species that are initially present in the liquid. Thus, in order to prevent this 

concentration effect, the liquid to be observed is diluted by 50 times with pure water prior to the 

observation. When the sample is ready, STEM images are recorded with a 1 to 10 seconds frame time, 

on different regions of interest on the sample, in order to show the reproducibility of the observations.   

 

2.4. Monte-Carlo simulations of the electron trajectories 

In order to describe the nano-objects of interest, a simplified model of the micelles is adopted. 

The pluronic P123 molecules have a C290H580O110 composition. From SANS measurements [41], each 

micelle contains 80 pluronic P123 molecules at 20°C/min, with a 1.06 g/cm3 density. These objects will 

be considered as perfectly spherical, with a 20 nm diameter.  

When neodymium is incorporated in the micelles, the Nd content incorporated in the pluronic 

P123 micelles determined by SANS measurements remains relatively low and their composition is 

80(C290H580O110) + 18Nd. Neodynium is supposed to be concentrated in the outer shell of the nano-

objects. Their density remains equal to 1.06 g/cm3 and these micelles are spherical with a diameter 

equal to 20 nm.  

For the calculations, we have considered that these objects are positioned at the bottom, at 

the middle or at the top of the water layer. The thickness of the water layer will be ranging between 

50 and 500 nm. For the calculations, the micelles will not be directly put on the carbon support but a 

1 nm water layer will be maintained above or below the micelles (depending on their relative position 

with the carbon layer. Last, the carbon layer of the support is not considered in the model, as the 

objects can be observed directly through the holes of the holey carbon grid. The water vapor between 

the objective lens and the water layer is also not considered in the model. 

The detector that is used for the transmitted electron collection is a conventional 2 quadrants 

backscattered electron detector that is inverted and positioned below the sample. The central hole is 
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shifted outside the detection field of view. The position of the sample is such as the collection angle 

ranges between 1 and 1190 mRad using the dark field mode. The sample-to-detector distance is 3 mm. 

The working distance is ranging between 6 and 10 mm. Last, the acceleration voltage is 30 kV. 

The electron trajectories and the STEM images are calculated by Monte-Carlo simulation using 

the Casino software [42,43]. A minimum of 106 electron trajectories on each pixel are considered for 

the image simulations. The computed image resolution is 1 nm. A Weber contrast C will be used to 

characterize the computed and experimental images. The formula is: 

C = (nnanoobject – nbackground) / nbackground, 

where nnanoobject is the number of electrons transmitted by the nano-object in the water layer, 

nbackground is the number of electrons transmitted by the water layer of the same thickness.  

 

3. Results  

3.1. Characterization of the micellar systems using indirect methods  

The diluted systems were first studied with SANS methods. In this case, samples are prepared in 

D2O. The contrast between the deuterated solvent and hydrogenated P123 micelles is high enough, 

allowing measurements even for quite low concentrations. Figure 1 shows the SANS curves obtained 

for the original P123 micelle on one side, and the effect of the presence of Nd-HDEHP complex on the 

other side. It is possible to fit the data related to simple micelles with a core-shell model whose 

parameters are correctly adjusted with the geometrical description of P123 micelles from the literature 

[41]. Basically, micelles can be considered as a core of hydrophobic PPO chains surrounded by a shell 

of highly hydrated PEO chains. Fit parameters are listed in Table 2. 

 

    
SANS 

P123-1% 
SANS                   

P123-1%-NdH 
SAXS                   

P123-10%-NdH 
SAXS                   

P123-30%-NdH 
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Core-Shell 
Form 
Factor 

Nob (cm-3) 4.6 1015 4.6 1015 6.1 1015 1.5 1016 

Rc (nm) 6.2 6.2 3.8 4.6 

esh  (nm) 3.0 3.0 5.0 3.8 

c (cm-2) 5.5 1010 5.5 1010 2.1 109 2.1 109 

sh (cm-2) 1.0 109 1.0 109 5.1 109 5.1 109 

Core-Shell 
Structure 

Factor 

RHS (nm)   10.0 11.7 8.2 

   0.05 0.098 0.089 

   0.008 0.09 0.2 

Cylinder 
Form 
Factor 

Nob (cm-3)     1.6 1016 2.2 1016 

RCYL     1.6 1.9 

L     500 500 
 

Table 2 : Fit parameters used for SANS measurements in Figure 1. Nob is the number of micelles per 
volume, Rc is the micelle core radius (Rc), eSH is the micelle shell thickness, c is the neutronic 
scattering contrast of the micelle core and sh the neutronic scattering contrast of the micelle shell. 
For the structure factor, RHS is the hard sphere radius,  the stickiness, and  the volume fraction. 

 

The micelle is described as a core-shell structure which diameter reaches 18 nm. The micelle 

core is bigger than the shell with respective sizes equal to 6.2 nm and 3.0 nm. It is noteworthy that 

no structure factor is necessary at this step to describe the system. SANS data for the system 

containing Nd-HDEHP complexes are very similar to the SANS data of the original micelle, with the 

exception of the small-angle part of the curves. This part of the curves is related to the structure 

factor of the micelles, i. e. it describes the intermicellar interactions. Assuming micelles as sticky 

hard spheres with attractive interactions allows describing the global curve by combining this 

structure factor with the form factor of the simple micelles (Figure 1). Fit parameters for this 

system are reported in Table 1. The stickiness  is low, suggesting only a weak aggregation of the 

micelles. As can be seen from the fit parameters, the presence of Nd complexes in the micelle has 

only very low impact on the neutron scattering length density. This is because neutrons interact 

with the nuclei of atoms. As a result, the SANS recorded curves are by far dominated by the 

contrast between deuterium and hydrogen and the impact of other elements remains weak. 
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Therefore, the differences observed between the curves related to both systems in Figure 1 are 

due to a change in the micelles interactions, and this change can only be attributed to the presence 

of the Nd-HDEHP complex somewhere in the aggregate, even if the lack of contrast does not allow 

to detect scattered intensity from these complexes. As a consequence we assume that the Nd-

HDEHP complexes are located in the outer part of the micelles corona, thus leading to the weak 

aggregation of micelles. 

 

Figure 1. SANS spectra of the P123-1 %wt and P123-1 %wt-NdH diluted systems. 

 

SAXS measurements were also performed to analyze the size and shape changes of the colloids 

when the concentration of these objects is increased in the liquid. In this case, SAXS technique is 

convenient because the concentration of soft matter is high enough so that scattered intensity is 

relevant. Moreover, it is also possible to take into account the presence and the location of Nd-

HDEHP complexes due to the fact that X-rays interact with the electrons of the elements. 

Therefore, Nd presents a high contrast due to its high atomic number. SAXS curves for 
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concentrated systems with 10 %wt and 30 %wt of P123 in the presence of Nd-HDEHP complexes 

are reported in Figure 2. Besides, this figure also shows that the system used for SANS 

measurements with only 1 %wt of P123 is not concentrated enough to record a high quality SAXS 

curve. This justifies the need to use neutron diffraction to describe the micelles geometry when 

no structure factor is considered, i.e. for diluted systems. Fitting the curves reported in Figure 2 

was difficult due to the several contributions of various form factors needed to adjust correctly the 

scattered intensity. Consequently, the model used presents many fitting parameters and several 

solutions can be found out to describe geometrical arrangement of the scatterers. The fitting 

curves (Figure 2) are based on the contributions of core-shell micelles with sticky interactions just 

as depicted by SANS measurements on diluted systems, cylinders and a background to take into 

account the solvent scattering. More than an exact description, this fitting model allows 

considering the presence of colloids with different shapes in the solution. The limitations of such 

model is not only due to the high number of fitting parameters but also to the fact that structure 

factor possibly present in the case of cylinders is very difficult to calculate. Moreover, the length 

of the cylinders is arbitrary set to 500 nm even if this range of size is out of the q values obtained 

with the SAXS configuration. This means that another solution of fitting may be possible by 

increasing the length of the cylinders and decreasing the number of cylinders per volume. 

Therefore, the model used to fit the data in Figure 2 is complex from a mathematical point of view, 

but quite simplistic from the possible reality of the solution and those results should be considered 

with care. 
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Figure 2. SAXS spectra of the systems, P123-1 %wt-NdH and P123-10 %wt-NdH and P123-30 %wt-NdH 

 

The complexity of these solutions, as well as the lack of confidence in such kind of fits, leads us to 

consider microscopy measurements, and more particularly wet-STEM analyses to go further and to 

better depict the shapes and interactions established between the colloids in these liquids. 

 

3.2. Characterization of the micellar systems using wet-STEM 

3.2.1. Pluronic micellar system  

The pluronic P123-1% micellar system is observed using the wet-STEM sample holder at T = 

2°C and P(H2O) = 706 Pa (Figure 3a and b). Isolated particles and groups of particles are observed. The 

isolated particles have a mean diameter equal to 14 (±2) nm. The larger objects are constituted by 

particles which diameter is close to 14 nm. The isolated particles can group together to form groups of 
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particles. Larger micelles are also observed. They are probably formed by the coalescence of smaller 

micelles as described by Parent et al. [15]. 

 

Figure 3. Wet-STEM images recorded at T = 2°C and P(H2O) = 706 Pa for a&b) Pluronic P123-1 %wt 
micelles, c&d) Pluronic P123-1 %wt-NdH micelles, e&f) Pluronic P123-30 %wt-NdH micelles. Inlets in 
b, d and f represents the zones that are reported in a, c and e. The white squares indicate the magnified 
areas. 

 

3.2.2. Pluronic micellar system with Nd3+  

In the Pluronic P123 solution doped with a low content of neodymium (1.4 mM Nd3+ ; P123-30 

%wt-NdH), isolated spherical particles are observed using the wet-STEM imaging mode (Figure 3c and 

d). These micelles are mainly in contact with the boundaries of the holey carbon grid. Some isolated 

particles are also present in the holes of the holey carbon grid, i.e. dispersed and suspended in the 

liquid. The contrast of these micelles seems to be more exacerbated than the one of the P123 micelles. 

Three sets of 25 to 40 diameter measurements were determined from 3 different images recorded 

during different experiments. The mean diameters obtained for each dataset are 25 (±3) nm, 20 (±4) 
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nm and 20 (±4) nm. Aggregation of micelles is also observed on the images. The aggregates can form 

circles of micelles. More generally, the aggregates are groups of micelles packed together. 

When the concentration of Nd3+ in the system is increased to 4.2 mM (P123-30 %wt-NdH), the 

morphology of the P123-30 %wt-NdH assemblies is strongly modified (Figure 3e and f). The particles 

that are mainly observed are 13 (±2) nm diameter nanospheres and micrometer long nanowires. The 

nanowires are packed together into bundles of nanowires. These structures seem to be in equilibrium 

with isolated spherical particles (that look like micelles) with a 13 (±2) nm diameter. These isolated 

particles are not majority in the mixture. White stripes are also observed in the images. These stripes 

indicate that the isolated spherical particles are free to move in the liquid water phase. These particles 

are probably isolated micelles that are not trapped onto the bundles of nanowires. These micelles can 

also be packed together and form groups of micelles.  

 

3.2.3. Pluronic micellar system with other REEs  

When Nd3+ is replaced in the solution by another REE (La3+, Sm3+ or Eu3+) with a low concentration 

(P123-1 %wt-REEH), spherical particles are observed (Figure 4a to f). Their average diameters are 29 

(±3), 20 (±3) and 25 (±2) nm respectively. These micelles are generally in equilibrium with larger 

spherical particles that can be groups of micelles or micelles that have fused together to form larger 

micelles [15].  

The increase of the REE content in the solution to 4.2 mM REE3+ + HDEHP (P123-30 %wt-REEH), 

induces a modification of the micelle morphologies, from a spherical shape to a nanowire shape, as 

already observed with Nd3+ (Figure 5). When Nd3+ is replaced by La3+ or Sm3+, the diameters of the 

nanowires are close to the one determined for Nd3+, i.e. 13 (±2) and 15 (±2) nm respectively. Their 

lengths are longer than 1 µm. When the REE3+ element is Eu3+, the morphology of the micelles looks 

like cylinders more than nanowires. The diameter of these cylinders is 55 (±9) nm and their length 
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remains in the order of 1 µm. By some aspects, the feature of these micelles looks like lamellar micelles. 

No spherical micelles still be observable on this pluronic P123-30 %wt-REEH sample. 

 

Figure 4. Wet-STEM images recorded at T = 2°C and P(H2O) = 706 Pa for a & b) Pluronic P123-1 %wt-
LaH micelles, c & d) Pluronic P123-1 %wt-SmH micelles, e & f) Pluronic P123-1 %wt-EuH micelles. The 
white squares indicate the areas that are magnified. 
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Figure 5. Wet-STEM images recorded at T = 2°C and P(H2O) = 706 Pa for a&b) Pluronic P123-30 %wt-
LaH micelles, c&d) Pluronic P123-30 %wt-SmH micelles and e&f) Pluronic P123-30 %wt-EuH micelles. 

 

3.2.4. Monte-Carlo simulations of wet-STEM images. 

Figure 6a and Figure 6b show Monte-Carlo computed images of P123-1 %wt micelles in a 50 nm 

and 500 nm water layer (respectively), depending on their relative positions in the water layer. The 

core-shell model that is used to calculate the P123-1 %wt-NdH micelle images is directly derived from 

the SANS results. This core-shell structure is not observed in the computed images (see SI2) nor on the 

real images (Figure 3c), corresponding to the 80(C290H580O110) + 18Nd micelle composition. When the 

number of rare-earth elements considered in the outer shell of the micelle increases, the outer-shell 

can be distinguished on the computed images (see SI2), but this corresponds to very high neodymium 

amounts in the micelles that are far from realty. There is a good agreement between the computed 

and real images, considering the compositions derived from the SANS analyses. This validates a 

posteriori the SANS models that have been considered. 

Images have been calculated using the Casino software while varying the position of the micelle 

in the water layer, i.e. considering that it is located at the top, at the middle or at the bottom of the 

water layer. The computed images are reported in Figure 6a and b and the numerical values of 

contrasts are gathered in Table 3. No enlargement of the micelle image is observed on the computed 

images when compared to the theoretical diameter of the micelle. The image resolution is 

independent of the micelle position in the water layer, as well as it is independent of the thickness of 

the water layer. Thus, imaging the micelles using the wet-STEM mode should not generate an increase 

of the apparent size of the micelles on the images and the diameters of the objects can be directly 

measured from the wet-STEM images.  

Figure 6c shows the contrast between the micelles and the water layer, as a function of the water 

layer thickness. The contrast decreases with increasing the thickness of the water layer, but it remains 

constant while varying the position of the micelle in the water layer, independently of the thickness of 
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the water layer. Thus, the contrast of the objects on the wet-STEM images will be as low as the water 

layer will be thick.  

 

Figure 6d shows the comparison between computed images and real wet-STEM images. The 

computed images obtained with the Monte-Carlo simulations can be compared with the experimental 

images recorded using the wet-STEM mode. For the numerical images, the number of transmitted 

electrons are considered. A profile is obtained by determining the number of transmitted electrons 

across the diameter of the Monte-Carlo image of the P123-1 %wt micelle in a 50 nm water layer 

thickness. For the wet-STEM images, the number of transmitted electrons is directly correlated to the 

grey level of the objects. A grey-level profile is obtained by radially integrating the grey-levels from the 

center of the wet-STEM image of a micelle to the outer part of the image. Simulated and experimental 

profiles of 20 nm P123 micelles are reported in Figure 6d. The simulated profiles determined from the 

simulated images are superimposed with the profiles obtained from the wet-STEM images, indicating 

that the simulation conditions used to carry out the Monte-Carlo calculations are correct. 

The presence of neodymium in the P123-1 %wt-NdH micelle yields to a very limited increase of 

the contrast values calculated by Monte-Carlo simulation when compared to the P123-1 %wt (REE 

free) micelles (Figure 6c). Supplementary images were computed while increasing the neodymium 

content in the micelles (see SI2 for more information). For a fixed water layer thickness, the contrast 

between the micelle and the water increases with increasing the REE content in the micelle. As a 

consequence, a variation of the brightness of the objects on the wet-STEM images directly corresponds 

to a variation of the Nd content in the micelles, for a constant water layer thickness.  

According to the results from Monte-Carlo simulations, a limited contrast inversion is observed in 

the conditions chosen to perform the calculations with the types of micelles studied herein, when the 

water layer thickness is equal or higher than 750 nm and when the Nd content in the micelle is high. 

This is in agreement with the data reported by Xiao et al. [44]. However, in the present study, the 

Monte-Carlo calculations yield to contrast inversion values equal to -0.0002 that are much more lower 
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and limited than the values reported by Xiao et al. [44] that are as low as -10. This can be due to the 

difference in the nature of the objects that are considered in each study. Indeed, in the present study, 

the objects are micelles, mainly constituted by organic matter assemblies with few metallic elements 

whereas the systems studied by Xiao et al. [44] are gold nanoparticles (10-80 nm radii) dispersed in 

water. The size and chemical composition of the objects dispersed in water strongly modifies their 

interaction with the primary electron beam, and as a direct consequence it modifies their contrast. As 

an example, the contrast of a 20 nm diameter gold nanoparticles in 1000 nm water is approximately 

equal to 2 while the contrast of 22 nm diameter Nd containing micelles in 1000 nm water is close to 0. 

 

a)  b)  

c)  d)    

Figure 6. Series of P123-1 %wt micelles with a 20 nm diameter computed images using the Monte-
Carlo simulation software in a) a 50 nm water layer. b) a 500 nm water , depending on the position of 
the micelle in the water layer. c) Contrast values reported as a function of the thickness of the water 
layer for P123-1 %wt and P123-1 %wt-NdH micelles. Only the results obtained for micelles positioned 
at the bottom of the water layer are reported. d) Comparison of experimental (wet-STEM) and 
computed profiles of P123-1 %wt micelles in a 50 nm water layer. The inlet images shows the wet-
STEM image and the Monte-Carlo image computed with the Casino software. 
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Table 3. Contrast values reported for different thicknesses of the water layer for both P123-1 %wt and 
P123-1 %wt-NdH micellar systems. 

 

4. Discussion 

4.1. Presence of water in equilibrium with the nanoobjects 

A key point for the use of the wet-STEM mode is to verify that the objects to be observed have 

always been maintained in a liquid phase. The demonstration of the presence of water on the sample 

is not enough to ensure that the sample have always been maintained in a liquid phase. Indeed, during 

the pumping sequence, the sample can have been fully dried and water can later have been condensed 

on the sample cooled to 2°C. Thus, the only possibility to make sure that the pumping sequence has 

been operated correctly is to observe the movements of free particles in the liquid.  

Evidence of the presence of a liquid phase surrounding the nanoobjects can be seen directly on 

the wet-STEM images (Figure 7). The lines that appear on the images correspond to micelles that move 

freely and very fast in the liquid phase (white arrow in Figure 7). As these micelles are free to move in 

the liquid, this clearly indicates that the drop of solution that has been initially deposited on the carbon 

grid has not been dried during the pumping sequence. Indeed, if this would have not been the case, 

all the micelles would have been stuck to the carbon film. Thus, the water film would correspond to 

condensed water and no micelles would be free to move in the liquid phase (nor remain stable in pure 

water). Limited movements of the nanowires (and bundles of nanowires) are also observed on the 

Thickness (nm) Bottom Middle Top
50 0.0375 0.0375 0.0374

100 0.0147 0.0151 0.0147
200 0.0044 0.0047 0.0044
500 0.0003 0.0004 0.0003

Thickness (nm) Bottom Middle Top
50 0.0385 0.0387 0.0385

100 0.0152 0.0154 0.0151
200 0.0045 0.0048 0.0045
500 0.0003 0.0004 0.0003

P1
23

-1
%

P1
23

-1
%
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image series. These movements indicate that the nanowires are not stuck to the carbon membrane 

but they are also free to move in the liquid layer. 

 

 

Figure 7. Wet-STEM image of bundles of nanowires in equilibrium with micelles (T = 2°C, P = 690 Pa 
H2O) in the P123-30 %wt-NdH sample (30 %wt P123 + 4.2 mM Nd3+ + HDEHP 12.6 mM). 

 

4.2. Evidence for equilibrium between the different morphologies 

The direct observation of these movements clearly indicates that micelles and nanowires remain 

present in the solution with which they are in equilibrium. As SAXS or SANS methods can only allow 

the characterization of an average population of nano-objects, the equilibrium between several 

morphologies (and in some particular cases the transformation of the morphology of nano-objects 

[15]) is clearly evidenced by microscopy techniques such as wet-STEM imaging.  

In the particular case of the P123-30 %wt-NdH sample, the results of the curve fitting yields to 

several possibilities to describe the objects that are in the liquid. Thus, only direct imaging can provide 

a fine description of these nano-objects. 
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4.3. Contrasts, position of the nano-objects, thickness of the water layer 

When considering the nanowires, the bundles of nanowires shown by a black arrow in Figure 7 go 

below the plane formed by the group of micelles. This corresponds to a decrease of the contrast of the 

bundle of nanowires when the thickness of water above the bundle of nanowires increases. The other 

part of the same bundle of nanowires seems to reappear on the image on the other side of the group 

of micelles. From this observation, one can conclude that the bundles of nanowires tend to float at the 

surface of the liquid. In this region of the sample, the water layer is probably relatively thick. The 

micelles are free to move and the nanowires seem to be immobile because they form bundles that 

limit their movements. In the P123-30 %wt-NdH sample, the neodymium content in the nano-objects 

is higher than in the P123-1 %wt-NdH sample. Thus, as the nano-objects are relatively free to move 

and as their contrast with the liquid phase remains relatively high (see SI2), the thickness of the water 

layer is probably equal to or higher than a few hundreds of nanometers.  

The possibility to record images of P123-1 %wt or P123-1 %wt-NdH micelles using the wet-STEM 

mode implies that these objects are stuck to the carbon layer. If not, their movements in the liquid 

phase, due to the Brownian motion, would make it impossible to see the micelles. Furthermore, the 

numerical images obtained by Monte-Carlo simulation of the P123-1 %wt and P123-1 %wt-NdH 

micelles exhibit a sufficiently high contrast only when the thickness of the water layer is very low (from 

50 to 100 nm). Thus, when observing these samples using the wet-STEM mode, the thickness of the 

water layer in the region of interest is probably lower than 100 nm (see Table 3).  

 

4.4. Morphology of the nano-objects 

The self-assembled nano-objects formed in the liquid phase present morphologies that are 

identified similarly by indirect methods (SAXS and SANS) and by microscopy (wet-STEM imaging). The 

spherical shape is the characteristic morphology attributed to these P123-1 %wt self-assemblies from 

the scattering spectra, and their diameter is found to be equal to 18.4 nm (at room temperature). SAXS 
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and SANS data generally yield to a diameter of the pluronic P123 micelles ranging between 16 and 18.4 

nm [45,46] in water at T = 20°C. From the data obtained by Manet et al. [41] at T = 20°C and 40°C, the 

diameter of the P123 micelles can be linearly extrapolated to 2°C to 17.8 nm. The pluronic P123-1 %wt 

micelles are also characterized by a spherical shape and a mean diameter equal to 14 (±2) nm by wet-

STEM (at T = 2°C). Both values are in good agreement and consistent with data previously reported in 

the literature. The lower diameter of the micelles measured by electron microscopy can be attributed 

to the variability of the micelle sizes, as observed on the wet-STEM image of the P123 micelles reported 

in Figure 3a. Indeed, the Monte-Carlo simulations yielded to the conclusion that the contrast of the 

nano-objects does not vary with the thickness of the water layer. Thus, the diameter of the micelles 

are not underestimated or overestimated by this technique. 

 

4.5. Composition of the P123 + Nd micelles 

An attempt to represent a 3-dimensional view of the P123 micelles containing Nd3+, where the 

height value is correlated with the grey level of the pixels, show that the micelles are not deformed 

and homogeneous in size (Figure 8). However, not all the micelles that are represented have the same 

apparent height. Indeed, the contrast of the micelles is directly correlated to the Nd3+ content in the 

micelles, as shown by the Monte-Carlo simulations (see SI2), considering a constant thickness of the 

water layer. Thus, if the neodymium content in the micelle varies, the contrast of the micelle will also 

vary and the apparent height will be as high as the Nd content in the micelle is high. Such a 

representation indicates that not all the micelles contain the same amount of Nd3+ in their structure. 

If one considers the contrast values reported on Figure 6c, the neodymium content in the micelles 

probably varies almost from 1 to 10. This local information relative to unique micelles can only be 

brought by electron microscopy, while global techniques such as SAXS and SANS provide a general 

information (18 atoms of Nd in the micelles) concerning a wide population of objects. With the wet-
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STEM images reported in this work, new information on the variability of the composition of the 

micelles are accessible.  

 

Figure 8. 3-dimensional view of the P123-1 %wt-NdH micelles in the solution. The z direction 
corresponds to the grey level of the pixels and it is reported as an arbitrary unit. 

 

4.6. Composition of the P123-x %wt-REEH micelles 

Low concentration systems (x = 1) 

When neodymium is present in the solution with the P123 micelles, this element yields to a 

growth of the size of the P123-1 %wt-REEH micelles that can be measured by wet-STEM and SANS 

measurements. Results obtained with both techniques confirm that the morphology of the self-

assemblies is a sphere. The diameters of the Nd-containing micelles are 20-25 nm and 18.4 nm (for 

wet-STEM and SAXS/SANS respectively). These results are consistent. The increase of the micelle size 

with the incorporation of Nd3+ observed by wet-STEM is consistent with data reported in the literature. 

The same behavior is reported for the incorporation of iron into micelles made of acidic bacterial 

recombinant protein (MamC) where the average diameter of the micelles increases with the 

incorporation of the metallic element [47,48]. Parallel to the metal doping of the micelle, an increase 

of the contrast of the micelles that contains metallic elements is also reported. In the present study, 

an increase of the contrast between the micelles and the surrounding liquid is also observed (Figure 
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3c and d), indicating that the neodymium ions are trapped into the micelles. This observation is 

confirmed by the results of the Monte-Carlo simulations. Indeed, the contrast values increase when 

the quantity of neodymium contained in the micelles increases (Table 3). 

The sizes of the micelles were measured for different REE and the variation of the mean diameter 

of the micelles are reported in Figure 9 as a function of the ionic radii of the REE3+ ion in water. A 

constant decrease of the diameter of the micelles with the ionic radius of the REE3+ ions is evidenced. 

This trend is not verified for europium. Indeed, this element can exhibit two oxidation states, Eu2+ and 

Eu3+, the Eu2+ ionic radius being 14% larger than the Eu3+ ionic radius. Thus, if a part of the europium is 

incorporated in the micelles in the form of Eu2+ ions, the average mean ionic radius of the europium 

ions is higher than 0.106 nm (ionic radius of Eu3+), and the dot corresponding to europium on Figure 9 

should be shifted to the higher ionic radius values to verify the trend. From this assumption, it can be 

derived that 25 to 30% of europium in the micelles is present in the form of Eu2+ ions.  

 

Figure 9. Variation of the diameter of the P123-1 %wt-REEH micelle as a function of the ionic radius 
of the REE3+. 

 

High concentrated systems (x = 30) 
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When the P123 and REE3+ contents in the solution is increased (P123-30 %wt-REEH samples), 

the general trend that is observed is a modification of the morphology of the nano-objects that are 

formed: 1 µm long nanowires packed into bundles are in equilibrium with 15 nm diameter 

nanospheres. Such bundles of nanowires has not been reported but this morphology is close to the 

wormlike micelles described by Guo et al. [49] and observed by conventional TEM and AFM by Petrov 

et al. [50]. In the work by Petrov et al., the diameters of the P123 wormlike micelles are close to 10-12 

nm when measured on the reported TEM image and 20-25 nm when measured on the reported AFM 

image. These values are in the same order of magnitude than the diameter of the nanowires measured 

herein. Furthermore, these wormlike micelles are much more tortuous than the nanowires observed 

in the present study. This could be attributed to the drying of these structures when deposited on the 

TEM grid or mica surface that can modify their morphologies. Contrarily, the bundles of nanowires 

reported herein were never dried and they correspond to the raw organization of the micelles in the 

liquid. In the present work, no direct correlation is found between the diameter and / or length of the 

nanowires that are formed and the ionic radius of the REE3+ element considered. 

In the particular case of a liquid that contains a high concentration of europium and HDEHP, 

the morphology of the micelles is by some aspects more lamellar than in the form of nanowires. A 

transition from wormlike micelles to lamellar micelles is already reported to occur with the increase of 

the C14-diol content in Pluronic P105-water mixtures [49].  

 The P123-30 %wt-REEH samples (that contain a high content of REE3+) cannot be described 

accurately using indirect methods such as SAXS. Indeed, the spectra corresponding to these liquids can 

be adjusted considering a combination of different objects (spherical and cylindrical objects) that are 

in equilibrium in the liquid phase. However, the adjustment of the computational parameters can yield 

to several solutions and the system cannot be accurately described from SAXS spectra. Thus, in this 

case, only a direct observation of the liquid – and more particularly of the nanoobjects that are present 
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in the liquid – provides a clear information on the morphology of the micelles. In this particular case, 

almost two different morphologies of micelles are in equilibrium with the liquid.  

 

5. Conclusions 

The systems chosen for this study, i.e. P123 pluronic solution with rare-earth elements, were 

selected because they form nano-objects with varying sizes and shapes depending on the preparation 

conditions. They are used as a model systems for comparing the results obtained with different 

experimental techniques, whether direct (wet-STEM) or indirect (SANS or SAXS) methods. The 

objective is to show the contribution of wet-STEM microscopy to the characterization of complex 

micellar systems that are difficult to describe by indirect methods. Here, this is particularly true due to 

the change in shape and interactions of the micelles when REEs turn amphiphilic under specific organic 

ligand complexation. 

The results obtained show that the wet-STEM mode attached with the environmental scanning 

electron microscope (ESEM) makes it possible to acquire information on nanometric objects that are 

unstable outside the liquid phase with which they are in equilibrium, and without any particular 

preparation. If it is well known that surfactant solutions, in particular Pluronics, can undergo from 

spherical to wormlike micelles when amphiphilic compounds are accommodated in the surfactant 

assemblies, either indirect methods such as rheology, SANS, SAXS or direct method in dry state (cryo-

TEM) are used to prove this structural change [49, 50]. The present study allows the combination of 

both indirect and direct methods to give a more precise description of the complex objects rising in 

solution upon the addition of an organic ligand. These results provide particularly important 

information for the fine and precise characterization of micellar nano-objects on three particular 

points.  
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Firstly, this technique allows the morphological description of individual nano-objects with a 

minimum dimension of 10 nm and provides local information on their size and shape. In addition, it 

provides indirect access (through the contrast of the objects) to their compositional variations. The 

results show that the REE content can vary from 1 to 10 from one micelle to another. However, the 

REE content fluctuations within the objects (between the core and the corona which are determined 

by SANS or SAXS analyses) are too low to be observable by the wet-STEM method. Moreover, the 

recorded images of the nano-objects are at the resolution limit of the technique and would probably 

not allow such contrasts to be highlighted. 

Secondly, complex systems where several morphologies of nano-objects coexist in solution have 

been evidenced. Here, spherical micelles are in equilibrium with bundles of nanowires. In this case, 

such systems cannot be described by indirect methods. Indeed, the models used to simulate the 

experimental SANS and/or SAXS curves lead to several solutions, and it is rather impossible to 

distinguish which one gives the best descriptions of the reality.  

Third, nano-objects are observed directly in the liquid phase with which they are in equilibrium, 

without the need for any particular preparation that could modify their morphology and that freezes 

the system in a single particular configuration [5, 8]. Wet-STEM imaging allows observing the 

movements of the nano-objects in the liquid and eventually their reorganizations. We have shown that 

spherical micelles whose diameter is about a few tens of nanometers are very mobile and that they 

can only be correctly observed if they are stuck on the carbon support of the TEM grid. When observing 

larger objects (here bundles of nanowires), their mobility decreases. This decrease in mobility is 

probably related to their size and to the interactions that a nanowire has with the surrounding objects. 

It can also be linked to the limited thickness of the liquid film (a few hundred nanometers thick). 

Through the observation of unusual bundles of nanowires, this work clearly illustrates the 

possibilities offered by the wet-STEM microscopy in the study of complex micellar systems, particularly 

when the systems contains several morphologies of micelles. Furthermore, as the wet-STEM stage 
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allows controlling precisely the sample temperature in the -10 – 22 °C temperature range, it could be 

used to observe directly the temperature effect on the native systems. This study paves the way for 

further works that will be performed in order to characterize the dynamics of the solutions, as well as 

the thermal stability domain of the assemblies. 
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