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Abstract

Tilted image series are acquired on liquid suspensions of latex particles supported by a carbon
membrane. To do so, a home-made stage fitting in an Environmental Scanning Electron Microscope
(ESEM) is optimized in order to minimize cold losses and therefore improve both sample stability and
spatial resolution in the images. As latex particles are electron-sensitive materials, sample degradation
and stability are taken into account in the choice of the parameters for tilted image series acquisition.
Despite the limited number of images, conventional algorithms are used to reconstruct the volume and
study the three-dimensional arrangement of latex particles. The lattice types are in good agreement with
what can be observed on frozen suspensions, although the domain sizes are smaller. Several quantitative
parameters such as the latex particle size and the distance to the first neighbors are extracted from the
3D model. Finally, the spatial resolution in the tomograms is estimated using the Crowther’s criterion
and Fourier Shell Correlation analysis. It is also measured directly by analyzing a suspension containing

latex particles and a surfactant of interest for composite formulation.
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1. Introduction
The use of liquid phase electron microscopy has largely increased during the last decade with the
commercialization of liquid cell sample holders fitting in Transmission Electron Microscopes (TEMs)

operating under vacuum. Indeed, when compared with cryo-TEM for instance, it has become possible to



perform in situ heating or electrochemical experiments (Ross 2015). Several kinds of materials can be
studied, but in complex samples, two dimensional images could not provide some accurate three-
dimensional (3D) information (Tan et al. 2011). Moreover, knowing that several kinds of materials
contain water or are dispersed in water during their process, it is important to characterize 3D
arrangement in the liquid. This may open routes to optimize the fabrication process, to check the quality
of the microstructure built and last but not least taylor the final material’s functional properties. This is
also true when studying the movement of nanoparticles in liquid (Proetto et al., 2014) (Verch et al.,

2015). Electron tomography is in this case a key technique to obtain and quantify a material in 3D.

The presence and geometry of the silicon nitride windows in liquid cell sample holders hinder the
acquisition of tilted image series as the tilting capabilities are extremely limited. An alternative could
come from the use of graphene as thin membrane (Yuk et al. 2012) (Park et al., 2015). Environmental
Scanning Electron Microscopy (ESEM) is also a perfectly suited technique for the analysis of water-
based materials (Stokes, 2008). Indeed, liquid water can be preserved inside the microscope chamber
thanks to differential pumping allowing the presence of a gaseous environment around the sample, while
the microscope column is kept under high vacuum (Donald, 2003). Moreover, water vapor is an
efficient gas amplifier for secondary electrons (Fletcher et al., 1997). The observation of heterogeneous
liquids (liquid emulsions or liquid containing solid nano-objects) or hydrated samples with a resolution
of a few or a few tens nanometers is possible when working in transmission in the ESEM (Bogner et al.,
2005) (Peckys et al., 2013).

Interestingly, we have previously shown that electron tomography can be carried out in the ESEM
chamber with this STEM-in-SEM mode on dry samples (Jornsanoh et al., 2011) or during in situ
condensation experiments (Masenelli-Varlot et al., 2014). The aim of this paper is to demonstrate the
feasibility of electron tomography on aqueous suspensions in their native state. This implies to go one
step further in as the liquid state should not only be preserved when introduced into the microscope
chamber, but it should also be stable all along the acquisition of tilted image series. Latex particles
dispersed in water are well-suited materials to investigate the stability of the water film. Indeed, latex
particles are spherical when dispersed into water but form homogeneous films upon drying (Chevalier et
al., 1992). This irreversible transformation is a well-suited probe for the stability of the water film, as it

will not be possible to come back to the native state once dried. The drawback is that polymers give low



contrasts in electron microscopy and are highly electron sensitive. Water hydrolysis under electron
irradiation (Schneider et al., 2014), depending on several experimental parameters (Abellan et al., 2014)
needs also to be taken into account, as the formation of hydrated electrons and free radicals in water may

diffuse at the water-polymer interface and promote polymer degradation.

2. Materials & Methods

SBA-PMMA is a copolymer derived from styrene and metacrylic acid esters in aqueous solution. The
SBA particle diameter is monodispersed and centered on 200 nm. The glass transition temperature is
around 4°C. This latex is a model molecule provide by BASF R&D lab, designed to understand cement
latex interaction. The SBA particles already include a 3% PMMA shell, playing the role of steric
surfactant. Another surfactant (XPCAS 803 from PCAS) may be used in addition to PMMA. It has a
high molecular weight and combines steric and ionic functions and is currently used to form composites.
The dilution of the final suspension is adjusted prior to the experiment, so that either individual or

densely packed SBA-PMMA particles can be observed.

Observations are carried out in an ESEM XL-30 FEG from FEI. The acceleration voltage is set to 30
kV. To minimize the skirt effect and obtain the best possible resolution, a gaseous annular detector
equipped with a 9 mm long cone is placed below the objective lens and the working distance is set to 10
to 11 mm. A solid-state electron detector placed below the sample collects the scattered signal. The
sample-to-detector distance is 10 mm, so that the detector collects electrons scattered between 250 to
700 mrad. The probe current is measured to be equal to 240 nA for a probe size of 8 nm (probe size 3).
1290 * 968 images are acquired with a dwell time of 3.36 ms/line. Such value of the dwell time ensures
a good enough signal-to-noise ratio. At the same time, no significant morphological change is detected

after the tilt series acquisition using this acquisition time.

The STEM sample holder is placed on a tomographic stage described elsewhere (Masenelli-Varlot et al.,
2014). Briefly, this stage is composed of 5 main parts: a 360°-rotating stage, two translating
piezoelectric systems to place the sample to the eucentric position, a Peltier stage equipped with a
thermocouple and connected to the FEI thermoelectric stage controller, and a tweezer-like sample
holder. In this set-up, where the liquid is not encapsulated into any closed cell, it is crucial to stay at the

liquid-vapor equilibrium to avoid any major change in the water film thickness (that is to say no



evaporation or condensation). Preliminary experiments using latex suspensions (not shown here)
revealed severe water evaporation on the sample, although the chosen Peltier stage temperature and gas
pressure values were supposed to correspond to the liquid-vapor equilibrium. Actually, the sample
temperature was higher than expected due to thermal losses from the Peltier stage to the sample position.
Therefore, additional thermal insulating layers have been placed on the Peltier stage and a new sample
holder has been designed, see Figure 1a. Temperature measurements have been carried out using an
external thermocouple placed very close to the sample position. In order to approach operating
conditions, a droplet of pure water has been deposited onto a TEM copper grid covered with a holey
carbon membrane. Two sets of temperature (T1, T2), measured independently from each other at
different water vapor pressures, are represented in Figure 1b. Interestingly, the temperature is
reproducible from one experiment to the other. Yet, for one water vapor pressure, the temperature on the
sample is systematically higher by 1° to 2 °C than the liquid-vapor equilibrium temperature. Such shift
could partially be attributed to the thermocouple uncertainty. Nevertheless, as the shift is reproducible, it
can be used as a calibration curve instead of the water dew curve. During the experiments, the target

sample temperature and water vapor pressure values are chosen according to this calibration curve.
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Figure 1: design of the tomographic stage and temperature measurements. a) side view showing the insulating materials on
the Peltier element (in blue) and a thick sample holder. b) temperature measured as a function of the water pressure, on the
sample holder covered with a droplet of pure water. Two sets of temperature (T4, T2), measured independently, are represented.
Whatever the pressure, the temperature is systematically higher than the temperature of water at the liquid-vapor equilibrium
state (Tequ).

A 1 ul droplet of suspension is deposited with an Eppendorf micropipette onto a 300-mesh TEM copper



grid covered with a holey carbon film and decorated with gold nanoparticles (diameter 40 nm)
synthesized according to a procedure described elsewhere (Ziegler & Eychmiller, 2011). The
temperature of the Peltier stage is set at 2°C, which leads to a sample temperature equal to around 3.5°C.
The parameters of the purge sequences (8 cycles between 6.5 and 9 Torr) are chosen to avoid any de-
hydration of the suspension. Moreover, a few droplets of water are first deposited on the stage outside
the Peltier stage, to saturate the sample environment with water vapor during the purge sequence. The
water vapor pressure is then fixed to around 5.5 Torr. It is slowly decreased to evaporate water from the

sample, until it becomes electron transparent, then the pressure is set again to the equilibrium pressure.

Tilted image series are acquired with the STEM detector, usually from -60° to +60° with a tilt step of 5°.
The imaging conditions are also optimized to reduce irradiation damage. For example, for each tilt angle,
the focus, contrast and brightness in the images are not adjusted directly on the region of interest but in a
region located nearby (Roiban et al., 2016), on the tilt axis. With a pixel size of 7.5 nm, one pixel receives
around 3900 electrons during the acquisition of one tilted image. After the tilt series acquisition, an
accurate alignment of the projections is performed using IMOD (Kremer et al., 1996), using gold
nanoparticles as fiducial markers. The volume reconstruction is done using the TomoJ plugin (Messaoudi
et al., 2007) of ImageJ software, with the ART algorithm (15 iterations). Segmentation is carried out
combining Trainable Waka Segmentation, a plug-in in Fiji, and 3D Slicer (http://www.slicer.org/)
(Fedorov et al., 2012), further used for advanced segmentation. Fourier Shell Correlation analysis is used
to estimate the spatial resolution in the reconstructed volume. The software available free of charge from
the Image Science website (www.imagescience.de) is used with two reconstructed volumes calculated
with odd and even images.

Cryo-SEM experiments are performed on a FEI Quanta 250 FEG scanning electron microscope. A
droplet of suspension is frozen into liquid nitrogen and transferred into the microscope chamber using a
cryo transfer Alto 2500 from Gatan. Secondary electron images are acquired under high vacuum using

an acceleration voltage of 2 kV.

Monte Carlo simulations are performed using the free software Hurricane from SAMXx

(http://www.samx.com/index.html.fr). The geometry used is similar to the one published elsewhere

(Xiao et al., 2018). Briefly, a water film of thickness ranging between 200 nm and 1 um is defined. Its
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lateral dimensions is chosen to be equal to at least 5 um, so that a negligible amount of electron escape

through these sides. A spherical particle of pure SBA (chemical composition C7.4sH10201.1; density 1.07

g.cm3; radius 100 nm), is placed in the middle of the water film. The PMMA shell is not included into

the model. An electron beam (diameter 1 nm; energy 30 keV) is placed on the top of the SBA particle.

The trajectories of 1,000,000 electrons are calculated. The number of collected electrons correspond to

the number of incident electrons that pass through the sample and that are scattered with angles ranging

between 250 and 700 mrad.
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Figure 2: Monte Carlo simulation results on a SBA sphere suspended in water. a) the number of collected electrons increases
almost linearly with the water film thickness, in the range 200 nm — 1 um. b) the Weber contrast decreases exponentially with
the water film thickness but remains negative.

3. Results & Discussion

Figure 1a displays the number of collected electrons computed using Monte Carlo simulations in the
case of a SBA particle suspended in water of variable thickness. For water thicknesses ranging between
200 nm and 1 um, the number of collected electrons increases almost linearly. It is also worthy to

compute the contrast between a SBA sphere and the surrounding water film to ensure that no contrast

inversion will occur. Weber contrast can be defined as W = nSE":ﬂ For each point, ngg, represents
H20

the number of collected electrons from Figure 1a. ny,, corresponds to the number of collected electrons
outside the SBA particle, i.e. on the water background. The evolution of the Weber contrast with the

water film thickness is given in Figure 1b. The contrast is negative, which means that the SBA particles



are always darker than water. When increasing the water film thickness, the Weber contrast decreases

almost exponentially. No contrast inversion occurs in this range.

Figure 3 shows STEM images acquired at different tilt angles on a sample composed of a diluted
suspension of SBA-PMMA latex particles deposited onto a holey carbon membrane. The images are
extracted from a tilted image series at +20°, 0° and -20°. A thin layer of water covers the smallest holes
in the membrane, whereas the bigger holes (1 um or more) are not covered. The latex particles appear
darker than the surrounding water film, as expected from the simulations performed on pure SBA
particles (see Figure 1). When compared to Monte Carlo simulations published elsewhere (Xiao et al.,
2018), the grey value profile along one SBA-PMMA latex particle corresponds to a relatively thick
water layer (in the order of magnitude of 400 nm according to the simulations published). No large
change such as water evaporation can be observed apparently, apart from a thickness variation of the
water film covering the holes in the carbon membrane. Such change can be observed for instance on the
hole located at the center of the images that is partially covered. It is attributed to instabilities of the
water film at low thickness due to irradiation-induced hydrolysis (Schneider et al., 2014). Nevertheless,
the latex particles do not seem to be significantly affected and it is noteworthy that they do not move
significantly during the tilted image series acquisition, even when the sample is tilted at £60°. This
could first be explained by their large size and by the low sample temperature, two key parameters for
Brownian motion (Jan & Choi, 2004) (Chon et al., 2005). The latex particles are also probably
immobilized between the carbon membrane and the water film top surface through a joint effect of Van

der Waals forces and surface tension.




Figure 3: images extracted from an aligned tilt series.
Images a), b) and c) correspond to tilts of +20°, 0° and -20°,
respectively. The latex particles (darker gray dots) are fixed
on the holey carbon membranes.

c)

On a more concentrated suspension, it becomes more difficult to identify individual latex particles when
they form multiple layers on the carbon membrane. Figure 4a gives a typical image, with the formation
of dense lattices on the carbon membrane. In this case, the latex spheres are still darker than water,
which suggests a rather thick water film thickness. Similarly to what is observed with the diluted
suspension, the hole in the carbon membrane is too big to ensure a good stability of the water film.
Consequently, the interfaces between latex spheres are not visible anymore and a uniform film is formed
(Chevalier et al., 1992).
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Figure 4. Comparison between images of a concentrated suspension of latex particles, acquired in the liquid and in the frozen
states. The bold lines enhance the moncrystaline domains in cubic assembly and the dash lines enhance domains in hexagonal




assembly. The inset is a zoom of the domain exhibitin a hexagonal arrangement. The circles correspond to the latex spheres. a)
STEM image acquired on the liquid at 0°. b) secondary electron image acquired in cryo-SEM.

On the carbon membrane, either mono- or multilayers of latex particles can be distinguished.
Monocrystalline domains are clearly visible, with either cubic or hexagonal lattices (see bold or dashed
lines in Figure 4a, respectively). The existence of both lattice types is representative of what occurs at
bulk. Indeed, Figure 4b displays a typical image obtained using cryo-SEM on a frozen droplet of the
same suspension. The secondary electron image gives insight on the droplet surface topography.
Clearly, cubic and hexagonal lattices are formed within the droplet. Interestingly, the “monocrystal”
assembly sizes are significantly larger in cryo-SEM than using STEM-in-SEM on the liquid. The
difference could be attributed to dissimilar experimental conditions: the onset of the ordering process is
known to occur when the thickness of the water layer becomes equal or smaller than the latex particle
diameter (Denkov et al., 1992). In liquid, the presence of a meniscus most probably creates a higher
number of nucleation sites when compared with cryo-SEM experiments. Such meniscus is of interest as
it represents the reality of composite elaboration, with multiscale pores and fillers. Moreover, the
evaporation rate has been found to play a major role onto the domain size, with very large and well-
ordered domains formed at low evaporation rate (Denkov et al., 1992). Therefore, the domain size
cannot be accurately measured using STEM-in-SEM on liquids as the experimental conditions can up to
now not accurately reproduce the usage conditions. Nevertheless, it may possible to study in detail the

ordering process as a function of the suspension composition.
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Figure 5: 3D ordering of SBA-PMMA latex particles in liquid water. a) orthogonal slices paralel to the XY (top) and XZ
(bttom 1,2 and 3) planes extracted fom the reconstructed volume of size X*Y*Z = 9488*7163*3000 nm?. The short white lines
indicate the position of the slices. b) 3D model of the region indicated by the white square in a) (model volume: X*Y*Z =
2220*2430*1560 nm?); c) particle size distribution measured from the 3D model and d) distance to the first neighbour,
measured from the 3D model.

A slice parallel to the XY plane extracted from the reconstructed volume is given in Figure 5a. The use
of a large tilt step and the presence of a missing wedge of 60°induces fanning and elongation in the z
direction (Midgley & Weyland, 2003). Despite such artifacts, it is possible to distinguish individual latex
particles forming mono- or bilayers. The 3D model obtained after segmentation of the region indicated
by a white square in the reconstructed volume is displayed in Figure 5b. This region corresponds to the
transition between a mono- and a bilayer. The latex particles found after segmentation are not purely
spherical, as expected, because of the presence of artifacts. The diameter distribution of latex particles,
measured from the 3D model, is shown in Figure 5c. The uncertainty associated to each measure
corresponds to a systematic uncertainty of about 30 nm, which corresponds to 1 dilatation of 4 pixels of
7.5 nm each during the segmentation process. Interestingly, the diameter distribution exhibits a
maximum around 180 nm, which is in very good agreement with measurements performed on 2D
images (Perret et al., 2018). However, a second mode around 110 nm is present on the diameter
distribution. It corresponds to poorly resolved latex particles on the second layer (upper left corner in
Figure 5b), probably due the elongation factor that overlaps nanoparticles volumes. Such distortions

could be reduced for instance by building a 3D model containing only spheres but in this case, it would
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be impossible to take into account the latex particle deformation upon water deformation (Chevalier et
al., 1992).

In the 3D model, the latex particles form a simple cubic lattice. The distribution of the distances to the
first neighbours is given in Figure 5d. The uncertainty on each measure is also estimated to be equal to
30 nm. The distance distribution is an important parameter in the process of film formation. The mean
distance to the first neighbours is around 80 nm and fairly corresponds to the distance between particles
in one layer. A few particles are found to be in contact with each other (distance to first neighbor equal
to 0). They are mainly placed at the interface between the mono- and the bilayer, as expected from the
supposed shape of the water film meniscus. Indeed, a thin layer of water induces a contact between
particles and hence coalescence, as described in the literature (Chevalier et al., 1992) (Denkov et al.,
1992). Interestingly in the film formation proposed in the literature, the latex particles form a hexagonal
compact lattice before coalescence. We show here that they can also form a cubic lattice, even though it

Is less dense than the hexagonal one.

Spatial resolution is a key issue in electron tomography. According the Crowther criterion, the
resolution d in the reconstructed volume can be estimated as 7D/N, where D is the diameter of the
spherical object and N the number of tilted images (Crowther et al., 1970). In our case, if one consider
that the object is an individual latex particle of diameter 180 nm— and not the water film thickness of the
thickness of the particle bilayer — the spatial resolution given by the Crowther’s criterion would be equal
to 23 nm. Fourier Shell Correlation (FSC) analysis has been developed to provide a more realistic
estimation of the spatial resolution (Harauz & Van Heel, 1986), as the Crowther’s criterion often
overestimates the spatial resolution. The FSC curve corresponding to the reconstructed volume
displayed in Figure 5a is given in Supporting Information. The resolution measured with the c-criterion
is equal to 31 nm. From a theoretical point of view, this value represents the minimum distance for
which information is significantly above the noise level (Van Heel & Schatz, 2005). Interestingly, the
values provided by the Crowther’s criterion and by the FSC analysis are in fair agreement and are both

equivalent to the estimated uncertainty.

In order to investigate more deeply the resolution which can be obtained on aqueous suspensions of
latex particles, a surfactant is added to the suspension. The sizes of the surfactant shell and the latex core

have been quantitatively measured in liquid and in the dry state (Perret et al., 2018). Figure 6a and
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Figure 6b display the STEM image acquired at 0° extracted from a tilted image series, and orthogonal
cross sections extracted from the reconstructed volume, respectively. The surfactant forms a bright shell
around the latex particles, as found previously. On the contrary to the study previously published, the
surfactant fraction has been adjusted to obtain a uniform layer around the latex particles and no
surfactant in excess. It is noteworthy that the surfactant shells are brighter in a small rectangle at the
center of Figure 6a, which is direct evidence of irradiation damage. All the shells are visible in the
reconstructed volume, even in the less irradiated regions.

In order to minimize the fanning and elongation effects in the 3D model, the reconstructed volume is
modeled with perfect spheres. The radius of the spheres is chosen manually in order to obtain a good fit
with the grey level variations in the reconstructed volume. The 3D core-shell model obtained is
represented in Figure 6¢, with a surfactant shell thickness of around 25 nm. The particles arrangement in
two layers is similar to that observed on the suspension without surfactant. However, the locally less
dense suspension does not exhibit dense packing but rather small clusters/embryos. Interestingly, it is
possible to visualize how the surfactant shell behaves when the latex particle get in close contact.
Indeed, some particles are still separated by both surfactant shells (see on the left part of Figure 6¢)
whereas other ones are separated by one shell only (see at the center of Figure 6¢). This clearly indicates
an interpenetration of the surfactant shells, as proposed in the literature (Du Chesne et al., 1997)
(Tzitzinou et al., 1999).

12
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Figure 6: 3D ordering of SBA-PMMA latex particles in liquid water in presence of a surfactant. a) STEM image acquired
at 0°. The white dots are gold nanoparticles used as fiducial markers; b) Orthogonal cross sections extracted from the
reconstructed volume (X*Y*Z = 9593*7133*3000 nm?). The short white line indicates the position of the slices; b) 3D
model of the region indicated by the dashed square in the XY slice (volume: X*Y*Z = 2400*2325*1395 nm?). The SBA-
PMMA particles and the surfactant are represented in blue and green, respectively.

As far as the spatial resolution is concerned, the direct estimation (25 nm) is in very good agreement
with the estimations provided by the Crowther’s criterion (23 nm) and the FSC analysis (26 nm using

13



the o-criterion). However, it should be pointed out that the reaching such spatial resolution implies to
minimize beam broadening within the water layer (de Jonge, 2018). This can be achieved either by
working with very thin but then probably unstable water films, or to consider only objects close to the

water upper surface.

4. Conclusions

Liquid phase electron microscopy is of growing interest in biology and materials science as it enables
the analysis of native objects with (almost) no preparation such as drying or staining. As it provides two-
dimensional images, it is sometimes difficult to extract the desired structural information. Electron
tomography would be a valuable answer. The aim of this study was to demonstrate the feasibility of
electron tomography on native liquid suspensions using ESEM. We used an aqueous suspension of latex
particles as a model sample, mainly because individual latex particles can be observed only if the
suspension has not undergone water evaporation. Indeed, latex particles form homogeneous films upon
drying and this transformation is irreversible. The drawback is that polymers give low contrasts in
electron microscopy and are highly electron sensitive.

We first optimized and calibrated the rotating stage. Using a procedure well adapted for the acquisition
of images with a limited electron dose on the region of interest, we showed that it was possible to
acquire tilted image series with both a good stability of the water film and a low level or irradiation
damage. Despite artifacts introduced by the presence of a missing wedge and the choice of a large tilt
step, the volumes could be reconstructed with standard algorithms and the latex particles could be
segmented. It was shown that the latex particles in liquid were assembled in cubic and hexagonal
domains. Compared with the cryo SEM, the domains formed by the sample in liquid are smaller than the
domains formed by the frozen sample. This was attributed to the influence of the meniscus. Moreover,
the comparison between quantitative data extracted from the 3D model and previously published
measurements performed on 2D images showed a very good agreement. However, artifacts remained as
some latex particles could not be efficiently segmented.

Furthermore, we estimated the spatial resolution in the reconstructed volume in different ways. We used
the Crowther’s criterion, which assumes a spherical object, and Fourier Shell Correlation, which estimates
the resolution from the comparison of two volumes, reconstructed with either odd or even images. We
also measured directly the spatial resolution by analyzing a suspension containing latex particles and a

surfactant. As the shell formed by the surfactant around the latex particles could be resolved in the

14



reconstructed volume, we could reasonably state that the spatial resolution is equal or better than the
thickness of the surfactant shell. Interestingly, the value obtained was in very good agreement with the
estimations provided by the Crowther’s criterion and by Fourier Shell Correlation when taking into
account the uncertainty on the measurement (i.e. the pixel size). The resolution calculated at around 25
nm (3-4 pixels) allowed us to show that the distances between the latex particles could be reduced to the
thickness of a surfactant layer. In the future, the spatial resolution could be further reduced in the case of
suspensions containing less sensitive materials or objects giving rise to high contrasts.

The experiments described in this work open a new perspective of 3D analysis of samples dispersed in

liquid, even beam sensitive or low contrast ones, using STEM at a low electron voltage.
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