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Abstract

Yolk-shell or rattle-type particles consist of a core particle that is free to move inside
a thin shell. A stable core with a fully accessible surface is of interest in fields such as
catalysis and sensing. However, the stability of a charged nanoparticle core within the
cavity of a charged thin shell remains largely unexplored. Liquid-cell (scanning) trans-
mission electron microscopy (LC(S)TEM) is an ideal technique to probe the core-shell
interactions at nanometer spatial resolution. Here we show by means of calculations

and experiments that these interactions are highly tunable. We found that in dilute



solutions adding a monovalent salt led to stronger confinement of the core to the mid-
dle of the geometry. In deionized water the Debye length x~! becomes comparable to
the shell radius Rgpen, leading to a less steep electric potential gradient and a reduced
core-shell interaction, which can be detrimental to the stability of nanorattles. For a
salt concentration range of 0.5 — 250 mM the repulsion was relatively long-ranged due
to the concave geometry of the shell. At salt concentrations of 100 and 250 mM the core
was found to move almost exclusively near the shell wall, which can be due to hydro-
dynamics, a secondary minimum in the interaction potential or a combination of both.
The possibility of imaging nanoparticles inside shells at high spatial resolution with
liquid-cell electron microscopy makes rattle particles a powerful experimental model
system to learn about nanoparticle interactions. Additionally, our results highlight the
possibilities for manipulating the interactions between core and shell that could be used

in future applications.
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Rattle-type or yolk-shell particles are particles where a core is enclosed by a hollow and
often porous shell, via a core@void@shell structure.’™ When dispersed in a liquid, in our
case water, the liquid can enter the porous shell to form a core@water@shell structure with
a mobile core particle. The small core particles are often metal or metal oxide nanoparticles
with specific catalytic,®” optical®? or magnetic!® properties. Small ions and molecules can
travel through the porous shell, which allows them to interact with the core particle in-

side. Rattle-type particles are promising for application in catalysis,*!'!"!6 biomedicine,"!®
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drug delivery, sensing, adsorbents, 25?7 lithium-ion batteries,?® optical devices,®? and
many other applications. These may require the particle to move freely, e.g. to maximize
accessible surface area, which makes studying the stability of the particle within the shell
relevant.

Liquid-cell electron microscopy (EM) is capable of in situ imaging of particles at nanome-
ter resolution.? 3! We recently observed that Brownian motion is unaffected by the electron
beam at low enough electron dose rates,>? which was reported recently also by Yesibolati and
coworkers.? As water is an important medium for both biological and synthetic systems and
their applications, we decided to use it as a medium in this work. However, nanoscale and
sub-micron sized objects in water move too fast to be tracked for most EM imaging systems.
Due to the confining nature of the geometry, the particle is unable to leave the shell and can
therefore be imaged, even though it diffuses rapidly. In water, the relevant interactions for
nanoscale objects are effective at a length scale of nanometers to hundreds of nanometers.
Therefore, any technique used to investigate the interaction potential of such objects needs
to have nanometer spatial resolution. Other studies have shown that it is possible to infer
an interaction potential from observations made with liquid-cell electron microscopy, even if
those particles were trapped near the surface of the liquid-cell geometry.3*3> Additionally,
the flow-through capability of the liquid-cell holder allows control over essential solution
parameters such as pH and ionic strength in situ and makes it possible to observe direct
changes in the interaction potential and the colloidal stability of the core particle within a
shell, when the shell is adsorbed to one of the windows of the liquid-cell.

The interactions between spherical charged colloidal particles dispersed in a liquid is an

36763 and here is certainly not the place to

extremely well-studied topic within colloid science
review this topic in any depth.??#6 Understanding the interactions between colloidal particles
is not only of importance to almost all applications in which colloids are used, but has over the

last century also become an important topic in ‘multiple-particle’ statistical physics where

one of the goals is to derive effective potentials from a lower level description.3*6 The



description of the interactions between charged spheres that is most often used in theoretical
and experimental studies is referred to as the DLVO potential. DLVO refers to Derjaguin,
Landau, Verwey and Overbeek, who were the principle investigators that developed the
theoretical framework to describe these interactions, mostly in the forties of the previous
century. 3710 Tt may come as a surprise that the strongly related topics of the dynamics and
interactions of a spherical particle that is present inside a liquid-filled spherical shell are much
less well studied %495 despite the already mentioned recent progress in realizing such systems.
This lack of knowledge is for instance illustrated by a recent paper in which is the first
to theoretically describe the dynamics of a single charged colloidal particle in between two
flat, confining walls where the range of the double layer repulsion and the distances between
the walls are similar.*” It should additionally be remarked that this flat-plate geometry of
the confinement is significantly simpler than that of a spherical particle inside a spherical
shell.*"*8 The reason for the absence of theoretical studies is almost certainly due to a lack of
experimental studies in which accurate local dynamics and/or interaction potentials under
similar confining geometries have been measured. There is also a strong need for experimental
studies on the more-or-less direct measurements of colloid-colloid interaction potentials for
nanoparticles (NPs). The reason for the lack of studies is, besides the necessarily higher
spatial resolution needed and much smaller volume of the NPs, additional experimental
difficulties. For example, optical tweezers cannot be used to measure NP interactions,®' but
have been used frequently for larger sized colloids.?>%% Additionally, there is also the much
higher diffusion coefficient of nanoparticles. These factors combined mean that besides the
already mentioned liquid-cell TEM studies, that were performed on nanoparticles close to a

34,35

surface, we are aware of only a handful of other studies in which NP interactions were

%6 e.g. by cryo TEM studies.**5° However, even in these

more-or-less determined directly,
studies*®%° the NPs were either adsorbed onto a liquid interface or close to such an interface
which most likely strongly affects the inter particle potentials. Work is under way,?° also in

our group, to try to extend this cryo-TEM methodology to measure the radial distribution



functions for 3D NPs systems. However, as mentioned, at present, interaction potentials of
3D systems have only been measured for much larger colloidal particle systems. 25255 An
incomplete set of examples and techniques for such interaction potential measurements is:
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direct imaging in 3D, optical tweezers and atomic force microscopy. >

Interesting phenomena arise for conditions where the Debye-Hiickel screening length !
is larger or similar to the average distance between particles.*®%3:5456763 Tt was already re-
alized by Overbeek and Albers5”%® when they studied the colloidal stability of micron-sized
water emulsion droplets in apolar solvents, that for such systems the screening length could
achieve much larger values (several um) as opposed to values that can be obtained in wa-
ter by deionization (several hundred nm at most) because of the self-dissociation of water.
When x~! becomes larger than the distance between the particles, complete double-layer
overlap cannot occur and particles start to experience significant interactions from second
shell neighboring particles. Additionally the potentials can become non-additive.%? These
combined effects average out repulsions and diminish the stability of these particles when
compared to (much) lower volume fraction conditions.?”5® Tt is even possible that the pair po-
tentials under extreme low salt conditions can become more Coulomb-like, rather than follow
the Yukawa interaction potential that describes screened charges® and/or that counter ion
condensation takes place (a non-linear screening effect).®! The only reason that such drastic
effects have not yet been reported for nanoparticles in water is related to the difficulty of
measuring potentials between nanoparticles.

However, this phenomenon can be studied for nanoparticles inside spherical shells filled
with water mostly because of the particular geometry and (much) smaller distances involved

compared to k1.

Under these conditions, the counterions of the charged particles cannot
be neglected w.r.t. the concentration of the background ionic strength and the definition
of k7! becomes more ambiguous.®® Additionally, there are specific issues that are related

to the geometry of a shell that is porous to ions. Because of the procedures in which

(our) particles with a movable core inside a shell are made, the spherical shells are often



(meso)porous. The reason for this is that the liquid-filled shells are often made hollow by
either an etching process or a burning away of an interior organic layer. This means that
sufficiently small ions can move through the shell from the outside liquid to the inside and
vice versa. However, the speed with which ion transport through the shell occurs w.r.t. the
dynamics of the moving core particles is usually significantly lower than that of the ions
freely diffusing in the liquid, thus possibly undermining certain assumptions made in the
theoretical description. The dynamics of the ions going through the shells is not characterized
in the present work as well and is left for future work. Additionally, even without the charge-
induced interactions, a diffusing particle inside a hollow shell already has a complex position-
dependent mobility because of the boundary conditions of the hydrodynamics. 47486465 The
coupling between the interactions and the hydrodynamics only complicates this further.*”
However, this involved position dependence also holds promise, as it can be used to locally
measure the temperature and/or ionic strength if the dynamics of the ions and interactions
with the shells are sufficiently well understood theoretically and controlled experimentally.
Moreover, it is clear from the above that this geometry as it already can be studied in a
liquid-cell by high resolution imaging is also a powerful experimental model system to learn
about interactions of nanoparticles in 3D in different solvents, including water for the first

time in experiments.

Results & Discussion

In this study, we imaged rattle-type particles in water while changing the salt concentration
in situ. We investigated two kinds of rattle-type particles (Figure 1). The first kind are
composed of a submicrometer-sized titania core and a silica shell (Figure 1a), which were
made by removing a polystyrene sacrificial layer by calcination.® They are promising building
blocks for novel optical colloidal crystals, because the locations of cores in the shell compart-

ment can be reversibly controlled using external stimuli.® The second kind are nanorattles



consisting of a gold nanoparticle in a silica shell (Figure 1b), which were synthesized by a
surface-protected etching process®” that removes a sacrificial silica layer and are promising
materials for sensing.?® The diameter of the core, inner diameter of the shell and the thick-
ness of the shell, as well as the zeta potential of the core particle, are reported in Table 1.
Details of the synthesis procedure can be found in the Supporting Information and previous

work by Watanabe and coworkers. %2°
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Figure 1: Rattle-type particles used in this study imaged with TEM in vacuum. a) Tita-
nia@void@silica rattles. The scalebar represents 1 micron. b) Gold@void@silica rattles. The
scalebar represents 250 nm.

Table 1: Measured quantities of the two types of rattles used in this work: core radius Reore,
inner shell radius Rghellinner, shell thickness Tynen and zeta potential of the core (core. The
zeta potential of the core particle was measured in aqueous solution at a pH of 7 and an
ionic strength of 1.00 mM LiCl salt.

Particle ‘ Reore (nm) ‘ Rghell inner (NM) ‘ Tihenn (nm) ‘ Ceore (MV)
Titania@void@silica | 165 £ 18 357 + 24 27+ 2 —54+1
Gold@void@silica 17+2 86 £ 5 5+1 —50+4

In short, the rattle-type particles were investigated using liquid-cell scanning transmission
electron microscopy (LC-STEM). The dispersion of rattles in water was dropcast onto a glow-
discharged Si microchip in a dedicated holder and a second Si microchip was placed on the
bottom chip. The closed holder was introduced into the microscope and deionized water
was flowed through the liquid-cell at a rate of 2 ul/min for 45 min. The flow was turned
off for imaging of the moving core particle inside a shell that was attached to the electron-
transparent window of the liquid-cell. Subsequently, a new LiCl concentration was flowed

into the shell at a rate of 2 ul/min for 15 min. The moving core particle was then imaged
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Figure 2: Experimental data and analysis. a) Typical images of a moving titania particle

in a shell in 0.500 and 25.0mM LiCl in water. The frame time was 1s and the electron

dose rate was 45e " nm?s™'. The scalebars indicate 250nm. b) Procedure to analyze the

data in order to extract the probability of finding the particle at certain positions within
the shell. i) For each single frame a binary mask was made that detects the signal of the
particle. This mask was used to make a masked single frame that is black everywhere, but
had the original intensity of the pixels where the particle was. ii) All masked single frames
were averaged to obtain an averaged intensity of the moving core particle. iii) The averaged
intensity was corrected for the available volume in the z direction (Supporting Information)
and deconvoluted with a modelled image of a titania particle of the same size. This resulted
in a projected probability map of where the particle can be found within the projected shell.

again with the flow turned off. This procedure was repeated for all salt concentrations.
Typical resulting images for the titania@water@silica rattles in 0.500 and 25.0 mM LiCl (aq)
with a frame time of 1s are shown in Figure 2a. Due to the high mobility of the core particle
in water the particle could not be tracked directly. Using the analysis outlined in Figure 2b
a measure of the probability of finding the particle at certain positions within the shell was
obtained. We filtered the intensity from the core particle of every single frame and averaged
those in a single image. We then corrected for the available volume in the z direction
(Supporting Information) and deconvoluted with a simulated image of a titania particle to
obtain a projected probability map of finding the particle in a certain position within the
projected shell. Details of the data acquisition and image simulation and processing are

given in the Methods Section.
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Figure 3: Influence of the electron dose rate on the repulsive interaction within a tita-
nia@water@silica rattle-type particle. a) The 6 images show the maximum intensity for each
pixel that was reached during the whole image series at a certain electron dose rate. This
visualizes what the minimum distance of approach is between the core particle and the shell.
The scale bar is 250 nm. All images were taken at the same magnification. b) The minimum
distance decreases with the electron dose rate for deionized water and 10.0 mM LiCl in a
similar way.

Before results can be interpreted, as in any experiment involving liquid-cell electron
microscopy, the influence of the electron beam has to be investigated.®® Figure 3 shows
images of the maximum intensity of all pixels throughout the whole image series for a titania
core exploring a silica shell. This effectively visualizes how close the core particle was able
to approach the shell throughout the complete image series. It is evident that the core
particle approached the shell more closely at higher electron dose rates. This means that the
electron beam influenced the interactions between the titania particle and the silica shell.
Earlier studies have observed changes in the interactions between NPs in LC-STEM and
argued they could be caused by either a change in pH® or a change in the ionic strength.?!

A significant change in the local temperature is not expected at these electron dose rates. ™



We used different electron dose rates to investigate titania@water@silica rattle particles in
deionized water and in 10.0mM LiCl in order to distinguish between the pH or the ionic
strength being influenced by the electron beam irradiation. We observed that a similar
decrease in minimum distance of approach to the shell for increasing electron dose rates
occured in deionized water and 10.0 mM LiCl (Figure 3). From this we infer that the change
in ionic strength is not the main contributing factor in our system. We believe the change
in the core-shell interaction can be explained by taking into account a change in pH due
to electron-water interactions. As more H3O1 than OH™ is produced, the pH drops when
water is irradiated with the electron beam.% It is well known that both titania and silica lose
charge when the pH drops.” " Additional experiments on how the influence of the electron
beam seems related to pH can be found in the Supporting Information. We performed our
experiments for titania@water@silica rattles at a moderate dose rate of 45e nm~2s~! to
overcome the change of interaction at high dose rate, while obtaining an acceptable signal-
to-noise ratio. For this dose rate, the decrease in range of the repulsive interactions due to

the electron beam is likely to be only a few nanometers, while the range of interactions for

which we extract interaction potentials in this work is 15 — 100 nm.

Interactions within a titania@water@silica rattle-type particle

Having determined the influence of the electron beam, we next aimed to investigate the
influence of the ionic strength on the interaction potential between a titania core and a
silica shell (Supporting Movie S6). The salt we used was LiCl, as these (solvated) ions
most likely diffuse through the porous silica shells. ™ Figure 4 shows the influence of the salt
concentration on the projected probability of finding the titania particle in a certain position
within the shell. In Figure 4a the projected probability maps for all salt concentrations are
given for a single rattle-type particle. Figure 4b and 4c¢ show the projected probability as
a function of the projected core-to-shell distance. The projected probability for a particle

in low salt concentrations in Figure 4b was fitted to a 3D interaction potential, resulting in

10
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Figure 4: Influence of the salt concentration on the interactions between the titania core
and the silica shell in a titania@water@silica rattle-type particle. a) Projected probability
maps of finding the core particle in a certain part of the projected shell. The dashed circles
show the projected area available to the particle in the shell. The scalebar indicates 100 nm.
b-c) Projected probabilities of finding the particle a projected distance away from the shell
wall at various salt concentrations. The projected probabilities for each concentration were
averaged over 3 different particles. d) 3D interaction potentials obtained from the fits in b. e)
Electrostatic interaction potentials calculated by solving the non-linear Poisson-Boltzmann
equations with constant surface potential using a finite-element method for a core particle
with radius Reoe = 170nm and surface potential ¢.oe = —50mV inside a shell with inner
radius Ry = 350nm and inner surface potential 1g,op = —60mV.
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Figure 4d. In short, we assumed a perfectly spherical rattle geometry and used the relation
between the interaction potential U(r) and probability P(r) to find a particle at a certain
radial position

U(r)
T m (P(r))- (1)

e KT
T

Projecting a probability derived from a trial potential U,y = A

, with x (the inverse
Debye length) and A as fitting parameters, and fitting this to the experimental projected
probability of finding the core at a certain radial position allowed us to find a 3D experimental
interaction potential, which is eventually expressed as a function of particle-shell distance
d. Additional details can be found in the Methods Section. This fitting procedure was not
performed for the projected probability for a particle in high salt concentrations in Figure 4c,
as the origin of the high projected probability close to the projected shell is uncertain, as
will be discussed later. Finally, Figure 4e shows the results of finite-element calculations for
a rattle geometry solving the non-linearized Poisson-Boltzmann equation for a symmetric

1:1 electrolyte:

. e
—€06, V21 = 2¢ysinh <k3_wT) . (2)

Here 1 is the electric potential, ¢, is the permittivity of vacuum, e, is the dielectric constant
of the liquid, ¢y is the salt concentration, e is the electron charge, kg is the Boltzmann
constant and 7' is the temperature. On the surface of the core and the shell we assumed
constant surface potential boundary conditions. Three interesting points arise from Figure 4.
First, the electrostatic repulsion had a longer range than expected for sphere-sphere interac-
tions. Second, when no salt is added the titania particle approached the shell more closely
than when 0.500 or 1.00 mM LiCl was added, even though the Debye screening length is sig-
nificantly longer in deionized water. Third, the titania particle remained colloidally stable
within the shell up to 250 mM LiCl and was found to be more often close to the shell than
in the middle of the geometry. We discuss these three phenomena in the following sections.

First, let us turn to the long-ranged electrostatic interaction between a sphere and a

12
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Figure 5: Comparison of the calculated interaction between two spheres and a sphere and
a shell. One sphere has the radius (170nm) and surface potential (—50mV) of the core
particle, while the other sphere has the radius (350nm) and surface potential (—60mV) of
the inner shell wall. a) The two geometries used for the calculations. b) The interaction
potential U(d) for a sphere in a shell compared to two spheres for an ionic strength of 0.5 mM.
c¢) The electric potential ¢ as a function of the radial coordinate for the same conditions as
in b. The left-hand side of the plot shows the decay of the surface potential from the core
particle/small sphere, while the right-hand side of the plot shows the decay of the surface
potential from the inner shell wall/large sphere. d-e) The interaction potentials for sphere-
sphere and sphere-shell systems for ionic strengths of 2 uM and 100 mM, respectively. Van
der Waals interactions of a sphere within a shell have been included in e.

shell. The experimental interaction potentials are less steep than the calculated potentials,
which is likely due to experimental limitations such as resolution. Using the equations
outlined in the work of de Jonge3! we estimate the resolution in our experimental data to
be approximately 11.6 nm in our experiments with titania@water@silica rattle-type particles
(Supporting Information). Errors in the determination of the interactions between the core
and shell mostly stem from resolution and the 2D projection of a 3D system. The resolution
likely leads to errors in determining the projected core-shell distance and less steep interaction
potentials. The 2D projected data leads to a lower accuracy of the projected probability when

the particle is near the projected shell wall. Despite the errors in the experimental data it

shows the same trends as the calculations and the long-ranged character of the interaction
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potential is present for both the experiments and the calculations. To get more insight
in this long-ranged repulsion, we calculated the electrostatic interaction for both a sphere-
sphere system and a sphere-shell system using a finite-element method to solve the non-linear
Poisson-Boltzmann equation with constant surface potential boundary conditions. The result
for various salt concentrations is shown in Figure 5. For the case of an ionic strength of
0.5mM in Figure 5b, it is indeed observed that the interaction is longer ranged for a sphere
in a shell compared to the interaction between two spheres. The distance d between the two
surfaces for which the repulsion is 5 kg7 is approximately 65 nm for sphere-sphere interaction,
while it is approximately 82 nm for sphere-shell interaction. This difference is more than one
Debye length (for 0.5 mM, £~ = 13.6 nm), which is quite significant. In Figure 5c it is shown
that the potential from the surface of the inner shell wall (right-hand side of the plot) decays
more slowly than that of a spherical particle; the difference is more pronounced when the
core is off center (Supporting Information). This is due to the concave geometry of the shell
as found previously for hollow shells.” This slow decay of the electric potential is the reason
for the long-ranged interaction in a sphere-shell system. Furthermore, it is likely a reason

why the core particle was stable at 250 mM concentration of LiCl.
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Figure 6: Calculated electrostatic interactions for a particle in a shell for an ionic strength
of 2uM (Yeore = —40mV and Ygen = —40mV) and an ionic strength of 0.5mM (Yo =
—50mV and tgen = —60mV). a) The interaction potential. b) The electric potential de-
caying from the core particle surface (left-hand side) and the inner shell surface (right-hand
side). ¢) Schematic representation of the electric double layers within the rattle geometry.

Second, the apparently weak core-shell interaction in deionized water was investigated.

In Figure 4b and 4d it is shown that the core particle is less confined to the middle of

14



the shell for deionized water compared to moderate amounts of salt in the solution (0.500
and 1.00 mM LiCl, respectively). Furthermore, the interaction potential in deionized water
was less steep than those in moderate amounts of salt. In Figure 5d we observe that the
interaction in deionized water (we assume an ionic strength of 2 uM) for two spheres is in
the range of the order of a micron. This range is much larger than the space available in the
rattle geometry. As such complete double layer overlap cannot occur, the interaction between
core and shell is significantly altered. Figure 6 explores this in more detail by comparing the
calculated core-shell interaction in deionized water (ionic strength of 2 uM, £~ = 215nm)
with the interaction for an ionic strength of 0.5mM (k~! = 13.6nm). The interaction in
2 uM salt is significantly less steep than the interaction in 0.5 mM salt. Figure 6b shows
that when the core particle is in the middle of the shell, the electric potential ¢ originating
from the surfaces of the core and the shell decays to almost 0 in the middle between the two
surfaces. However in deionized water, the electric potentials coming from both the surface
of the core particle and the inner shell surface hardly decay. This leads to an almost flat
electric potential within the entire shell geometry, significantly reducing the electrostatic
interaction between core and shell. It is remarkable that this phenomenon was found in
water. As previously stated, due to the self-dissociation of water it is difficult to reach ionic
strengths lower than 1 uM and Debye lengths larger than 300 nm. The shell geometry helps
significantly in this regard. The core particle cannot escape the shell and can only be a
maximum distance away from the shell wall at all times. Furthermore, the slower decay of
the electric potential from the inner shell surface means the electric potential is even more
flat due to the rattle geometry.

Third, we discuss the interesting phenomenon at high ionic strength for which the core
particle spends more time near the projected shell than in the middle of the rattle geom-
etry (Figure 4c). One explanation is the presence of an attractive potential that the core
experiences when it is close to the shell. The likelihood of van der Waals attractions are

a good candidate for such attractions according to the calculations (Methods Section) and
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as shown in Figure 5e, where the sphere-shell secondary minimum is more severe than the
sphere-sphere secondary minimum. However, in our sphere-shell system, there was also an
influence of hydrodynamic interactions when the core particle was near the shell wall. This

slowed down the particle near the shell wall, similarly to how it would near a flat surface. 4”76
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Figure 7: Results obtained by simulating ADF-STEM images of a moving titania core particle
(Reore = 170nm) within a silica shell (Rgen = 350nm) in water. a) Example images of a
moving core particle that cannot approach the shell wall closer than 120 or 60nm. b) The
input interaction potentials used to simulate the diffusion of a core particle within a shell.
¢) Projected probability as function of the projected core-to-shell distance for the various
simulations performed with potentials shown in b as barriers. d) The resulting apparent
interaction potentials found from the projected probability fits in ¢ for the three cases where
the particle was confined mostly to the middle.

Therefore, we investigated how hydrodynamic slowing down of the core particle shows
up in the analysis of our experimental microscopy data due to the finite time of our mea-
surements. We are aware of the fact that in equilibrium statistical mechanics the effects of
hydrodynamics cannot be part of a probability (density). However, because of the finite time
of our measurements, hydrodynamic effects can and do show up. As these effects are not
correctly taken into account, the probability function should then more correctly be labeled

as ‘apparent probability density’. To uncover how much hydrodynamic interactions influ-
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enced our experimental data, we simulated ADF-STEM images of a core particle diffusing
within a shell. In short, for every timestep (equal to the pixel dwell time) we let the particle
(starting from a random position within the shell) move in a random direction according to
the position-dependent and direction-dependent diffusion coefficient (Figure S5a). Knowing
the position of the particle for the pixel that is currently being scanned, we took the weighted
average value of that pixel for the three static simulated images of the rattle particle for which
the position of the core particle best resembled the current position. This was done for all
pixels in order to form an image of a moving core particle within a shell. We simulated 180
images per series, which is roughly the same amount as the images per salt concentration in
the experiments. More details can be found in the Methods Section. Figure 7a shows images
resulting from this simulation for which the particle could move freely until it approached
120 or 60 nm from the shell wall, respectively (Figure 7b). The simulated images look similar
to the experimental images shown in Figure 2a. In Figure 7c the projected probabilities of
finding the particle at a certain distance from the shell from simulated images are shown.
We observed that when the particle was allowed to approach the shell closely, the projected
probability of finding the core particle near the shell wall was higher than in the middle of the
shell geometry. Since there was no attractive potential in our simulations, this was a direct
consequence of the hydrodynamic slowing down of the core particle. It is thus likely that
hydrodynamics effects contribute to the higher projected probability of finding the particle
near the projected shell wall found in Figure 4c due to the finite time of our measurements.
Both hydrodynamic effects and van der Waals attractions could lead to the increased proba-
bility of finding the core particle near the projected shell wall in our measurements. Since it
was hard to distinguish between both effects (Supporting Information) we did not attempt
to extract the interaction potential at high salt concentrations.

However, when the particle was not allowed to move close to the shell wall the effect of
the hydrodynamics proved much more limited. Figure 7d gives a good impression of the

systematic error that hydrodynamic interactions, but more importantly limited resolution,
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would induce on the potentials we extracted in Figure 4d for the cases of moderate salt
concentrations (0.5 — 5mM). Based on the magnitude of these apparent potentials, we are

confident in our extracted interaction potentials in Figure 4d.

Interactions within a gold@Qwater@silica nanorattle

a) 0.5 mM 5 mM

min

Experimental Calculated
5 e) s
[LiCI] (mM)
—0 4 4
3 DK
Q
2 ~l
1 1
. 0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Projected Core—to—Shell Distance d (nm) d (nm)

Figure 8: Interactions of a gold nanosphere (R .. = 17nm) inside a thin silica shell ( Rgpen =
80nm). a) Example experimental images of a gold particle moving within a silica shell in
water with 0.500 or 5.00 mM LiCl. The electron dose rate was 206 e nm~2s~. b) Projected
probability maps of where the gold particle is found in different salt concentrations for a
single particle. The dashed circles show the projected area available to the particle in the
shell. ¢) Projected probability as function of the projected core-to-shell distance including
fits for a 3D interaction potential. d) 3D experimental interaction potential following from
the fits in c. e) Calculated interaction potential by solving the non-linear Poisson-Boltzmann
equation for a gold particle (¢core = —50mV) within a silica shell (¢core = —60mV) with
constant surface potential; we omit the 0 mM result as it is a problematic limit. All scalebars
indicate 50 nm.

Lastly, the interactions between a gold nanosphere (R.oe = 17nm) and a thin silica shell
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(Rshen = 80nm) were investigated in Figure 8. These particles can really be considered
nanorattles and are so small that liquid-cell electron microscopy is the only technique that
is able to obtain reliable real space information on them in water as a solvent. The elec-

251, As found for the titania particle,

tron dose rate in these measurements was 206 e nm™
the experimental interaction potentials are not as steep as the calculated potentials. How-
ever, this effect is less pronounced as the resolution is slightly better imaging gold particles
(7.8 nm) compared to titania cores (11.6nm). Especially the calculated and experimental
interaction potentials for 2.00 and 5.00 mM LiCl agree excellently. Interestingly, the exper-
imental potential for an ionic strength of 0.500 mM indicates a repulsion of longer range
than the calculated interaction potential. This could be due to an underestimation of the
surface potential in the calculations. For gold@water@silica rattles, similarly to the much
larger titania@water@silica rattles, the core particle approached the shell more closely with-
out any added salt, compared to the situation for 0.500 mM LiCl. Moreover, we observed
many instances of the gold core particle getting stuck to the shell in pure water (Figure S12
and Movie S8). There are even instances where the particle got stuck to the shell in one
frame and the electron beam enables it to move again the next frame. The influence of the
electron beam is hard to determine here, but the particle getting stuck to the shell only hap-
pens when no salt was added, which hints that the repulsion between the core and shell was
lowest for this case. These results indicate that in these nanorattles flat electric potentials
can be detrimental to the stability of the core particle within the shell, especially when the
surfaces are not highly charged or when they are in a medium with a less polar character
than that of water. It is therefore recommended to have some salt present in dispersions of

nanorattles at all times if mobility of the core particle is desired.
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Conclusion

In conclusion, it was found that it is possible to measure reliable interactions between a core
particle and a shell using liquid-cell electron microscopy. We found that the interactions
between a titania core and silica shell could be tuned over a large range of ionic strengths.
The interactions of a sphere within a shell were found to be significantly more long-ranged
compared to the interactions between two spheres under the same conditions. It was also
observed that the core particle could approach the shell more closely when no salt was
added, compared to the case for moderate salt concentrations (0.5 and 1 mM). Finite-element
calculations confirmed this to be due to a flat electric potential within the rattle geometry in
deionized water. Furthermore, for salt concentrations above 50 mM, the core particle spent
more time close to the shell wall than in the middle of the rattle geometry. Simulations
confirmed that hydrodynamic slowing down of the core particle plays a significant role, while
calculations also showed a secondary minimum in the potential of a few kg7 was probable
at such high salt concentrations as well, contributing to the above mentioned behavior. Due
to the limit of our 2D projected experimental data, the extent of both effects could not be
determined accurately experimentally.

Lastly, the interactions between a gold nanosphere and a silica nanoshell were measured
in aqueous solutions. We found that, due to the flat electric potential within the shell, the
nanosphere is less stable within the shell in deionized water, compared to when a moderate
amount of salt was added (0.5 — 5mM). The results indicate that liquid-cell electron mi-
croscopy is a powerful tool to measure interactions of nanoparticles in water, where a high

spatial resolution is a requirement.
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Methods Section

Liquid-cell STEM

In order to image the rattle-type particles in the electron microscope, we used a liquid-flow
TEM holder with corresponding microchips (Hummingbird Scientific, USA). The microchips
support 50 nm thick amorphous silicon nitride (SiN,) windows with lateral dimensions of 50
by 200 um?. A sample cell consists of two chips separated by a spacer of 250 or 1000 nm in
height, depending on the size of the rattles. The two Si chips were glow-discharged for 1 min
prior to the experiment in order to make their surfaces more hydrophilic. The microchip with
spacer was then placed in a dedicated holder. A 1 uL droplet of the dispersion of rattle-type
particles in deionized water was dropcast onto the microchip. The second microchip was
placed on the bottom chip with the hydrophilic side facing the opposite chip. The excess
liquid was removed with filter paper.

The liquid-cell STEM experiments were carried out using a transmission electron mi-
croscope (Tecnai-F20, Thermo-Fischer Scientific), equipped with a field emission gun, and
operating at 200kV. The semi-convergence angle of the electron probe was 10 mrad. The
annular dark-field (ADF) detector was used with a camera length of 120mm. Image se-
ries were acquired with TEM imaging & analysis software (TTA). For the experiments with
titania@water@silica rattle-type particles, the beam current measured via the fluorescent
screen in vacuum was 37 pA for all videos unless specified differently. A frame recording
time of 1s was used. The number of pixels was 512x512, which resulted in a pixel size of
4.4-8.8nm depending on the magnification. These settings resulted in an electron dose rate
of 12—45e nm~2s~!. For the experiments with gold@water@silica nanorattles, the beam
current in vacuum was 85 pA. A frame time of 1s was used. The number of pixels was
512x512 pixels, which resulted in a pixel size of 3.14nm. This corresponded to an electron

2

dose rate of 206e nm~2s~!. The image series acquisitions were at least 180 frames long.

After the holder was inserted into the microscope and before image acquisition started,
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deionized water was flowed through the cell at a rate of 2 ul/min for 45 min. At least 3 rattle-
type particles in different parts of the liquid-cell were then imaged while the flow was turned
off. We did not observe any influence of the flow on the particle mobility within the shell, but
were concerned about mechanical vibrations and thus left the flow off during measurements.
The shell of the rattle-type particle was stuck to the top chip of the liquid-cell and therefore
only the core particle inside could move. Each particle was imaged separately and for 180-
600s per LiCl concentration. After image series acquisition for one LiCl concentration was
completed, the next, more highly concentrated LiCl solution was flowed into the liquid-cell at
a rate of 2 uL./min for at least 10 minutes. The flow was then turned off again for image series
acquisition. This was repeated for all different salt concentrations for the same 3 particles.
At the end of the experiment, a solution of pH 2 (10.0 mM HCI) was flowed into the cell.
This made the silica shell charge-neutral '™ and the core particle irreversibly attached to
the shell (Figure S10). This allowed us to measure the size of the core particle for that

particular rattle-type particle.

Image processing

We used ImageJ (1.51a) and Mathematica (Wolfram, v12.2) to analyze the recordings. We
used ImageJ to binarize the individual frames of the videos. These binarized images were
then used as a mask to remove the background of the original images. This leaves us with
the original intensity of the pixels where the particle was and black everywhere else. We then
averaged all those frames into a single image. This average image was then deconvoluted
with an image of a titania particle with radius R...e = 170nm as calculated with CASINO
(Version 3.3.0.4, see the section on simulating static ADF-STEM images). For this we used
a Richardson-Lucy deconvolution algorithm in Mathematica.””"® The remaining image gave
a map of the probability of finding the center of the core particle in a certain projected part
of the shell, which was corrected for the volume in the plane perpendicular to the image as

explained in the Supporting Information.
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Reconstructing the 3D interaction potential

Our experimental LC-STEM image series are 2D projections of a 3D system. In order to
compare the experimental data to calculations, we need to reconstruct the effect of a 3D
interaction potential between the core particle and the shell caused by the 2D projection.
As the core particle is moving around randomly via Brownian motion, the probability P(r)

can be translated to a interaction potential U(r) via

Ur)
b = I (P(). )

Here r is the radial spherical coordinate. However, since the probability from our experiments
is a 3D probability projected on a 2D plane, a 3D potential needs to be projected on a
2D plane, while correcting for the spherical geometry in the third dimension (Supporting

Information). We do this by translating a trial potential

e—K)T

Utrial =A

(4)

r

into a projected probability. Here x and A are fit parameters. The fit parameters for which
the projected probability distribution matches the experimental data most accurately, are
assumed to be the parameters in the 3D interaction potential in our experiments.

To translate the trial potential to a projected probability we make a list of available
z; coordinates per cylindrical coordinate p, where the maximum 2z coordinate at projected

radial coordinate p is given by

Zmax — \/(Rshell - Rcore)2 - PQ- (5)

Then we make a list of all the available 3D radial coordinates r; within the cylindrical
coordinate p:

ri =/ p?+ 22. (6)



The projected probability P(p) is then calculated by averaging all 3D probabilities P(r) that

fall into the projected radial coordinates p via
P(p) = (P(r1z,.n)) = (V01 2n)/kuT) (7)

In the final result the interaction potential is expressed as function of the core-shell

separation distance d = (Rghen — Reore) — 7

Interaction potential calculations
Electrostatic interaction

We performed finite element calculations using COMSOL Multiphysics (V5.4). The rattle ge-
ometry was used in an axisymmetric calculation. We solved the nonlinear Poisson-Boltzmann

equation for a symmetric 1:1 electrolyte:

, e
—€06, V1) = 2¢osinh (ch—wT> : (8)

Here 1 is the electric potential, ¢, is the permittivity of vacuum, e, is the dielectric constant
of the liquid, ¢y is the monovalent salt concentration, e is the electron charge, kp is the
Boltzmann constant and 7' is the temperature. On the surface of the core and the shell we
put constant surface potential boundary conditions.

We exploited the rotational symmetry of the system to minimize the number of elements
required. Due to the large slopes in ion concentration near the charged surfaces, a fine
mapped mesh was applied from the boundary of the charged surface to a distance of one or
two Debye lengths. ™8 The Debye lengths for the salt concentrations under investigation,
ranging from 0.5 to 250 mM, were between 15 nm and 0.5 nm. The mapped mesh was designed
to be small near the surface and to expand radially outward. The rest of the geometry was

given a free triangular mesh (Supporting Information).
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We placed the core at different distances from the shell wall and solved the non-linear
Poisson-Boltzmann equation. We solved for the electrostatic force on the core particle by

integrating the electric Maxwell stress tensor T over the surface of the sphere S

F= ]{ TdS. (9)

S

Since we required the force in the z direction, this becomes T - 2 = F,.7 + F,Z, where

(10)

e (%) (2))

The interaction potential was then found by a path integral over the forces at various dis-

tances from the shell.

Van der Waals interaction

To calculate the vdW interaction between a sphere and a shell a relationship is required to
determine the interaction between a sphere and an element located at a point a distance d
away from the sphere surface.®! By integrating over the shell volume we obtain the vdW

interaction between a sphere and a shell at a distance d from the shell wall.

—16AR3 / /Rcore+d<9 @ttt 12 gin (0)drdf)

Uvaw (d) = ———>= (12)

Rcorc“rd ( Rgore ) 3

Here A is the Hamaker constant, Ty, the thickness of the shell, » and 6 the radial distance
and polar angle in a spherical coordinate system. Finally, d(6,a) is the distance of the core

to different parts of the shell depending on the polar angle # and the displacement from the
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center of the shell a

d(f,a) = \/(Rsheu — Reore)? + a2sin ()* — acos (6). (13)

Reore and Rgnen are the radius of the core and the inner radius of the shell, respectively. For
the titania@water@silica particles the used Hamaker constant was Aj93 = 6.9zJ, calculated
via the full Lifshitz theory.®? The used shell thickness was 25 nm. Equation 12 was integrated

numerically in Mathematica.

Simulating static ADF-STEM images

To understand the influence of hydrodynamics and the errors in the measurements, we
simulated ADF-STEM images of a moving particle within a shell. Therefore, we are first
required to simulate ADF-STEM images for a static particle. For this purpose we simulated
ADF-STEM images using the CASINO software (Version 3.3.0.4).%% The physics model
used for the total and partial cross sections in the simulation software was that of an empirical

1.86 The specific parameters of the

analytical fit to the Mott cross sections by Browning et a
sample and the electron probe were taken to be as close to the experimental parameters
as possible. However, we chose to use 256 by 256 pixels and twice the pixel size as in the
experiments (which had 512 by 512 pixels) in order to reduce the computation time.

We put a 340 nm titania particle at different positions within a shell with a 700 nm inner
diameter within a water layer of a micrometer. The electron probe was set to have a semi-
convergence angle of 10 mrad and a diameter of 1 nm. The beam distribution was Gaussian.
The electron probe had an energy of 200keV and had its focal point on the middle of the
rattle particle geometry. The top of the shell of the rattle geometry was at the same height as

the top of the water layer. The pixel size was 8.9nm and the number of simulated electrons

per pixel N was 3528, as calculated from the beam current I = 0.037nA and the pixel dwell
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time 7 = 1/256%s via

v=L7 (14)

(&

where e is the electron charge. The ADF detector with a quantum efficiency of 100% was
set to have a minimum and maximum semi-angle of 15 and 300 mrad, respectively. In total

41 static images of a particle in different positions in the shell were simulated.

Simulating ADF-STEM images of a diffusing particle in a shell

We first calculated the diffusion coefficient of the particle in the shell. The diffusion coefficient
of the particle depended on the position within the shell, as well as the direction of the
displacement. The mobility of the core particle towards the shell (radial diffusion) and along
the shell wall (perpendicular diffusion) was investigated using finite-element calculations.
More details can be found in the Supporting Information.

When the directional diffusion coefficients at all positions of the core within the shell
were known, the particle motion could be simulated. For every pixel that was scanned the
particle was moved in a random direction with a velocity in the perpendicular and radial
direction that was dependent on its current position within the shell. The random direction
of the perpendicular vector v, was coded by creating 2 normalized vectors v; and v, that
were perpendicular to the radial direction, and choosing a random real number n, between
0 and 27. The direction of the perpendicular vector was then chosen using this random real
number n, via

v, = v1cos(n,.) + vesin(n,.) (15)

Now that the direction of the radial displacement and the perpendicular displacement is
decided, we let the particle move a random step, within the pixel dwell time At, in the
radial and perpendicular directions based on a normal distribution with standard deviations

o, and oy, respectively. These are related to the radial and perpendicular diffusion coefficients
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D, and D, at the current position via

o-(r) = \/2D,(r)At, (16)

o,(r) = /4D, (r)At. (17)

The particle was free to move up until a sharp barrier a certain distance away from the
shell wall. When the new simulated position of the particle was not allowed by the imposed
barrier, a new position of the particle was calculated from the old position until that new
position was allowed.

When the position of the particle was known for every pixel scanned, the image of the
moving particle was formed. This was achieved by taking the position of the particle at the
time and finding the 3 static ADF-STEM images that included the core particle closest to
that position. The pixel was then given an intensity based on the weighted mean of that
same pixel in the 3 chosen ADF-STEM images. The mean was weighted linearly by the
absolute distance of the particle position in the static image compared to the real position.

This was done for every pixel in an image and for at least 180 images.
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e Supporting Information. Synthesis details. Zeta potentials measurements. Volume
corrections for the projected data. Extra details and checks on the calculations on
electrostatic, van der Waals and hydrodynamic interactions. Influence of the electron

beam. Estimation of the resolution.

e Movie S1: TitaniaQ@Qwater@silica rattle-type particle in pure water at different electron
dose rates. Electron dose rates shown in video in units of e nm~2s71.

e Movie S2: TitaniaQwater@silica rattle-type particle in 10.0 mM LiCl at different elec-
tron dose rates. Electron dose rates shown in video in units of e nm~2s71.

e Movie S3: TitaniaQwater@silica rattle-type particle at different pH. The electron dose
rate was 95e nm s L.

e Movie S4: Gold@water@silica rattle-type particles at different pH. The electron dose

rate was 179e nm s~ !,
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e Movie S5: Gold@water@silica rattle-type particle in 1.00 mM LiCl at different electron

dose rates. Electron dose rates shown in video in units of e nm~2s~ 1.

e Movie S6: Titania@water@silica rattle-type particle at various salt concentrations.

The electron dose rate was 45e nm ™ 2s™ .

e Movie S7: GoldQwater@silica rattle-type particle at various salt concentrations. The

electron dose rate was 206 e nm 2s~ L.

e Movie S8: Four gold@water@silica nanorattles. The top two gold particles are mobile.
However, the particle in the middle is attached to the shell and only gets loose due
to interactions with the electron beam. The bottom gold particle is mobile but the
electron beam is causing it to sometimes stick to the shell wall for a frame. This
shows that gold@void@silica nanorattles may sometimes be unstable in pure water
due to a flat electric potential within the shell geometry. The electron dose rate was

206 e nm 2s~ 1.
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