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Abstract

Nanocapsules are hollow nanoscale shells that have applications in drug delivery, batteries, self-
healing materials, and as model systems for naturally occurring shell geometries. While many
nanocapsule applications require release of their cargo accompanied by their buckling and
collapse, the details of this transient buckling process have not been directly observed. Here we
use in situ liquid phase transmission electron microscopy to record the electron-irradiation-
induced buckling in spherical 60-187 nm polymer capsules with 3.5 nm walls. We observe in
real--time the release of aqueous cargo from these nanocapsules and their buckling into
morphologies with single or multiple indentations. The in situ buckling of nanoscale capsules is
compared to ex situ measurements of collapsed and micrometer-sized capsules and to Monte
Carlo (MC) simulations. The shape and dynamics of the collapsing nanocapsules are consistent
with MC simulations which reveal that the excessive wrinkling of nanocapsule with ultrathin
walls results from their large Foppl-von Karmén numbers around 10°. Our experiments suggest
design rules for nanocapsules with desired buckling response based on parameters such as

capsule radius, wall thickness and collapse rate.



Nanocapsules“‘ are hollow nanoparticles, 10-200 nm in diameter, that encapsulate liquids or

gases inside a thin shell. Inorganic, biological, and polymeric nanocapsules have been
engineered to release their contents with high spatiotemporal control.>® The ability to isolate and
subsequently release chemicals and materials with nanoscale precision has broad application'*’

10,11

in drug delivery,"® food sciences,’ cosmetics, self-healing materials,'™"" pressure sensors,'

1416 and carbon capture.'”'® In these applications, cargo

mechanical actuators,' battery electrodes,
release can be stimulated via shifts in pH" or osmotic pressure,'? or by exposure to chemicals,”
heat,” > light,”** magnetic fields,”shear flow,*® ultrasound®’ or mechanical force.''** Such
triggering relies on the fact that the thin walls of the nanocapsules make them susceptible to
buckling and collapse under compressive strain. This buckling is driven by the conversion of the
in-plane energy required to stretch or compress the shell membrane into energy used to bend the
membrane out-of-plane.”* As a result, a small amount of in-plane shell compression can lead
to large and abrupt distortions of the nanocapsule morphology. Since this mechanical behavior

can strongly influence the rate and direction at which the nanocapsules release cargo, there is a

strong application-driven need to understand the buckling of capsules at nanometer length scales.

Predicting the buckling behavior of spherical shells is not trivial. Depending on a
capsule’s dimensions, composition, defects, and rate of cargo release, a capsule can buckle into a
range of non-spherical geometries,*' ™ from bowl-shaped colloids with single indentations

(Figure lef), to nanocapsules with multiple indentations (Figure 1c, Figure S3), crumpled



geometries (Figure S2), or flat disks. This buckling can occur via multiple pathways, even ones

that ultimately produce the same final morphology.*' ¢

This study focuses on buckling pathways driven by volume loss, which is initiated by
leakage of cargo through ruptures or pores in nanocapsule walls. The use of controlled volume

105830’31’33

as the mode for collapse, rather than external pressure, is beneficial since chemical
delivery based on leakage is more relevant for shells found in nature®” and practical applications.’
Such leakage of liquid leads to inward-directed capillary forces that drive buckling™**3 (see
Supporting Information Section 3). Initially this interfacial capillary pressure causes the shell to
contract isotopically while retaining its spherical shape, thus increasing its in-plane stretching
energy. When the pressure difference across the shell exceeds a critical pressure”*°(defined in
the SI Section 3), the shell undergoes buckling instability to trade costly in-plane stretching
energy for bending energy.**** According to classical shell buckling theory,?° the critical
pressure difference required to indent or buckle shells is directly proportional to the ratio 4/R,
where £ is the membrane or wall thickness and R is the capsule radius (illustrated in Figure 2c).
Capsules with thinner walls and larger diameters, i.e., low A/R, are more susceptible to buckling.
The final shape of the capsule depends, in addition to the ratio 4/R, on the relative volume loss,
deformation rate, and the dimensionless Foppl-von Kéarman number (y).*' y is proportional to (R/
h)? and to the ratio of the in-plane stretching and out-of-plane bending energies of the shell; thus,
it summarizes the elastic response of the capsule (see SI Section 4).*' Preexisting inhomogeneity
of capsule walls and defects will also reduce the critical pressure difference that drives

3435

buckling.



The ability to observe the transient stages of buckling in real--time!'?-16-20223334.40.37.41.42

would improve our understanding of this complex process and its dependence on the structural
parameters listed above. Such in situ studies could inform the design of capsules immune to
premature release and with cargo release mechanisms optimized for targeted applications. Real-
time imaging of nanocapsule collapse could in principle reveal relationships between the
buckling process and key physical parameters such as shell defects, the dynamic morphology of
an evolving capsule, and the rate and spatial distribution of cargo release. The resulting
understanding could also inform strategies to select buckling pathways that lead to desired non-
spherical morphologies, such as bowl shaped nanocapsules® that increase cellular intake** and

promote colloidal assembly.*+54¢

Due to the small dimensions of the nanocapsules, previous investigations into the
deformation of nanoscale shells by volume loss have largely been limited to examining the final

30,32 and

buckled geometries with ex situ electron microscopy,*’* theoretical studies,
simulations.’! There are few experimental studies that capture the short-lived intermediate stages
of buckling nanocapsules and are limited to dry hollow capsules.'®*'** A key limiting factor is
that in situ imaging methods must be able to trigger and simultaneously record the buckling
process in real-time with resolution sufficient to capture nanoscale features such as defects on the
capsules and the indentations formed during buckling. In situ TEM investigations of buckling

have used mechanical indentation to probe dry hollow shells,'**'*> but many applications require

shells that encapsulate or operate in liquid. With recent advancements in liquid phase in situ

TEM,**° the dynamics of capsules®~* and other soft colloids>*>® can now be observed with high

spatial and temporal resolution. If the appropriate liquid cell and triggering mechanism were



developed, in situ TEM could be exploited to record the complete dynamics of nanocapsule

collapse.

Here, we leverage the high spatial resolution of in situ liquid phase TEM to record the
entire buckling process of polymer nanocapsules from initial leakage of liquid cargo to the final

collapse of capsules while capturing the intermediate buckling states. We synthesized surfactant-

57,58 59,60 to

templated polymeric nanocapsules®’~® and encapsulated them in graphene liquid cells
isolate the capsules from the vacuum inside the TEM column . Buckling was initiated by
irradiating the nanocapsules with an electron dose rate much higher than necessary for imaging.
Unlike mechanically driven deformations,'®*#? the electron beam is a contactless trigger that
can degrade the polymer walls of the nanocapsule and is analogous to other remote triggers like

t>122 or light.** Using this in situ TEM approach, we recorded different buckling morphologies

hea
of nanocapsules and compare them to ex sifu experiments, microscale capsules, and Monte Carlo
(MC) simulations. We mined these data to determine buckling pathways and investigate how
they are influenced by factors such as collapse rate, A/R, y, and imperfections in the shell. MC
simulations are used to understand how stretching and bending energies drive collapse pathways.
We compare the buckling of nanoscale capsules to simulation results and the buckling of

microscale capsules. Finally, we use these observations to formulate design principles for

nanocapsules targeted for controlled release applications.

Results and discussion



Nanocapsule synthesis and characterization. Nanocapsules based on copolymers of
butyl methacrylate (BMA), tert-butyl methacrylate (t-BMA), and ethylene glycol dimethacrylate
(EGDMA) were synthesized using cationic surfactant vesicles as scaffolds.””*® Methacrylate
monomers were loaded within the bilayer of surfactant vesicles comprised of sodium
dodecylbenzenesulfonate (SDBS) and cetyltrimethylammonium p-toluenesulfonate (CTAT)
surfactants mixed at 80:20 or 20:80 ratios. Although these vesicles exhibited polydisperse size
distribution with diameters ranging from 10 nm to 100 um, the size distributions could be

373861 _ 3 primary advantage of this synthetic

controlled via extrusion through porous membranes
approach. Monomer-loaded vesicles were extruded through polycarbonate membranes with 100
nm pores seven or fifteen times to obtain a monodisperse population of vesicles with diameters
ranging from 50 to 200 nm, as illustrated by size histograms (Figure 1a) acquired with dynamic
light scattering (DLS). Subsequent photoinitator-mediated photopolymerization crosslinked the
monomers inside the bilayer, thereby forming robust polymer capsules (Figure 1bcd). After
purification to remove the surfactant template and residual monomer, the nanocapsules were
loaded in graphene liquid cells and were imaged using either a JEOL 2100 TEM or Thermo
Scientific Themis TEM operating at 200 and 300 kV, respectively. TEM imaging revealed
nanocapsule shell thicknesses of 1.0-3.5 nm (Figure 1bcd) for samples extruded seven or fifteen
times through the polycarbonate film. For in sifu buckling experiments, the polymer
nanocapsules were loaded with lead (II) nitrate during vesicle formation to enhance image

contrast and facilitate tracking of released cargo. Details of the polymer capsule synthesis,

graphene liquid cell assembly and TEM imaging are presented in the Supporting Information.



To compare nanocapsules with capsules having thicker shells and much larger diameters,
we also polymerized capsules without first extruding the surfactant templates. This approach
produced capsules with a large size variation (Figure lef, Figure S4), allowing investigation of
polymer capsule sizes that range from tens of nanometers to tens of micrometers. Capsules larger
than 400 nm, however, could not be successfully loaded in graphene liquid cells because their

large diameters resulted in the rupture of the graphene sheets (Figure 1g).

In situ initiation and observation of buckling. To understand the pathways for
buckling, we investigated the dynamics of nanocapsule collapse via analysis of in situ TEM
image sequences. Initially the polymer nanocapsules remained stable at moderate electron dose
rate of less than 200 e/A’s at an accelerating voltage of 200 kV. We did not observe any moving
liquid interfaces or formation of gas bubbles which leaves open the possibility that the region
surrounding the nanocapsules may not be fully hydrated. When the electron dose rate was
increased to ~1000 e/A% (corresponding to a current density of ~250 pA/cm® measured at the
fluorescent screen of the TEM), the nanocapsules were observed to abruptly collapse (Figure 2
and Supplemental Movies), releasing the lead nitrate solution encapsulated in the colloids. For
all in situ experiments (Figure 2 and 3), the ejection of liquid and rapid loss of volume is
accompanied by the start of buckling. The correlation between the leakage of liquid from the
capsules and buckling of capsules indicates that inward-directed capillary forces drive the
buckling process (Supporting Information Section 3). The high-intensity e-beam presumably
damages the polymer shell of the capsules and leads to formation of pores or ruptures that allow
liquid cargo to escape (similar to buckling triggered by stimuli such as light and heat). Thus, we

were able to leverage e-beam irradiation to induce buckling during in situ experiments.



Figure 2a and Supporting Movie 1 show the dynamics of buckling and collapse of a
polymer nanocapsule with a 3.4 nm thick shell and 150 nm diameter. Initially the nanocapsule in
Figure 2a (SI Movie 1) remains stable for the first 80 s of the recording (the time # = 0 s in these
image sequences indicates the start of the recording and not the initiation of electron irradiation).
Subsequently, small droplets 12-25 nm in diameter begin leaking from the capsule at 82 s,
followed by the ejection of a larger liquid jet and sudden appearance of three large indentations
at 86.3 s. The onset of buckling is followed by further release of aqueous cargo as the
indentations become deeper. As the highly scattering lead (II) nitrate solution escapes the
buckling capsule, the interior of the capsule became brighter with higher grey values. As the
polymer membrane collapses, the indentations expand and ultimately result in the formation of a
Y- or H-shape pattern (see examples in SI Figure S3) commonly observed for the buckling of

macroscopic elastic shells.

The 187 nm diameter capsule in Figure 2b and SI Movie 2 behaves similarly to the
capsule highlighted in Figure 2a, although the final morphologies of the two capsules differ. At
40 s, droplets (ca. 20 nm) begin leaking from the capsule, followed by substantial leakage of
cargo and the sudden appearance of several new indentations at 41.2 s. One indentation (labeled
IT in Figure 2b) grows at the expense of the other indentations, resulting in a nanocapsule

equilibrating to a bowl-shaped morphology with a single indentation (46.3 s).

Evolution of buckling morphologies. The differing final shapes of the nanocapsules in
Figure 2a and Figure 2b suggest that they have distinct buckling pathways. To understand these
pathways and their relationship to nanocapsule structure, we focused our analysis on larger

indentations (i.e., those with depths comparable to the capsule radius R), since these features



grow and define the final buckled morphology. In Figure 2a, deep indentations greater than 50
nm instantaneously appear at 86.3 s (indentations II and III; also see Figure 2c). After their
sudden appearance, these large indentations grow and later either slightly decrease (II) or grow at
a slower rate (III) to reach a final depth H of approximately 70 nm. In addition to II and III,
indentations I, IV and V also grow to depth of ca. 30 to 40 nm leading to final deformed capsules

with H-shaped ridges and multiple indentations.

As in Figure 2a, the buckling of the ca. 187 nm nanocapsule in Figure 2b and Movie 2
starts with the appearance of multiple large indentations. In contrast to the capsule in Figure 2a,
the indentations in Figure 2b grow into a single indentation. After initiation of buckling, two
large indentations (II and III) with respective depths H of 58 and 39 nm dominate the
morphology of the capsule by ¢ =42.9 s. As the buckling proceeds, these indentations continue to
grow in parallel at different rates: 25 nm/s for indentation II and 11.5 nm/s for indentation III. By
t =44.4 s, indentation II is 105 nm deep while III is 58 nm. After t = 44.8 s, however, the deeper
indentation II grows further but at the expense of indentation III, which gets shallower.
Indentation II continues to grow past t = 45.2 s, but at a slower rate (6 nm/s). Meanwhile the
depth of indentation III decreases at a much faster rate of -45 nm/s until it disappears. This
process yields a final bowl-shaped, collapsed geometry with only one large indentation (II) at 7=
46.3 s. The collapse of the nanocapsule in Figure 2b takes 6.6 s, 1.5-fold slower than the
similarly sized capsule in Figure 2a. The normalized volume loss AV/V, of 0.6 can be used in
conjunction with TEM images to calculate a relatively high y of ~ 1.1 x 10° (see SI Section 4 for

details on calculating y from buckled geometries). This dimensionless y value will be used in
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later sections to compare the behavior of nanocapsules with varying structural properties and to

define capsules in MC simulations

In some cases, nanocapsule buckling can proceed with only one indentation nucleating
and growing into a final morphology that resembles an excessively wrinkled and deformed
bowl.*"* Figure 3bcd and corresponding Movies 4, 5 and 6 are examples of such events. Since y
scales with (R/h)?, the capsules in Figure 3 and Figure 4 with diameters ranging from 60 to 85
nm should have a smaller y of the order of 10* compared to nanocapsule in Figure 2b (2R = 187

nm, y =1.1x10°).

In Figure 3bdc, the nanocapsules do not collapse into a symmetric bowl shape with a
circular or smooth rim. In contrast to the examples in Figure le and 1f, the final collapsed bowl
morphologies of the nanocapsules in Figure 3bdc have excessive wrinkling, with asymmetrical
or polygonal shaped rims. For most microscale polymer capsules, a polygonal rim is reported to
appear post-buckling from a bowl-shaped capsule with circular rim.***> However, we observe a
direct transition from a spherical capsule to the asymmetric, globally deformed bowl shapes
shown in Figure 3bdc, with excessive wrinkles and non-circular rims. This direct transition to
asymmetric single indentation has been reported by numerical simulations® for capsules with

large y values but experimental observations have thus far been limited.

Rate and timing of cargo release. The volumetric rate at which the nanocapsules release
their cargo is an important parameter for controlled release applications. We observe an
approximately linear relationship between the volumetric rate of cargo release and the size of the
capsules (Figure 4b). The larger, 150-187 nm diameter capsules in Figure 2 release their cargo at

a higher volumetric rate compared to the smaller, 60-85 nm capsules in Figure 3. For example,
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the fastest release is recorded for the capsule in Figure 2b at 5.2x10° nm?/s, which is an order of
magnitude faster than the smallest capsule in Figure 3a with a rate of 3.8x10* nm*/s. However,
when we normalize the collapse rates by initial volume (Figure 4a), the larger capsules do not
have a statistically higher normalized release rate compared to smaller capsules. The insensitivity
of the normalized collapse rate to nanocapsule volume means that, for nanocapsule applications,
a given cargo delivery rate can be achieved using a single capsule or multiple smaller capsules

with the same overall volume.

In the case of nanocapsules with R < 45 nm and similar #/R (and hence vy), the capsules
that take longer than the average time of 4.2 s to collapse (shown in Figure 4c) have a single
indentation while those with shorter times generally collapse with multiple indentations, with
Figure 3c as the exception. In Figure 4c, the dependence of buckling response on y can also be
seen; the largest capsule still starts with multiple indentations despite taking the longest time to

collapse.

Effect of preexisting indentations/dimples. Previous reports have suggested that
shallow defects in nanocapsule walls can drastically reduce the critical pressure for initiating
buckling®® and affect buckling pathways.*** The nanocapsules in Figure 2 and Figure 3 have
four to seven pre-existing indentations that are comparable in depth to the shell thickness (about
3-5 nm). However, we do not observe any correlation between the number of pre-existing
indentations and the start time of buckling or the rate of cargo release from the capsules (Figure
4b). Furthermore, these indentations do not appear to dictate the collapse of the nanocapsules; we
observed that major indentations do not originate from preexisting shallow indentations. For

example, capsules in Figure 2ab already have small indentations (e.g., indentation I in both
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cases) at the onset of imaging, but during the e-beam induced collapse, indentation I does not
grow. Instead, large new indentations (indentation II and III) suddenly appear. These results
could suggest that, relevant to larger capsules, the e-beam triggered buckling process of

nanocapsules is more tolerant to the presence of pre-existing dimples and defects.

Ex situ buckling & regimes of capsule collapse. In order to develop a more complete
understanding of how the initial nanocapsule structure can result in different collapse
morphologies, we imaged ex sifu a library of larger capsules across a range of shell thicknesses &
and radii R (Figure 5). Polydisperse populations of ex sifu samples, 50 nm to 24 um in diameter
(Figure 5a), were produced by omitting extrusion from some synthetic protocols. For ex situ
experiments, nanocapsule collapse was initiated by first drying the samples in air and later
depressurizing samples on an open TEM grid in a vacuum desiccator (see SI Methods). In
addition to allowing analysis of a broader size range of nanocapsules (larger capsules breach the
graphene cells), ex sifu analysis has the added benefit of facilitating comparison of in situ TEM
buckling of capsules driven by e-beam with more prevalent evaporation-driven collapse. Since
critical pressure and y depend on / and R, we investigated the dependence of buckling response

on & and R.

The phase diagram and representative micrographs in Figure 5a illustrate three distinct
regimes of collapse and establish that the ratio /#/R can be used to predict the buckling shape for a
capsule with a given chemical composition. When # >R/5 (Regime I), polymer capsules retain
their spherical shape and do not buckle or collapse. This phase boundary provides an upper limit
of /R for applications where buckling is preferred and also provides a lower limit for the

synthesis of stable shells. The linear fit for unbuckled stable capsules in Figure 5a (green
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pentagons) gives & = R/1.6. This is comparable to the limit /4 >R/4.34 limit reported for
silica/siloxane shells,*” and is significantly larger than the limit of 4 >R/16 reported for

polydopamine microcapsules® dried by evaporation.

When h < R/5, nanocapsules collapse in two regimes (II, III) that we distinguish by the
number of indentations in the final product. In Regime II, when R < 100 nm and /# < 10 nm,
nanocapsules are crumpled or exhibit multiple indentations. The clear boundaries for Regime II
are observed irrespective of the process used to initiate collapse i.e., by in-sifu e-beam exposure
or ex-situ vacuum. This indicates that smaller capsules collapse at higher deformation rates and
are trapped in various metastable states. However, in Regime III, characterized by larger
microscale capsules (100 nm < R < 10 um) with thicker shells (42 > 50 nm), only single
indentations are observed. For these samples, deformation is likely slow and hence more tuned

for morphological control.

Among capsules with single indentations, the depth of the indentation H and the relative
change in volume of the buckled capsules were observed to increase with decreasing /#/R (Figure
5b). This relationship is significant for applications such as drug delivery because it shows that,
by tuning 4 and R of a nano- or microcapsule (assuming an identical chemical composition,
elastic modulus, and deformation rate), one can program the final capsule state and thus the exact
volumetric dose of cargo. To relate these properties to the mechanical characteristics of the
capsules, we calculated their Foppl-von Karman numbers ([]) from the relative change in
volume V of the buckled capsules (AV/V,, where AV is the change in volume and V, is the initial
capsule volume; see SI Section 4). For capsules with circular bowl rims, [] ranges from ca. 8000

for microcapsules with large volume loss to 80 for the lowest volume change in Figure 5b. These
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[] values are several orders of magnitude smaller than the nanocapsule in Figure 2b; this
difference is reflected in the smooth rims and wrinkle-free shapes for the capsules with lower []
values. The examples in Figure 5b demonstrate that capsules with h/R > 0.1
can be tuned to have smooth, circular-rim bowls with desired depth H and

precisely defined cavity volumes, which may be useful for colloidal assembly.*°

TEM tilt series shown in Figure 6 show two examples of capsules with AV/V, ~ 0.9 but
with different morphologies. In both cases, the capsules are fully collapsed, which is common
when the capsules snap under mechanical stress.*® However, our data illustrate that when A/R is
near or below 0.1, even volume-loss driven buckling can lead to such fully collapsed shapes. The
h/R ratio can further help us predict if the fully collapsed bowl will have a circular rim or a
polygonal rim and a globally deformed capsule. The capsule in Figure 6a has /R =0.12 and [] ~
5000 and results in a completely collapsed bowl shape. Similarly, the capsule in Figure 6b, with
h/R = 0.05 and an estimated [] ~ 10* appears to have undergone post-buckling with a polygonal
rim with three to eight vertices. Further examples of globally deformed capsules in Figure S5def
and Figure S6 all have A/R < 0.1, comparable to the in situ TEM examples in Figure 2 and 3.
This sets a lower limit of #/R > 0.1 for creating capsules with well-defined bowl shapes where

bending energy is predominantly confined to the circular rim.

Interpretation of buckling pathways via comparison with Monte Carlo simulations.
To gain further insight into how the energetics of deforming nanocapsules influence their
buckling pathways, we performed Monte Carlo simulations of the collapse of a spherical elastic
shell using methods derived from Vliegenthart and Gompper.*' Our model simulates buckling by

linking the probability of deforming a closed spherical mesh of 6000 vertices to the energy
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required for in-plane stretching/compression and out-of-plane bending (complete simulation
methods are detailed in the Supporting Information). The elastic response of the single-layer
mesh is set through its y parameter, which encapsulates information about Young’s modulus,
bending rigidity, and ratio R/h of the capsule. The use of the dimensionless parameter y allows
us to compare simulation results to our experimental data, because y can be extracted from TEM
images. Membranes with y values of 2.67x10° and 2.67x10°> were simulated to
correspond roughly to the microscale capsules in Figure 5b and the
nanoscale capsules in Figure 2, respectively. The simulated buckling of the
elastic grid was induced by changing the volume V of the elastic grids at a compression
rate 6V per MC move. Three different volumetric compression rates 6V of 10®, 10, and 10"
(expressed in cubic units of length, where the radius of the initial spherical mesh is one length
unit) were simulated for both values of [] to understand the effect of deformation rate

on the buckling process.

Figure 7 (and SI Movies 7,8,9 and 10) illustrates that varying y and dV result in a range of
simulated capsule morphologies for a given reduction in volume. Simulation predictions are
consistent with experimental results in which large y (Figure 2a) and/or large 8V lead to the
emergence of multiple large indentations and wrinkled shell surfaces. However, simulations
suggest that, given sufficient time to relax (i.e., small 8V), the capsules with low y will relax to a
state with a single indentation. Consistent with experiments (Figure 2bd) and previous simulation
results,” Figure 7 shows that the number of indentations decreases over time, via a process in
which small indentations disappear at the expense of larger indentations. Though recent MC

simulations by Vliegenthart and Gompper’' and our simulations both show relaxation via an
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Oswald ripening-like mechanism, full relaxation into single indentations for y values of 10° is not
observed in either set of simulations. Our experimental data demonstrates that even for large y ~
10° (Figure 2bd), a nanoscale capsule can relax into a single indentation via an Ostwald-ripening-
like process. This transition from multiple indentations to a single one in Figure 2b also indicates
that the compression rate due to capillary forces from cargo leakage is sufficiently slow to allow

full relaxation.

The behavior of the indentations, and thus buckling, can be explained by analyzing the
bending energy E,, stretching energy E|, and the total energy E = E, + E|, of the simulated
nanocapsules as shown in Figure 8 for each simulation illustrated in Figure 7. We follow these
energies across different stages of volume loss (i.e., MC steps), at different normalized volumes

V* = V/V,, where V, is the initial volume.

For a given V*, the simulation with the lowest total energy E (Figure 8a) is the
nanocapsule with only one indentation, pictured in Figure 7a (and SI Movie 7). This low energy
configuration corresponds to the nanocapsule with the smallest y and 8V. Single-indentation
structures are understandably found at energy minima (i.e., their ground or equilibrium state),
because all elastic energy is confined to the circular rim of the indentation. When the
compression rate is sufficiently slow at low y (~10°), the nanocapsule has time to equilibrate to
this minimum-energy configuration even when transient fluctuations distort the membrane. All of
the larger microscale capsules in Figure 5 fall in this low y, slow 8V regime, which we postulate
is due to the slow volume loss associated with evaporation. This observation highlights that the

single bowl shape is the most reproducible and well-controlled morphology.
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Simulations of nanocapsules with multiple indentations, observed at higher y (~ 10°,
signifying greater R/h or a more flexible membrane), have a greater proportion of their surface
area devoted to high-energy bends and thus have greater total energy E at a given V* (see Figure
8d and Movie 10). At large 8V (Figure 8cf), the elastic membrane is forced away from
equilibrium during buckling and remains trapped in a metastable, high-energy configuration that
corresponds to shapes with many indentations. For a given V* and y, MC simulations show that
capsules buckling with larger 8V have more indentations and wrinkles compared to simulations
with slower compression rates. These simulation results agree with our experimental findings in
Figure 2 and 3 in which nanocapsule buckling is accompanied by excessive wrinkling of the
surface. This correlation is also consistent with in situ TEM data in Figure 4 where nanocapsules
with similar y generally collapse with multiple indentations if their collapse time is below
average (4.2 s). Even with a smaller y of 10°, a larger compression rate leads to larger elastic
energies with the system unable to relax or ripen before it is compressed further (Figure 8bc,

Movie 8 and 9).

The temporal evolution of E, and E; provides insight into the propensity of nanocapsules
to buckle and their affinity for specific pathways. For most simulations, the stretching energy
increases during the initial stages of volume reduction while the bending energy remains nearly
constant. At this early stage, the elastic grid maintains an approximately spherical shape while
shrinking in volume. As the volume reduction continues, buckling will initiate when indenting
the nanocapsule is energetically more favorable than compressing it isotropically (e.g., at V* ~
0.8 in Figure 8b, Movie 8). This transition is marked by the abrupt rise in bending energy while

the stretching energy drops dramatically. This buckling point shifts to lower reduced volumes
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(higher V*) for higher y values and slower compression rates (e.g., compare Figure 8c with
Figure 8d and Movie 9 with Movie 10). This trend is consistent with in situ measurements of
buckling of capsules in Figure 2 and 3; at y ~ 10° and relatively slow compression rates; we do

not observe appreciable isotropic shrinkage of the nanocapsules before the onset of buckling.

This agreement between simulation and experiment implies that capsules with larger y will
buckle more readily with small amounts of compression or deformation, highlighting the
challenges in creating uniform buckled geometries for shells with ultrathin walls. These insights
from experiment and simulation suggest that nanocapsule applications that require uniform
buckled morphologies should apply slow deformation rates to nanocapsules with small radii or
thicker walls (i.e., low y). The fact that the simulations accurately predict buckling of nanoscale
capsules implies that buckling pathways observed for microscale capsules are mostly conserved

when scaling hollow shells down to nanometer length scales.

Conclusions

The buckling and collapse of 60-187 nm polymer capsules were recorded in real--time
using in situ liquid phase TEM in graphene liquid cells, with the electron beam used as a
contactless triggering probe. Similar to micro- and macroscopic shells, nanocapsules were
observed to buckle into collapsed structures with single or multiple indentations. Using both in
situ and ex situ data to build a phase diagram of buckling outcomes over multi-dimensional
experimental space, we show that buckling pathways are determined predominantly by A/R (the

ratio of wall thickness to capsule radius), the Foppl-von Karman number y, and the compression
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rate V. The dependence of buckling mechanisms on the dimensionless /4/R rather than capsule
size (R), means that nanocapsule buckling is largely consistent with models developed for
microscale capsules. As predicted by MC simulations, a combination of low y and dV give rise to
nanocapsules with single indentations, which are the lowest energy configuration. In contrast,
large y or 8V produce multiple indentations that are kinetically trapped. In situ recordings
demonstrate that capsules with relatively high y (~10°) that initially nucleate multiple
indentations can still relax to an energetically favorable state with a single indentation at
sufficiently slow compression rates and time. This Ostwald ripening-like process has been

predicted only at lower y but is shown experimentally in nanocapsules at y ~10°.

Our investigations revealed several design principles that can guide the development of
nanocapsules targeted towards the triggered release applications. First, polymer nanocapsules
provide a mechanism for dispensing precise, atto- to zeptoliter volumes of solutions that can be
tuned by varying the dimensions (R, &) or mechanical properties (y) of the nanocapsules.
Decreasing the A/R ratio leads to deeper bowl-shaped indentations. Buckling into single-
indentation bowl shapes, which can be accessed at low y and 8V, is preferable due to the higher
uniformity of the end product. Nanocapsules with low y are also more stable and less prone to
buckling, whereas capsules with high y will buckle with only light compression (AV/V,), which
may be preferred for some applications. Another important design rule is that the volumetric
rate of cargo release is roughly proportional to the nanocapsule volume. An interesting
consequence of this rule is that the size of individual nanocapsules and their polydispersity are
not critical parameters as long as the total internal volume of nanocapsules is conserved. Also

relevant for production of nanocapsules is the fact that imperfections in nanocapsules, such as
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multiple pre-existing indentations, do not appear to affect the rate or onset of buckling, which is

not necessarily true for micro- and macroscale capsules.

Finally, this work demonstrates the value of in situ TEM for studying complex dynamics

3153 or synthetic nanocapsules.’” For instance, in siftu TEM can

in soft materials like liposomes
help to optimize the buckling of polymer nanocapsules in more complex situations like presence
of flow fields, viscous or nanoparticle- containing cargo, and heterogeneous composition of
capsule walls. Furthermore, the controlled delivery of reagents from polymer nanocapsules,
triggered by electron irradiation or other remote stimuli, provides a mechanism for initiating
reactions with high spatiotemporal control in confined geometries such as TEM liquid cells.”!
This nanocapsule-based strategy could provide an alternative to complex pumps and valves in

liquid cells* and could enable high-throughput nanoscale imaging of thousands of independent

reactions (e.g., nanocrystal growth) confined on single substrate.

Supporting Information: Supporting Movies 1-10. Methods, theory, MC simulation setup and

additional images of buckled capsules.
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