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ABSTRACT:

Molecular self-assembly is pervasive in the formation of living and synthetic materials. Knowledge
gained from research into the principles of molecular self-assembly drives innovation in the
biological, chemical, and materials sciences. Self-assembly processes span a wide range of
temporal and spatial domains and are often unintuitive and complex. Studying such complex
processes requires an arsenal of analytical and computational tools. Within this arsenal, the
transmission electron microscope stands out for its unique ability to visualize and quantify self-
assembly structures and processes. This review describes the contribution that the transmission
electron microscope has made to the field of molecular self-assembly. An emphasis is placed on
which TEM methods are applicable to different structures and processes and how TEM can be
used in combination with other experimental or computation methods. Finally, we provide an
outlook on the current challenges to, and opportunities for, increasing the impact that the

transmission electron microscope can have on molecular self-assembly.



Table of Contents

1. Introduction
2. TEM overview
2.1 Strengths and challenges

3. TEM methods

3.1 Conventional TEM
3.2 Cryogenic TEM
3.3 Liquid phase TEM
3.4 Electron diffraction
3.5 Tomography and single particle analysis
3.6 Analytical TEM
3.7 4D STEM
4. Combined and correlative methods
4.1 Scattering methods
4.2 Optical microscopy
4.3 Scanning electron microscopy
4.4 Atomic force microscopy
4.5 Theoretical and computational methods
5. Application of TEM to material classes
5.1 Biomolecules
5.2 Porous frameworks
5.3 Small molecules and polymers
6. Outlook
7. Addendum
7.1 Microscope components
7.2 Sample preparation
7.3 Imaging modes
7.4 Electron-sample interactions
7.5 Image analysis



1. Introduction

Molecular self-assembly is the spontaneous organization of molecules into higher order
structures.'~3 The use of the term spontaneous is important as it indicates that the process of self-
assembly has a negative free energy change. As such, self-assembly processes can be
represented by a free energy landscape.* The free energy landscape describes all possible
microstates (configurations) as a function of their free energy. Self-assembly processes are a
change in the microstate, going from a high energy position in the free energy landscape to a
lower energy position. The free energy landscape is determined by the thermodynamics of the
system, which depends on parameters such as the molecular structure of the building blocks, the
medium of self-assembly, and the temperature. Self-assembly processes are initiated by a
change in the system parameters such that a new, lower energy microstate becomes accessible.
A full understanding of a self-assembly process requires a description of the initial and final
microstates as well as the kinetic mechanisms by which these microstates are connected. This
complete understanding is essential for the rational design of functional self-assembled systems

as their functionality is dependent on their structure and structural dynamics.

Self-assembly processes can be described by a complexity continuum. Simple processes
consist of a small number of building blocks and microstates, assemble down a single pathway,
evolve homogeneously (only one microstate is observed at each sampled time point), and form
atomically precise structures that can be described by a few parameters. Complex processes can
have multiple building blocks and microstates, assemble down multiple pathways, evolve
heterogeneously, and form high dispersity structures that require many parameters to be
accurately described. Self-assembly processes are studied throughout the chemical, biological,
and materials sciences and have been applied in medicine, catalysis, separation science, energy

conversion and storage, and sensing applications.-* Common precursors for self-assembled



materials include small molecules, polymers, and biological molecules. These building blocks
range from a few angstroms to nanometers in size, while their assembled structures can range
from the nanoscale to the macroscopic scale.® The assembly process can occur in 1, 2, or 3
dimensions (3D) and can take place over timescales that range from nanoseconds to multiple
days.®” The vast continuum of space, time, and complexity makes understanding self-assembly
a grand challenge, requiring multiple experimental, computational, and theoretical methods.
Within our method arsenal, the transmission electron microscope (TEM) stands out as unique for
its ability to discover, visualize, and quantify self-assembly mechanisms and structural features

with atomic resolution.

In this review, we provide a comprehensive overview of how the transmission electron microscope
has enabled a close look at molecular self-assembly. For molecular self-assembly to occur the
building blocks must be mobile, for this reason self-assembly is often performed in solution or at
an interface.® Solutions have historically presented a significant challenge for TEM analysis and
is therefore a focus of this review. We begin with a brief overview of TEM including strengths and
challenges. The article is then divided into sections that review some of the most common TEM
methods (sections 3.1-3.7), including combined and correlative methods (sections 4.1- 4.5), and
the application of TEM to specific material classes (sections 5.1-5.3). The article concludes with
an outlook specifically focused on the application of TEM to the field of molecular self-
assembly. After the outlook, an addendum is provided that describes some important aspects of
TEM including sample preparation, electron-sample interactions, and image analysis. This
section is referenced throughout the main text and is meant to serve as a non-technical guide.

The section also provides relevant references to direct the reader to more detailed texts.®

2. TEM overview



Ernst Ruska developed the transmission electron microscope in the 1930s after discovering that
a magnetic coil could be used as a lens to manipulate electron beams.'%!! In comparison to
photons of light, electrons have two key differences: a short wavelength (~pm) and a strong
interaction with matter. These electron properties are advantageous in that they enable electron
microscopes to achieve atomic resolution and image single atoms.'? However, these properties
also result in several disadvantages for electron microscopy: the specimen can be damaged by
the electron-sample interactions, must be thin (typically < 1 micron),*3 19 and the microscope must
be under high vacuum. These disadvantages are key challenges for understanding self-assembly
and can result in the collection of images which are not representative of the native self-assembly
process. However, enormous efforts have been made to quantify and overcome these challenges
and take advantage of the high resolution and sensitivity of electron microscopes. These efforts
have resulted in the development of a plethora of TEM methods, each with benefits and
limitations. When designing a TEM experiment, it is essential to consider the motivation for using
this instrument. TEM can be used for discovery, visualization, and quantification. One of the
biggest and most fundamental challenges in molecular self-assembly is that the processes are
occurring in time and space domains that are extremely far away from our everyday experience.
Visualization of the structures and processes throughout the assembly mechanism is the most
reliable and useful way to guide our research and teaching of molecular self-assembly. Even for
structures that can be determined by scattering experiments alone, TEM experiments are often
performed to provide easily interpretable data - an image. TEM can also be used to quantify
structural or dynamic features of a sample such as particle size distributions, the ratio of different
morphologies within a single sample, particle growth kinetics, and particle fusion times.
Quantification experiments can guide the design and optimization of synthetic procedures and
improve our understanding of structure-property relationships. For these experiments, it is
essential that the data is collected efficiently and with sufficient quality to make the required

measurements. TEM can also be used for the discovery of new structures and dynamic



processes.* This is perhaps the most important and exciting function of the TEM. Discovery can
often happen serendipitously when attempting to visualize or quantify systems that are believed
to be understood, but it can also occur through deliberate investigation of a self-assembly process

using a new TEM method.

Figure 1. Overview of TEM data for molecular assemblies. The presented images are discussed
in the following paper, the three panels present the compositional, structural, and dynamic
capabilities of TEM. Reproduced with permission from ref (52). Copyright 2011 American
Chemical Society. Reproduced with permission from ref (102). Copyright 2017 American
Chemical Society. Reproduced with permission from ref (111). Copyright 2017 National Academy
of Sciences. Reproduced with permission from ref (186). Copyright 2010 American Chemical
Society. Reproduced with permission from ref (204). Copyright 2007 American Chemical Society.

Reproduced with permission from ref (214). Copyright 2021 American Chemical Society.



Reproduced with permission from ref (63). Copyright 2019 Elsevier. Reproduced with permission

from ref (149). Copyright 2018 Wiley and Sons.

2.1 Strengths and challenges
The main strengths of TEM are that it can provide both real-space and reciprocal-space projection
images of individual nanoscale objects. This contrasts with scattering methods that provide
ensemble reciprocal space information. Thus, TEM is especially useful for the analysis of complex
self-assembly processes. For example, comparing TEM analysis of samples that contain a single
morphology or multiple morphologies. The sample with multiple morphologies requires more
individual particles to be imaged to obtain a representative view. This increases the analysis time,
but the quality of the data for the single morphology or multiple morphology sample is the same,
because particles are analyzed individually. In contrast, scattering data on the multiple
morphology sample requires a model with more parameters compared to the single morphology
sample. This increase of model complexity decreases the confidence with which the scattering
data can be fit. The main challenges for TEM are: removing the sample from its native
environment (the environment challenge), collecting data on large numbers of structures (the
statistics challenge), choosing which particles to image and present is subjective (the
representation challenge), and measuring samples can affect the observation (beam damage
challenge). These challenges, if not addressed, can result in an inaccurate description of the
assembly process. The environment challenge can be addressed by cryogenic TEM (cryoTEM)
(section 3.2) and liquid phase TEM (LPTEM) (section 3.3). Innovations in these areas have
enabled imaging methods that are extremely close to the true native environment. The statistics
challenge and the representation challenge are discussed in the conventional TEM section
(section 3.1) and in the outlook section with reference to recent and future improvements in
automation. The beam damage challenge is discussed in the electron-sample interactions section

(section 7.4). In recent years, great improvements have been made in controlling and



understanding electron-sample interactions, and the beam damage challenge only remains in
methods such as LPTEM, electron tomography, and atomic resolution imaging. Even with these
challenges, TEM is one of the most useful methods to study molecular self-assembly. However,
it is most powerful when combined with other analytical or computational methods. In section 4,

we highlight combined and correlative TEM methods.

3. TEM methods

3.1 Conventional TEM

Conventional TEM can be defined by the absence of any advanced imaging method, such as
those described in the following sections (section 3.2-3.7). For solution self-assembly studies, the
specimen is typically prepared by depositing the sample solution onto a grid and letting the
solution evaporate (section 7.2). The simplicity in sample preparation and imaging makes
conventional TEM a useful approach for “high-throughput” imaging. In addition, the lack of a water
or ice layer can help with the collection of high-resolution, high signal to noise images.
Furthermore, conventional TEM is often the most convenient and accessible method. While
conventional TEM has several advantages, the challenge with this approach is that some solution
based molecular self-assemblies will partially or fully rearrange upon drying. This results in the
collection of images that are not representative of the structure in its native environment.
However, for assemblies that are formed in the bulk,> or are stable or partially stable upon drying
useful information can be obtained. For example, it has been well established that high glass
transition temperature polymers (e.g. polystyrene) are partially stable to drying,'6'” and
morphology assignment by conventional TEM is valid. A comparison of conventional TEM and
cryoTEM was performed on Doxil, a liposomal nanocrystal formulation.® The comparison showed

that while drying induced collapse of the liposomal membrane, the nanocrystal remained intact,



which was demonstrated by quantitative comparison of nanocrystal lengths. This is an important
demonstration as it shows that even if some rearrangements occur, useful information on the

native structure can still be obtained.

Conventional TEM is commonly used to visualize sample morphology and quantify structural
features, such as particle size, when investigating self-assembly processes.'%?° Examples include
DNA origami,?1?* metal-organic frameworks,?>-? polymers,®28-33 small molecules,**-3¢ and
peptide-based nanomaterials.3”-%° In DNA based materials, conventional TEM allows for structural
analysis based on slight modifications to the particles,?>#! such as imaging the specific angle
bends of anisotropic DNA based materials (Figure 2 iii).#> In block copolymer systems,
conventional TEM enables the exploration of large phase spaces due to the ease of sample
preparation.**-45 Additionally, conventional TEM has been used to image single-walled carbon
nanotubes wrapped with semiconducting polymers.*® The TEM images were used to quantify how
“tightly” the polymer chain wrapped around the carbon nanotube, which influenced the electrical
properties of the hybrid system (Figure 2 iv). These images would be extremely difficult to obtain
using cryoTEM or LPTEM due to additional background scattering of the water layers. Assemblies
formed from crystalline polymers tend to be stable to dehydration and are commonly imaged with
conventional TEM.#"-*° For example, crystalline cylindrical block copolymer micelles have been
analyzed by conventional TEM to quantify micelle growth.'® Images were taken at different time
points to quantify the change in the size distributions overtime which helped the kinetics of the

assembly process.

For chiral assemblies, conventional TEM has enabled characterization of the helices.>® For
example, gemini surfactants were studied with TEM to determine how the pitch of the helix
evolved as a function of building block length.5! In addition, conventional TEM has been used to
study the mechanism of self-assembly and morphological transformations. Imaging polystyrene

based block copolymers at different stages in the assembly process revealed that block



copolymer vesicles exist in thermodynamic equilibrium.2° It was hypothesized that size changes
occur via fusion and fission events, due to the observation of fission/fusion intermediates.
Conventional TEM has also been used to study vesicle formation and enabled the discovery of
“jellyfish” intermediates (Figure 2 ii).5> Additionally, small molecule dynamics like fullerene
dimerization has been imaged in real-time, which revealed bond formation between two
molecules as the initiation of the fusion process (Figure 2 i).5® The spatial/temporal resolution
required to make such observations would be extremely challenging or impossible with LPTEM.
As the accessibility and capabilities of advanced imaging methods improve, we envision a
decrease in the use of conventional TEM for studying molecular assemblies. However,
conventional TEM will still likely be the preferred method when imaging large volumes of sample
and when acquiring high-resolution, high signal to noise images of materials that are known to be

stable to dehydration.
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Figure 2: Molecular assemblies analyzed by conventional TEM. i) TEM image sequence of
fullerene fusion process. Reproduced with permission from ref (53). Copyright 2010 Springer
Nature. ii) Proposed mechanism for the polymerization-induced worm-to-vesicle transformation
with “jellyfish” intermediates. Scale bars, 200 nm. Reproduced with permission from ref (52).
Copyright 2011 American Chemical Society. iii) Site-directed bent shapes of DNA-origami
observed by negative-stain TEM. Histograms of bend angles as observed in individual particles.
Reproduced with permission from ref (4?). Copyright 2009 AAAS. iv) TEM image of
aryleneethynylene polymer wrapped around a carbon nanotube. Reproduced with permission

from (#6). Copyright 2013 American Chemical Society.



3.2 Cryogenic TEM

CryoTEM has revolutionized the characterization of self-assembled structures by enabling atomic
resolution imaging of nanomaterials in their solution state.>* Self-assembled structures are often
stabilized by various solution conditions such as pH, concentrations, and temperature; thus,
assemblies can become distorted and artifacts can appear in conventional TEM imaging. By
vitrifying a thin layer (typically 10-300 nm) of the liquid sample, cryoTEM prevents sample
dehydration, or loss of volatile molecules during imaging, and can also reduce electron beam
damage by maintaining sample temperatures of ~120 K.5%56 The importance of vitrification has
been demonstrated by comparing images of solvated and dehydrated surfactant assemblies.>’
The evaporated sample images revealed several drying artifacts such as overly concentrated
samples, altered microstructures, and formation of new nanostructures. Although mostly applied
to agueous samples, cryoTEM has enabled imaging of some samples in organic solvents,585°
including ionic liquids.° Furthermore cryoTEM has enabled time resolved studies with subsecond
temporal resolution to visualize and quantify self-assembly mechanisms.%162 A key advantage of
cryoTEM for studying self-assembly mechanisms is that transient intermediates can be “frozen”
which enables them to be studied at high resolution. In section 3.5, we discuss how single particle
analysis and electron tomography can be used to obtain 3D structural information. Both of these
techniques are routinely performed under cryogenic conditions. While cryoTEM is typically
performed on particles in solution, it can also be performed on “dry” particles, where the
vitrification process and cryogenic imaging conditions are used to prevent the evaporation of
volatile encapsulated molecules.®® More details on the sample preparation for cryoTEM can be

found in section 7.2.

Structure Determination

CryoTEM and single particle analysis (Section 3.2,3.5) have revolutionized the field of structural

biology, demonstrated by the 2017 Nobel Prize in Chemistry.54-66 CryoTEM is ideal for structure



determination as it requires little sample and does not require crystallization. Early efforts in
obtaining high resolution images with cryoTEM were largely focused on viruses with icosahedral
symmetry, with the hepatitis B virus core being the first structure to be reconstructed with atomic
resolution (7.4 A).8” CryoTEM technologies have continued to advance and are now able to
capture atomic resolution images of amino acid backbones in various virus particles (Figure 6i)
8870 Currently, the highest resolution cryoTEM reconstruction of a biomolecule is 1.22 A, which
was recorded with the protein apoferritin.”* This advancement in resolution has enabled research
in understanding how DNA packs within a condensate, which is particularly useful in gene
therapy.”? One study evaluated the packing of DNA in toroidal condensates and was able to
conclude that hexagonal and nonhexagonal packing could be present in the same toroid. This
helped support the model in which toroid formation is known to be nucleated by a single DNA
loop. CryoTEM has also been used for structure determination in polypeptoid crystals,”®* and
vesicles.” Polypeptoids are sequence defined polymers that are capable of assembling into
biomimetic materials with defined structures. From rational design of material properties, it is
essential to obtain atomic scale information on the supramolecular structures. CryoTEM was
capable of capturing the a alternate packing of polypeptoids when a chiral substituent was
installed in the backbone,”® furthermore, cryoTEM was also used to visualize the direct relation

ship in peptoid membrane morphologies with its respective block lengths.

CryoTEM and single particle analysis can be used to solve the structure of synthetic assemblies
if they are highly symmetric. For example, self-assembled micelles formed from amphiphilic [3:3]
hexakis adducts of Cso were characterized with cryoTEM, with some micelles being as small as 5
nm.”® With atomic resolution imaging, it was possible to conclude that increasing the hydrophobic
portion of the amphiphiles led to a higher density of amphiphile packing. However, most molecular

assemblies are not ordered or symmetric enough to apply single particle analysis.”” Therefore,



cryo-electron tomography (cryoET) (section 3.5) is typically preferred for obtaining 3D

reconstructions of nonsymmetric self-assemblies.

Particle size and Morphology

CryoTEM is ideal for the determination of particle morphologies and quantification of structural
features, especially for complex structures that are not stable to dehydration. For example, one
study investigated the assembly of multicompartment micelles composed of three polymers:
poly(ethylene oxide), poly(ethylethylene), and poly(perfluoropropylene oxide).”® The structures
formed from these polymers were complex, and cryoTEM was ideal to visualize the locations of
the polymeric regions. Imaging the assembled multicompartment micelles provided information
on the interactions dictating the final structures. In some studies, quantifying particle size
distributions is essential to understanding the stabilization of the assembled structure as well as
molecular packing parameters.6%7® For example, a monodispersed vesicle sample was reported
to be stabilized by a strong spontaneous curvature whereas polydisperse samples are stabilized
by thermal fluctuations.®2° CryoTEM was also used to assess the core domain size of poly-
butadiene-block-poly ethylene oxide micelles formed in ionic liquids to understand their packing
characteristics, this was the first example of using block copolymers to self-assembly
nanostructures in ionic liquids®* In addition, cryoTEM is capable of determining topological defects
that can arise in assembled structures. This can be particularly important when investigating
whether branching occurs within a micelle.®? Identifying defects further provides insight into the
thermodynamics of systems since branched structures indicate a higher entropy. In one study,
cryoTEM confirmed the formation of Y-junctions in high molecular weight diblock copolymer
systems.® The Y-junctions were a result of decreasing the hydrophilic block length which allowed
for the longer hydrophobic block to undergo rearrangement that favored complex geometries such

as branching (Figure 3 ii).

Structure Interactions




The vitrification of samples is not only useful for preserving the solvated structures of individual
particles but also the solvated interactions between particles. To study the interactions dictating
the self-assembly of g-cyclodextrin (8-CD) in water, structures were imaged by cryoTEM after
manipulating the 8-CD concentration.®* As the concentration of f-CD increased, small particles
(=6 nm) were observed to aggregate to form branched structures (30 -100 nm) with uniform
thickness. Further studies of aggregated particles found particles to interact only on their surfaces
or fuse together to form a homogeneous aggregate, which provided evidence for supramolecular
assemblies of g-CD in water at 3mM concentrations or above. The shape of particle aggregates
can further be altered based on electrostatic interactions between neighboring particles as well
as the ionic strength of the solution. In a structural study, polyelectrolyte chains were found to
collapse as a result of increasing the ionic strength of a solution.® In addition, the shape of the
polyelectrolyte chains could be further manipulated to form irregular shapes in response to
encountering other charged particles in solution (Figure 3 iii). Although visualizing the micelle
coronas can be difficult as they are highly solvated, the size of the corona can still be predicted
based on the distance measurements between cores of adjacent micelles that are closed packed
in vitrified ice layer.” In addition, cryoTEM can also be applied to samples in fully organic solvents
such as the assembly of P3HT nanowires in both toluene and ortho-chlorobenzene.>® Through
combination of cryoTEM, cryo electron tomography (cryoET), and low-dose electron diffraction,
ordered nanowires were reported to form in both solvents as result of pi-pi stacking. However, the

specific ordering of the nanowires was solvent dependent and determined the final morphology.

Self-Assembly Mechanisms

Vitrification is extremely beneficial for trapping and imaging transient species, enabling time
resolved studies of molecular self-assembly. All self-assembly mechanisms involve transient
intermediates, which are typically solvated and disordered.> A study investigated the mechanism

of crystalline arrays formed from perylene diimide amphiphiles.® It was observed that the system



initially formed amorphous aggregates that later crystallized into arrays. CryoTEM also provided
insight into the organization of the transient precursors, which would have been impossible to
observe using other characterization methods.> To better understand the formation of nanotubes
from chiral amphiphiles, a study monitored the chiral self-assembly of C12812 using cryoTEM.&”
Throughout the study, cryoTEM revealed various intermediates including fibrils, twisted ribbons,
and helical ribbons where the ribbons were found to widen over time and form nanotubes. Overall,
the study established a new mechanism for nanotube formation and emphasized the importance
of chirality throughout the assembly process. CryoTEM has also been used to study poly(ethylene
oxide)-b-poly(octadecyl methacrylate) self-assembly into bicontinuous polymer nanoparticles.88
Throughout the experiment, various morphologies such as vesicles, worms, and spheres were
reported as a result of altering water/tetrahydrofuran ratios and temperature (Figure 3iv). Another
study found that by altering the pH, a vesicle could exhibit “breathing” characteristics due to the
volume of the vesicle being reversible.?® In addition, the size and the thickness of the polymeric
layers were observed to change as a function of pH. Freeze-fracture-replication cryoTEM can
also serve as an important technique when imaging intermediate species of complex liquid
samples such as those that are highly viscous or consist of large assembled structures. 8 This
technique proved to be useful when monitoring the assembly of a mesoporous material, SBA-15.
9% Throughout the time-resolved study, the initial sample with low viscosity was observed to have
micelles which later evolved into a highly viscous solution with the arrangement of a crystalline

hexagonal phase.

The disadvantage of cryoTEM to study self-assembly mechanisms is that the history or future of
any individual particle is unknown. This means that the series of images which the user selects
to represent the mechanisms can be subjective; the user must decide which particle is most
representative of the time point. This is not a challenge for relatively simple processes, but for

complex processes that contain multiple types or structure or mechanistic pathways, the



confidence with which the user can assemble the series of representative images is reduced. This

challenge can be addressed by the application of liquid phase TEM.
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Figure 3: An overview of cryoTEM being used to understand molecular structure, nanoscale
morphology, particle interactions and self-assembly mechanisms. i) CryoTEM imaging of
polypetoid nanosheets with respective reconstructed molecular model. Reproduced with
permission from ref (73). Copyright 2019 National Academy of Sciences. ii) Schematic and
cryoTEM images of PB-PEO diblock polymers exhibiting bilayer, Y-junction, and cylinder
morphologies. Reproduced with permission from ref (83). Copyright 2003 AAAS. iii) CryoTEM
images of extended, collapsed, and repulsed conformations of polyelectrolyte chains as a result
of structural interactions with other particles or with solution. Reproduced with permission from
ref (8. Copyright 2005 American Chemical Society. iv) Self-assembly mechanisms of
bicontinuous polymeric nanospheres as a result of decreasing and increasing temperature
(scalebar = 200 nm). Reproduced with permission from (8). Copyright 2016 Royal Society of

Chemistry.



3.3 Liquid phase TEM

Liquid phase TEM (LPTEM) enables dynamic processes to be observed in real-time while in the
liquid state, making it an ideal platform for studying self-assembly mechanisms.®1°2 Although the
first LPTEM experiments were attempted in the 1930’s,°® modern LPTEM is still early in its
development. Several challenges need to be addressed related to sample preparation methods
(section 7.2), control of particle confinement within the cell,®* quantification of electron-sample
interactions (section 7.4), and development of efficient movie analysis methods (section 7.5).95-°7
Sample preparation is challenging as experiments are difficult to reproduce, hindering the
collection of large numbers of experimental datasets. Confinement within the ~100-1000 nm thick
liquid cells limits the data to visualization of processes at a solid-liquid interface. The surface
interactions can significantly affect particle dynamics, resulting in anomalous diffusion behavior.%8
All liquids are beam sensitive, and the electron-liquid interactions can significantly affect the
observations made (section 7.4).%° Furthermore, LPTEM data is typically very large and collected
at the limit of signal to noise (section 7.4). Despite these challenges, LPTEM has been used to
study block copolymers,19-1%4 homopolymers,101.102.105106 pneptides,®” proteins,'%8-111 covalent-

organic frameworks,'? metal-organic frameworks,%'13 nucleic acids,*** and lipids.t5116

Several methods can be used to initiate self-assembly inside the liquid cell, including induction
from the electron beam,%! heating,'%3''7” and solvent mixing.10%11811% | PTEM has been used to
study the formation and evolution of block copolymer micelles.1921%4 |In two separate papers, the
processes of micelle fusion and unimer addition were found to occur simultaneously.19?-14 |n the
case of the norbornene-based polymers, which are known to form Kkinetically trapped
assemblies,*?° the LPTEM data revealed that micelle fusion resulted in the formation of micelles
with internal water pockets.%? Fusion is a complex process that is extremely challenging to study

by scattering or ex-situ methods. LPTEM enables the determination of fusion relaxation times



(Figure 4i,ii), particle collision frequency, and the fraction of collisions which result in a successful

fusion event.102

Self-assembly mechanisms involving multiple phase changes are complex and require real-time
imaging. For example, protein crystallization can proceed via liquid or amorphous precursor
phases,'?! but the mechanistic details of how one phase converts into another are largely
unknown. LPTEM observations of lysosome crystallization enabled the discovery of a new
crystallization pathway.*!! (Figure 4 iii) Lysozyme crystals were observed nucleating at the surface
of amorphous solid precursor particles. Previously, these types of precursors were not known to
act as heterogeneous nucleation sites for crystallization. In addition to this new pathway,
nucleation was observed to occur from within a separate liquid-like precursor particle. The study
observed multiple crystallization pathways in the same system, which would have not been
possible using other analytical methods. LPTEM has also been able to visualize single strand
DNA helix formation (Figure 4 iv).}** During the double stranded helix formation, the DNA
molecules were observed to form transient loops which were corrected for error as the formation
proceeded. Furthermore, the study also observed in the “melting” of DNA assemblies when a third
DNA strand was in contact the double stranded helix, such behavior has large implication in DNA

based technologies in precision medicine and DNA-controlled colloidal assembly.

Vesicle formation is one of the most well studied molecular self-assembly mechanisms.'22123 Prior
to LPTEM studies, extensive research had concluded that amphiphilic molecules could form
vesicles by two different pathways, known as Pathway | and I1.1?* Both pathways begin with the
formation of spherical micelles, which evolve to form vesicles via an anisotropic (Pathway ) or
isotropic (Pathway 1) intermediate structure. Pathway 1 is reported to occur for high
concentrations and low molecular weight amphiphiles with weak interaction parameters.125126
Direct observation of the vesicle formation using LPTEM revealed a two-step process.®

Amphiphiles first undergo liquid-liquid phase separation to form droplets and then organize into



vesicles at the interface between the droplets and the bulk solution (Figure 15iv). Importantly, by
changing the temporal resolution with which the assembly process is visualized, features of either
Pathway | or I, could be observed. This observation reveals that within a single particle, multiple

pathways can occur over the same time period, but with different temporal dynamics.

Although relatively few molecular assembly processes have been studied by LPTEM, a general
feature emerging from that data is that multiple pathways are common. This level of complexity
is not typically discussed in the molecular assembly literature but must be embraced if complex
processes are to be understood and controlled. For dynamic mechanistic studies chemist have
traditionally used spectroscopy techniques such as nuclear magnetic resonance (NMR), infrared,
and Raman spectroscopy. However, these instruments are limited in that they provide an
ensemble average information of the molecular interactions. While LPTEM can distinguish
multiple pathways and observe rare but important events during the nanoscale material formation.
For example, it was discovered that the nucleation of primary particles during crystallization by
particle attachment occurs in proximity of preformed nanoparticles. This explains the self-similar
morphology of branched nanoparticles. The determination of this mechanism was only possible
via the real-time visualization of the crystallization process.*?” Continued development of LPTEM
is required to improve our understanding of complex self-assembly processes. This includes
improving and automating sample preparation,'*® improving control over the environment inside
the cells,'?® improving our understanding of electron-sample interactions in liquids,'*® and
automating data analysis.*® In addition, the combined use of cryoTEM and LPTEM will be
essential. CryoTEM is the ideal method to obtained high resolution images of transient
intermediates, while LPTEM is ideal for understanding the kinetics mechanisms that connect

these intermediates.
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Figure 4. LPTEM observations self-assembly processes. i) Direct visualization of block
copolymers micelle fusion process, the relaxation times of the fusion process are plotted using

the LPTEM data. Reproduced with permission from ref (1°2). Copyright 2017 American Chemical



Society. ii) Real-time visualization of lysosome crystallization via a liquid intermediate.
Reproduced with permission from ref (11). Copyright 2017 National Academy of Sciences. iv)
DNA molecule dynamics during helix formation visualized in real time using graphene liquid cell.

Reproduced with permission from ref (34). Copyright 2020 National Academy of Sciences.

3.4 Electron diffraction and crystallography

TEM imaging is typically performed in real-space. However, by changing the power of the
objective lens it is possible to project the back focal plane (section 7.1) onto the detector and
collect reciprocal space information - a diffraction pattern.3! This technique is analogous to X-ray
diffraction, however, the strong interaction of electrons with matter enables the collection of
diffraction data on individual nanoparticles. This is in contrast to X-ray diffraction which requires
either bulk powders or single micron scale crystals.'3? In electron diffraction, the term “selected
area diffraction” is often used because the user selects an area of the grid to collect the diffraction
pattern using an aperture. Electron diffraction patterns are typically collected for crystalline
materials to obtain information such as symmetry, lattice constants, and reflection intensities.33
However, electron diffraction can also provide structural information on amorphous materials.3*
A benefit of electron diffraction over real-space imaging is that high resolution information can be
obtained at much lower electron doses which allows data acquisition with minimal electron beam
damage (section 7.4). This is because the electron-sample interaction events of many atoms are
averaged to provide high signal to noise information when collecting diffracted electrons. The
limitation is that the diffraction patterns contain no real-space information. Therefore, a
combination of real-space imaging and electron diffraction is typically used to determine the
nanoscale morphology and atomic scale structure. Like X-ray crystallography, crystal structures
can be solved by collecting electron diffraction patterns of crystals at multiple projection angles.

This can be achieved by either imaging different particles with an identical crystal structures under



different orientations, or by collecting a tilt series of a single particle using electron beam tilt and

goniometer rotation.

Numerous electron crystallography methods have been developed including Automated
Diffraction Tomography (ADT)'3%, Rotation Electron Diffraction (RED)'*%*3" and Micro-Electron
Diffraction (MicroED)38139.140.141 " Flectron crystallography methods have been used to solve
crystal structures for proteins!42143, peptides, small molecules,'*' zeolities,** MOFs,?"14 and
COFs.'46 These structures are beam sensitive and collecting the data under cryogenic conditions
is often ideal for preventing damage.'*¢ For example, using RED, the first single crystal COF
structure was reported in 2013 (Figure 5 i) with a resolution of 1.5 A. 247 The RED datasets were
collected at both 298°K and 89°K and showed that cooling the sample reduced beam damage
and enabled higher resolution reconstructions. MicroED has been used to determine atomic
structures of mammalian prion protein nanocrystals (Figure 5 iii).1*¢ By merging diffraction data
from multiple crystals, 0.75 A resolution structures were solved which showed features that are
critical to understanding structural stability and that were invisible in X-ray structure
determination.*® Host-guest interactions play an important role in the application of many MOF
materials, and it is important to understand the location of binding sites within the MOF framework.
Continuous RED was used to identify the positional of guest molecules in cobalt MOF Co-CAU-
36 and identify all non-hydrogen framework positions from the structure solution (Figure 5 ii).14°
Future developments in the automation of electron crystallography data collection and analysis

will result in a versatile tool for the analysis of crystalline assembilies.
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Figure 5: Electron diffraction to elucidate crystalline structures. i) Reconstructed reciprocal lattice
of COF-320 from RED data at 298°K including models of COF-320 at different temperatures.
Reproduced with permission from ref (*4). Copyright 2013 American Chemical Society. ii) SEM
image for Co-CAU-36. The crystals are generally rod-like, and the diameters of the rods are
usually less than 1 um. (b) Reconstructed 3D reciprocal lattice of Co-CAU-36 from cRED data
processed using the REDp software (b, ¢) The framework structure of Co-CAU-36 viewed along
[001] (b) and [010] (c). The inorganic building units consist of corner-sharing CoO4 and POs
Reproduced with permission from ref (34°). Copyright 2018 Wiley and Sons. iii) Single MicroED
image showing strong diffraction to 0.72 A (inset). A second inset shows a proto-PrPsc crystal
probed by MicroED (arrow). Reproduced with permission from ref (348). Copyright 2018 Springer

Nature.



3.5 Electron tomography and single particle analysis

TEM images are 2D projections of 3D structures; however, any 3D structure can be fully
reconstructed from an infinite number of 2D projections.'° This fundamental principle has been
applied in TEM to obtain 3D reconstructions by two methods: single particle analysis (SPA) and
electron tomography (ET). Single particle analysis refers to a suit of methods developed in the
structural biology community to obtain atomic resolution reconstructions of biomolecules by
imaging a large number of identical copies.?®-153 TEM images of organic and beam sensitive
materials are often recorded with low signal to noise. Aligning and summing several images of
individual objects with an identical protection angle can provide high resolution structural
information not visible in any single particle — 2D class averaging. Imaging many different particles
under many different orientations enables collection of all required orientations for 3D
reconstruction.’® Single particle analysis has been mostly used in conjunction with cryoTEM
(section 3.2) and has become a dominant method for solving protein structures. CryoTEM is
preferred because the vitrification process preserves the native structure of the assemblies and
reduces electron beam damage (Figure 6 i, section 7.4).1% The method has also been used to
obtain 3D reconstructions of self-assembled structures made from DNA,24156-158 dendronized
polymers,'5 and dendro-calixarene micelles.®? Figure 6 ii shows the 2D projection images and
resulting 3D reconstructions of DNA tetrahedra, dodecahedra, buckeyballs, and icosahedra,5%16°

as well as the helical assembly of the dendronized polymers.15°

In contrast to single particle analysis, electron tomography enables the 3D reconstruction of a
single unique object, which is necessary for the analysis of samples containing particles with
structural variations.*61-165 Electron tomography works by taking several images of a single object
at different angles, accomplished by tilting the sample inside the microscope. Compared to single
particle analysis, electron tomography typically results in lower resolution reconstructions due to

the reduced number of projections which can be collected.'®® The main physical limitation of



electron tomography is imposed by the stage and sample holder which typically restrict the tilt
angles +/- 70°. This results in a wedge shaped region of missing information in Fourier space
commonly called the “missing-wedge”.1¢” To overcome this distortion, tilt acquisition schemes
such as dual-axis tomography'®® are utilized to improve the reconstruction, and cylindrical
specimens can be prepared that allow for full rotation and complete elimination of the “missing-
wedge” problem.’®® For beam sensitive materials, the resolution of electron tomography is
typically dose limited (section 7.4). Thus, electron tomography of molecular assemblies requires
low dose imaging procedures and sensitive cameras, such as direct electron detectors.¢® In
addition, electron tomography is often performed with cryoTEM to prevent drying-induced

changes and minimize beam damage.

Electron Tomography is commonly used to provide 3D reconstructions of proteins’®, peptides'’?,
DNA?Z, block copolymers,'72-176 dendrimers,1’>177-179 polymeric materials for membranes,128.180-
182 and organic solar cells.18% For assemblies with structural complexity, electron tomography is
essential for understanding the relationships between assembly parameters such as polymer
structure, solvent composition, temperature, and internal structural features such as pore size
and connectivity (Figure 6 iii-iv).184-18 For example, cryo electron tomography (cryoET) has been
used to determine the complex internal structure formed from the assembly of amphiphilic double-
comb diblock copolymers.®” The cryoET data revealed the internal structure is composed of an
interpenetrating network of bicontinuous structures where hydrophobic segments are separated
by channels containing the hydrated polymer.'8” In the case of triblock copolymers, cryoET was
used to show the assembled structure was a multicompartment micelle and also quantify the
distribution of the different domains within the structure.*’* CryoET was also used to study 3D
nanoparticle architectures of DNA tubules with gold nanoparticles attached.'®® The images
revealed that the DNA tubules have left-handed chirality, this was explained by the tendency of

right-handed DNA helices to organize into left-handed supercoils upon assembly. Electron



tomography has also been used to determine defects in vesicular hexesomes of block

copolymers.189

Despite the overwhelming success of single particle analysis, electron tomography continues to
be essential for capturing 3D structures of molecular self-assemblies due to their structural
heterogeneity. A promising development in electron tomography is so-called “Brownian
Tomography”. This method involves using LPTEM (section 3.3) and the imaging of structures as
they rotate in solution.'®%-192 |ike cryoET, this method does not require dehydration but has
potential advantages over cryoET. First, it overcomes the stage rotation limitation and, therefore,
removes the missing-wedge artefacts. Second, it allows data acquisition in a period of seconds
(compared to minutes and hours for cryoET).1°® Brownian tomography has many challenges
including the development of sample preparation methods where patrticle rotation is controlled,
and also quantifying electron-sample interactions. However, continued development of this
method could enable self-assembly mechanisms of unique 3D objects to be studied with

nanometer or even atomic resolution.

i Single Particle Analysis (SPA) ]f Electron Tomography (ET)
R oo

Figure 6: Single particle analysis and tomographic analysis of self-assembled structures. i) Class

sum images obtained from different fiber motifs along with the 3D volume reconstruction of the



fibers. Reproduced with permission from ref (*%). Copyright 2015 Wiley and Sons. ii) A
representative cryoTEM image where the white boxes indicate the DNA particles. The side panel
represents the raw cryoTEM images of individual particles and the corresponding projections of
the DNA tetrahedron 3D structure reconstructed from the cryoTEM images. Reproduced with
permission from ref (159). Copyright 2008 Springer Nature. iii) Analysis of a PB2 (PEO52-b-
PBMAS8G6) aggregate: (A) cryoTEM image of a bicontinuous nanosphere, showing the internal
phase separation; (B) gallery of z slices showing different cross sections of a 3D SIRT
reconstruction of a tomographic series recorded from the vitrified film in part A; (C) the xy, xz, and
yz slices from the center of the aggregate; (D) computer generated isosurface of a segmented
volume made from the aggregate shown in part A (the yellow represents the surface between the
two phases). Scale bars represent 100 nm. Reproduced with permission from ref (18). Copyright
2013 American Chemical Society. iv) EM analysis of PEOsy-b-PODMA;7 aggregates: (a)
cryoTEM image of a vitrified film at 4 °C; (b) gallery of z slices showing different cross sections of
a 3D SIRT reconstruction of a tomographic series recorded from the vitrified film in (a); (c)
computer-generated 3D visualization showing only an inner section of the whole structure, where
all the channels and compartments are visible (the yellow surface is outside of the polymer, the
surface in contact with the water); (d) skeletonization of (c), showing only a small section
emphasizing that the structure is interconnected and therefore bicontinuous. Reproduced with

permission from ref (*¥6). Copyright 2010 American Chemical Society.



3.6 Analytical TEM

Analytical TEM refers to the chemical mapping of the specimen via signals generated from
inelastic scattering of electrons. The most common methods for chemical mapping are energy
dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS).1941% These
methods are commonly performed in STEM mode which enables chemical information to be
obtained for each pixel in the image (Section 7.3). EDX is a well-established method that provides
the elemental composition of a sample by measuring the characteristic wavelengths of X-rays
emitted after inner-shell electron ejection caused by the electron beam and high energy electron
relaxation.'®® EELS is a more recent development that measures the characteristic energy loss
from electron-sample interactions that include plasmon excitations, inner shell ionization, and
excited state transitions.'% EELS provides elemental composition, bonding information, and
enables vibrational spectroscopy to be performed at high resolution.’®” EDX and EELS are
complementary in that EDX is typically used for thick samples made up of high atomic number
elements, and EELS is used for thinner samples composed of low atomic number elements like

carbon, nitrogen and oxygen.1%8

EDX and EELS are useful for multicomponent molecular self-assemblies that contain organic and
inorganic components,*®® and for materials with phase separated molecules that contain different
elemental compositions,?°%201 such as polymer nanoparticle composites which are used in
catalysis, plasmonics, and diagnostics. For example, STEM and TEM were used to investigate
the self-assembly of amphiphilic block-copolymers in the presence of iron oxide nanoparticles
(Figure 7ii).2%2 The arrangement of the nanoparticles was examined by STEM-EDX to obtain Fe
intensity line scans of the magneto core-shell structures. Quantifying the distribution of Fe aided
the 3D interpretation of the 2D projection images and enabled the authors to conclude that they

had assembled at least four different types of composite structures.



Functionalized-induced self-assembly is a nanoparticle synthesis method that involves the
modification of a soluble block copolymer to induce self-assembly. In one example with
trifluorophenyl functional group as the solvophobic block as the functional handle, enabled
elemental mapping of the solvophobic blocks within the self-assembled structures.?! The
introduction of fluorine was deliberate for probing the functionalization as other atoms (carbon,
oxygen, and hydrogen) are abundant in all parts of the self-assembled structures. Additionally, a
combination of STEM-EDX and STEM-EELS has been used to investigate post synthetic
exchange methods in the synthesis of metal-organic frameworks as seen in Figure 7 i.2°% This
study discovered the formation of a metal oxide shell on the MOF surface rather than previously

reported post synthetic exchange of metal atoms through the MOF crystal.

Combined STEM-EELS and bright field TEM has been used to determine the morphology and
chemical composition of self-assembled gold nanoparticles on the surface of boron nitride
nanotubes (Figure 7 ii).2** STEM-EELS was used to measure the sp? hybridization characteristics
on graphene by utilizing the electron beam to produce transitions in the sample from the internal
energy level 1s to unoccupied higher energy states. This analysis makes it possible to know the
degree of C-C bonds to C-H bond conversion by quantifying the sp? hybridization.?°> In the
composite graphene/polymer field, EELS has been used as a mapping tool to determine the
distribution of polyaniline on the surface of individual graphene polyaniline sheets.?% Elemental
mapping has also been used in the case of GaN@ZIF-8 a to show a uniform background of ZIF-
8 with small Ga NPs embedded throughout the crystal.?°” One of the main challenges with EELS
and EDX is beam damage and sample drift from the long exposure times required for obtaining
high signal to noise spectra. However, recent techniques such as “aloof” EELS provide damage
free methods to obtain chemical information.?®® We expect such methods will increase the use of

elemental mapping for the study of self-assembled materials. This will be an important step



forward in connecting molecular chemistry with the emerging nanoscale structure that occurring

during molecular self-assembly.
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Figure 7: Analytical TEM used to understand molecular organization within self-assembled

structures. i) STEM-EELS characterization of UiO-66(Zr) MOFs. STEM-EELS elemental

maps display the placement of carbon and oxygen within the MOF structure. Reproduced with

permission from ref (?°3). Copyright 2018 American Chemical Society. ii) (a) Bright-field TEM

image of DMAP-Au nanoparticles self-assembled at the surface of MPA-BNNTSs, (b)

elemental mapping of B present in part a, (c) elemental mapping of C present in part a, (d)

elemental mapping of N present in part a, and (e) EEL spectrum of materials in (a).

Reproduced with permission from ref (2°4). Copyright 2007 American Chemical Society. iii)

Structural characterization of 3 different self-assembled structures by changing solvent ratios.

Reproduced with permission from ref (2°2). Copyright 2011 American Chemical Society.




3.7 4D-STEM

4-dimensional scanning transmission electron microscopy (4D-STEM) is a scanning-probe
electron diffraction technique (see section 3.4) in which a converged electron beam scans across
the sample generating a 2D image where each pixel contains a 2D diffraction pattern, resulting in
a 4D dataset.?09210 This technique can be used to obtain a wide range of structural information
including nanoscale variation in crystal orientation,?** structural order,?!? grain boundaries,?** and
material phase.?'4215 For example, it is possible to produce an orientation map of a specific region
within a sample by assigning each pixel of the raster scan to a crystalline orientation based on
the directionality and features in each diffraction pattern (Figure 8 i). 4D- STEM has been used
to study polymers?'6-218 biomolecules?''?'°, and porous frameworks.?'422° One benefit of 4D-
STEM is the ability to finely control electron flux and cumulative dose through careful selection of
electron current, probe size, probe dwell time, and inter-probe position distance.??® Beam-
sensitive materials are typically prepared in the vitreous state??> or imaged at cryogenic
temperatures to reduce electron beam damage and improve the signal to noise of Bragg's

reflections.223

4D-STEM has been applied to soft matter primarily to probe local nanoscale variation in
lattice orientation or defects, in contrast to bulk scattering techniques which look at ensemble
structure. For example, 4D-STEM was used to quantify the size and orientation of crystalline
domains before and after annealing an organic semiconductor thin-film of poly[2,5-bis(3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT).??4 Annealing is a common processing
step that is used to improve organic semiconductor device performance by altering thin-film
morphology. However, it has been challenging to directly visualize the structural effects of
annealing on complex polycrystalline materials. Here, pi-pi stacking along the polymer backbone
in the film resulted in directional diffraction peaks, which made it possible to determine the real-

space polymer orientation at each probe location with nanoscale spatial resolution (Figure 8 i).



The study showed a transition from small (nm), randomly oriented domains to larger mesoscale
domains, which directly corresponds to improvements in charge transport properties. 4D-STEM
has also been used to characterize nanoscale lattice variation within single peptide crystals.?'!
The electron beam was scanned across a 3 um x 3 um area with a converged spot size of
approximately 6 nm and an inter-probe distance of 20 nm. The resulting diffraction patterns were
indexed with unsupervised classification using a library of simulated patterns to produce a 2D
orientation map of the scan area, providing nanoscale domain information. (Figure 8 ii). 4D-
STEM was also used to locate and characterize defect nano-domains in a UiO-66 MOF system.
214 Diffraction analysis was able to distinguish between the fcu and reo phases, and suggested a
“blocky lamellar” morphology of the nano-domains, which form preferentially in specific
orientations (Figure 8 iii). This study provided new information for defect cluster modeling and

demonstrated the effectiveness of 4D-STEM studies for defect engineering.

The two main challenges for 4D-STEM experiments are data collection speed and data
interpretation. The scan speed of a 4D-STEM experiment is typically limited by the framerate of
the detector because each probe location requires the collection of a diffraction pattern. Slow
scan speeds can result in imaging artifacts because thermal fluctuations during imaging can
cause significant sample drift.??! However, progress has been made by the recent adoption of
direct electron detectors which are ideal for rapidly collecting diffraction patterns,??> with some
detectors achieving framerates of 87,000 frames per second (11 microseconds per frame).?26
Another significant challenge is user-friendly data analysis and visualization to enable non-experts
to interpret datasets. Several python packages?°®??” and a growing body of methodology
literature is addressing this challenge, including efficient processing pipelines which rapidly
provide user feedback on data quality.??® As the hardware and software for 4D- STEM continues
to improve, we expect this technigue to become a standard method for characterizing molecular

self-assembly.
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Figure 8: 4D-STEM analysis of self-assembled materials. i) Orientation map of thin-film PBTTT,
where colored lined represent the direction along the conjugated backbone. The direction of the
pi-pi stacking can be determined by the directionality of the diffraction pattern, which can then be
used to determine the polymer orientation. Reproduced with permission from ref (?2). Copyright
2021 American Chemical Society. ii) (a) HAADF image of peptide nanocrystal and (b)
nanocrystal orientation map generated by unsupervised classification of diffraction patterns. (c)
average diffraction patterns shown in (b), with box outline color denoting the region. Reproduced
with permission from ref (?!). Copyright 2019 Springer Nature. iii) 4D-STEM analysis of defect
nanodomains in the UiO-66 MOF system. Magenta is used to denote the fcu phase while green
is used to denote the reo defect phase, with representative diffraction patterns shown.

Reproduced with permission from ref (214). Copyright 2021 American Chemical Society.



4. Combined and correlative methods

4.1 Scattering methods

Scattering techniques provide structural information by irradiating samples with radiation of known
wavelength and measuring the scattered radiation as a function of angle and/or time. Scattering
experiments commonly determine features of the sample such as: morphology, molecular weight,
radius of gyration, hydrodynamic radius, particle interactions, and lattice constants. The choice
of scattering technique is generally determined by the length scales of the probed structure, as
scattering techniques perform best when the wavelength of the radiation is approximately equal
to the size of the structures. The most common scattering techniques used in self-assembly
studies are static and dynamic light scattering (SLS and DLS), wide and small angle X-ray
scattering (WAXS/SAXS), and small angle neutron scattering (SANS). Scattering techniques
provide ensemble information (typically >10"° particles) and are particularly useful for studying
self-assembly because the experiments can be performed in the native environment of the
samples. Thus, a combination of TEM and scattering data can be used to address the statistics
and environment challenges encountered with TEM (Section 2.1). In general, the scattering data
is used to validate the TEM images. However, scattering data can also provide additional
information or more accurate mean size values, which are not readily obtainable by TEM. The
reader is directed to the following text for more information on light, X-ray, and neutron

scattering.229:230

Light Scattering

DLS is commonly combined with TEM to provide evidence that the TEM images are
representative of the ensemble by means of comparing the particle size distributions from both
methods. Although DLS is an important validation, the user should be aware that, in the vast
majority of cases, the particle size distributions by TEM and DLS will not look the same. DLS

measures the fluctuations of light intensity due to the particle Brownian motion and allows the



determination of the diffusion coefficient (D), which relates to the hydrodynamic radius (Rn) of the
particle through the stokes-Einstein equation.?3! The hydrodynamic radius is the theoretical radius
of a hard sphere which moves with the same translational diffusion coefficient as the structures
being measured. The value of Ry, is not equal to the radius of the particle unless the patrticle is a
perfect hard sphere. Furthermore, DLS provides z-weighted averages unlike TEM data which is
typically used to calculate the number average. Therefore, samples with even a small amount of
dispersity will have different particle radius values. Combined DLS/cryoTEM was used to study
the assembly of block copolymers in ionic liquids.?*? This was one of the earliest cryoTEM studies
on ionic liquids, and the authors noted the samples were sensitive to the electron beam, making
the validation of the cryoTEM images with DLS even more important. DLS and cryoTEM were
used to study the self-assembly of Janus cylinders with compartmentalized corona (Figure 9 i).2%3
By combining the methods, the size of the cylinders could be determined with respect to
sonication time. Unlike DLS which measures the intensity of scattered light at one angle, SLS
experiments use multiple angles, and it can provide the radius of gyration, molecular weight, and
the second virial coefficient. Although cryoTEM images can be used to calculate the aggregation
number of micelle assemblies by assuming the density of the core is representative of the bulk
polymer, SLS can be used to validate the cryoTEM images.?3* Combined DLD/SLS can be used
get information about particle morphology, which is reflected by the R¢/R ratio.?34231 Combined
TEM, DLS and SLS was used to study poly(ferrocenyldimethylsilane)-b-poly-(dimethylsiloxane)
micelles.?®> TEM revealed a cylindrical morphology, and DLS/SLS was employed to determine
the molecular weight, Ry, and Rg, which concluded that the cylindrical micelles were very flexible

in solution.

X-ray and Neutron Scattering

X-ray and Neutron Scattering have higher resolution than light scattering methods due to x-rays

and neutrons having smaller wavelengths than photons. In addition to measuring molecular



weight, particle sizes and morphological information they can obtain details about the molecular
level ordering of the assemblies.?®® SAXS, in particular, can characterize the evolution of
nanoparticle morphologies and of particle/aggregate diameters. When evaluating the
polymerization-induced self-assembly (PISA) of benzyl methacrolate (BzMA) in mineral oil, SAXS
revealed new mechanistic insight into the vesicle formation by providing exact dimensions of the
growing nanoparticles. 2" In addition, the kinetics of the BzZMA polymerization could be observed
using SAXS, but the data had to be normalized due to a faster rate being observed with SAXS
compared to under normal laboratory conditions. TEM experiments were then combined with the
SAXS experiments which enabled a phase diagram to be established to better understand the
thermodynamics driving each morphology. Combined SAXS and cryoTEM was used to monitor
the growth of micelle size and of amphiphilic block copolymers as a function of cosolvent
removal.?®® |n the SAXS experiments, they monitored the change in the position of the primary
peak to give insight into the micelle size and compared these results to the calculated micelle size
at different cosolvent concentrations (Figure 9 ii).?3® From these experiments, the free energy
landscapes that govern the assembly mechanisms and, thus, the final micelle sizes could be
determined as a function of cosolvent concentrations. WAXS can be used to measure structural
features such as beta sheets and pi-stacking, and in combination with TEM, it can be used to link

these structural features to the nanoscale morphologies (Figure 9 iii). 240:241

Although X-rays are much less damaging than high energy electrons at high enough fluxes, X-
rays can still damage samples.?*> Small angle neutron scattering (SANS) has a larger penetration
depth than X-rays and does not cause radiation damage. SANS experiments probe structures
from nano- to micrometer resolution and are much more sensitive to light elements. In addition,
contrast SANS can be utilized to monitor self-assembly formation by isotope labeling to gain a
better understanding of organic and biological systems.?#2243 Combined cryoTEM/SANS were

used to monitor the growth of the micelle core for polyelectrolyte block copolymers as a function



of the addition of salt concentration (Figure 9 iv).?** The combined methods determined that while
micelle parameters were not altered at low salt concentrations, high salt concentrations (>0.1
mol/L) altered the micelle structures due to an increase in the ionic strength of the solution. In
addition, SANS was able to confirm corona phase separation resulting in a high density inner shell
and low density outer shell. In a different study, four diblock copolymers were synthesized to form
polymersomes and were evaluated using cryoTEM and SANS. 245 While SANS determined
polymer packing behavior, cryoTEM was used to determine the shapes of the assembled
structures. Both methods were also used to evaluate membrane thicknesses, which demonstrates
that although thickness measurements can be obtained using both methods, the values will rarely
be exact. The main challenge with combined TEM and scattering experiments is related to the
extrapolation of single particle data to the ensemble average of any given system. This is

discussed in more detail in the outlook.

i) Dynamic Light Scattering (DLS) ii) Small-Angle X-ray Scattering (SAXS)
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Figure 9: Examples of combined use of TEM and scattering techniques. i) DLS and TEM used to
monitor the size evolution of Janus cylinders in response to sonication. Reproduced with
permission from ref (233). Copyright 2009 American Chemical Society. ii) CryoTEM and SAXS
used to monitor micelle size over a 30 day period. Reproduced with permission from ref (2%).
Copyright 2014 Springer Nature. iii) TEM and WAXS used to visualize and quantity the evolution
of crystalline fibers at varying pH. Reproduced with permission from ref (*41). Copyright 2009
American Chemical Society. iv) CryoTEM and SANS combined to visualize and quantify the effect
of salt concentration to the micelles in solution. Reproduced with permission from ref (244).

Copyright 2002 American Chemical Society.

4.2 Optical microscopy

The most common combined TEM/optical microscopy studies are performed with confocal
scanning laser microscopy (CSLM) and polarized optical microscopy (POM). Optical microscopy
can image a sample in its native environment and temporally resolve phenomena occurring in
fields of view ranging from microns to millimeters. Materials can be differentiated based on their
optical response rather than electron density, which can be an advantage when performing a
combined TEM study. For more general information on optical microscopy, the reader is directed

to the following texts.246-252

Fluorescence Microscopy

CSLM is a scanning technique which produces an image from the fluorescent response of a
sample with an x,y resolution of ~250 nm and z resolution of ~550 nm.2% CSLM is commonly
combined with TEM to study the uptake and release of drugs (or fluorescent analogues) in
MOFs?5425%5 block copolymers?6, peptides®®’, oligosaccharides?®®, small molecules®*®, and
DNAZ?8°, Materials containing molecules with different excitation wavelengths can be distinguished

and overlaying this information with TEM images provides complementary high spatial resolution



information. This is commonly done with fluorescent particles and fluorescently stained cell
membranes (Figure 10 ii). 263262 For example, fluorescein was used as a hydrophobic small
molecule model for the anticancer drug camptothecin to demonstrate drug encapsulation and
drug delivery in ZIF-8 MOFs.21 TEM was used to determine ZIF-8 spherical morphology, narrow
size distribution, and monitor structural stability in different pH environments, while fluorescent
microscopy was used to determine MOF encapsulation effectiveness and fluorescein uptake in
MCF-7 breast cancer cells. In another study, a peptide derivate was developed to selectively self-
assemble in the presence of liver cancer cells.?%3 Fluorescence microscopy revealed nanoparticle
self-assembly in the presence of extracellular alkaline phosphatase (ALP) which then diffused
into the cell where intracellular glutathione triggered gelation. TEM showed spherical
nanoparticles present in the cell after 30 minutes and nanofibrils present in broken cells after 4

hours, confirming nanostructure transition.

Several CSLM/TEM studies have used fluorescent dyes such as Nile Red or BODIPY to
distinguish the hydrophobic regions in vesicles?64-26 or dendrimersomes?®’, while some studies
have tracked self-assembly in systems which dynamically fluoresce upon micelle aggregation?¢®
or amphiphile gelation.?®® Other combined studies have researched self-assembly of fluorescent
surfactants?® and amphiphilic small molecules,?® or have incorporated dyes into block copolymers
to study cylindrical micelles?’> and colloidosomes.?”® For example, crystallization-driven self-
assembly was used to sequentially add fluorescent micelle blocks to existing cylindrical micelles
to produce unique and controllable fluorescent nanostructures.?’* TEM was used to determine
the nanoscale morphology of the micelles while CLSM revealed the unigue emission of each
micelle block (Figure 10 i). Another study used fluorescently labeled amphiphiles which fluoresce
upon self-association to track liquid-crystal defect driven self-assembly.?”> Fluorescence
microscopy showed self-association only occurred in defects rather than liquid-crystal bulk, while

TEM enabled the characterization of liquid-crystal nanostructure of the resulting assemblies.



Polarized Optical Microscopy

POM produces an image from the interaction of light with a sample placed between two
perpendicular polarizers. Contrast is generated from birefringent materials, which are optically
anisotropic and alter the phase of the light allowing it to pass through the second polarizer.?>?
This is particularly usefully for studying macroscopically aligned materials such as liquid
crystals?76-278 aligned hydro gels?7°-281, and fibrils.3%:282.283 For example, nanoporous films were
produced by first aligning liquid crystal via mechanical rotation in a magnetic field then photo-
crosslinking the structure (Figure 10 iii).?®* Stained TEM revealed well-ordered hexagonally
packed pores and uninterrupted nanochannels, while polarized optical microscopy confirmed this
property in the bulk film which demonstrated optical extinction when channels were parallel or
perpendicular to the polarizers (Figure 10 iii). Another study used POM to demonstrate
macroscopically aligned domains of peptide-containing monodomain gels, and TEM to
characterize nanoscale structure and fibril spacing. This information revealed a formation
pathway for peptide-based structures in physiologically relevant conditions, which may be

relevant for specific human diseases.?8°

One obvious challenge of combined or correlative TEM/CLSM studies is that non-fluorescent
molecular assemblies cannot be imaged without incorporating dyes into the structure or
fluorescently tagging the molecules. There are several methods of preparing fluorescently
labelled nanoparticles,?%® but it must be considered that fluorescent labeling will affect the self-
assembly behavior. In addition, the resolution discrepancy generally limits optical microscopy
studies to micron scale structures, which can be challenging when trying to correlate the optical
and TEM images. Several modern techniques such as structured illumination microscopy (SIM),
stimulated emission depletion (STED), and single-molecule localization microscopy (SMLM) have

improved optical microscopy resolutions well past the diffraction limit to a reported 5 nm?%” and



have been used to study lipids and DNA oragmi.?53288 These advanced methods are ideal for

future combined studies with optical microscopy and TEM.
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Figure 10: Examples of combined optical microscopy/TEM studies. i) TEM images and
corresponding confocal fluorescence microscopy images of asymmetric triblock co-micelles with
RGB nanopixels. Reproduced with permission from ref (24). Copyright 2014 Springer Nature. ii)
TEM images and corresponding merged fluorescence microscopy images of cell culture medium
after 30 minutes (left) and 4 hours (right) of incubation. Reproduced with permission from ref (263).
Copyright 2018 Wiley and Sons. iii) (left) Stained TEM images of crosslinked liquid crystals
perpendicular (top) or parallel (bottom) to the rotational axis, and corresponding FFT image.
(center) Polarized optical microscopy image of nonaligned liquid crystal membrane (top) vs

aligned membrane (bottom). (right) Transmission intensity of aligned film as a function of rotation



angle. When the aligned axis is parallel or perpendicular to the polarizer, optical extinction occurs.

Reproduced with permission from ref (%84). Copyright 2014 American Chemical Society.



4.3 Scanning electron microscopy

Scanning electron microscopy (SEM) uses a focused beam of electrons to scan across a sample
surface and image surface topology, chemical composition, and crystalline structure. SEM
typically operates with an acceleration voltage between 1-30 KeV (for comparison TEM is ~100-
300 KeV) which results in a maximum resolution of approximately 1-5 nm.28%2%0 Upon irradiation,
elastic and inelastic scattering occurs which results in backscattered and secondary electrons.
Backscattered electron detection provides is strongly dependent on atomic number and provides
compositional information, while the secondary electron detection provides topography
information.?®* Soft materials are often difficult to image due to low contrast, beam damage,
charge accumulation, and sensitivity to vacuum.?%22% Sample preparation techniques such as
sputter coating,?°%2°4 cryoSEM,?°® and environmental SEM (ESEM)?% are often used to minimize
these effects for various types of samples. For more information on SEM and polymer sample
preparation the reader is directed to the following texts.?91297-2%9 The key advantage of SEM is
the ability to image features of the samples surfaces that are unavailable with conventional TEM
and are extremely difficult to obtain with electron tomography.3°°:3°1 The combination of TEM and

SEM provides high resolution information of both the internal structure and surface morphology.

SEM and TEM are often combined to study the self-assembly and stimulus response of
supramolecular gels for applications in drug delivery39>-3%5 tissue-engineering3°6-319 and light
harvesting®'-213, For example, combined cryoTEM/cryoSEM was used to study the reversible
gelation properties of perylene diimide based system.?'* CryoTEM was used to estimate fiber
thickness and characterize the crystalline structure of the gel, which is clearly evident in the FFT
image (Figure 11 ii). SEM revealed a 3D nanoporous gel with large domains of “whirls” and
“microstreams” and tracked a thermally driven shrinkage of the network. In another example,
graphitic carbon nitride was incorporated into a peptide hydrogel during the self-assembly process

to hybridize the fibrils and increase photoactivity for biomimetic photosynthesis.3'! SEM revealed



the fiber thickness and density increased with the graphitic carbon nitride ratio, while TEM showed

the peptide nanofibers were well hybridized by the graphitic carbon nitride.

MOF crystals are often studied with both SEM and TEM to relate surface morphology to internal
structure for application in molecular encapsulation, catalysis, and more (section 5.3).25315 Early
MOF studies demonstrated small molecule confinement, but producing MOF crystals with pores
suitable for large molecules was challenging.3¢3%” A combined SEM/TEM study was used to
characterize the first large-aperture pore MOF.3'8 The pores on the MOF were imaged using SEM,
while TEM was able to quantify the pore size and show continuous hexagonally packed channels
throughout the bulk of the material (Figure 11 i). SEM is commonly used to study growth kinetics
by imaging at different times during MOF formation.3°320 For example, lanthanide-doped up
conversion nanoparticles were incorporated into a MOF structure during self-assembly.'®® Time-
resolved SEM images characterized growth kinetics of the composite formation, and then STEM,
EDX analysis, and TEM tomography revealed the particles were only incorporated at the sample
surface (Figure 11 iii). A second MOF layer was grown epitaxially and confined the nanopatrticles
for applications in anticounterfeiting and luminescence-monitored drug delivery. Nonionic block
copolymer coacervates have been used to prepare self-assembled structures that range from
nanometers up to millimeters in size.®%! To cover the entire size range, a combination of SEM and
cryoTEM was used. The combined study revealed that the coacervate size determined the size

of the final self-assembled structure.

Combined TEM/SEM studies can be challenging due to the difference in sample preparation. For
example, sputter coating a sample in conductive material can add several nanometers of
thickness to features.?%! Furthermore, TEM and SEM operate at significantly different accelerating
voltages. Therefore, the beam-sample interaction needs to be understood and minimized under
both conditions (section 7.4). Furthermore, resolution discrepancy can make it difficult to correlate

features; however, this can also be a strength for performing multi-scale analysis.
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Figure 11: Example of combined SEM/TEM studies. i) SEM and TEM image of a large aperture
MOF. The inset shows the FFT diffraction pattern. Inset scalebar .2 nm=. Reproduced with
permission from ref (318). Copyright 2012 AAAS. ii) (top) SEM image of PP2b showing 3D porous
network of nanofibers. (bottom left) TEM image of PP2b aggregated solution with FFT inset
showing fibrous structures with uniform spacing. (bottom right) SEM image of thermally shrunken
gel. Reproduced with permission from ref (314). Copyright 2009 American Chemical Society. iii)
SEM image of intermediate stages of MOF nanocomposite formation after 60 minutes with inset
showing MOF after hydrochloric acid treatment. (center) Schematic illustration of the epitaxial
growth of another MOF layer on the MOF nanocomposites. (right) TEM images of MOF
nanocomposites showing sandwiched nanocomposite layer. Reproduced with permission from

ref (1°°). Copyright 2018 American Chemical Society.



4.4 Atomic force microscopy

Atomic force microscopy (AFM) is a scanning probe technique that generates an image through
the interaction of a physical probe with the surface of a sample. AFM is predominantly used to
characterize sample topology, surface morphology, and mechanical properties. With the use of
functional tips, it is possible to image the sample conductivity®?!, magnetic fields??, and chemical
composition.®?3 AFM can also be performed in a liquid environment, 324327 which has been used
to study a range of molecular self-assemblies from MOFs®28 to amyloid fibrils.3?® Single-molecule
force spectroscopy measures the attractive and repulsive forces experienced by the AFM tip while
approaching the surface of the sample. With the force response, the inter- and intra-molecular
forces can be calculated,*%-3%2 and is often used to characterize protein unfolding and cell
adhesion.333-335 AFM can also be used for nanoindentation experiments to make elastic modulus
and stiffness measurements.33® For more information on AFM of soft materials, the reader is
directed to the following texts. 325:326:330,331,335-338 Compared to TEM, AFM provides extremely high
resolution in the z direction (sub-angstrom) while the resolution in the X, y direction is typically
limited by the probe-feature convolution (Figure 12 i). 326:337.339 The combination of TEM and AFM
is particularly powerful for determining 3D structural information by using the high resolution
information in the x,y domain obtained by TEM and the high resolution information in the z domain

obtained by AFM, 296:340-342

In the case of a vesicle, AFM provides an accurate surface profile to show the structure is convex,
while TEM can provide information about the interior structure to show the structure is hollow and
also determine membrane thickness (Figure 12 i).290:343.343-346  pglymer vesicles are often used
as a model system for biomembranes due to their similar properties and increased stability over
liposomes.?*” Ideally, the vesicles should mimic structural features, such as size and membrane
thickness, as well as mechanical properties, such as structural rigidity and surface fluidity.3+®

Combined CryoTEM and AFM were used to evaluate the structural and mechanical properties of



a polydimethylsiloxane and polystyrene based block copolymer vesicle system.3*® CryoTEM
determined the membrane thickness of the assemblies and revealed multilamellar vesicles, while
AFM measured vesicle stiffness and topology, which was then compared to biomembranes of
interest. Using information from both techniques, they concluded polydimethylsiloxane was a
better model system than popular polystyrene based systems for biomedical applications due to
superior stability and mechanical behavior (Figure 12 ii). Studying the relationship between the
peptide formula and the resulting assembled structure is essential for creating peptide based
materials.3°:34%-3% For example, for a short B-sheet forming peptides, a study found that inserting
a polar residue in the peptide chain increased intermolecular chain interactions directing the
formation of broad ribbons which could stack face-on. TEM was used to determine ribbon widths,
and AFM was used to measure the stack heights (Figure 12 iii). When the polar residue was
replaced with a non-polar residue, TEM showed the formation of long, thin nano-fibrils while AFM

showed the nano-fibrils were left-handed and had unique pitches.3%’

Several challenges should be considered when performing a combined/correlative AFM-TEM
study, such as sample-substrate interactions. Many studies have shown vesicles deflating and
flattening due to surface interactions2%:340.35%8 and, in some cases, substrate induced self-
assembly can occur.3* If two separate preparation methods and substrates are used, the difficulty
in data interpretation can increase. Using the same substrate is preferable and enables correlative
studies on individual objects (Figure 12i). For example, graphene and graphene oxide substrates
are both thin and smooth, and thus, they are suitable for both techniques.?®® Tip convolution is
also important to consider when comparing images, which can cause features to appear swollen
in AFM images.3* Traditionally, AFM has been performed at slow scanning speeds (frames per
minute); however, recent progress has increased the scanning speed to 20 frames per second,3¢°
which has enabled in-situ liquid phase AFM measurements of self-assembly mechanisms.36! We

believe a great opportunity exists for the combined use of in-situ LPTEM and AFM to study self-



assembly mechanisms where the combination would reveal both the 3D evolution and mechanical

properties of self-assembled materials.
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Figure 12: Examples of combined AFM/TEM studies. i) Comparison of AFM height profile (red)
and TEM intensity profile (blue) of block copolymer polymersome on graphene oxide substrate.?%°

ii) Force vs distance data obtained on a single PDMS-b-PMOXA polymersome. Inset shows



cryoTEM image with multilamellar vesicle and internal membrane clearly visible. Reproduced with
permission from ref (343). Copyright 2018 Springer Nature. iii) (top) TEM micrograph of peptide
nanoribbons with corresponding width histogram and (bottom) tapping-mode AFM image and
height profile along ribbon axis. Reproduced with permission from ref (357). Copyright 2012

American Chemical Society.

4.5 Theoretical and computational methods

A wide range of theoretical and computational methods are used to investigate self-assembly
processes including molecular dynamics (MD), dissipative particle dynamics (DPD), self-
consistent field theory (SCFT), Brownian dynamics (BD), and Monte Carlo (MC). They can be
broadly grouped into all-atom simulations, where each atom of the molecule and solvent is
individually represented, or coarse grained simulations where multiple atoms are represented as
a bead.3¢? Simulations can be used to both guide experiments and interpret TEM data. The details
of each method are beyond the scope of this review; however, method selection is extremely
important as it dictates what type of information can be obtained for a self-assembly process such
as kinetic or thermodynamic information, as well as the temporal/spatial resolution. More
information on simulations of molecular self-assembly can be found in the following texts. 6363-366
The combination of TEM and computational/theoretical methods have been used to predict and
test the outcome of self-assembly processes®¢’, determine self-assembly mechanisms102:368,
differentiate between thermodynamic and kinetic self-assembly pathways,'%°3¢° and correlate
experimental results.?s” Combining simulation and TEM studies is beneficial because both
methods can provide information at the level of an individual particle. This combination enables
the study of complex morphologies and dynamic processes that are not amenable to analysis by

ensemble averaging methods.



Molecular Dynamics

Virus capsids are ordered proteins shells which encapsulate genetic material and are studied for
development of antiviral drugs.3"%371 MD simulations have been used to investigate capsid-drug
interaction dynamics, but such studies require detailed knowledge of the capsid structure. 372373
In a capsid study, SPA cryoTEM (section 3.5) was used to determine the structure of the tubular
HIV-1 capsid-protein assembly.®”* The cryoTEM electron density maps provided the starting
positions of all-atom MD simulations of the protein assemblies, enabling future studies and
therapeutic design (Figure 13 i). Additionally, atomic structures resolved from MD are often
compared against TEM images to validate simulations of supercoiled DNA,*”> block
copolymers,’®1%4 peptide nanofibers,3’¢-37® polypeptoids,’’> amphiphilic cyanide dyes,*”® and
MOFs.3%80 Conversely, MD can aid in interpretation of TEM images. For example, block
copolymers peptoid vesicles were studied with both methods to establish a relationship between
block ratio and resulting membrane morphology.”® CryoTEM images were classified and
averaged to produce a high signal to noise images of different morphologies existing in the vesicle
membrane, while MD was used to model the system at different ratios (Figure 13 iii). From the
resulting atomic positions in the MD data, a TEM image was simulated for comparison with the
experimental images. MD simulations can also be used to identify polymers likely to self-assemble
into hierarchical structures.® For example, coarse grained MD was used to screen 8,000
tripeptide combinations and predict sequences most likely to assemble into hydrogels, which were

then assembled and imaged with TEM to compare the predicted and experimental structure.3¢”

Dissipative particle dynamics

DPD is a coarse grained simulation technigue that enables large systems to be simulated
efficiently, which is often required for self-assembly simulations.38! For example, LPTEM and DPD
were used to study block copolymer micelle fusion dynamics (Figure 13 iii and section 3.3).1%?

The efficiency of DPD enabled simulations of micelle fusion processes which provided a much



stronger conclusion than LPTEM data alone. In this case, both the TEM and DPD indicated that
the fusion event pathway depends on the relative sizes of the initial particles and that fusion
results in the increase in internal water content and internal structural complexity. DPD was also
used to simulate the self-assembly pathway of Janus hyperbranched polymers, revealing the
polymer first formed a disorganized aggregate before transitioning into a lamella structure and
eventually a vesicle with a membrane thickness of 9.2 nm.3¢® TEM was used to confirm the
morphology and determine an average vesicle wall thickness of 9.8 + 0.8 nm (Figure 13 iv). While
the timescale of the simulation did not match the experiment, the resulting membrane thickness

was within experimental error suggesting the simulation pathway was valid.

The main challenges with combined simulation and TEM studies are related to the large
discrepancies in spatial and temporal scale. In the peptide hydrogel example described
previously, one MD simulation initially disagreed with the experimental result. When the
simulation timescale was extended from 1,200 ns to 4,800 ns, the assembly was correctly
predicted.®®” There is also a large discrepancy in timescales accessible by all-atom simulations
(nanosecond to microsecond) and those probed by LPTEM (seconds to minutes).®82 Reducing
the complexity of the interaction model can allow for longer (or larger) simulations but can
decrease the accuracy of the simulations. One future direction for combined TEM simulation
studies would be to use dynamic data on assembly processes in a closed feedback loop. The
TEM data could be used to set boundary conditions for the simulation data, reducing the number
of computations and allowing optimized model to be produced more efficiently. The optimized
models could be used to predict new assembly processes, which can in turn be experimentally

tested with TEM.



i)

Averaged cryo-EM image

iv)

Figure 13: Examples of combined simulation/TEM studies. i) CryoTEM image of HIV-1 CA
tubular assembly. Electron density map of a tubular assembly with helical symmetry. MD
flexible fitting model of capsid assembly superimposed with electron density map.
Reproduced with permission from ref (374). Copyright 2013 Springer Nature. ii) (left) Averages
cryoTEM images of two classes from polypeptide block copolymer vesicles. (center) MD
simulation of relaxed vesicle membrane. (right) Simulated TEM image from MD model
obtained at 1.6 um defocus. Reproduced with permission from ref (7°) Copyright 2019
American Chemical Society. iii) LPTEM time-lapse images of fusion-relaxation process for
two block copolymer micelles. DPD simulation of fusion event. Reproduced with permission

from ref (202). Copyright 2017 American Chemical Society. iv) cryoTEM images of Janus



hyperbranched polymer vesicles and cross section view of DPD simulations of the self-
assembly. Reproduced with permission from ref (3%8). Copyright 2013 American Chemical

Society.



TEM of different material classes

4.6 Biomolecules

Biomolecules such as peptides,3*? proteins,38 nucleic acids,34385 viruses,*®¢ enzymes,3®’ and
lipids,388 can assemble to produce nanostructured materials. Assembled biomolecules are used
for surface modification38%3%,  biomineralization,3®' tissue engineering,®> and drug
delivery.303.393.394 TEM is capable of directly probing the interactions that govern these assemblies
as well as the final assembled structures. However, monitoring these self-assembly mechanisms
with TEM can be challenging, due to the weak binding among biomolecules which can be easily
damaged by the electron beam,*% as well as poor sample contrast.®®®¢ Many TEM methods are
developed or benchmarked on biological samples, for example staining to improve contrast,3°”
cryoTEM to enhance sample stability,3%83%° electron tomography for 3D reconstruction,** and
EELS (Section 3.1-3.6) to provide details on elemental arrangements in biomolecules.4% All
biological functions occur in hydrated environments making cryoTEM and LPTEM essential
techniques for obtaining a full understanding biomaterials structure-property relationships. Using
electron microscopy methods, biomolecule self-assembly has been studied for structure

determination, characterization of nanoscale morphology, and self-assembly mechanisms.?*

Structure determination

Once exclusive to crystallography and spectroscopic technigues, atomic resolution
reconstructions of biological materials can now be obtained using cryoTEM (section 3.2) and
electron crystallography (section 3.4). SPA (Section 3.5), which averages multiple images of the
same sample, has become a popular technique for structural determination of biological samples
(Figure 14 i).3%9401 This technique has been proven advantageous for determining the structure of
proteins, such as the canonical transient receptor potential (TRPC3) protein, which are
challenging to analyze with crystallography techniques due to crystallization difficulties. Using

SPA techniques on TRPC3, cryoTEM was able to achieve the first 3D model of the protein at 15



A resolution.*2 They were able to determine structural information on intracellular and
transmembrane domains to gain information pertaining to activation ability. SPA has also been
performed to obtain 3D reconstruction of viruses such as with the human adenovirus virion.*% By
achieving a 3.6 A resolution of the virion, the study was able to gain insight into which amino acids
dictated specific protein interactions. SPA has proven to be particularly useful in Alzheimer’s
research by imaging the structure of amyloid fibrils to gain insights of the structure and function
of these peptides. Using cryoTEM, high resolution images were obtained through real-space
reconstruction of a a f(1-42) peptide to develop an accurate model of the complex structure 4%
In addition, images of peptide fibrils from AL proteins have been reconstructed to reveal rhombic
building blocks with face-to-face packing of peptide dimers.*%® This information was able to relate
the fibril formation to peptide microcrystals containing steric zippers, which provides important

insight into peptide self-assembly.

Nanoscale morphology

Biomolecules can assemble into to a wide variety of nanoscale morphologies including
nanofibers,*%® nanospheres,*%’ vesicles,**® nanotubes,**® coacervates,*'? and hydrogels.*! TEM
provides visualization and quantification of the nanoscale morphologies enabling the design of
biomaterials with finely tuned structural features. For example, conventional TEM has been used
to study the nanoscopic structure of peptide assemblies where an in-depth analysis could be
performed to analyze the width and length of the nanoribbons.#? Linear striations of flat ribbons
could be observed, and it was determined that the ribbons consisted of packed single peptide
fibrils with widths ranging from 35-38 A. The combination of cryoTEM and staining techniques
revealed essential details on the morphology of a peptide amphiphile.®® The positive stain was
used to selectively stain the acidic groups revealing their surface location and providing key
insights into peptide packing. In addition, by combining the techniques, a correlation between

peptide amphiphile concentration and fiber structure was made, revealing that higher



concentrations result in packed flat ribbons. TEM techniques such as conventional TEM, electron
tomography, and cryoTEM have frequently been used to understand and characterize DNA
structures.?1413414 Designing molecular structures using DNA, referred to as DNA origami, has
become a popular research field (Figure 14 iii). 38438 Characterization of these nanostructures is
critical in DNA origami, as the structures can have intricate internal morphologies that can only
be characterized by direct visualization. By using a DNA tripod, wireframe polyhedral with 100 nm
edges can be designed.**® The study used a three-arm junction tile with a molecular weight of 5
megadaltons to construct various polyhedra, including a triangular prism, tetrahedron, a cube, a
pentagonal prism, and a hexagonal prism. The characterization of such structures is only possible

by visualization, making TEM the ideal instrument for this experiment.

Self-Assembly Mechanisms

Electron microscopy can be used to study the various mechanistic pathways and interactions that
govern the self-assembly formation.*!® Time-resolved cryoTEM is often used to monitor self-
assembly due to its ability to provide atomic detail into the assembly interactions and biomolecule
conformations that occur throughout the assembly process.**” For example, cryoTEM has been
used to observe the self-assembly of cytochrome in the presence of zinc and copper, and it was
discovered that metal-coordination occurs on the protein surface during the formation process.
418 1t was also revealed that changing the pH could be used to control the self-assembly
mechanism. In a separate study using the same metal ions, the assembly of 2D protein lattices
with varying point mutations were studied with cryoTEM, which provided evidence for the various

intermolecular interactions driving each mechanism.*%°

During self-assembly, some biological systems can undergo liquid-liquid phase separation (LLPS)
(Figure 14 ii).#?° 421 Understanding how systems form through LLPS is essential to understanding
basic biological functions such as cellular growth as well as treatment of various diseases.*??

Time-resolved cryoTEM can be used understanding self-assembly mechanisms (Section 3.2), as



demonstrated in a study where an amphiphilic amino self-assembly consisting of short peptide
chains forms supramolecular polymers through an intermediate LLPS.#?® These results suggest
that the formation of the LLPS of a solute-rich phase aids in a lower nucleation barrier to produce
the final nanofibrils. Overall, the use of cryoTEM allowed for further insight into the complex
assembly pathway that drives formation of amyloid fibrils. Additionally, LPTEM has also been
used to visualize the dynamics of biomolecules providing unique insight into the formation of
biomolecule assemblies by directly observing the phase transitions that occur throughout the
assembly process.'%®14 For example, LPTEM has been used to observe the formation of a
model protein into microdroplets through a LLPS mechanism.*?° The study produced a phase
diagram which provides insight into the nucleation and growth mechanisms that dictate each final
structure. Protein crystallization through amorphous precursor has also been visualized using LP-

TEM.11t
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Figure 14: The versatile applications of cryoTEM in molecular self-assembly. i) Model and
reconstructed images of 03-33 demonstrating its four-fold, two-fold, and three-fold rotational
axes. . Reproduced with permission from ref (“°1). Copyright 2012 AAAS. ii) CryoTEM images
illustrating the self-assembly mechanism of nanofibrils which proceed through LLPS.

Reproduced with permission from ref (*2%). Copyright 2019 Springer Nature. iii) DNA tripods
assembled into various wireframe polyhedral including a tetrahedron, triangular prism, cube,
pentagonal prism, and hexagonal prism. Reproduced with permission from ref (?%). Copyright

2014 AAAS.



4.7 Porous frameworks

Crystalline porous materials such as metal-organic frameworks (MOFs) and covalent-organic
frameworks (COFs) encompass a broad class of materials that find application in catalysis,
separation science, sensors, energy storage, and medicine.4?>4%¢ They are formed via the self-
assembly of a wide range of building blocks including metal-ligand complexes, and organic
molecules.#?” With these building blocks, various crystal morphologies, topologies, crystal
structures, and chemical properties can be achieved.*?6428 |n addition, these materials have high
porosity,*?° surface area,**° and crystallinity.**! However, porous frameworks are extremely beam
sensitive,?>432 which has traditionally limited the scope and application of TEM. Recent
advancements in camera technology and low-dose imaging methodologies have overcome this
limitation (see section 1.2). These advancements have enabled determination of crystal
structures,?>432 morphologies,*** local defects,?”43543¢ encapsulation of guests,*3’ self-assembly
mechanisms, #3843 and dynamics of porous frameworks.'3433 The majority of the TEM work on
crystalline porous materials has been performed on MOFs, however the fundamental principles

can be applied to any porous crystalline materials.

Crystal Structure Determination

MOF crystal structures are typically resolved with single crystal X-ray diffraction. However, they
can also be determined with electron crystallography techniques (see section 7.2).4° The
advantage of electron diffraction tomography is that it can be used on small nanoscale crystals,
whereas single crystal X-ray diffraction requires micron sized crystals. This is due to the fact that
electrons interact with matter more strongly than x-rays.?>#4%441  Using electron crystallography
techniques many crystal structures have been resolved including UiO-66,4? PCN-415
([TigZr2,012(CH3COO0)16(bdc)s] and PCN-416 ([TigZr2,012(CH3COO)16(ndc)e]?3, MFU-41,443 Ti(IV)-
based COK-47,44 and CAU-7.4% Electron crystallography techniques are extremely useful for

MOF and COF research where growing large crystals can be the rate determining steps, or where



multiple polymorphs can exist in a single sample. In addition to electron crystallography TEM can
directly image structural features such as grain boundaries and lattice fringes.**¢ For example,
lattice resolution images of COF-5 and COF-10 particles determined how a seeded growth
synthetic process affected the crystalline properties such as fringe spacing of each COF (Figure
15 ii).#4” Crystal structure analysis is an essential part of MOF and COF analysis. TEM provides
crystal structure information at the level of a single particle which is important for understanding

self-assembly processes and the interfacial structures.448:449

Encapsulation of guest species

Porous materials are ideal for the encapsulation of guest species such as small molecules,*>°
polymers,*5! biomolecules,*36452453 and nanoparticles.*** TEM can be used to locate the position
and orientation of the encapsulant within the framework and investigate the interactions between
the frameworks and the encapsulant.?’” For example, the encapsulation of CO; in ZIF-8 has been
imaged using CryoTEM (Figure 15 iii).%3 The low temperature was used to prevent CO;
desorption; however, the crystals were not embedded in an ice layer which enables the high-
resolution imaging. The images revealed that CO has two sites within the ZIF-8 pores and that
the unit cell increased in size by ~3% upon binding. Additionally, the encapsulation of proteins
into MOFs is of great interest as an immobilization strategy.*>? Conventional TEM has been used
to image the intermediate and final crystals for a cytochrome c-ZIF-8 MOF, 4% revealing small
cavities (5-20 nm) throughout the composite, indicating that the enzyme is embedded into the
MOF rather than just adsorbed to the surface. Introduction of guest species such as water and
organic molecules can also initiate structural rearrangement of porous crystalline materials as
reported with COF-300.#%® Using cryo-electron diffraction tomography (Section 3.4), it was
observed that the COF-300 structure contracted after encapsulation of water molecules whereas

the structure expanded when an organic molecule was encapsulated.

Self-assembly mechanisms




The self-assembly of MOFs is known to proceed via a wide range of mechanisms?#% that are
dependent on the specific metal and ligand, the metal to ligand ratios, the precursor concentration,
and the solution conditions.**® Due to the vast chemical space for preparing MOFs, it is essential
to gain an understanding of the fundamental formation mechanisms to optimize these
materials.*>” Conventional TEM,*® electron diffraction,**® cryoTEM (Figure 15 i),**® and
LPTEM?®:4%° have all been used to visualize MOF self-assembly. LPTEM was used to observe the
growth of ZIF-8 in methanol, providing direct observation of the single particle growth kinetics and
morphological evolution of the crystals.®® This study only possible through careful optimization of
the imaging conditions to minimize the electron-sample interactions. CryoTEM, was used to study
the self-assembly in ZIF-8 in water revealing that, in contrast to the synthesis in methanol, there
are long-lived pre-nucleation species (Figure 15 i).%%8 The Zn and 2-methylimidazole precursor
first forms ~10 nm amorphous particles before aggregating to form a liquid-like amorphous phase.
The ZIF-8 nucleation occurs inside the amorphous phase which acts as a reservoir for crystal
growth by monomer-addition. In the same study, the encapsulation of bovine serum albumin
(BSA) into ZIF-8 by in-situ immobilization method was studied.**® Two different mechanisms were
determined according the molar ratio of ligand to metal used in the synthesis. At high ratios the
ZIF-8 crystal nucleates according to the ZIF-8 only mechanism described above. Concurrently,
BSA aggregates with Zn and 2-methylimidazole to form a second type of amorphous particle
phase. The BSA particles undergo a solid-state transformation at the growing ZIF-8 crystal
surface, restricting the encapsulation of the protein to the crystal surface. At low ligand to metal
ratios the Zn and 2-methylimidazole precursor particles are unable to rapidly aggregate and
bovine serum albumin promotes ZIF-8 nucleation directly, resulting in its incorporation throughout

the crystal.

Post Synthetic Methods




Crystalline porous materials can be highly tunable based on formation conditions. In addition,
recent studies have shown that this tunability extends even after the final crystal has been formed
through processes such as polymorph switch and post synthetic
exchange/modification.*®® Extensive characterization of these dynamic properties and final
crystal structures allows further expansion of the functionality of crystalline porous material
systems. A study on Zr6 based MOFs was completed to monitor polymorphic phase transition
between the microporous, kinetic product (NU-906) and the mesoporous, thermodynamic product
(NU-1008), as shown in Figure 15 iv.!3 In this study, the dissolution of NU-906 was initiated by
the introduction of formic acid which then induced the formation of NU-906 through a dissolution,
reprecipitation mechanism and monitored with in situ variable temperature LPTEM and lattice
resolution TEM. Here, LPTEM enabled the visualization of morphological transformation between
two polymorphs which otherwise is only characterized by studying the final products. Using these
electron microscopy techniques along with variable temperature PXRD, it was observed that the
polymorph transformation occurred through a concomitant dissolution-reprecipitation process. In
a different study, post synthetic exchange (PSE) of metal ions and ligands was performed on UiO-
66 where extensive STEM-EELS and EDX analysis (section 3.6) provided new information on a
previously report system.5! Rather than previously reported PSE of metal sites within the system,
ligand-based PSC occurred with the formation of a metal oxide shell around the MOF. This study
emphasizes the need for thorough characterization of MOF systems and the ability for electron

microscopy to provide unique insight into material characterization
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4.8 Small molecules and polymers

Small molecules and polymers encompass a broad class of materials which includes
amphiphiles,*¢? surfactant-like molecules,*®® peptide-amphiphiles,07:464-466 polypeptoids,”3-75467-
472 jonic liquids,*73474 host guest complexes,*’>4’7 dendrimers?¢747847% gand block copolymers.48%-
485 Unlike biomolecules and porous frameworks, these materials are typically disordered which
eliminates methods such as single particle analysis or electron crystallography for structure
determination. However, it should be noted that single particle analysis has been applied to
several small molecule assemblies (Section 3.5). Characterization by TEM becomes more
important with increasingly disordered assemblies as these structures are more difficult to analyze
by ensemble methods such as spectroscopy and scattering. Small molecule and polymer
assemblies can be challenging to image by TEM due to electron beam damage sensitivity and
low contrast. Phase contrast TEM, and the used of phase plates, can significantly improve
contrast for organic materials.*® Moreover, modern electron detectors and low dose imaging
methods help overcome these obstacles.*®” TEM is commonly used to determine nanoscale
morphologies,*®48 3D  structures,'’®>*®  topological defects,*®® and self-assembly

mechanisms,86:100.4% of small molecules and polymeric systems.

Nanoscale Morphology Determination

CryoTEM is often the best option for imaging the nanoscale morphology as it reduces electron
beam damage, preserves structures in their native environment. However, conventional TEM is
still widely used due to its accessibility and ease of use. CryoTEM and conventional TEM are
commonly used for emulsions,*®1-4%4 coacervates,*®>4% polymer composites,*®” and helical
assemblies.*%49° Crystallization driven self-assembly is a powerful method for forming well
defined anisotropic assemblies, which can be achieved by controlling the growth of micelle seeds
into block co-micelles. TEM has been essential for understanding this process as it can be used

to visualize the seeds, the block co-micelles structure, and quantify the distribution in the block



lengths (Figure 16 iii). ** TEM also revealed that polymer addition resulted in seed growth, rather
than the nucleation of new particles. Furthermore, supramolecular polymers are often used to
create nanoscale helical structures.>® Helical structures are best characterized by cryoTEM
where morphological information can provide insight on the mechanisms of self-assembly
process. For example, by investigating the shapes and sizes of assemblies formed from polymers
with varying ionic character, a study found that the length of helical structures could be controlled
by tuning the attractive and repulsive interactions of the precursors. TEM can also be used to
obtain information on multiphase nanoemulsions, which have gained interest for solubilization
applications and particle templates.*°1501 The different phases of these droplets can be easily
observed and differentiated with TEM (Figure 16 i). By studying the geometries of the phases
with TEM, information pertaining to surface interactions, such as interfacial tensions, can be

obtained.

3D structure characterization.

Many small molecule and polymer assemblies form structures with complex 3D
morphologies.*®502 For example, block copolymer assemblies form a variety of complex
structures including micelles, vesicles, cylindrical micelles, inverse micellar phases, compound
vesicles, and bicontinuous structures.8450% Differentiating these structures using 2D images can
be challenging. However, electron tomography (Section 3.5) enables 3D visualization and can
provide insight on the pore size, location, and connectivity, enabling a definitive morphological
assignment. Poly(ionic liquid) nanoparticles can also form complex 3D structures which can be
manipulated by varying the length of the alkyl sidechains.'®? 2D images revealed that the
nanoparticles change in the shape and internal structure, but cryoET was required to differentiate
“onion-like” and “spaghetti ball” morphologies (Figure 6 iii). Additionally, tomography has been
used to characterize topological defects in self-assembled hexosomes.'®® The study discovered

hexosomes contained noncircular hoops compared to traditional hexosomes which have inverse



hexagonal internal structure. The defects were explored in detail by STEM-tomography of Au-
labeled samples. Based on the results of the study, the defects were hypothesized to be potential
anchor points for targeting ligands or biomolecules on the surface of these nanoparticles (Figure

16 ii).

Self-assembly mechanisms

Polymer and small molecule self-assembly can proceed via a wide range of mechanisms.#75:480,504
Many factors including molecular interactions, solvent composition, temperature, pH, and
precursor concentration can alter the self-assembly mechanism and the resulting morphologies.
Understanding how these variables affect the mechanisms is essential to optimizing the
properties of these materials. Conventional TEM,?° cryoTEM,** and LPTEM®15% have been used
to study assembly mechanisms of polymer and small molecule based systems. For example,
cryoTEM has been used to study the assembly mechanism of perylene diimide amphiphiles.8¢
The study revealed self-assembly proceeds in 4 stages: amorphous aggregation (1), nucleation
and growth of fibril structures (Il and IIl), and fusion of these structures to form final morphologies
(IV). The study determined that hydrogen-bonding networks initiate the initial aggregation followed
by desolvation, which determines the final ordering of the molecules. Additionally, peptide
amphiphiles have been monitored with cryoTEM to visualize the formation of helical ribbons.5%
The helical ribbons were observed to have a twisted precursor and the morphological transition

was directed by a more stable molecular packing.

Using LPTEM, block copolymers were discovered to undergo liquid-liquid phase separation
(LLPS) during the formation of vesicles (Figure 16 iv).1°° The LPTEM data was used to quantify
vesicle size, membrane thickness (Figure 16 iv) and contrast which was directly related to the
processes of unimer insertion and chair stretching. Combining the LPTEM data with SCF (Section
4.5) revealed that vesicle size and membrane thickness were determined during the conversion

of the liquid precursor droplets into the solid phase membrane through the onset of a kinetic trap.



Following this study, further block copolymer systems were discovered that self-assembled
through LLPS or formed stable coacervates.®301 The liquid precursor phases were exploited to
control the formation of nano- and micro-particles as well as macroscopic porous membrane and
polymer fibers. While liquid phase precursors are well-known to occur in the formation of
crystalline materials, they had not previously been considered as precursor to amorphous
assemblies.*?? LPTEM has also revealed fusion!?? and encapsulation®’ mechanisms of block
copolymer structures,® these advancements show the important role LPTEM can have in polymer

research.
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Figure 16: Various TEM applications for polymers and small molecule systems. i) CryoTEM of
cerberus nanoemulsions produced by multidroplet flow. Different intensity regions depict different
oils found within each droplet. Reproduced with permission from ref (°°1). Copyright 2013
American Chemical Society. ii) Topological defects in vesicular hexosomes visualized via TEM.
Reproduced with permission from ref (18%). Copyright 2020 American Chemical Society. iii)

Cylindrical co-micelles of block copolymers characterized using conventional TEM. Reproduced



with permission from ref (*°). Copyright 2007 AAAS. iv) Vesicle formation visualized in real-time
using LP-TEM. The time series and schematic show the formation of a phase separated droplet
(LLPS) prior to the vesicle formation. (bottom left) The evolution of vesicle diameter vs. time.
(bottom right) The evolution of membrane thickness vs. time. Reproduced with permission from

ref ). Copyright 2019 Springer Nature.



5. Outlook

A complete understanding of molecular self-assembly is still very far away. Many phenomena still
need to be discovered, visualized, and quantified. Transmission Electron Microscopy will continue
to play a key role in improving our understanding of molecular self-assembly, enabling the design
and development of novel materials. Modern TEM methods are so powerful that all researchers
in molecular self-assembly would benefit from their utilization. However, most researchers in
molecular self-assembly are not TEM experts. Therefore, we believe the most important TEM
developments are those that improve accessibility, automation, and data integration. This is in

addition to the continued developments to improve resolution.

Accessibility: Many researchers do not have access to modern TEM facilities due to the high
cost of the instruments, expert staff, service contracts, and maintenance. Historically, TEM
development has focused on improving the resolution, with minimum attention given to producing
affordable, robust microscopes. More recently, lower-cost cryoTEMs with reduced service
contracts have emerged as well as tabletop TEMs,5%8:5° which do not require service contracts.
The tabletop TEMs have limited functionality but can be excellent tools for performing simple
imaging tasks. In addition, tabletop TEMs provide an affordable platform for all researchers, and
the simple operation makes them great teaching microscopes at the undergraduate level.
Continued developments in the functionality of tabletop TEM and reduced cost of conventional
TEMs are essential for improving accessibility. The collection of high quality TEM data requires a
significant amount of expertise and training, further limiting the accessibility of TEM. While
maintaining a community of TEM experts is essential, the development of automated microscopes
that enable non-experts to routinely collect high quality data is equally essential to expanding the

accessibility of TEM.

Automation: Most of the TEM methods discussed in this review are considered routine for highly

trained electron microscopists. The training of researchers to perform complicated but highly



repetitive tasks such as sample preparation®'%51! microscope operation®? and data analysis®*354
is a significant waste of resources, especially considering recent advancement in the automation
of these tasks. While research into automation already exists, automated routines are not widely
used. This is in part due to the fact they only work well for a limited number of specific tasks and
are often expensive. To address this problem, we need to improve open-source intelligent
automation that can deal with many different tasks, as well as develop task specific microscopes
for the most important and routinely applied experiments. In our opinion, the technology already
exists to develop fully automated, low-cost microscopes that can perform 2D conventional and
cryogenic TEM. If these microscopes were widely available to the molecular assembly
community, an unprecedented increase in self-assembly knowledge would occur. We believe the
development of intelligent microscopes will be enabled by machine learning.5'® Ideally machine
learning enabled microscopes will require minimal service and knowledge to operate, and
improvements in their capabilities can be achieved by software upgrades rather than a complete
microscope upgrade every few years. Importantly, these automated microscopes will likely be
separate products from the traditional microscopes used by expert microscopists to develop new
methods. The development of new methods is still an essential task, especially in the areas of
liquid-phase TEM, analytical TEM, electron tomography, analytical TEM, and 4D-STEM which are
still in their infancy compared to conventional TEM and cryoTEM. This development can be aided

by automation but will also require a significant amount of highly skilled manual development.

Data Integration: Although it is widely recognized that multiple theoretical and analytical methods
are needed to fully understand complex processes, the data from each method is typically
summarized qualitatively. For example, a recent review of mechanistic studies on MOF nucleation
and growth revealed that at least eight separate papers have been published in the past seven
years on the time-resolved, mechanistic studies of ZIF-8 with almost identical synthetic

conditions.5'® The ZIF-8 system has been studied with many different techniques including



electron microscopy, light and x-ray scattering techniques, molecular dynamics simulation and
NMR spectroscopy. The summation of this data was qualitatively summarized in their review
article to provide our ‘best current description’ of the formation process; this is our standard
method for collating and interpreting data. Intuitively, we know this is not the most rigorous way
of using this large amount of data. However, if instead we could quantitatively merge datasets
together after they are published, we could create a single ‘best’ description that can evolve with
every new publication. This would enable researchers to benchmark new data and new TEM
methods against existing datasets prior to publication. More importantly it would significantly
enhance the information from combined and correlative studies. A key feature of this integration
will be combining the typically nanoscale structural information from TEM with chemical and
bonding information from molecular dynamics simulations or more common chemical analytical
tools such as NMR, IR, Raman and Mass Spectrometry. This integration is going to be essential
for providing a link between molecular chemistry the emergence of supramolecular structural
dynamics. Data integration will be enabled by the advancement in automation as described
above, as automation will enable the collection of precisely labelled TEM data. However data
integration will also require the development of open source data storage and computational
frameworks that enable users to seamlessly combine multiple types of data,>'® to provide an

evaluation that is greater than the sum of its parts.

Resolution: Understanding molecular self-assembly requires TEM methods that can probe the
appropriate time and space domains.5'” Improvements in temporal and spatial resolution enable
the study of new structures and dynamic processes. TEM methods applied to molecular self-
assembly are typically not limited by the microscope but are limited by beam sensitivity of the
samples — dose limited resolution. This is especially true for electron tomography, liquid-phase
TEM and elemental mapping. For example, atomic-resolution electron tomography of beam

sensitive materials could be considered a grand challenge. Improving the resolution of dose



limited imaging requires a better fundamental understanding of the electron-sample interactions
as well as optimizing every electron-sample interaction. For example, electron pulsing,107:518519
and sub-sampling®?° has been shown to significantly reduce electron-beam damage. Improving
our understanding of this phenomena and our ability to precisely control how the beam is applied
to our sample will result in significant improvements in resolution. Direct electron detectors are
already capable of single electron counting,®?! and while detection improvements are possible, it
is unlikely to generate a step function increase in capability. A more promising alternative is to
use these detectors more effectively. Typically, TEM experiments on molecular assemblies only
collect a fraction of the possible data, for example collecting either bright field or dark field images.
However, there is great potential in developing detection systems that collect multiple types of
information simultaneously.?%® This greatly increases the information content of each exposure

and ultimately increases the resolution for dose limited experiments.

Conclusion: TEM has made an enormous contribution to the field of molecular self-assembly by
enabling the discovery, visualization and quantification of structures and dynamic processes.
Conventional TEM is the most accessible and high throughput method and is suitable for
materials that are stable to high vacuum. CryoTEM is the preferred method for imaging solvated
structures at high resolution, and LPTEM is the preferred method for understanding dynamic
processes. SPA and Electron Crystallography can be used to determine the 3D structure of
atomically precise materials, and electron tomography enables 3D reconstructions of unique
objects. Elemental and bonding information can be obtained using EELS and EDX. This suit of
methods encompasses essentially all of our required knowledge about self-assembled systems.
Continued improvements in TEM methods will help to bridge our self-assembly knowledge gaps.
The most important developments for the application of TEM to molecular self-assembly will focus
on improving the accessibility and automation of TEM experiments. The ability to routinely perform

a suit of TEM methods when designing and developing new self-assembled materials will have a



profound impact on the field of molecular self-assembly. TEM has revealed that molecular self-
assembly is more complex than we previously thought. Within a single experiment, it is common
for multiple phase changes to occur and for the final structures to be determined by multiple
pathways occurring simultaneously. Resolving these complex mechanisms requires quantitatively
combining data from multiple TEM methods and complementary analytical and computation
methods. With this combined data in hand, we will finally be able to embrace the complexity of
self-assembly and re-design our synthetic methods to create new materials with improved and

unique functions.

6. Addendum

The following addendum provides text which covers some information that may benefit the reader.
Additional references are also provided for readers that are further interested. While these
sections do not always directly relate to molecular self-assembly, understanding how the TEM
operates in different modes and the knowledge of its limitations is essential to study molecular

self-assembly using the TEM.

6.1 Microscope components
The transmission electron microscope (TEM) consists of 3 essential components: (1) an electron
gun, which produces the electron beam, (2) a series of electromagnetic lens systems which are
used to align and project the electron beam, and (3) a camera which detects the transmitted or
scattered electrons and records the image (Figure 17).1° These components are located within a
vertical microscope column that is under high vacuum to prevent scattering from gas molecules.
Traditionally, TEM electron guns were made of thermoionic tungsten or lanthanum hexaboride

(LaB6) filaments. However, most modern TEMs are built with field emission guns (FEG) which



provide greater coherence and brightness. Most electron guns accelerate electrons ranging from
40-300 keV; however, higher voltages can be used for imaging thicker samples.

Three electromagnetic lens systems are arranged below the electron gun: the condenser,
objective, and protector lens systems. Each system will have one or more lenses, deflectors,
stigmators, and apertures. All electromagnetic lenses are convex lenses and are used to focus
the electron beam to a focal point. Deflectors and stigmators impose a weak electromagnetic
field on the electron beam; thus, their role is to manipulate the angle (deflectors) or shape
(stigmators) of the beam. Apertures are typically circular holes in thin metal sheets and are used
to isolate different parts of the electron beam. The role of the condenser lens system is to direct
the electron beam towards the sample. The user can control the brightness and convergence
angle of the beam incident upon the sample. The sample, contained in a specimen holder, is
inserted in a specimen chamber located below the condenser lens system. Within the chamber,
the specimen location and tilt angle can be adjusted to view different locations and orientations.
The specimen chamber can be found between two pole pieces of the objective lens. After the
electron beam transmits through the sample, the objective lens system forms the image or
diffraction pattern. There are several imaging modes available in a TEM which provide different
information about the sample (see section 7.3). In short, image mode obtains real-space
information by focusing the image plane onto the detector while diffraction mode obtains
reciprocal space information by focusing the back focal plane onto the detector. In addition, the
magnification of both the real-space image and diffraction pattern can be adjusted through the
projector lenses with the magnification being described as camera length in the diffraction mode.
Similar to the condenser lens, the objective lens also has apertures of various sizes that can be
inserted to filter unscattered or scattered electrons for producing dark field images or enhancing
contrast in bright field images respectively.

While a phosphorous screen is typically used for viewing a sample, various detectors exist for

capturing real-space images and diffraction patterns. The most common detectors are, charge



couple devices (CCD), complementary metal oxide semiconductor (CMOS) and direct electron
detectors (DED).52522 CCD and CMOS cameras use scintillators to convert the detected
electrons into photons that are then transferred to the final detector. DED can directly detect
electrons and do not require scintillators. DED have a greater detective quantum efficiency and
are 10-100 times more sensitive to electrons compared to CCD cameras; thus, they are favorable
for low electron dose experiments such as in cryoTEM (see section 3.2). DED also are capable
of high framerates, which is ideal for LPTEM (see section 3.3) and 4D-STEM (see section 3.7).
Like other lens-based microscopes, TEM also suffers from aberrations and astigmatisms that can
reduce image quality. Spherical aberration is typically reduced through the insertion of apertures
to block the electrons on the periphery of the electron beam. For high resolution studies, spherical
aberration correctors, which consists of two hexapoles and two round-lens, can be used to reduce
the aberrations in the objective lens even further.5* Chromatic aberrations also reduce image
quality and can be reduced by using monochromators or in-column energy filters to decrease the
electron energy spread. Energy filters can also be used to improve contrast or perform elemental

mapping by selecting electrons of specific energies.
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Figure 17: Simplified schematic of a transmission electron microscope. Reproduced with

permission from ref (2°8). Copyright 2016 Elsevier.

6.2 Sample Preparation
Proper sample preparation is essential to extracting useful information from TEM images. While

nanoscopy methods cannot observe structures in their truly native state, better representations



of the native state can be obtained by using methods that minimize artefacts and structural
rearrangement during sample preparation. The most important considerations for sample
preparation are sample volatility, thickness, scattering power, and density on the grid. The
vacuum of the microscope requires that volatile compounds are removed (conventional TEM),
vitrified (cryoTEM), or contained using specialized holders (LPTEM). Structures that are < 1
micron thick can be deposited on TEM grid without prior processing.’® Structures that are > 1
micron thick require an extra thinning step, such as microtomy or a focused ion beam milling,52°
which can be performed after dehydration or under cryogenic conditions.5?¢ To obtain useful
information, samples must have sufficient scattering power compared to the background or
substrate. For organic specimens, heavy metal stains are commonly added to increase the
scattering difference between the object and the background.3%:527:528 Pgsitive stains selectively
bind to the object, and negative stains selectively bind to the background.>?® However, staining
can induce artifacts that lead to false interpretation.5?° Another approach is to use substrates such
as graphene or graphene oxide that have very low scattering power.16530.531 The low scattering
power of these substrates increases the scattering difference between the object and the
background removing the need for staining. These substrate can also be used in combination
with cryoTEM to obtain thin ice layers.5%?

The ideal TEM grid contains a high density of objects that are not overlapping. Overlapping
objects significantly increase the difficulty of visualization and image analysis. Grids with a very
low density of objects requires significantly more imaging time to obtain the required statistics.
Optimizing the density of objects on the grid depends on the specific sample preparation method;
however, the particle concentration in solution is the most important factor to optimize.

The most common way to prepare samples for conventional TEM is by drop casting a solution
onto a TEM grid and letting it evaporate. For some materials, the evaporation process can
damage or alter the assembled structures limiting the scope of conventional TEM.5?° The standard

TEM grid is a 3 mm disc made from a support material such as copper, gold, and silicon, and the



grid can be coated with a thin film such as amorphous carbon, graphene, graphene oxide, or
silicon nitride. The grids are divided into sections where the number of sections is given by the
mesh size. The thin films can be continuous or porous (also known as holey or lacy).

The most common method used to prepare cryoTEM samples is referred to as “plunge
freezing”.3%8525 The TEM grid is treated with plasma to clean and make the grid surface more
hydrophilic. The sample is then deposited on to the grid by pipetting ~3 uL of solution. The excess
solution is then blotted off using a filter paper, and the pressure and the blotting time will determine
the thickness of the vitrified ice layer. Once the sample is blotted, it is plunged into a cryogenic
agent, such as ethane or propane, for vitrification. This process is now widely performed using
automated instruments to increase the sample quality and reproducibility. Overall, controlling the
rate of vitrification is essential to avoiding artefacts such as crystalline ice, which forms as a result
of slow vitrification. The environment, specifically the humidity and temperature, should also be
carefully monitored throughout the plunge freezing process to prevent sample evaporation. Thus,
the sample application, blotting, and plunging are performed in a controlled environment
vitrification system (CEVS).5” After sample preparation, the sample can then be transferred to a
cryo-holder, which maintains cryogenic conditions during imaging. Although cryoTEM is ideal for
preventing drying artefacts, care should be taken while interpreting images because the shear
forces which are applied to the sample during blotting are sufficient to reorganize assembled
structures.®0533534 Furthermore, confinement within the thin liquid layers prior to vitrification can
result in size sorting effects.535:536

LPTEM can be performed by three different methods: 1) enclosing the liquid within a cell, also
known as Liquid cell TEM.537:538 2) using a differential pumping system to create a high pressure
around the sample, also known as environmental TEM (ETEM),% and 3) using non-volatile
liquids as the reaction media.*’344 Although the non-volatile liquid method is the simplest, it is
limited to solvents such as ionic liquids. The ETEM method can be used to image liquids,>3 but it

is more commonly used to image in the gas phase due to limitations in pressure range. Liquid



cell is most commonly performed by enclosing samples inside a silicon nitride microchip®° or a
graphene cell.>*! The advantage of the silicon nitride cell is that they are fabricated with micro-
electro-mechanical systems (MEMS) technology, which is inherently scalable. MEMS technology
also enables controlled flow,*?® electrochemistry,>*? and heating,!'3117:128 experiments to be
performed inside the microscope with modern holders. The advantage of the graphene cell is that
the thin layer of graphene provide minimal background scattering which enables higher resolution
imaging,>#1543 and the conductivity of the graphene reduces beam damage.%54 While used
widely, graphene cells are usually limited to small imaging areas (typically limited to 20 x 20
microns) which limits the size of structures studied within them.

When designing LPTEM experiments, sample concentration and microchip surface are important
to consider. High sample concentrations can cause viewing area to be completely blocked, which
ends an experiment. However, with low concentration samples, dynamics are less likely to occur
in the viewing area.®? The cleanliness of the silicon nitride cells is essential for preparing LPTEM
samples. The surface of the microchips should be plasma cleaned and observed using an optical
microscope for any impurities. The plasma charges the surface of the microchips, which can
influence the motion of particles within the cell. The ideal liquid cell has surface charges that are
optimized to control particle motion such that the dynamics can be imaged with an appropriate
temporal resolution. Although surface charges are known to effect motion within the cell, there
are currently no demonstrations that dynamics can be controlled or predicted based on a specific
surface treatment method. Additionally, the thickness of the cell must be thin enough to obtain

the desired resolution.>**

6.3 Imaging modes

Contrast can be defined as the difference in measured intensity of an object with respect to the

background.® Contrast is generated by three mechanisms: mass-thickness contrast, diffraction



contrast, and phase contrast. TEM images are formed from a combination of all mechanisms.
However, depending on the sample and imaging mode, one or more mechanisms may be
dominant. Mass-thickness contrast refers to the difference in sample thickness or electron
density; samples with greater thickness and/or electron density will scatter more electrons and
have greater contrast. Heavy metal stains can be implemented to improve contrast to molecular

self-assemblies, which is an exploitation of mass-thickness contrast.

Diffraction contrast refers to the contrast generated when electrons undergo Bragg scattering.
Diffraction contrast is typically used for the collection of diffraction patterns; however, it can also
significantly contribute to the contrast in real-space TEM images.>*® Diffraction contrast makes
quantitative interpretation of the real-space images challenging,>* but it can aid in qualitative
interpretation of a sample. For example, if the sample shows clear diffraction contrast, it must be

a crystalline sample, but lack of diffraction contrast does not prove the sample is amorphous.

Phase contrast occurs because most scattering events result in a phase shift of the electrons.
This can result in constructive or destructive interference at the electron detector and can enhance
the difference in detected intensity between the object and the background. Phase contrast is
most dominant in bright field images at higher magnifications and for thin, low atomic number
samples that do not significantly scatter electrons such as most molecular assemblies. Phase
contrast can be difficult to quantitatively interpret, requiring knowledge of the contrast transfer
function.5*” Consideration and correction of the contrast transfer function is essential for high-
resolution TEM images and is common in single particle analysis®* and electron tomography>4°.
In addition, the defocus value can be used to finely tune the contrast transfer function and,
therefore, phase contrast. Increasing the defocus value increases phase contrast but results in
lower spatial resolution. For a single image, the user must decide on this trade-off depending on
the goal of the image. However, high resolution, high contrast images can still be obtained through

the use of phase plates®®, or exit wave reconstruction®’.



TEM can be operated in an array of imaging modes including TEM and Scanning TEM (STEM).5%!
TEM is performed by using the condenser lens system to direct a parallel electron beam through
a small area of the sample, perpendicular to the sample plane (section 7.1). Once the beam
transmits through the sample, the information in each pixel is collected simultaneously. As the
electron beam is circular and the detectors are square or rectangular, the area of sample exposed
to electrons is typically larger than the imaging area, which is important when interpreting electron-
sample interactions or performing low-dose or controlled-dose imaging (section 7.4). STEM
imaging is performed by using the objective lens system to focus the electron beam to a small
point on the sample. In addition, STEM uses scanning coils to raster the beam across the sample
where the information in each pixel is collected sequentially. The electron-sample interactions are
limited to the imaging area; however, the interactions can be more complicated due to spatial-

temporal inhomogeneity in the collection of the image.

TEM and STEM can further operate in either bright-field or dark-field imaging settings. Bright-field
imaging refers to the collection of transmitted electrons (i.e. electrons that are not scattering by
the specimen). In bright-field images, the areas of the grid that scatter electrons the least, such
as the substrate or holes in the substrate, appear bright, whereas areas that scatter electrons the
most, typically the sample, appear dark. Dark-field imaging refers to the collection of only the
scattered electrons, so contrast is inverted compared to bright field images. Dark-field TEM
imaging is typically performed by either moving the objective aperture away from the optical axis
(i.e. low-resolution approach) or by tilting the beam (i.e. high-resolution approach). Using either
approach, only a fraction of the scattered electrons will be collected, so the images may have
significantly lower signal to noise than bright-field images. Dark-field images can also be collected
using annular detectors, which is the preferred method for performing dark-field STEM. The
transmitted beam passes through the center of the detector and the annular detector collects all

of the scattered electron at a given scattering angle. For example, High Angle Annular Dark Field



(HAADF) imaging is the collection of electrons at angles > 50 mrad. The advantage of HAADF
imaging is that only the inelastically scattered electrons are collected which greatly simplifies the
image contrast mechanisms. HAADF images are often referred to as Z-contrast images because
the contrast is directly proportional to the local electron density. In this review, we typically do not
specify the imaging mode and use “TEM” as the umbrella term unless there is a specific reason

to do otherwise.

6.4 Electron-sample interactions

Electron-sample interactions are essential for TEM imaging, as the elastic and inelastic scattering
of electrons produces the features in the TEM image.>®? Furthermore, interaction effects like
emitted X-rays, secondary electrons, or energy losses of inelastic electrons are essential for
performing analytical TEM (Figure 7, section 3.6). Interaction effects can slow the primary
electrons, produce secondary electrons, and/or emit x-rays which can be used in analytical TEM
to gain additional information about the sample. Electron-sample interactions can also damage
the sample, resulting in images that are not representative of the undamaged sample. The
damaged images can lead to incorrect interpretation of the self-assembly process and should be
avoided where possible. In the discussion of electron-sample interactions, the term “low-dose” is
frequently used; however, it can have several definitions. One definition is that the total number
of electrons per unit area of sample (often referred to as total or cumulative dose) during imaging
is below a certain threshold, for example 1 e"A2. In methods such as LPTEM, low-dose is also
used to refer to a dose rate threshold (number of electrons per unit area per unit time). Imaging
below given thresholds can be a useful guideline for well-established methods (e.g. cryoTEM of
proteins); however for each imaging mode, different samples and sample preparation methods
will have different electron-sample interactions. Therefore, for unestablished methods, imaging
modes, and samples, it is essential to perform electron-sample interaction studies (discussed

below). Another definition for the term low-dose is that an imaging procedure was used such that



the sample was only exposed to electrons during the acquisition of the image, and the sample
was not exposed to the electron beam during microscope alignment, locating the sample, or
focusing. This is often referred to as the “low-dose” procedure. The challenge with this definition
is that the images collected could still not be representative of the undamaged sample if the
electron dose is sufficient to damage the sample. A better term for this procedure might be

“controlled-dose”.

We believe that electron-sample interactions should be defined as being either useful or harmful
and as either significant or insignificant. Importantly, this definition can only be made with respect
to a specific goal and through a quantification of the result of the interaction. For example, if the
user has the goal of measuring the size of a nanopatrticle, and the electron-sample interactions
resultin an increase in the size of the nanopatrticle, the interaction is defined as harmful. However,
if the size increase is < 1% then this could be considered an insignificant interaction. When the
interaction is harmful but insignificant with respect to the goal, the image can be considered a
“low-dose” image. On the other hand, when the interaction is harmful and significant with respect
to the goal, the image can be defined as “beam damaged”. To definitively assign an image as
being low-dose, it is important to define the goal of image collection. For example, if during the
collection of an image of a crystalline nanoparticle, several atoms are displaced from their original
position (knock-on damage, see below), the image would be considered “beam damaged” with
respect to the atomic structure. However, no significant nanopatrticle size change from the image
would be considered “low-dose” with respect to the nanoparticle size. This distinction becomes
especially important for methods such as LPTEM where it is common to use the electron beam
to initiate and control solution chemistry,'?® enabling observation of the resulting chemical
dynamics and self-assembly processes. For example, a LPTEM study has shown that the
electron beam can be used to control the solution ionic strength to induce self-assembly of ligand

functionalized nanoparticles.5 In this study, it was essential to show that electron interactions



were not displacing the organic ligands on the surface of the nanoparticles.®** Whether the goal
is to perform low-dose imaging or to use the electron beam as a stimulus, it is necessary to have
a fundamental understanding of how electrons interact with matter and the experimental methods
used to quantify these interactions. Here, we will provide an overview of these topics. The reader

is directed to the following text for more information.13129.55

Electron-sample interaction mechanisms: Electrons interact with matter through elastic and
inelastic scatting events. In an elastic scattering event, the total kinetic energy is conserved, but
the direction of propagation is altered. This is responsible for electron diffraction which can used
to determine crystal structures (section 3.4). In an inelastic scattering event, the total kinetic
energy is not conserved. Inelastic events are useful for spectroscopic methods like EELS (section
3.6) which allows elemental mapping and vibrational spectroscopy of the specimen being imaged.
Elastic and inelastic electron-sample interactions can produce three main products: radiolysis,
knock-on damage, and electrostatic charging. Radiolysis is a result of inelastic scattering of
primary electrons. During radiolysis, the electrons from the TEM excite the specimen, which
quickly loses energy without returning to its original ground state, resulting in bond scissions and
permanent change in structure. Knock-on damage is a result of elastic collisions that often involve
small angles and minimal energy transfer; however, at large angles these collisions can transfer
several eV of energy to the nuclei and eject atoms from the specimen. Electrostatic charging
occurs when the irradiation area accumulates charge during imaging. This accumulation of charge
can deflect incident electrons introducing artefacts. The damage mechanism at play is determined
by the electrical conductivity of the specimen and the temperature dependence of the damage.>>?
Conductive materials have minimal radiolytic damage as the high charge mobility can quench
excited species. However, most of molecular assemblies are not conductive, so radiolysis is

typically the dominant damage mechanism.>5¢



Measuring electron-sample interactions: While several methods are used to quantify electron-
sample interactions, the basic principle is that multiple measurements should be made as a
function of total dose or dose rate where any changes in the measurement can be considered a
result of the electron-sample interactions. Quantifying these changes enables the user to define
a given threshold for an acceptable change. Quantifying the changes as a function of different
parameters (e.g. electron voltage, beam diameter, sample composition, sample thickness)
provides detailed information on how to minimize the electron-sample interactions (discussed in
more detail below). For crystalline particles, these measurements are most commonly performed
in diffraction mode.5%75%8 Diffraction mode is useful because it enables the collection of high
resolution, high signal to noise information at relative low doses compared to real space imaging.
Diffraction images of crystalline samples display sharp peaks, which will blur and decrease in
intensity as the electron beam damages the crystallinity. Damage always propagates from high
resolution information to low resolution information; therefore, the outermost spots in the
diffraction pattern are affected first. A critical dose is typically defined when intensity of particular
diffraction spots or rings drops to 1/e of the maximum value.>® This method can also be applied
to amorphous or semi-crystalline samples that display diffraction rings, rather than discrete
spots.50 Electron-sample interactions can also be quantified by analyzing changes in the real-
space images, which can be related to changes in sample size, shape, or contrast due to material
being lost or deposited.5%° Electron-sample interactions can also be measured using EELS or
EDS (section 3.6) as damage can cause a change in the local elemental composition and

bonding.*3

Strategies to minimize electron-samples interactions: Several strategies can prevent sample
damage; the simplest of which is to reduce the number of electrons that interact with the sample.

The consequence of this is that the resulting images will have lower signal to noise. While low



signal to noise images are difficult or impossible to visually interpret, they can contain equally
high-resolution information. As automated data analysis improves, especially for real-time
analysis, our need for high signal to noise images will decrease. This has been demonstrated

through the application of subsampled/compressed sensing TEM.561-564

The electron accelerating voltage is an important variable for minimizing damage; however, care
should be taken to correctly diagnose the problem. While lower voltages can be used to get below
the knock-on damage threshold, lower voltages increases damage from radiolysis.®%> As
radiolysis is the dominant mechanism for non-conducting samples, damage is typically minimized
at higher voltages. Radiolysis effects can be minimized by lowering the specimen temperature.
For example, in cryoTEM, the ice layer around the sample also acts as an additional protective
layer.13566 Staining is another common method to minimize damage, but this strategy can
introduce artifacts. Pulsed electron beams with femto or pico second pulses can also be used to

reduce damage if “healing” can occur between pulses.13:518:567.568

Consideration for LPTEM: Electron-sample interactions for liquids have been widely discussed,
and is an area of active and much needed research.®%5% The electron beam is known to partially
decompose all liquids,>®” and the dominant mechanisms are thought to be radiolysis®*® and
charging.1?%569.570 Charging occurs when the incident electron interacts with non-bonding
electrons within the sample, and the result of that interaction is charge accumulation. While
radiolysis generates reactive species, charging results in the redistribution of charged species.
The result of both effects is that the composition of the liquid being imaged will not be the same
as the composition which was loaded into the cell. This presents a significant challenge for
interpreting LPTEM data and performing low dose imaging. Typically, LPTEM experiments are
performed to observe a dynamic process, i.e. the conversion of a starting material to a product.
One approach is to perform the electron-sample interaction studies on the starting materials

and/or final products.®® This can be a useful guide for optimizing imaging conditions to perform



low dose studies, but it is important to remember that the electron-sample interactions of the
intermediates could be very different from either the starting materials or products. Another
approach is to perform so called “postmortem” analysis which involves tearing apart the liquid cell
and drying the sample. This enables other analysis methods that may not be possible to perform
inside the microscope or the liquid state.'°” Another approach is to perform the dynamic studies
at multiple doses and to analyze the data as a function of the total dose or dose rate.'%? This can
enable the extrapolation of dynamic data to “zero-dose” conditions.>* A final approach is to
perform combined studies and look for consistent behavior across multiple methods such as
molecular simulation and scattering experiments. Molecular dynamics is an extremely important
approach here as it can also be used to obtain dynamics at the single particle level.1%2 While these
approaches are informative, none of them are sufficient to definitively prove that the data collected
was “low-dose,” so we should remain open to the possibility that the dynamics in the absence of
the electron beam may be different. Although electron-sample interactions in LPTEM are not yet

fully understood (section 3.3), a great deal can still be learned about the self-assembly dynamics.

Figure 18: Interaction of incoming primary electrons with specimen. i) Different signals produced
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and back scattered electron generation. Reproduced with permission from ref (°°8). Copyright

2016 Elsevier.

6.5 Image analysis

A TEM image is a 2D representation of a real object. The object is represented by a matrix of
pixels, where each pixel has an x, y coordinate and a corresponding intensity value. High intensity
values (lighter pixels) correspond to regions of the detector that interacted strongly with electrons,
and low intensity values (darker pixels) correspond to regions that interacted weakly or not at all.
Signal is typically captured and digitalized with an electron detector (see sections 7.1) which
introduces noise into the image. Poisson noise (shot noise) is signal-dependent and results from
the discrete arrival of electron at the detector, while Gaussian noise (white noise) is signal-
independent and results from the electronic components of the detector.5’2 Signal to noise in
TEM is often defined as the average image intensity divided by the standard deviation of the
intensities.>”® High signal to noise images are the easiest to visually and computationally analyze.
However, many TEM methods applied to molecular self-assembly are dose-limited (Section 7.4).
To extract the most information from dose-limited experiments, the images should be collected at
the signal to noise limit. Low signal to noise images typically requires image processing, which
involves mathematically manipulating the intensity values of the image to aid in visualization or
image analysis. Subsequently, image analysis involves extracting quantitative information, such
as r measuring the diameter of a particle. Most image processing and analysis methods are not
specific to TEM images but are consistent across all types of imaging methods. Several open
source and commercial software packages are available for image processing and analysis.
ImageJ-FIJI is a popular open source, user-interface based platform with researchers often
contributing plugins alongside publications for advanced functionality.>4-577  Additional user-
interface platforms include Nion Swift,>® Gatan DigitalMicrograph, MIPAR,5® and Relion 3.58

MATLAB and Python are commonly used for programmatic image processing and have vast



libraries of filters,, segmentation routines, and analysis toolsets. For more information on image
processing and analysis, the reader is directed to the following texts.%81-584 Here, we will briefly

describe common image processing and analysis methods.

When displaying one-dimensional data, it is important to define y-axis boundaries that enable
visualization of the relevant features of the data. The same is true for images, where a colormap
with contrast boundaries must be assigned to the data before viewing it. Perceptually linear
colormaps should always be used to avoid false boundaries in the image and ensure consistent
interpretation.58 In a typical TEM image, a grayscale colormap will be assigned to the data, with
the largest intensity value of the image assigned to a pure white pixel and the smallest intensity
values assigned to a pure black pixel. Every intermediate value is assigned a shade of gray
based on the linear position between the highest and lowest intensity value. As displayed in
Figure 19,58 this method of boundary assignment can result in an image with low object contrast
because a small number of outlier pixels (often caused by noise) can cause the majority of the
object information to be represented in a small portion of the color axis. In most software, contrast
boundaries can be defined manually or adjusted with brightness and contrast. In Figure 19 ii the
upper and lower contrast boundaries are defined closer to the mean of the histogram which better
highlights the object. However, any information above or below these boundaries is now lost and
represented as pure white or pure black pixels. No universal method exists for determining the
best contrast boundaries for displaying an image. Most image analysis software includes an auto
contrast function which attempts to determine and display the maximum amount of useful
information in an image, but ultimately the user must consider which features are highlighted and

which are lost upon assigning contrast boundaries.

Image processing is defined as a series of mathematical operations used to highlight features of
an image. This is often achieved by filtering the image via matrix convolution. Matrix convolution

is accomplished by taking the dot product of a small matrix, called the kernel or convolution matrix,



with every location of the original image to produce a new image. For example, a Sobel filter
highlights object edges by identifying intensity gradients via matrix convolution. TEM images are
often processed with filters such as the mean filter, median filter, Gaussian filter, and Weiner

filter.587-589

Images can also be transformed to aid in visualization and analysis. An image transformation
involves redefining features of the image on a new set of axes. For example, the Fourier transform
(FT) translates the image into frequency space, where periodic features are expressed as bright
pixels. This method is commonly used to highlight uniform features present in directional or
crystalline materials (see Figure 10 iii and Figure 11 ii).?®* It is also common to apply filters in
Fourier space such, as a low pass filter which eliminates high frequency features from the image
(such as random noise).%® Other noteworthy transforms include the Euclidian (distance)

transform®%, Hough transform®°!, and polar transform?0°,

Image analysis is the procedure of extracting quantitative information from a raw or processed
image. A common example is to extract the size distribution of objects, for example, the diameter
of spherical particles. A basic method is to use line drawing tools, which are common in programs
such as ImageJ, and to manually draw a line across each particle of interest. The advantage of
this method is that it is quick and easy for measuring a few particles. However, the challenges
with this method are that it is time consuming to apply to many particles and that the selection of
which particles to measure and where to draw the line is subjective. Another, more quantitative
method is to create an intensity profile for each particle and then calculate the diameter based on
the full width half maximum (FWHM) of the resulting profile. This method removes the subjectivity
of how the diameter is defined but is still time consuming, and particle selection remains
subjective. Another approach is to use object segmentation to define which pixels represent object
and which pixels represent the background. Once segmented, the user can perform a variety of

image analysis procedures on each individual object such as calculating the area of each sphere



and converting this to a diameter, which uses information from the entire object rather than a
single slice. Object segmentation can be achieved by a variety of techniques such as Otsu-
method thresholding,588592 k-means clustering,>®° and active contouring 593-5%, The advantage of
segmentation is that it can be fully automated and is therefore less subjective and less time-
consuming for large datasets.586:5%  Precise segmentation can be challenging with low signal to
noise images,%’ touching or overlapping objects,%%® and/or severe gradients in background
illuminations; these scenarios require more complex image processing pipelines before
analysis.599600  Accurate object segmentation enables data analysis that would be inaccessible
with manual techniques, for example, quantifying particle motion,®°1.6%2 particle orientation'3°, and

particle geometry.102.103

At its core, TEM image processing and analysis is a computer vision task, and the techniques
described above use traditional algorithms to accomplish these tasks. However, in recent years,
Deep Neural Networks (DNN) obtained via Machine Leaning (ML) have successfully produced
task-specific models which outperform traditional routines in almost all computer vision tasks.®%3
Most ML has been applied to natural images; however, there are some example of TEM specific
models for defect characterization®460% super-resolution reconstructions®®®, and object
segmentation.607-609 Specifically, the U-net model has demonstrated superior object
segmentation in inorganic LPTEM self-assembly datasets, with a closed loop process for
simulating labeled image data to train the model.*® ML becomes more useful as the complexity
of the objects under investigation increases. Therefore, we expect the continued development of
ML models for TEM image analysis to have a great impact on the application of TEM to

understanding complex molecular self-assembly.
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Figure 19: Applying two different sets of contrast boundaries to the same image of virus particles.
Reproduced with permission from ref (586). Copyright 2019 Springer Nature. i) Intensity histogram
and resulting image when contrast colormap is scaled linearly between 0 and 255. The majority
of the object information is represented in a small portion of the colormap. ii) Intensity histogram
and resulting image when contrast colormap is scaled linearly between 90 and 160. Every
intensity value below 90 is represented as pure black, and every intensity above 160 is pure white.
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