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Abstract

Electron  microscopy  has  played  an  important  role  in  polymer  characterization.

Traditionally,  electron  diffraction  is  used  to  study  crystalline  polymers  while  transmission

electron microscopy is used to study microphase separation in stained block copolymers and

other multiphase systems. We describe developments that eliminate the barrier between these

two approaches – it is now possible to image polymer crystals with atomic resolution.    The

focus of this review is on high-resolution imaging (30 Å and smaller) of unstained polymers.

Recent advances in hardware allow for capturing numerous (as many as 105) low-dose images

from an unperturbed specimen; beam damage is a significant barrier to high-resolution electron

microscopy of polymers.  Machine-learning-based software is then used to sort and average the

images  to  retrieve  pristine  structural  information  from  a  collection  of  noisy  images.

Acknowledging the heterogeneity in polymer samples prior to averaging is essential.  Molecular

conformations in a wide range of amphiphilic block copolymers, polymerized ionic liquids and

conjugated polymers, can be gleaned from two-dimensional projections (2D), three-dimensional

(3D) tomograms, and four-dimensional (4D) scanning transmission electron microscopy (STEM)

datasets where 2D diffraction patterns are taken as a function of position. Some methods such as

phase contrast STEM have been used to image closely related materials such as metal-organic

frameworks but not polymers.  With improvements in hardware and software, such methods may

soon be  applied  to  polymers.  Our  goal  is  to  provide  a  comprehensive  understanding of  the

strategies toward the high-resolution imaging of radiation sensitive polymer materials at different

length scales.   



1. Introduction

The morphology of polymer materials depends on chemical structure of the monomer, the

presence of side-chains in the monomer and the nature of the bonds that connect the monomers.

Determining the location of the atoms that make up a polymer chain is important as they govern

the  properties  of  polymer  materials;  however,  we  seldom  have  direct  knowledge  of  their

location.   The main  purpose of  this  review is  to  summarize  recent  advances  in  the field of

electron microscopy that have the potential  to significantly improve the resolution of images

obtained from polymer samples.  

In  conventional  synthetic  polymers,  chain  molecules  exist  in  two  states:  crystalline  and

amorphous. Homopolymers in the crystalline state adopt folded two-dimensional (2D) lamellar

crystals  that  are  arranged  in  three-dimensional  (3D)  spherulites.1 In  block  copolymers

comprising two or more blocks of chemically distinct repeating units, the morphologies obtained

are more complex due to the additional factors related to thermodynamic interactions between

different monomers.2.  Spontaneous microphase separation of the blocks results in the formation

of 2D and 3D nanostructures, such as lamellae, cylinders, gyroid and helices, on the 2 to 100

nanometer length scales.3-12 The chains in each of the microphases can be either crystalline or

amorphous.   A  fundamental  challenge  in  polymer  science  is  to  design  nanoarchitectures

assembled from polymers  with  precisely  controlled  structures  and properties.  Information  of

chain conformations is therefore desired at the atomic length scale. 

Ernst Ruska developed the first electron microscope (EM) which enabled both direct imaging

in position space and electron diffraction in reciprocal space.13 The resolution was unprecedented

as the wavelength of electron beams (typically 0.002 nm) is much shorter than X-rays (typically

0.15 nm). In a landmark study in 1938, Storks demonstrated that electron diffraction could be



used to characterize crystalline polymer materials.14  In 1950s, Keller and coworkers studied the

folded  chain  configurations  and  lattice  structure  of  polyethylene  (PE)  single  crystals  using

transmission  electron  microscopy  (TEM)  imaging  and  diffraction.15-18 Since  then,  electron

diffraction has led to the determination of crystal  structure of numerous other homopolymers

such  as  polyethylene  oxide  (PEO),  and  polypropylene  (PP),  and  block  copolymers  such  as

polyethylene oxide-b-polystyrene (PEO-b-PS).19-34

It is challenging to obtain structural information of polymers due to their limited stability

under  electron  beam  radiation.   Keller  and  coworkers  realized  the  importance  of  radiation

damage, noting that the diffraction signatures of crystalline order in PE crystals disappeared as

the  electron  dose  increased.21,  35 In  1971,  Glaeser  studied  radiation  damage  in  crystalline

biological materials.36 Included in this study were measurements of the intensities of the Bragg

reflections  in  the  electron  diffraction  patterns  that  led to  a  quantitative  understanding of  the

relationship between radiation damage and spatial resolution. Since then, numerous papers have

been written on the subject of radiation damage in biological materials.37-38 The Glaeser method

has been also widely used to study radiation damage in polymer materials.26, 37, 39-45 The extent of

radiation damage in both crystalline and amorphous polymer, based on the work of Keller and

coworkers, was summarized by Grubb.46 A fraction of the incident beam of high energy electrons

is scattered as it interacts  with the polymer specimen (which is usually thin for transmission

electron  microscopy (TEM)).   While  the scattered electrons  can be the result  of inelastic  or

elastic scattering events, the inelastic-to-elastic scattering ratio is governed by atomic number Z

(experimentally  scales  as  20/Z).47 In  the  polymer  materials  comprising  light  elements,  the

scattered electrons are mainly inelastic and it is these electrons that are primarily responsible for

radiation damage; they induce plasmon excitation and subsequent ionization.47 Signatures of the



early stage of radiation damage, namely loss of diffraction patterns, give way to mass loss and

the appearance of bubbles due to beam-induced chemical reactions as the accumulated electron

dose increases.  An example of such a reaction is formation of hydrogen gas in hydrocarbon

polymers.  In order to prevent radiation damage in typical aliphatic polymers, the accumulated

electron dose deposited on the field of view, where an image is acquired, must be between 5 to

30 e/Å2.22-23, 48-51  Aromatic polymers show higher tolerance of electron dose relative to aliphatic

polymers due to the delocalization of electrons.  37,  52-54 In addition,  the tolerance of radiation

damage of aromatic polymers can be increased by using a graphene supporting film 55 or adding

an antioxidant.45 More details about the dependence of radiation damage on temperature, dose

rate,  acceleration  voltage  and  the  specificity  of  damage  to  different  polymers  can  be  found

elsewhere.56 Nevertheless, some form of beam damage must be endured if larger doses are used

in an attempt to increase signal-to-noise. 

Electron diffraction has historically been the standard approach for studying the structure

of crystalline polymers.  In the same field of view, scattered waves from a large number of unit

cells  in  that  field  interfere  constructively  to  give  strong  diffraction  patterns  which  can  be

interpreted  in  terms  of  the  underlying  unit  cell;  staining  is  unnecessary.  In  contrast,  the

microphase separated structures in most of block copolymers cannot be directly  observed by

bright field TEM due to the lack of contrast in amorphous regions.  Andrews and coworkers first

demonstrated the staining of a rubbery phase in a polymer using osmium tetroxide in 1964.57-58

This  protocol  was  further  developed  by  Kato  to  image  the  thin  sections  of  acrylonitrile-

butadiene-styrene (ABS) resin where the amorphous unsaturated polybutadiene domains were

positively stained by osmium tetroxide.59-60 Other staining agents, such as ruthenium tetroxide,

iodine, and lead acetate, were used to stain the other targeted polymers. Ruthenium tetroxide has



been widely used to stain polymers that contain ether, alcohol, aromatic, and amine functional

groups.61 Iodine is used to stain the pyridine rings, through the formation of a pyridinium salt.62-63

Lead acetate  can increase the electron  density  of ion-containing  hydrophilic  blocks after  ion

exchange.64-65  Most synthetic  crystalline  polymers  are,  strictly  speaking,  semicrystalline.   In

other  words,  the  crystalline  unit  cells  coexist  with  amorphous  domains.   These  amorphous

domains can be selectively stained by osmium tetroxide and ruthenium tetroxide in polyolefins

and polyamides  to  reveal  a  more complete  description of 2D and 3D morphologies.66-70 The

direct staining of the objects of interest is referred to as positive staining.  Negative staining

agents such as uranyl acetate or uranyl formate are used to increase electron scattering from the

background around the objects  of interest,  thereby enhancing the signal-to-noise ratio  of the

image.  This  method  has  been  widely  used  to  examine  the  morphology  of  self-assembled

structures in solution – the structures are deposited on a substrate, dried, and collapsed.71-72 

Staining has become a standard protocol for TEM imaging of polymers.  In addition to

increasing contrast between phases comprising light elements, staining agents, which invariably

contain  heavy  elements,  reduce  electron  beam  damage.   However,  the  introduction  of

compounds that are not in the material of interest and the processes by which they are introduced

can lead to the introduction of artifacts.   Ruthenium tetroxide, for example, is often introduced

by placing polymers in the vicinity of aqueous solutions.  Water vapor can swell domains that

are hydrophilic, e.g., poly(ethylene oxide).  Care must be taken to ensure that the staining agent

does not aggregate in one part of the sample (e.g., the surface).  If the local concentration of the

staining agent becomes high enough, it could diffuse into domains that are not the target of the

staining process.68, 73 Negative staining can produce artifacts such as aggregation, flattening and



stacking  of  structures.74-75 What  is  more  important,  however,  is  the  loss  of  high-resolution

structural information and the absence of the natural state in the stained specimens. 

The two major problems, radiation damage and low contrast, must be addressed when the

high-resolution images  of  polymers  are desired.  Cryogenic transmission electron  microscopy

(cryo-TEM), which was initially developed by the structural biology community, is a powerful

tool  to  retrieve  the  high-resolution  information  of  radiation  sensitive  materials.76-78 In  this

approach, many (of order 105) images of the sample with low signal-to-noise ratio (SNR) are

obtained  at  liquid  nitrogen  temperatures  to  reduce  beam  damage.   Sophisticated  machine-

learning-based algorithms are used to  align,  filter,  and average the  images  to  obtain  a  high-

resolution  image  that  represents  the  specimen  in  its  natural  state.79-80 More  recently,  the

resolution  of  cryo-TEM  was  significantly  improved  by  the  introduction  of  direct  electron

detectors  and  novel  image  processing  algorithms.81-82 The  high  detective  quantum efficiency

(DQE) of direct electron detectors enables fast and automated image recording that give dose-

fractionated frames in a movie which allows for the correction of beam-induced movement of

monomers (and atoms) in the specimen.83 The nature of the image contrast in a bright field TEM

micrograph can be described by the “weak-phase object” approximation when a thin specimen

comprising soft materials is imaged. In this approximation, the relationship between the electron

density contrast  in a specimen and the image is  described by a linear  transfer function.  The

contrast  transfer  function  (CTF)  is  introduced  to  relate  the  electron  density  variation  in  the

specimen to the image in Fourier space. This function depends on spatial frequency, s, as shown

in Eq 1.  

CTF (s )=sin  {2 π [
Cs
4 λ3 s4

−
∆ Z
2 λ s2]+φ}  (Eq 1)



The first term in the square brackets accounts for spherical aberration of the microscope

and  Cs  is an instrument-related constant, while the second term accounts for defocus and  ∆ Z

represents  the  defocus  value.   λ  is  the  wavelength  of  incident  electrons.  The  last  term  φ

represents  the  additional  phase  shift  induced  by  phase  plate.  More  details  can  be  found  in

Chapter 3 and 4 in ref 47 and ref 84. When a micrograph is obtained using cryo-TEM without

aberration correction, an appropriate amount of defocus, ∆ Z , is applied to increase contrast and

change  the  CTF  to  retrieve  phase  information.84-85 Images  of  nanotubes,  nanoparticles  and

vesicles can be misinterpreted due to the presence of Fresnel fringes that arise due to the applied

defocus.86 However, low spatial frequency signals can be recovered without applying defocus. A

phase plate can be introduced at back focal plane of the objective lens to introduce a phase shift,

φ ,, ideally a π/2 phase shift, between the incident and scattered electrons. Either a Zernike phase

plate or a Volta phase plate can be used.87 Zernike phase plate has been used to observe the

unstained polystyrene-b-polyisoprene block copolymer samples. The image obtained from the

unstained sample exhibited similar resolution as that obtained from the OsO4 stained sample.88

The Volta phase plate operates due to beam-induced electrostatic charging of the surface of a

continuous thin carbon film at high temperature (about 200oC).  It  boosted phase contrast in

images of biological materials and carbon nanotubes.89-94 By improving contrast and SNR, these

approaches have the potential to improve our interpretation of structures in polymer materials

which, like biological systems, are radiation-sensitive weak phase objects. A laser phase plate for

in-focus phase contrast TEM, where the phase shift is controlled by a high-intensity continuous-

wave laser beam, has been demonstrated to successfully provide a more stable and tunable phase

shift by eliminating electrostatic charging and unwanted electron scattering.95-96 



2D projections of a thin polymer specimen sometimes don’t contain enough information

to determine the 3D structure unambiguously.  For example, considerable effort was necessary

determine the 3D structure of the gyroid phase in block copolymers from 2D projections that

often resembled “wagon-wheels”.11-12, 97-98   Cylinders oriented in the plane of the specimen are

difficult to distinguish from lamellae with normals oriented in the specimen plane. 99 

There are three established approaches for 3D reconstruction:109 

(1) The first method is electron tomography (ET).  2-D projections of the titled specimen

are acquired at different tilt angles. The projections are aligned to a reference projection using

fiducial markers or patches in the images that contain trackable features. Fourier transforms of

projections are aligned to a central transform and the composite 3D Fourier transform is back

projected to position space to obtain a 3D reconstruction of the specimen.100 Different algorithms

have been developed for the 3D tomographic reconstruction including weighted back projection,

algebraic  reconstruction,  and  iterative  reconstruction.101 ET  has  been  used  to  characterize

microphase separation under different imaging modes such as cryogenic electron tomography

(Cryo-ET)  and  STEM  electron  tomography  (STEM-ET).   These  approaches  have  been

summarized by Jinnai et al.,102 Nudelman and Patterson et al.,103-104 , Bals et al.105, Midgley and

Weyland.106

(2) The second method is electron crystallography when atomic resolution imaging of a

thin crystalline specimen is desired. It was developed initially by Henderson and Unwin,107 to

reconstruct the 3D structure of vitrified crystalline protein membranes by cryo-TEM, based on

the  DeRosier  and  Klug’s  principle.108  The  method  comprises  either  aligning  the  Bragg

reflections in electron diffraction patterns or images obtained from tilted specimens. More details



can be found in ref 47. This method has enabled atomic resolution of protein crystals and helices

in microtubules.109-111 

(3)  The  third  method  is  single  particle  analysis  (SPA).  Multiple  2D  projections  are

acquired from vitrified specimens comprising identical objects  with random orientations (e.g.

virus or proteins in vitreous ice). The location of each object in images is first identified. Then

small segments of the image that contain one object are sorted into different classes according to

the orientations of object and averaged using sophisticated algorithms.112-113 The averaged images

in each class are then back projected onto a 3D electron density map for further refinement of

structure. Single particle analysis has been used to characterize polymer materials.  The analysis

has  enabled  identifying  the  heterogeneity  in  specimens  (different  classes),  and  resolving

structures from the nanometer to Angstrom length scales, using 2-D projections79-80, 114-116 and 3D

reconstructions.117-119 

It should be obvious that applying modern electron microscopy imaging techniques with

the goal of obtaining atomic scale images requires working with unstained samples.   In this

review, we focus on the recent progress on structures formed by unstained polymers on different

length-scales.  The characteristics  of the specific systems covered in this  review are listed in

Table 1, and sorted by resolution. The first two columns show the materials and the structures

formed by these materials.  This is followed by a listing of imaging and processing methods,

imaging conditions, and resolution for each material. Table 1 also shows structural information

retrieved from processed or reconstructed images. 

We use the materials in Table 1 to answer three questions: (1) How can we accurately

resolve the structures in the unstained polymers? (2) What information can we obtain from the



images at different length scales? (3) What issues need to be addressed to push the resolution of

EM imaging of unstained polymers?

2.  Self-assembled polymer nanostructures in solution

High-resolution temporal and spatial information obtained during the formation of polymer

nanostructures  is  crucial  for  understanding  the  microphase  separation  mechanisms  and  the

interactions between solvent molecules and polymer chains. Beginning with the pioneering work

of Talmon et al.,120 cryo-TEM has been extensively used to investigate the formation of self-

assembled polymer nanostructures,121-131 and it provides an avenue of obtaining time-resolved

images.132 This is enabled by freezing a thin layer of solution during the formation process on the

EM grid, thereby trapping the evolving structures as a function of time. Although this approach

can  achieve  sub-nanometer  spatial  resolution,  the  temporal  resolution  is  limited  due  to  the

necessity of freezing separated samples at different stages of structure formation.133 In contrast,

significantly better temporal resolution can be obtained in in situ liquid phase TEM and STEM

experiments  (LP-EM).  The  dynamic  processes  that  lead  to  the  formation  of  inorganic

nanoparticles (hard materials) in solution have been successfully imaged in LP-EM experiments.

There  are two different  types  of liquid cells.  The conventional  flow cell  with silicon nitride

windows is  capable  of  exchanging  the  solution  in  the  cell  during  imaging,  while  the  novel

graphene cell wraps a droplet containing reactants between two layers of graphene. The flow cell

provides  better  control  over  solution  concentration,  a  key  parameter  that  affects  structure

formation.134-135 In contrast, the graphene cell provides better spatial resolution due to the fact that

the  thicknesses  of  the  sample  and  the  windows  are  much  lower,  and  due  to  the  superior

conductivity  of  graphene.136-137 As shown in Figure  1A (first  entry  in  Table  1),  Ianiro  et  al.



applied low-dose LP-EM to characterize the vesicle formation in a flow cell.138 The vesicle-

forming  system  investigated  was  poly(ethylene  oxide)-b-poly(caprolactone)  (PEO-b-PCL)  in

water. The authors hypothesized that liquid–liquid phase separation was a precursor to vesicle

formation.  To  test  their  hypothesis,  they  monitored  the  assembly  process  in  real  time  by

capturing a movie with temporal resolution of one frame per second. Figure 1A.1 shows the

chemical structure of PEO-b-PCL. Figure 1A.2 shows a direct comparison of images of mature

vesicles obtained by LP-EM (left panel) and cryo-TEM (right panel). The comparison shows that

vesicles formed in the flow cell are identical to those formed under quiescent conditions.  Figure

1A.3 shows a series of frames captured from the same vesicle during the formation process. The

dark pixels represent  the PEO-b-PCL block copolymer.  The top row shows a time series of

individual frames. In the early stage (first frame), it is difficult to distinguish between the pixels

corresponding to the vesicle and those corresponding to the background. A patchy vesicle is seen

in the second frame.  The contrast  of the vesicle  and background is  clear  in the third frame,

ultimately leading to the formation of a mature vesicle  in the fourth frame. The bottom row

shows a time series of 30-frame-averaged images; the time stamps for both the top and bottom

row are the same. The averaged images are qualitatively different from the individual frames.

The SNR in the individual frames is very low since only a few electrons are used to form each

image. To improve SNR, the authors binned adjacent pixels but this results in a loss of high

spatial  frequency information.  The first averaged image in the 30-frame-averaged time series

shows that the vesicle precursor has a spherical morphology in the early stage. Both the single

frame and 30-frame-averaged series indicate that the time scale for vesicle formation is about

900  seconds.  An  important  feature  of  the  vesicle  membrane  is  the  presence  of  hydrophilic

polymer brush layers emanating from the hydrophobic core (bottom cartoon in Figure 1.A.1).



The resolution (about 140 Å) in this study is not sufficient to resolve this feature. Nevertheless,

the dynamic process involved in vesicle formation were effectively captured by averaged low-

dose in situ EM of unstained polymers with sufficiently high temporal and spatial resolution.  

The structure of vesicles is  relatively simple,  when compared to other self-assembled

structures due to its spherical symmetry. Micelles are another common class of self-assembled

structures formed by amphiphilic block copolymers in solution.139-140 Structural inhomogeneity

and overlap of random orientations of micelles in solution hinder the accurate interpretation of

2D projections from cryo-TEM.  In such cases, the 3D reconstructed tomograms obtained by

cryo-ET are of great importance.   Zhang  et al.   studied the structure of micelles comprising

polymerized ionic liquids using cryo-TEM and cryo-ET as shown in Figure 1B (second entry in

Table 1).141 The poly(ionic liquids), which have a hydrophilic backbone with heterocyclic cations

and alkylbromide anions, are shown in the top row of Figure 1B.1. The alkyl chain length was

varied from C12 to C16. These polymers form micelles in water as shown in the bottom part of

Figure 1B.1.  However, the alkyl backbones and charged side chains form separate microphases

within the micelle.  2D projections of the micelles obtained with different alkyl side chains are

shown in Figures 1B.2 to 4. The dark domains represent the electron dense hydrophilic portion

of the side chains which contain bromine (or iodine) atoms. The improved resolution (about 30

Å)  relative  to  Figure  1A  enables  the  distinction  of  hydrophilic  and  hydrophobic  phases  in

micelles. However, the overall shape of micelles cannot be discerned from the 2D projections,

especially in Figures 1B.2 and 1B.4. The slices from tomograms of micelles shown in Figures

1B.5 and 1B.6 reveal the overall “wasp-like” or “onion-like” shapes of the micelles, depending

on side-chain length. How the internal layers connect to the surface of the micelle can be seen in

Figure 1B.5; this cannot be determined from 2D projections. 



Structures of crystalline polymers depend strongly on the processing conditions. Poly(3-

hexylthiophene), P3HT, is a widely studied semicrystalline polymer. The π−π stacking of the

conjugated  backbone  induces  the  crystallization  of  P3HT chains  in  solid  films  obtained  by

solution processing using organic solvents. Energy filtered TEM has been successfully used to

image P3HT phases in unstained solid films relevant to devices.43, 142-143 It is, however, important

to characterize the state of P3HT crystals in solution.  Wirix  et al. used cryo-ET to study the

nature of crystalline P3HT ribbons in organic solvents (third entry in Table 1).144 The structure

and proposed packing scheme of P3HT molecules are shown in Figure 1C.1. It is noteworthy

that  the solvents  used in this  work,  toluene and 1,2-dichlorobenzene (oDCB), are toxic.  The

standard process used to vitrify aqueous samples was modified and carried out in a fume hood to

enable these experiments. The cryo-TEM 2D projection and the 3D reconstructed tomogram of a

crystalline  P3HT  ribbon  are  shown  in  Figures  1C.2  and  3,  respectively.  The  dark  regions

represent the electron dense backbones. The spacing between two dark regions is 1.7 nm which

is the spacing between two backbones perpendicular to the plane of the ribbon. A slice from the

tomogram shown in Figure 1C.4 shows a cross-section of a ribbon. Surprisingly, the tomogram

contains  straight  and parallel  lines representing the crystalline P3HT chains with curved and

disordered P3HT chains emanating from the crystalline core. The cartoon in Figure 1C.5 depicts

the ordered core and the disordered edges in a P3HT ribbon. Information about the disordered

regions of the ribbons can only be observed in solution wherein the natural state is preserved in

spite of high-resolution imaging; the resolution obtained in this study was 1.7 nm. 

It should be clear that staining is not an option for any of the characterization studies covered

in Figure 1. The same holds true for all of the examples covered in this review. 



3. Heterogeneity of self-assembled polymer structures in solution

 Inferences  of  molecular  conformations  in  self-assembled  structures  require accurate

determination  of  their  shape  and  size.  Cryo-TEM and  cryo-ET imaging  have  been  used  to

determine membrane geometries of vesicles formed by phospholipids and block copolymers.145-

147 However, heterogeneities within the membrane must be resolved before anticipative analysis

of the molecular conformation is possible. This is accomplished by sorting and averaging local

structures. 

Polypeptoids  are  bio-inspired  polymers  comprising  repeating  N-substituted  glycine

monomer  units.  They  are  similar  to  polypeptides  except  for  the  fact  that  the  side  chain  is

appended to the nitrogen atom rather than the α-carbon.148 Jiang  et al. studied the membrane

structure  of  self-assembled  vesicles  formed  by  sequence-defined  amphiphilic,  poly-N-(2-

ethyl)hexylglycine-block-poly-N-phosphonomethylglycine  (pNeh-b-pNpm) polypeptoid  block

copolymers in water (fourth entry in Table 1).149  Figure 2A.1 shows the chemical structure of

pNeh-b-pNpm. The morphology of the vesicles was characterized by low-dose cryo-TEM with

contrast generated by defocus as shown in Figure 2A.2. Small boxes extracted from the vesicle

membrane  micrographs  were  sorted  and  averaged  to  quantify  membrane  heterogeneity.  The

algorithm  used  was  a  modified  version  of  the  algorithm  used  for  single  particle  analysis

developed by the structural biology community.  The difference between averaging performed on

this sample versus that described in Figure 1A is the use of sorting; the average in Figure 1A

corresponds to a simple juxtaposition of frames obtained from the same structure. The left panel

in  Figure 2A.3 shows the  spatial  distribution  of  different  classes  superposed on the  vesicle.

Averaged images  in  Figure 2A.3 show two classes  (1a,  1b and 2)  with different  membrane

thicknesses  in  the  right  panel.  The  colors  of  box outlines,  blue  and  aqua,  indicate  different



classes. In this case, the machine-learning-based sorting algorithm led to the identification of

three classes but two of them (classes 1a and 1b) were very similar. It is evident that in this early

stage  of  using  machine-learning-based algorithms,  it  is  sometimes  necessary to  combine the

output of such algorithms with physical reasoning.  Molecular dynamic simulations were used to

interpret  the  averaged  cryo-TEM images.  Two models  corresponding to  a  monolayer  and a

bilayer were developed and the relaxed simulation results are shown in Figure 2A.4. While it is

clear that the grey curved regions in the micrographs represent the vesicle, the origin of the dark

bands at the edges was unclear.  Analysis of the computed images based on the atomic models in

Figure 2A.4 indicated that the dark bands are part of hydrophobic core.  They arise due to the

necessity for using a defocused configuration and the concomitant presence of Fresnel fringes in

the  micrographs.  The  membranes  formed  by  pNeh-b-pNpm  are  dominated  by  monolayers

comprising interdigitated hydrophobic blocks that coexist with bilayers comprising tilted non-

interdigitated hydrophobic blocks.  Determination of molecular conformations in these vesicles

was  only  possible  after  local  heterogeneity  was  quantified  by  sorting  and  averaging  of  2D

micrographs. 

The local heterogeneity in vesicles can be more complex than that pictured in Figure 2A.

Cornell  et al.  demonstrated the coexistence of liquid-ordered (Lo) and liquid-disordered (Ld)

phases in the membrane of vesicles formed by phospholipids, as shown in Figure 2B.1 (fifth

entry in Table 1).150 Unlike the 2D projections used for sorting and averaging in Figure 2A, these

vesicles were analyzed by 3D cryo-ET data. Slices of the tomograms were used to measure the

local membrane thickness in a vesicle. The analysis quantified the area fractions of two different

configurations of the phospholipid as well as their spatial distributions. Figures 2B.2 and 2B.3

show  the  slices  of  the  tomograms  that  indicate  the  heterogeneity  of  membrane  structures



consisting  of  Lo  (red)  and  Ld   (blue)  phases  in  a  single  vesicle,  respectively.  The  graphs

associated with these figures quantify the local variation of membrane thickness as a function of

position. 

This local structural information about the arrangement of molecules in the membrane is

valuable for the investigation of membrane formation theories. Electron microscopy is ideally

suited for obtaining this information relative to other characterization methods.

Messmer et al. applied cryo-TEM and cryo-ET to elucidate the molecular conformations of

dendronized amphiphilic  polymers (DPs) in  micelles  (sixth entry in  Table 1).151 Figure 2C.1

shows the micelle structure obtained from molecular dynamics (MD) simulations. The micelle

comprises a thick hydrophilic shell formed by dendritic side chains and a thin hydrophobic spine

formed by the core of dendrimer. Figure 2C.2 shows a cryo-TEM image of micelles in vitreous

ice with inverted contrast. Projections of micelles selected for analysis in this particular image

are shown in red. A large number of images, similar to Figure 2C.2, were analyzed using the

single particle approach. The results of this analysis are shown in Figure 2C.3. Here we see 11

distinct classes with varying degrees of curvature. Messmer  et al. also collected cryo-ET data

and used the single particle approach for data analysis. The classes obtained by cryo-ET shown

in Figure 2C.4 are indistinguishable from those obtained by cryo-TEM shown in Figure 2C.3.

The local curvature of one of the cryo-ET classes are shown on the expanded scale in Figure

2C.5. The curved backbones in the micelles seen by electron microscopy  cannot be properly

explained by MD simulations. Acknowledging such discrepancies is an important first step for

improving  our  understanding  of  the  inter-atomic  interactions  that  govern  nanostructure

formation; unfortunately, such discrepancies are rarely reported in literature. 



4. Imaging crystalline soft materials at the atomic scale

High-resolution  imaging  at  the  atomic  scale  has  the  potential  to  reveal  the  geometry  of

crystalline unit cells, polymorphs, and grain boundaries in semicrystalline polymers. It should be

evident that characterizing heterogeneity is essential for imaging on this length scale. TEM is

routinely  used  to  image  two  classes  of  materials  with  atomic  resolution:  hard  crystalline

materials such as metals by direct imaging and biological macromolecules such as proteins by

sorting and averaging.  In this  section,  we will  discuss the cryo-TEM imaging of crystalline

structures in two kinds of well-ordered synthetic soft materials: metal-organic frameworks and

polypeptoids. 

Metal-organic frameworks (MOFs) are highly porous materials whose physical and chemical

properties can be tuned at the atomic level by engineering the coordination of metal ions and

organic linkers.152-153 The organic linkers found in MOFs are similar to those found in synthetic

polymers.  MOFs  have  been  used  as  polymerization  catalysts  and  fillers  in  polymer

nanocomposites.154-155 In  addition,  novel  hybrid  materials  have  been  obtained  by  covalently

bonding polymer chains to MOFs. 156-159

X-ray diffraction (XRD) and micro electron diffraction (Micro-ED) conducted on crystals

can be used to determine averaged crystal structure of MOF particles but the information about

the  phase  difference  between  scattered  beams  from  the  constituent  atoms  is  lost.160-161 The

presence of organic linkers results  in the radiation sensitivity and low-dose TEM imaging is

essential for preserving phase information. Patterson  et al. studied the structure of neat MOF

crystals and MOF-protein complexes using in situ LP-EM and ex situ low-dose cryo-TEM. They

achieved  a  resolution  of  13  Å  using  5  e/Å2 per  image  in  the  cryo-TEM  study.162-163 In  a



subsequent study, Zhu et al. used a direct electron detector to improve the resolution to 2.1 Å.164

The use of spherical aberration corrected TEM coupled with very low dose imaging, 3 e/Å2 per

image,  enabled  1.4  Å  resolution.165 One  of  the  major  applications  of  MOF  crystals  is  gas

absorption. The first direct image of adsorbed gas molecules in MOF crystals was obtained by Li

et al. (seventh entry in Table 1).166 A ZIF-8 MOF crystal saturated with CO2 was plunged into

liquid ethane to trap the CO2  molecules inside the crystal.  A cartoon of the structure of ZIF-8

MOF crystal with a CO2 guest molecule is shown in Figure 3A.1. The frozen MOF crystal is

shown in Figure 3A.2. Figure 3A.3 shows the CTF-corrected denoised image obtained from the

edge of the ZIF-8 MOF crystal in Figure 3A.2. The very bright regions correspond to electron-

dense linkers and clusters in the crystal.  Figure 3A.4 shows a magnified image from the region

indicated by the red box in Figure 3A.3. The slight increasing brightness at the center of the cage

suggests the presence of an absorbed CO2 molecule within a ZIF-8 crystal. It is interesting to note

that images in Figure 3A were obtained without sorting or averaging. The atomic scale imaging

of lattice structure in a MOF crystal with CO2  shows the potential of low-dose cryo-TEM for

characterization of well-ordered organic structures.

Polypeptoid block copolymers are self-assembled in water to give crystalline nanosheets

that serve as functional protein mimetics. Both the internal structure and surface properties of the

nanosheets  can be engineered  at  the atomic  level.167 Xuan  et  al.  determined the structure of

polypeptoid crystalline nanosheets at 1.5 Å resolution by cryo-TEM (eighth entry in Table 1).168

The results from sorting and averaging indicated the presence of numerous distinct crystalline

motifs (polymorphs). Quantitative analysis of the distribution of distinct crystal motifs indicated

the correlations between neighboring unit cells and the growth mechanism of nanosheets at the



atomic level.169-170  Other studies on semicrystalline polymers such as poly(paraxylylene)25 and

syndiotactic polystyrene,171  have also suggested the presence of structural heterogeneity.  

When  the  crystal  is  homogenous,  averaging  the  identical  crystal  motifs  significantly

increases resolution.  Figure 3B.1 shows the chemical structure of a amphiphilic polypeptoid

with  the  hydrophilic  poly(N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine)  block  and  N-2-

phenylethylglycine hydrophobic block with bromine atoms at the para position of phenyl rings

(pNte-b-pNBrpe).  The  averaged  cryo-TEM image  of  the  crystalline  nanosheets  is  shown in

Figure  3B.2.  Figure 3B.3 shows an MD simulation  of  a  pNBrpe crystal.  The peptoid  chain

backbones  are  orthogonal  to  the  a-c plane  shown  in  the  Figure  3B.3.  The  correspondence

between the averaged image and MD simulations is striking. The brightest feature in Figure 3B.2

represents  the  glycine  backbone,  while  the  two  arms  emanating  the  backbone  represent  the

phenyl  side chains.  Each phenyl  chain terminates  in a grey spherical  dot that  represents  the

bromine  atom.  The  Fourier  transform of  the  image  in  Figure  3B.2,  shown in  Figure  3B.4,

indicates  resolution  at  1.5  Å.  This  study shows the  application  of  cryo-TEM and averaging

method in the characterization of polymer crystals. The atomic details seen in Figure 3B.2 cannot

be access by conventional scattering and imaging techniques. 

5. Additional information-rich high-resolution imaging techniques 

In the field of material science, STEM plays an important role in structure and property

characterization. In contrast to the parallel beam used in TEM, a convergent beam is used to scan

over  the  specimen  and the  transmitted  electrons  scattered  at  defined angles  are  recorded by

annular detectors.172 The contrast in the image obtained by conventional (high-angle) annular

dark field STEM, (HA)ADF-STEM, is proportional to the square of the atomic number  Z in a



thin specimen.  HAADF-STEM and ADF-STEM are thus ideally suited for studying thin films of

metal and semiconductors.  There are, however, a few examples where these techniques have

been used to study polymer thin films.88, 173-181 The presence of light elements in these systems

complicates the interpretation of scattering signals.

As compared to conventional STEM, TEM with direct electron detectors is more dose-

efficient  for phase contrast  imaging,  and polymers  are extremely  beam sensitive.182 A recent

breakthrough in the field of STEM imaging of polymers was enabled by the development of

ultra-fast direct electron detectors and new algorithms for analyzing data. This approach is called

four-dimensional STEM (4DSTEM). It uses a focused electron beam that is rastered across the

sample and a diffraction pattern is acquired at each scan position.  The dataset thus acquired

contains a large number of individual convergent beam electron diffraction (CBED) patterns.

This dataset provides comprehensive information regarding structure,183 orientation,184 localized

lattice  strain,185 and  other  material  properties.186 4DSTEM  has  been  used  to  visualize  the

crystalline orientation in semicrystalline polymers187-188 and peptide nanocrystals.189 In addition to

the amplitude information of the structure factor in the diffraction pattern, the phase information

can  be  retrieved  by  reconstructing  the  information  in  CBED  patterns  by  using  integrated

differential phase contrast (iDPC) and ptychography methods.190,191

 Panova et al. studied the arrangement of organic semiconductor molecules (short polymer

chain)  using  low-dose  cryogenic  4DSTEM  (ninth  entry  in  Table  1).188  The  study  covered

reciprocal space up to 3.7 Å using 100 Å steps in position space. The chemical structure of the

molecule, poly[2,5-bis(3-tetradecylthiophen-2-yl) thieno[3,2-b]thiophene] (PBTTT),   is shown

in  Figure  4A.1.  Thin  films  of  this  polymer  were  studied,  as-cast  and  after  annealing.  By

identifying the diffraction spots in the CBED disk, the orientations of polymer backbones were



determined at each real space probe location. Figure 4A.2 shows the orientation maps of the as-

cast  (left  panel)  and annealed (right  panel)  PBTTT thin films. The colors represent  different

orientations as defined by the inset color ring. Figure 4A.3 shows the backbone orientation maps

of the as-cast (left panel) and annealed (right panel) PBTTT thin films, respectively. It is evident

that grains with long-range order appear only after annealing.  This study shows how structure–

property relationships can be visualized in unstained polymers by exploiting techniques that were

originally developed for hard materials.

An iDPC-STEM image is  reconstructed by measuring the momentum changes of the

electrons recorded on a segmented or a pixelated detector. The image contrast is proportional to

the atomic number  Z in a thin specimen.192,193 While iDPC-STEM is often used to study dose-

tolerant  hard  materials,  recent  advances  have  enabled  visualizing  light  elements  such  as

hydrogen and lithium atoms in crystalline solids.193,194 This feature of iDPC-STEM could benefit

the characterization of morphologies and structures in unstained polymers over a large range of

length  scales.  More  recently,  Inamoto  et  al.  demonstrated  iDPC imaging  of  phase-separated

structures in a poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester

(PCBM)  blend  without  staining.195  iDPC  imaging  increases  the  contrast  between  different

components in the blend relative to conventional STEM. They also showed the iDPC-STEM

tomography  reconstruction  of  unstained  acrylonitrile-butadiene-styrene  (ABS)  copolymer

blended  with  an  inorganic  filler.  The  spatial  distribution  of  the  filler  was  visualized  at  the

micrometer scale.196 

 Shen et al. determined the structure of a MIL-101 MOF crystal using low-dose spherical

aberration corrected iDPC-STEM imaging at room temperature with accumulated dose up to 40

e/Å2  (tenth entry in Table 1).197 Figure 4B.1 shows the chemical structure of a MIL-101 MOF



crystal which contains Cr clusters and organic linkers. Figure 4B.2 shows an iDPC-STEM image

of a MIL-101 MOF crystal. The bright regions represent the electron dense linkers and metal

clusters. The corresponding Fourier transform of this image is shown in Figure 4B.3, where the

reflections  at  1.8  Å are  clearly  observed.  The  magnified  high-resolution  image  obtained  by

averaging 30 iDPC-STEM images is show in the top panel in Figure 4B.4. The red and blue

circles  indicate  the presence of two types  of cages with 29 and 34 Å sizes.  This  is  in good

agreement  with  the  atomic  model  shown  in  the  bottom  panel  of  Figure  4B.4.  The  direct

visualization of local structures allows for better understanding of the node-linker coordination

and  the  structure-property  relations  in  MOFs.  The  local  structures,  including  the  surfaces,

interfaces and defects in MOF crystals, were also revealed by low-dose HRTEM and low-dose

STEM imaging.  Li et al. studied MIL-101 MOF crystals using both low-dose iDPC-STEM and

low-dose HRTEM.198 As compared with the HRTEM image, the iDPC-STEM image exhibited

slightly lower resolution but stronger contrast.  The ability to image organic linkers in MOFs

suggests  the  possibility  of  using  iDPC-STEM  to  image  polymers  that  only  contain  light

elements.

Machine-learning,  which was used in  several  studies  that  were discussed above,  will

undoubtedly play an increasingly significant role in electron microscopy. Modern direct electron

detectors  and imaging techniques  generate  large data sets  such as dose-fractionation  movies,

tomograms,  and diffraction pattern stacks.   In the past,  these data sets were analyzed using

reference-free  machine-learning  algorithms.  However,  machine-learning-based  methods,

wherein algorithms are trained using large data sets are becoming increasingly popular.  These

methods use artificial  neural  networks for processing images  in  both position and reciprocal

space. They have been used to track the symmetry and atomic positions in 2D systems such as



graphene and quantum materials,199-200 increase signal-to-noise ratio,201 identify the location of

protein molecules  in vitrified suspensions,202  determine molecular conformations from discrete

images,203 segregate tomogram into separate phases,204-205 and to quantify the shape and size of

nanoparticles  in  a  polymer  composite.206 The  application  of  machine-learning-based  image

analysis is still rare in polymer science. One reason is the lack of databases that contain prior

knowledge of structures formed by specific or similar polymers. Another reason is the presence

of  intrinsic  heterogeneity  in  the  structures  formed by synthetic  polymers  on  the  atomic  and

nanometer   length  scales.  Establishing  appropriate  databases  will  provide  a  foundation  for

utilizing  the  recent  advances  in  high-resolution  electron  microscopy  for  characterization  of

synthetic polymers.

6. Conclusion

Electron microscopy is a powerful and versatile tool for the characterization of polymer

nanostructures. Recent advances in hardware and software have enabled high-resolution imaging

of unstained polymers. Low-dose imaging preserves the natural state of the specimen, but sorting

and averaging independent  images  is  essential  for  high-resolution.  Based on the  analysis  of

structural  information  in  2D  projections,  3D  tomograms  and  4DSTEM  datasets,  structures

formed by microphase separation or crystallization can be characterized at the nanoscale and, in

some cases, at the atomic-scale.  Time-resolved imaging can reveal the dynamics of complex

processes such as vesicle  formation.   High spatial  resolution imaging of local  structures can

reveal  molecular  conformations  of  amphiphilic  block  copolymers  in  self-assembled

nanostructures including micelles. Atomic-scale imaging of polypeptoid and MOF crystals may

open the door to atomically defined 2D and 3D nanostructures.



This review begins with a description of TEM results.  We first present images obtained by

simple  averaging of  low-dose  2D images  of  a  block copolymer  vesicle,  resulting  in  images

resolved at 140 Å (system 1).  This is followed by a more sophisticated averaging of micelles

formed by polymerized ionic liquids in water based on 3D tomograms, demonstrating improved

resolution of 30 Å (system 2).  Higher resolution (1.7 Å) was obtained in a solution of P3HT

chains, wherein the crystalline core of nanowires was distinguished from amorphous structures

on the fringes (systems 3).  Heterogeneity on the 10 Å length scale within individual vesicles

was studied in both diblock copolymers and lipid vesicles using sorting and averaging (systems 4

and 5).  Micelles formed by dendronized polymers also exhibited heterogeneity, and a similar

approach led to images of individual classes (system 6).  Direct imaging of a MOF crystal under

low-dose conditions enabled approaching the atomic-scale (system 7) in spite of the presence of

organic  linkers  due  to  the  presence  of  excellent  long-range  order.   In  contrast,  sorting  and

averaging algorithms were necessary to obtain 1.5 Å resolution of a polypeptoid crystal (system

8).  The review ends with a discussion of results obtained by STEM imaging techniques.  We

discuss the emerging technique of 4DSTEM, where images of a conjugated polymer (system 9)

are created by collecting 2D diffraction data as a function of position (in 2D space).  This is

followed by the image of a MOF crystal obtained by iDPC-STEM (system 10), a technique that

has not yet been applied to the high-resolution imaging of polymers.  

New developments  in  related  fields have the potential  to further improve high-resolution

imaging of unstained polymers. For example, Volta phase plates207 and ultra-stable supporting

grids208 have not yet been used for imaging polymers. Ultra-fast tomography wherein projections

are obtained on a direct electron detector while the sample is continuously tilted can reduce beam

damage.209-210 Low-dose 4DSTEM has the potential to directly image the nanoscale morphology



of  polymer  systems with  atomic  resolution.  All  these  approaches  will  benefit  from recently

developed high speed pixelated direct electron detectors.211  
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Table 1. Summary of examples with microphase separated or crystalline structures
Materials Morphology Post-processing Imaging

method
Contrast Accumulative

electron dose
(e Å-2)

Resolution
(Å)

Retrieved
information

Figures

(1) Diblock copolymer Vesicle Simple averaging In-situ liquid
cell TEM

Phase 0.006 e Å-2 per
image

140 Dynamic
morphological changes

Figure 1A,
ref 138

(2) Poly(ionic liquid) Micelle Tomographic 3D
reconstruction

Cryo-ET Phase 100 e Å-2 for tilt
series

30 Morphological changes
and chain

conformation

Figure 1B,
ref 141

(3) Conjugated
polymer P3HT

Crystalline
nanowire

Tomographic 3D
reconstruction

Cryo-ET Phase 2000 e Å-2 for tilt
series2

17 Ordered and
disordered regions in

nanowire

Figure 1C,
ref 144

(4) Diblock
copolypeptoid

Vesicle Sorting and averaging Cryo-TEM CTF corrected phase 30 e Å-2 per image 10 Membrane structure,
chain conformation
and inhomogeneity

Figure 2A,
ref 149

(5) Lipid Vesicle Tomographic 3D
reconstruction

and sorting

Cryo-TEM CTF corrected phase 74-100 e Å-2 for
tilt series

10 Membrane structure,
chain conformation
and inhomogeneity

Figure 2B,
ref 150

(6) Dendronized
polymers

Micelle Single particle 3D
reconstruction

Cryo-ET CTF corrected phase 180 e Å-2 for tilt
series

10 Backbone
conformation

Figure 2C,
ref 151

(7) MOF, ZIF-8 3D crystal Direct imaging Cryo-TEM CTF corrected phase 6.8 e Å-2 per
image

1.8 Lattice structure Figure 3A,
ref 166

(8) Polypeptoid block
copolymer

Crystalline
nanosheet

Averaging Cryo-TEM CTF corrected phase 20 e Å-2 per image 1.5 Lattice
structure ,backbone

and side chain packing

Figure 3B,
ref 168

(9) Conjugated
polymer PBTTT

Microphase
separation

Reconstructed diffractions Cryo 4D-STEM Diffraction 100 e Å-2 per
diffraction

3.7 Orientation of crystals,
the degree of

crystallinity and grain
boundary

Figure 4A,
ref 188

(10) MOF, MIL-101 3D crystal Averaging iDPC-STEM Reconstructed phase 1 40 e Å-2 per image 1.8 Lattice structure Figure 4B,
ref 197

1. The phase is reconstructed based on the method reported in ref 193.
2.  Aromatic molecules are less radiation sensitive than aliphatic molecules. Detailed discussion can be found in ref 37 and ref 52.



Figure 1.  A. (1) The chemical structure of PEO-b-PCL and a schematic of the vesicle structure.

(2) A comparison of a mature vesicle imaged by LP-EM (left) and cryo-TEM (right). (3) A

comparison of an individual frame time series (top row) with a 30-frame-averaged time series

(bottom row). Reproduced from ref 138 with permission. Copyright 2019 Springer Nature. B. (1)

The chemical  structures  of  the poly(ionic  liquids)  and a schematic  of  micelles  comprising a

microphase separated lamellar structure. Cryo-TEM images of micelles formed by poly(ionic

liquids)  with  different  alkyl  side  chains:  (2)  poly(TILM-C12I),  (3)  poly(TILM-C14Br),  (4)

poly(TILM-C16Br).  Central  tomographic  slices  along the  x-y plane of the tomograms of (5)



poly(TILM-C12Br) and (6)  poly(TILM-C16Br)  micelles.  3D visualizations  are shown in the

right panels. Reproduced from ref 141 with permission.  Copyright 2016 American Chemical

Society. C.  (1) Model  of  molecule  arrangement  within  a  P3HT nanowire.  The  yellow bars

represent polymer backbone. (2) Cryo-TEM image of a P3HT nanowire vitrified in oDCB. Dark

spheres are colloid gold nanoparticles used for the purpose of alignment. (3) The 3D visualized

tomogram  of  the  nanowire  in  2.  (4)  Slice  shows  the  x-z direction  in  the  tomogram of  the

nanowire  in  2.  (5)  A  schematic  depicts  the  ordered  core  and  the  disordered  edges  in  4.

Reproduced from ref 144 with permission. Copyright 2014 American Chemical Society. 



Figure 2. A. (1) The chemical structure of the pNeh-b-pNpm polypeptoid block copolymer that

formed vesicles  in water.  Blue and green represent  the hydrophilic  and hydrophobic blocks,

respectively.  (2)  Cryo-TEM  image  of  a  frozen  hydrated  vesicle  formed  by  polypeptoid

molecules. Arrows indicate the positions with different membrane thicknesses. A dark circle is

drawn on the figure for reference. (3) The locations of the boxes belonging to different classes

along  the  vesicle  perimeter  are  shown  in  the  left  panel.  Averaged  high-resolution  electron

micrographs of boxes extracted from vesicles are shown in the right panel. Classes 1a and 1b

have similar membrane thicknesses (collectively class 1) while class 2 has a larger membrane

thickness.  Two classes  (represented  by  blue  and  aqua  squares  in  the  left  panel).   (4).  MD

simulations show the interdigitated monolayer packing (top) and tilted bilayer packing of the



pNeh-b-pNpm  molecules  in  the  membrane  (bottom).  The  blue  boxes  in  (3)  represent  the

monolayer  while the aqua boxes in (3) represent the bilayer.  Reproduced from ref 149 with

permission.  Copyright  2018  American  Chemical  Society.  B. (1).  A  schematic  of  a  lipid

membrane with coexisting liquid-ordered (Lo) and liquid-disordered (Ld) phases. The Lo phase

is thicker than the Ld phase. Locations of Lo and Ld phases in the membrane of a vesicle are

identified  by  analyzing  the  tomogram  slices  in  the  left  panel  in  (2)  Colors  represent  the

likelihood (from 0 to 100%) that each location corresponds to the thicker, Lo, phase instead of

the thinner, Ld, phase. A horizontal dashed line in the right panel shows the apparent bilayer

thickness for which there is a 50% likelihood of being in the Lo phase. The analysis on the right

side of the same vesicle is shown in (3) Reproduced from ref 150 with permission. Copyright

2020  National  Academy  of  Sciences. C.  (1)  The  structure  of  a  micelle  comprising  short

dendronized polymers (DPs) obtained from MD simulations. (2) Cryo-TEM image of micelles in

vitrified 1,4-dioxane (inverted contrast). Micelles used for 3D reconstruction shown in red.  (3)

The 3D morphology of a segment of a micelle reconstructed from 896 different segments of the

micelles  colored  in  red  in  (2).  The  segments  in  this  example  correspond  to  boxes  in  (1).

Averaged images of different classes of the micelle segment shown in (3) representing different

viewing angles by 2D cryo-TEM (4) and projection of 3D cryo-ET (5). Reproduced from ref 151

with permission. Copyright 2019 American Chemical Society.



Figure 3. A. (1) Simulated structure of a ZIF-8 MOF crystal with DFT-predicted binding site of

CO2 (simplified as a red sphere) along the [111] projection. (2) Cryo-TEM image of a CO 2-filled

ZIF-8  MOF  crystal  (outlined  by  white  dashed  lines)  along  the  [111]  projection.  (3)  CTF-

corrected image of the red boxed region from (2). Bright regions correspond to electron dense

metal clusters and organic linkers. (4) Magnified image of a single unit cell from (3). The grey

region at the center of the unit cell (indicated by red arrow) corresponds to an adsorbed CO2

molecule.  Reproduced from ref 166 with permission. Copyright 2019. Elsevier Inc. B.  (1) The

chemical  structure of a polypeptoid  diblock copolymer (pNeh-b-pNBrpe) with Br atoms.  (2)

Averaged cryo-TEM image of nanosheets formed by pNeh-b-pNBrpe in water. The Br atoms are

are seen as grey dots at the end of the side chains; the brightest regions represent the glycine

backbone. (3) Top view of the simulated nanosheet in water. A portion of the simulation box is

superposed on the the cryo-TEM image shown in (2).  (4) A Fourier transform of the image in



(2). Reflections are visible up to 1.5 Å (top row). Reproduced from ref 168 with permission.

Copyright 2019. National Academy of Sciences of the United States of America.

Figure 4. A. (1). The chemical structure of a PBTTT molecule. (2). Reconstruction maps show

the  orientation  of  crystals  in  the  as-cast  (left)  and  annealed  (right)  PBTTT  thin  films,

respectively. (3). Reconstruction maps show the flowline of backbones in the as-cast (left) and

annealed  (right)  PBTTT thin  films,  respectively. Reproduced  from ref  188 with  permission.

Copyright 2019 Springer Nature.  B. (1) The framework model of a MIL-101 MOF crystal. (2)

An iDPC-STEM image of a MIL-101 MOF crystal. (3) The corresponding Fourier transform of

the image shown in (2) with reflections up to 1.8 Å. (4) The averaged iDPC-STEM image of a

MIL-101 MOF crystal.  (top) and the atomic model (bottom). The red and blue circles indicate



two  types  of  cages  with  29  and  34  Å  sizes,  respectively.  Reproduced  from  ref  197  with

permission. Copyright 2020 Springer Nature. 
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