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ABSTRACT: A century ago, Hermann Staudinger proposed the
macromolecular theory of polymers, and now, as we enter the
second century of polymer science, we face a different set of
opportunities and challenges for the development of functional soft
matter. Indeed, many fundamental questions remain open, relating
to physical structures and mechanisms of phase transformations at
the molecular and nanoscale. In this Viewpoint, we describe efforts
to develop a dynamic, in situ microscopy tool suited to the study of
polymeric materials at the nanoscale that allows for direct
observation of discrete structures and processes in solution, as a
complement to light, neutron, and X-ray scattering methods.
Liquid-phase transmission electron microscopy (LPTEM) is a
nascent in situ imaging technique for characterizing and examining solvated nanomaterials in real time. Though still under
development, LPTEM has been shown to be capable of several modes of imaging: (1) imaging static solvated materials analogous to
cryo-TEM, (2) videography of nanomaterials in motion, (3) observing solutions or nanomaterials undergoing physical and chemical
transformations, including synthesis, assembly, and phase transitions, and (4) observing electron beam-induced chemical-materials
processes. Herein, we describe opportunities and limitations of LPTEM for polymer science. We review the basic experimental
platform of LPTEM and describe the origin of electron beam effects that go hand in hand with the imaging process. These electron
beam effects cause perturbation and damage to the sample and solvent that can manifest as artefacts in images and videos. We
describe sample-specific experimental guidelines and outline approaches to mitigate, characterize, and quantify beam damaging
effects. Altogether, we seek to provide an overview of this nascent field in the context of its potential to contribute to the
advancement of polymer science.

Imaging Solvated /
Polymers

Bl INTRODUCTION require fitting ensemble data to models and thus only describe
the average physical form of the collection of structures in the

The level of complexity that has been achieved in modern
sample, not necessarily the actual form of any individual

polymeric nanomaterials and the advancements enabled by

living polymerization reactions, in particular, have benefited structure.' " Direct physical characterization, or imaging, by
greatly from advancements in characterization tools. Despite comparison provides a real space image or description of the
myriad novel, functional polymeric materials that have been specific physical form of individual nanostructures in the
developed over the past 100 years, we continue to seek a sample.”” However, many of these direct methods are
deeper understanding of the basic mechanisms and pathways inherently limited by low sampling statistics and are prone to
by which they form and how we can control these processes to observational and experimental artefacts. Transmission elec-
develop products with specific physical properties and tron microscopy (TEM), operating in the 50—300 keV energy
functionalities. Therefore, we believe that in situ character- range, is one of the few direct techniques able to achieve the

ization of solvated nanoscale materials via direct microscopy
methods holds great promise for polymer science in the next
century. However, realizing this promise remains a significant
challenge.

Solvated polymeric nanomaterials that contain numerous
individual nanostructures are currently most effectively
characterized by harnessing an array of bulk solution- or
surface-scattering methods. Such techniques are highly
developed and powerful for analyzing polymers and soft
matter in general.' " However, bulk scattering techniques

nanometer resolution necessary to image nanomaterials.
However, with the exception of modern environmental
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TEM, this technique demands that the sample holder be
confined to a small volume and held at ultrahigh vacuum
(UHV) (Figure 1)."° We note that there are other potential
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Figure 1. Comparison of the sample preparation for the three main
TEM techniques used for solvated polymer samples (solutions). (A)
Dry-TEM: the sample solution is drop-cast on an ultrathin C-film grid
and is then completely dried. (B) Cryo-TEM: the sample solution is
drop-cast on a thick, holey C-substrate grid, then partially dried to a
thin liquid layer with filter paper, and plunged into l-ethane, becoming
vitrified. (C) In situ liquid-phase (LP)TEM: the sample solution is
drop cast on a thin, robust substrate, or “window” (a-Si;N, or
graphene), and then sealed between a second window, forming a
“liquid cell”.

imaging techniques outside of the scope of this review, each
with its own set of oplportunities and artefacts, including
atomic force microscopy, '~ '* ion microscopy,'* and synchro-
tron X-ray microscopy. >

Typically, TEM samples are prepared in the dry state, as
dried droplets cast on a thin substrate, and consequently, any
solvated polymer sample is prone to drying artefacts that can
alter its native structure (Figure 1A).” TEM has taken an
increasingly prominent role in polymer science with the
development and widespread adoption of cryogenic-TEM
(cryo-TEM), where the solution-phase sample is vitrified, not
dried, and imaged in that state, free from drying artefacts
(Figure 1B).">™ Though it provides detailed morphological
information, cryo-TEM can have its own sample preparation
artefacts, and it limits a microscopist to observing a necessarily
static sample, capturing a snapshot at one point in time. Thus,
cryo-TEM is inherently incapable of capturing discrete
dynamic processes in a continuous fashion, relying on
aliquoted sample preparation as with dry-state TEM. Most
relevant to the polymeric and soft matter field, cryo-TEM is
largely limited to aqueous samples with a few exceptions.”'®
Moreover, despite efforts to plunge vitrify samples that are
initially at elevated temperatures, this has proven unreliable,
with cryo-TEM largely limited to the study of samples at room
temperature at the time of vitrification. Samples that have
temperature-specific morphologies cannot be accurately
visualized by cryo-TEM. This is also true for dry-state TEM,
where evaporation is additionally confounding.'”

In true liquid-phase TEM (in situ LPTEM) characterization,
the sample is neither dried nor vitrified but instead is
maintained fully solvated in its native media and its native
temperature (Figure 1C).” In theory, this allows the system
under investigation to be fully dynamic in time, enabling in situ
videographic observations of chemical and materials processes

and the continuous tracking of interactions and trans-
formations of individual nanoscale objects. In its most basic
mode, single-exposure imaging, LPTEM can be used to
observe solvated but otherwise static particles. In this static
imaging mode, we can determine the morphology of discrete
polymeric structures. Employed in this manner, LPTEM avoids
the potential artefacts associated with cryo-TEM sample
preparation that can complicate the understanding of samples
under study, such as ice crystal formation, inhomogeneous
vitrification, or morphological transitions during vitrifica-
tion.”~” LPTEM also allows for the analysis of solvated
structures in organic or highly viscous solvents or other
nonaqueous media, which remain technically challenging in
cryo-TEM preparation. In addition, recently developed
variable-temperature (VT) LPTEM allows the sample solution
to be maintained and imaged at elevated temperatures,
enabling the observation of phases or structures that form
only above room temperature, which is generally not possible
by cryo-TEM as noted above.”"”* In short, in this most basic
case, LPTEM expands the possibilities for systems that can be
imaged on the nanoscale to include systems at elevated
temperatures and nonaqueous systems.

Above all, it is the ability of LPTEM to continuously record
dynamic processes over time that truly transcends other TEM
methods for studying solvated polymer samples. This has
especially high potential for the study of chemical reactions
that lead to the formation and transformation of nanostruc-
tures. Using LPTEM, individual polymer chains or nanostruc-
tures can be observed continuously in time, which is not
possible by even the best time-series cryo-TEM experiment,
where each individual structure is static within the time series,
and the mechanism of a given transition or reaction can only
be inferred using prior knowledge and complementary bulk in
situ scattering data (light, neutron, or X-ray).'~*'"**7*® Unlike
conventional bulk scattering techniques, LPTEM does not
suffer from averaging or modeling effects that can distort the
data.'~* This is both a strength and a potential weakness. The
lack of sampling statistics in LPTEM data makes any one
LPTEM dataset especially susceptible to experimental and
observational artefacts, while the data obtained reflects discrete
structures and processes.”””” As with any analytical method, if
we are able to understand and account for the experimental
artefacts that complicate LPTEM data, specifically effects from
electron (e”) beam irradiation and spatial confinement within
the necessarily small solution cells used, we can reliably
contextualize the data obtained and properly interpret the
results. LPTEM observation requires the scattering of electrons
by the sample to generate a signal, which will also inherently
alter a polymer specimen and its solvent. It is these competing
features of the electron beam in any LPTEM experiment that
will form the basis of our discussion in this Viewpoint.

For LPTEM to impact polymer science, we are mainly
interested in studying processes relevant to what actually
occurs in a benchtop reaction vessel. Any artefactually altered
processes or structures specific to an arbitrary imaging
modality may be of little import. In this Viewpoint, we aim
to provide a unified, generalized description of the sample
vessel performance during LPTEM experimentation, highlight
potential artefactual effects specific to the LPTEM vessel and
imaging conditions used, and suggest means to minimize or
eliminate these artefacts to extract meaningful data. The goal is
to develop an experimental technique capable of truly
mimicking bulk-like conditions while conducting in situ,
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Figure 2. Examples of LPTEM applied to study polymer science. (A) Imaging individual polymer chains using graphene-LCTEM. Reproduced
with permission from ref 5S. Copyright 2017 Wiley-VCH. (B) In situ LPTEM time lapse of e-beam induced polymerization of monomers.
Reproduced with permission from ref 57. Copyright 2018 ACS Publications. (C) In situ LCTEM video of the micellization of a copolymer (EO -
POgys-EO ) solution. Reproduced with permission from ref 59. Copyright 2019 Royal Society of Chemistry. (D) In situ LCTEM video of micelle—
micelle fusion, which can be tracked in time to quantify the fusion process and capture the internalization of solvent that occurs. Reproduced with
permission from ref 46. Copyright 2017 ACS Publications. (E) In situ staining of low-contrast liposomes in LPTEM using 1 mM NiCl,.
Reproduced with permission from ref 62. Copyright 2020 ACS Publications.

nanoscale observations of solvated polymers and their
nanostructures. To begin, we review the literature of LPTEM
applied to polymeric samples, highlighting examples where
control of LPTEM experimental conditions was successfully
harnessed to mitigate artefacts or damage to the systems under
study, giving insight into the property of the materials
themselves.

B PIONEERING EXAMPLES OF LPTEM STUDIES OF
SOFT MATTER ASSEMBLIES AND POLYMERIC
MATERIALS

While the study of robust, inorganic materials, such as metallic
or ionic crystals, has been the lar; est focus of study by far for
this nascent technique,””***" 7373 the study of polymers
and organic materials using LPTEM has been comparatively
limited.*>*" This is because soft materials are considered a
challenge due to their inherent sensitivity to e-beam-induced
radiation damage and their poor TEM contrast generally,
which is even lower in liquid media. However, this has begun
to change as polymeric and organic materials are being more
commonly studied, as experimental techniques for sample
preparation, ima%e caspture, and image analysis are improved
(Figure 2).*9#°V43=°0 [ PTEM applied to solvated organic
nanostructures was first demonstrated by Mirsaidov et al. in
2012, demonstrating that using low electron flux TEM
conditions, similar to those employed for proteins in cryo-
TEM, it was possible to statically image protein nanostruc-
tures, specifically ca. 100 nm wide crystalline acrosomal
bundles at sub-3 nm resolution, in water using LPTEM at

low total fluence in TEM mode.** This was quickly followed
by Evans et al., who imaged sub-20 nm ferritin nanoparticles
and nanolipoprotein disks in buffered water at ca. 2 nm
resolution in STEM.>* For clarity, electron flux is in units of
e /A%, while fluence is the cumulative number of total
incident electrons applied, in e”/A% We note that LPTEM
applied to biological soft matter has been an active area of
development in parallel to that of solvated polymers, and we
point to recent reviews on LPTEM of biological systems,
which have similar but distinct experimental challenges.”>>*
Proetto et al. reported the first study of dynamics and
motion of individual amphiphilic block copolymer supra-
molecular nanoassemblies captured by LPTEM.”' Here, Pt
centers were coordinated to norbornyl monomers to increase
the scattering contrast of the micellar assemblies in aqueous
solution, giving these ca. 150 nm polymer nanoparticles high
contrast over the pure water background at the imaging
conditions used. At the molecular level, Nagamanasa et al.
demonstrated the ability to video the conformation of
individual polymer unimers in water and track their dynamic
motion and molecular degradation under TEM irradiation
using ultrathin graphene windows (Figure 2A).> By applying
object tracking and video quantification to LPTEM data of
dynamic polymeric nano-objects, it has been determined that
the diffusion and motion of solvated nanostructures during
LPTEM is often anomalous from bulk Brownian behavior.
This anomalous motion is influenced by window-surface
effects, the e” irradiation, and the frame rate of acquis-
ition.””**>! Indeed, subdiffusive anomalous motion has been

https://dx.doi.org/10.1021/acsmacrolett.0c00595
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observed in multiple polymer systems in LPTEM, where the
specific motion of individual micelles videoed during LPTEM
has been used to understand the forces and conditions within
the liquid cell vessel.””***!

Beyond videoing basic motion of polymer chains or
nanostructures in solution, LPTEM has also been applied to
study the nucleation, assembly, and transformation of
polymeric nanostructures, as well as the formation and
evolution of individual polymer chains. LPTEM has been
shown to be uniquely capable of studying this class of
processes. Liu et al. demonstrated the first in situ polymer-
ization of monomers using an LPTEM system with electro-
chemical capabilities, driving the micron-scale electrodeposi-
tion of poly(3,4-ethylenedioxythiophene) (PEDOT) on an
electrode surface from an aqueous EDOT solution under
continuous observation.’® In this early work, the authors were
unable to verify the molecular structure of the electrodeposited
material by post mortem characterization, leaving open the
possibility of the structures formed being related to a beam
damage product.”® Touve et al. reported the first in situ
polymerization of amphiphilic diblock copolymers observed by
LPTEM, using a polymer system where the TEM beam creates
a chemical environment that mimics the condition of bulk
polymerization.”” They determined that e-beam-induced
radiolysis of the aqueous solution, containing monomers and
radical chain transfer agents, drives monomer polymerization
in solution via reversible addition—fragmentation chain
transfer (RAFT). The polymerization in turn triggers the
formation of micelles, here ca. S0 nm diameter particles, that
are comparable to those prepared by bulk synthesis via
polymerization-induced self-assembly (PISA, Figure 2B). Here,
systematic damage control tests were performed to determine
low flux and fluence imaging conditions where PISA was not
detectably affected by the TEM beam. However, again, the
molecular structure of the in situ formed polymers was not
verified by a post mortem analysis method.

To date, post mortem validation of polymer structures
formed by in situ polymerization during LPTEM has been
limited to 2D polymers that form highly crystalline nano-
particles during polymerization, which provide precise, dry-
TEM diffraction patterns.”">® Smith et al. demonstrated the
first use of variable-temperature (VT) LPTEM (at 80 °C) to
observe the thermal polymerization of hexahydroxytripheny-
lene (HHTP) and phenylenebis(boronic acid) (PBBA)
monomers in a purely organic solvent solution, a blend of
mesitylene, dioxane, acetonitrile, and methanol, and the
resulting formation of ca. 25 nm diameter COF-5 colloidal
nanoparticles using stroboscopic, low fluence in situ imaging.”'
The polymeric colloidal crystals formed in situ and the
monomer solutions were both highly susceptible to beam
damage artefacts at 80 °C. Post mortem dry-TEM diffraction of
the COF-5 particles was critical to verify their true structural
identity, with beam damage products similarly identified by
diffraction analysis following the liquid-phase electron
microscopy experiments.

Li et al. first captured micellization to form nanoassemblies
using LPTEM and an aqueous solution of preformed
polymeric amphiphiles (Figure 2C).*” Based on the difference
in contrast between the core and corona blocks of the sub-50
nm diameter spherical micelles that formed, which could be
tracked and quantified, assembly kinetics and pathways were
determined for different system conditions with or without Au
nanoparticles. In an earlier study, Parent et al. used in situ

LPTEM to observe preformed, kinetically trapped block
copolymer micelles, initially ca. 20 nm in diameter, in buffered
water, undergoing both unimer addition and particle—particle
fusion events to grow into larger, ca. 40—150 nm diameter,
assemblies with complex internal structures.*® Correlating the
in situ LPTEM data with in silico models, fusion was found to
be associated with the internalization of additional solvent
within the micelles, leading to a phase transition from spherical
to bicontinuous morphology (Figure 2D). LPTEM has also
been used to visualize micelle assembly via liquid—liquid phase
separation—a phenomenon of high importance in living cells
and synthetic supramolecular systems. Ianiro et al. observed
that individual unimers of an amphiphilic diblock copolymer
dispersed in acetone before solvent exchange with water
prompts the formation of polymer-rich liquid droplet phases,
which serve as the seeds for molecular organization and micelle
transformation into ca. 150 nm diameter vesicles with ca. 20
nm membrane thickness.*> These LPTEM data reveal the role
of phase separation in vesicle formation, an experimental
finding that was strengthened by self-consistent field
computations and Gibbs free energy calculations.”> The
thermal fragmentation of preformed block copolymer micelles
in an ionic liquid has also been observed by LPTEM using an
“open” LPTEM platform (see next section).” Early et al.
found that the fragmentation of ca. 100 nm diameter spherical
micelle assemblies occurs by their transformation into
elongated “peanut”-shaped morphologies, followed by necking,
neck thinning, and ultimately separation into two smaller
micelles.

In all of these LPTEM examples, imaging polymeric
nanomaterials has been a challenge, largely due to their
inherently low contrast in TEM. Generally, polymer structures
in the range of ca. 25 nm up to ca. 500 nm are best suited for
study by LPTEM; smaller structures can yield prohibitively low
contrast in water, and larger structures begin to significantly
degrade imaging resolution due to sample thickness. One route
to enable easier imaging of polymer nanostructures in liquid
was demonstrated by Piffoux et al., where the electron-beam-
induced reduction of chloroauric acid to yield ca. 5 nm Au
metal nanoparticles resulted in metal deposition on the
membranes of extracellular vesicles, ca. 100 nm in diameter.
This “metal tagging” served to increase the contrast of the
vesicles relative to the liquid background.®’ However, using
this method, the strong interaction between the Au nano-
particles and the liquid-cell windows led to subdiffusive motion
and further aggregation of the extracellular vesicles. Advancing
the concept of an in situ stain, Gnanasekaran et al
demonstrated liquid-phase staining of phospholipid unilamellar
vesicles of ca. 100 nm diameter with thin membranes using a
metal cation (Ni**) that preferentially adsorbs to ne§atively
charged moieties on the liposomes (Figure 2E). > The
increased scattering cross section of the metal cation in the
liposome membrane led to staining of the liposome
nanostructures. This phenomenon was partially reversible
and heavily dependent on the concentration of the metal
cation and electron dose conditions. In situ staining techniques
will generally find utility for static observation of the physical
structure and morphology of low contrast polymer samples, as
it will necessarily alter the physicochemical properties and
dynamic behavior of the sample and the structures observed.

Despite these precedents, LPTEM is inherently destructive,
and polymeric materials are among the most sensitive to
observational artefacts and damage. In a traditional benchtop

https://dx.doi.org/10.1021/acsmacrolett.0c00595
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Figure 3. Diagram of window-based liquid-cell TEM. (A) LCTEM holders are designed to accommodate LCTEM chips (Si substrate with thin a-
Si;N, windows) or graphene grids which (B/C) hermetically seal the sample solution (pLs) in the holder tip from the UHV column. Inlet/outlet
flow lines allow external solutions to be injected into the “liquid-cell” region using a-Si;N, windows. (B) The Si3N, chips have etched-out window
regions that align to create the LCTEM vessel and area of view (marked in red). (C) In graphene LCTEM, the sample solution is sealed into small
isolated pockets between two thin graphene films, which reduces the area of view in the graphene liquid-cell vessel. Reproduced with permission

from ref 77. Copyright 2017 Wiley-VCH.

polymer chemistry experiment, for example, synthesizing and
measuring the viscosity of a novel hydrogel, we have a good
understanding of the metadata that contextualizes the viscosity
data obtained: the chemical properties of the sample including
polymer concentration, solvent, temperature, pH, and additive
concentrations and the type of viscosity probe required for
accurate calibration. In an in situ LPTEM experiment by
comparison, the sample’s basic metadata is potentially
convoluted by multiple and interrelated artefacts specific to
the LPTEM conditions. If we hope to study processes of
relevance to polymer science using LPTEM and contextualize
the in situ data we obtain, we must understand and ideally
quantify these additional artefacts. This requires an under-
standing of how polymer samples and chemistries are damaged
or altered during LPTEM operation. In the following sections,
we break down the path of the incident electron beam though
the liquid-cell vessel loaded with a polymer sample solution
and highlight the various ways in which the beam can either
directly or indirectly alter natural polymer chemistries or
structures. Our goal is to both provide strategies for effectively
using LPTEM for polymeric samples and give caution
regarding the potential to misinterpret artefactual LPTEM
data.

B LPTEM VESSEL: A NANO- TO MICROSCALE
REACTION VESSEL

Here, we consider the liquid-cell a unique vessel for
conducting solution-phase chemical processes (Figure 3).
The LPTEM experimental system is highly complex, due to
both the nano-to-microscale spatial geometry of the vessel and
the ever-present irradiation by the TEM beam. These factors
play a role in reactions and reactivity as well as in the motion of
the materials in what is certainly distinct from any standard
benchtop reaction vessel. The LPTEM technique has been
developed by multiple research groups and instrumentation
manufacturers working largely in parallel. As a result, several
different in situ LPTEM platforms have been established,
falling into one of two types: (A) windowless sample holders
(“open”-LPTEM) where the sample solution is open to the
UHYV of the TEM column, similar to a cryo-TEM sample, as
shown in Figure 1B, or the far more common (B) window-
based sample holders that hermetically seal and confine the
solution between thin solid membranes, creating a “liquid-cell”
(LCTEM) that is isolated from the column UHV (Figure 1C

and Figure 3).”>*%** Open-LPTEM requires sample solutions
with very low vapor pressures that do not evaporate rapidly
under UHV, such as certain ionic liquids. Consequently,
samples that can be effectively studied using open environ-
mental chamber LPTEM are limited.**™® However, for
applicable systems, the quality, in terms of contrast and
resolution, of in situ imaging data will be high, as windows used
to confine the solution necessarily lower the achievable
contrast and resolution’””" and can undergo undesired
interactions with the sample. The first in situ open-LPTEM
study of polymer nanostructures in an ionic liquid has been
recently reported for observing the fragmentation of micelles.*’
The bulk polymerization and crosslinking of ionic liquid
monomers due to e-beam irradiation has also been
demonstrated using liquid-phase scanning electron microscopy
(LPSEM), suggesting that jonic liquids themselves can be
highly sensitive to direct radiolysis degradation.”” Recently, the
use of an environmental-TEM (ETEM) to create free-standing
water droplets on thin carbon TEM grids using saturated water
vapor has opened the possibility of using ETEM for open-
LPTEM studies of hydrated polymers in pure water in the
future.”

In general, solvated polymeric samples exist in aqueous or
organic media, and currently, window-based platforms must be
used, of which there are two main types: (1) amorphous-Si;N,
windows used with commercial LCTEM holders and (2)
home-made graphene window liquid cells (and recently, hybrids
that combine %raphene and a-SizN, or other sub-
strates).””*¥**7*77% "Each LCTEM platform has its own
advantages and limitations in terms of imaging performance
and unwanted interactions with the sample, which we discuss
in the following sections. Regardless of the window material
and sample, the basic experimental platform of LCTEM
remains fundamentally the same; the sample solution, confined
to ca. sub-micron liquid thickness and containing solvated
nanostructures, monomers, or polymer chains, is enclosed
between two thin windows, which have a thickness ranging
from a single monolayer of graphene up to ca. 50 nm thick a-
Si;N, (Figure 3). For commercial LCTEM platforms (Figure
3A), Si support chips with etched-out “electron transparent” a-
SizN, windows are used to confine the sample solution, which
is hermetically sealed from the column vacuum in the tip of a
“liquid-cell” holder by an O-ring system (Figure 3A,B).
Graphene-based liquid cells that use TEM grids as a support
are not commercially available, and we point to several recent

https://dx.doi.org/10.1021/acsmacrolett.0c00595
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reviews on the various preparation methods for using graphene
windows for LCTEM (Figure 3C).”*”"~®! The viewing region,
marked in red in Figure 3, is the region where top and bottom
windows align and overlap. It is generally referred to as the
“liquid-cell” (LC), as this is the only region of the LCTEM
vessel that we can directly observe once the sample is sealed
and in the electron microscope (Figure 3C). This region is ca.
50 X 50 pum? for a-SizN, windows or ca. 500 nm X 500 nm? for
graphene windows depending on the pocket size. We note that,
generally, in graphene-LCTEM, due to the small size of each
isolated pocket, typically a sub-micron diameter, the entire
volume of the solution is confined to remain continually under
direct TEM beam irradiation (purple in Figure 2B).
Conversely, the larger volume and flowlines of the liquid cell
in SizN,-LCTEM allow for the diffusion of solution molecules
into and out of the region of direct TEM beam irradiation.
This will alter the in situ radiolysis chemistries when using
graphene- or Si;N,-LCTEM for a given sample.

In general, any LC-vessel will have an exceptionally large
window surface area per volume of solution. For TEM in the
50—300 kV range, imaging is only possible through liquids that
are at most several microns thick and, more realistically, for
resolving low-Z organic structures, through submicron thick-
ness.”” Under these liquid thickness constraints, no location
within the LC-vessel is ever further than several hundred
nanometers from the window surface, and a significant fraction
of the solution volume is within the outer Helmholtz layer of a
window surface. Indeed, chemical and molecular interactions
that occur at a window—solution interface tend to dominate in
LCTEM experiments, and we must be acutely aware of the
effects that the windows, in combination with the e-beam, can
have on systems under study.”*”**

To start, we first consider the initial state of the liquid-cell
windows prior to TEM beam irradiation. Amorphous silicon
nitride (a-Si;N,) membranes have remained the standard
window material for LCTEM since their use in the first
modern LCTEM experiments by Ross and coworkers in the
early 2000s (Figure 3B).”> There are several obvious
advantages: chip design and fabrication have become highly
advanced; a-Si;N, chips can be integrated with inlet—outlet
flow lines that allow for external-liquid flow and chemical
mixing; a-Si;N, windows are physically robust under UHV and
are sufficiently low density and thin such that background
scattering and noise from the windows are not prohibitive to
imaging. a-Si;N, window chips are also amenable to the
addition of microelectrodes and resistance heating elements,
which have enabled in situ electrochemical-(EC)-LCTEM and
variable-temperature (VT)-LCTEM.>"** However, the as-
sumption that a-Si;N, is effectively inert and does not undergo
interactions with polymeric solutions breaks down at the
nanoscale under e-beam irradiation.**~"’

Immediately following fabrication and photoresist removal,
the surface of a pristine a-Si;N, window will undergo surface
reactions with air, water, or other species in the environment,
wherein the =Si;N surface is converted to a mixture of
hydrophobic and hydrophilic moieties, depending on the
specific environment (Figure 4). In ambient air containing
moisture in a typical lab environment, the a-Si;N,, surface will
both oxidize and hydrolyze over time, converting exposed
surface nitrogens (=Si;N) into silylamines (=Si-NH, or =
Si,-NH) and silanols (=Si-OH or =Si-[OH]J,), and in high
O, conditions, formin% thin patches of SiO, terminated by
silanol  groups.*>*****7%97%% Iy practice, any real a-Si;N,
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Figure 4. Surface of SizN, LCTEM windows. (A) Initial surface
chemistry of a solvated pristine am-Si;N, window without TEM
irradiations (beam off), a mix of silanol and silylamine moieties. (B)
In situ liquid chemical force microscopy (CFM) phase image of an air
plasma treated Si;N, window, showing spatial hydrophobic/hydro-
philic variations.”® (C) Dry-TEM image of a Si;N, window coated
with Au NPs labeled to bind to silylamine surface moieties.”® (D) The
net effects of e-beam knock-on of windows during LCTEM; surfaces
are more deprotonated (positive surface moieties), and hydrogen
bonding is reduced compared to the initial surface without irradiation.
(E) Theoretical knock-on scattering cross sections for the various
surface species.''® For graphene-LCTEM, knock-on damage should
be prevented below ca. 86 keV (blue arrow). B and C are reproduced
with permission from ref 28. Copyright 2019 ACS Publications.

membrane will have a surface chemistry composition that is
spatially heterogeneous, with local variations in surface silanol/
silylamine content (Figure 4A—C).**”* In liquid, silanols are
net deprotonated, yielding a negative charge at neutral pH (pH
> ca. 4.5), while silylamines are net protonated, yielding a
positive charge at neutral pH (pH < ca. 10).5%°>%*

The zwitterionic nature of untreated a-Si;N, surfaces might
not be ideal for many polymer systems (Figure 4B,C),”* where
one instead would prefer a surface chemistry that is spatially
uniform, be it completely positively charged, negatively
charged, or neutral. The local and net surface charge chemistry
of any a-Si3N, window can be tuned by altering the
silanol:silylamine surface content,”® by introducing other
surface moieties through chemical window modification (e.g.,
silanezation)”> ™"’ or by physically coating other materials as
films over the a-Si;N, surface (e.g, graphene or metal-oxide
coatings).”® Untreated a-Si;N, surfaces are relatively hydro-
phobic, which is problematic for the assembly of hydrated
liquid cells, as poor wetting of the windows often leads to
formation of air pockets or dehydrated regions within the
liquid-cell vessel. Plasma treatment of windows prior to loading
the sample solution can increase window hydrophilicity and
will clean the surface of contaminants. This process can also be
used to tune the surface chemistry composition, though
control is limited. Numerous plasma treatment methods and
instruments exist, each affecting the a-Si;N, surface differently
depending on the conditions and parameters used. For
instance, surface atoms can be removed by plasma cleaning

https://dx.doi.org/10.1021/acsmacrolett.0c00595
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under argon to lower silanol coverage and recover the pristine
=Si;N surface. Alternatively, surface atoms can be replaced
through exchange processes by plasma cleaning under oxygen
to increase silanol coverage. A combination of these two
procedures can also be employed using standard RF glow-
discharge units with ambient air.*”**~"°" Methods such as
photoelectron spectroscopy (XPS) or in situ chemical force
microscopy (CFM) can be used to experimentally measure the
relative surface concentration of silylamine, silanol, or other
surface moieties present and map the spatial distribution of
hydrophobic or hydrophilic surface moieties on any LCTEM
window (Figure 4B).”*'>7'% To date, the use of chemical
window treatments to modify the surface of LCTEM windows
by forming surface silanes has not been widely explored
beyond the chemical surface modifications needed to fix
biological specimens.”~"”'”'% Ultimately, chemical window
modification offers the potential for far greater control over the
final a-SizN, surface chemistry than is possible using plasma
treatments.” !0

B IRRADIATING THE VESSEL WITH THE IMAGING
E-BEAM

1. Effect to the Windows and Interactions at
Windows. Acquiring data on a sample within the LCTEM
vessel necessitates irradiating the vessel with a keV electron
beam. The nature of LCTEM window surfaces and how they
interact with and affect the solution drastically changes upon
irradiation by the electron beam (Figure 4D). As the incident
TEM electrons journey though the liquid-cell vessel, they pass
through the top and bottom windows and experience
scattering events during their transmission, both elastic and
inelastic. Scattering of incident electrons by matter is
probabilistic; the mean number of scattering events (#,,)
that an electron will experience as it passes through a window
is directly related to the respective total scattering cross section
for the atoms that compose the window (6, nm?), the atom
density of the material (N, atom/nm’), and the window
thickness (¢, nm), #,
the windows can be diminished by reducing the window
thickness or density or by selecting a window material with a
smaller scattering cross section. However, it is important to
consider elastic and inelastic scattering separately, as each
causes separate artefactual irradiation effects in LCTEM, and
each has a separate cross section (6 = oy + oy,)." "'"?

We label elastic scattering as the scattering interactions that
occur between the incident TEM electrons and nuclei of the
matter under irradiation. The elastic scattering cross section
can be approximated using the Rutherford or Mott cross
sections, which both state oy o Z*3 to Z* depending on beam
keV.' MBS Any scattering from the windows or any
support or substrate effectively acts as an overlaid Gaussian
blur on the pure image of the sample, as window scattering will
reduce the signal, contrast, and resolution of any image while
increasing the background noise, significantly degrading image
quality.”””" a-Si;N, can be considered to have low-background
scattering with a relatively small og;. Using scattering theory, Li
and Knibbe have computed an ca. 1.5 nm loss of resolution
due to beam broadening caused by elastic scattering for two 50
nm a-Si;N, windows, with potential additional image
resolution losses due to the signal-to-noise ratio, which
depends on the employed beam flux and the Z-density of
the sample, and to inelastic scattering, which depends on the

. & oNt. The magnitude of scattering by
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chromatic aberration of the TEM and can be eliminated using
zero-loss energy-filtered TEM, EFTEM.”%7"''% Overall, this
makes a-Si;N, a good window material for LCTEM imaging;
AlO; and SiO, both have comparable properties. Though a-
Si3N,, is physically robust to the mechanical forces applied by
the column UHV, with a Young’s modulus of ca. 300 GPa,
each window will bow outward, increasing the thickness of the
liquid contained between the two windows, with an ca. 0.5 ym
bulging of each 50 nm a-Si;N, window that is greatest at the
center of each window.”' Bulging can be minimized and
controlled using recent a-Si;N,-LCTEM holders with pressure
control systems on the inlet/outlet lines and by controlling the
window dimensions used."'''” By comparison, graphene
windows, which are at most 1—2 nm thick and low Z-density,
with a Young’s modulus of ca. 1000 GPa, are essentially
invisible to the beam and thus cause no resolution loss; the best
LCTEM resolution and contrast of polymers in liquid can be
obtained using monolayer graphene liquid cells, all else being
equal.”’

However, elastic is an imperfect term to describe all nucleus
scattering events, as a small fraction of electrons actually do
transfer significant energy to the target nucleus, which can lead
to the displacement of that atom, termed knock-on scattering,
Oplknock  (Figure 4E)."'"®"? In LCTEM, any knock-on
scattering event with an inner-surface atom in the window
will result in the ejection of that atom into solution, altering
the window surface and generating a solvated and mobile ion
in the confined solution (Figure 4D). Knock-on ejection of
low-Z surface elements, specifically surface hydrogens, is non-
trivial even at low dose rates (large 6p)moq for deprotonation).
That is, during LCTEM irradiation, the TEM beam is
continually deprotonating surface silanol and silylamine
moieties, and this continuous deprotonation achieves equili-
brium with competing reprotonation reactions with the
solution, as dictated by the solution pH.

Though less frequent compared to surface hydrogens, the
irradiating TEM beam will also knock-on eject surface nitrogen
and oxygen atoms (silanol and silylamine moieties) at
accelerating voltages above ca. 40 keV,''® an effect which
over time will progressively alter the surface composition of the
window (Figure 4D,E). Silylamine moieties that are knock-on
ejected generally never reform in aqueous solutions; exposed
=Si" surface terminal groups react rapidly with local water
molecules to form stable silanol moieties, while generating
solvated H* ions. Over time, LCTEM irradiation leads to a
progressive silanolization of a-Si;N, windows. This effect is
minimized at low beam fluxes. For example, S h of continuous
irradiation at an electron flux of 1 e~ /A? s would only result in
the degradation of ca. 1/20 of the initial silylamine moieties in
the area under irradiation. However, silylamine removal can
become significant at high dose rates; at 100 e /A%s, ca. one in
ten silylamines are removed within the first 5 min of
irradiation, using a single scattering approximation.”z’118

Knock-on damage in the case of graphene LC vessels, or
other monolayer window materials, is a significant concern, as
it can result in the destruction and leakage of the liquid-cell
pocket under observation. Based on the binding energy of C
atoms in the graphene lattice (ca. 17—22 eV), an irradiating
TEM beam can eject C atoms from pristine graphene at
accelerating voltages above ca. 86 keV (Figure 4E),''*'*
forming defects that propagate under continued irradiation,
which can form large gas bubbles and release the contained
solution to the column vacuum, effectively desolvating the
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Figure 5. Effects of TEM irradiation on LCTEM windows and the liquid-cell vessel containing the sample solution. (A) Band structure of
common/potential LCTEM window materials at the window surface, which dictate the response of the different materials to the TEM beam.
Irradiation can induce the emission of SEs into solution if the excited electrons cross the red dashed line (H,O/e, ) Reproduced with permission
from ref 136. Copyright 2014 ACS Publications. (B) Electric potential generation, V(x,z), in an a-SizN, window under TEM irradiation due to ESE
emission. More ESEs escape from the solvated side of the window into solution than from the opposite side into vacuum, generating a thickness
potential profile, V(z). The TEM beam diameter (vertical yellow beam) defines the full-width, half maxima of the lateral potential profile, V(x). (C)
Net effects on the entire liquid-cell vessel as a result of the TEM beam interacting with the a-Si;N, windows that include window [+] charging and
electric fields, window surface deprotonation, and the release of ESEs and H+ into solution.

sample and ending the LCTEM experiment.””"*°~"** We note
that graphene membranes with defect sites can experience
knock-on ejection below 80 keV,'”” and using windows of
multilayer graphene will extend the lifetime of irradiated liquid
cells at any keV.”*”*

Concurrent with nucleus elastic, op), scattering events, a
certain fraction of the incident TEM electrons, are scattered by
electrons in the window (inelastic, o7,), causing the excitation
or ionization of molecular atoms or plasmons, the breaking of
bonds, and the creation of both internal excited electrons and
an equivalent number of localized [+] positive charge centers
or holes within the window (Figure 5).101237126 These excited
electrons, termed internal secondary electrons (ISEs), can be
subsequently emitted from the window surface into the
vacuum or into solution as emitted secondary electrons,
ESEs. ESEs are emitted into solution if the electrons are able to
reach the membrane surface and overcome the surface barrier,
the magnitude of which is defined by the electronic band
structures of the membrane material in relation to that of the
surrounding medium or vacuum (Figure SA).

The emission yield of ESEs from the surface of an irradiated

# ESEs emitted . .
TR EEC s a function of the TEM beam
#incident electrons

energy, E, (8 o E3°%) ,'*’ the probability of ISE generation per
incident electron, and the probability of ISE escape from the
window surface. The latter two are related to electronic
properties of the window, with theoretical and experimental
values available for many elements/materials (Stopping Power,
ISE escape depth, work function, and electron affinity).'*’~"*°
Based on Bethe theory and ESE yield measurements at sub-50
keV incident electron beam energies,'””"*¥"3%713% the
theoretical yield of ESEs emitted into the vacuum from in an
a-SizN,, or other semiconductor membranes under ca. 50—300
keV irradiation, is on the order of 6 ~ 0.05—0.25 ESEs per
single incident electron, a value which is independent of
membrane thickness for membranes thicker than ca. 10—15

nm, the maximum escape depth of ESEs (Figure
5B).128132-134

window, § =

For an ISE to be emitted from a solid surface into vacuum,
the ISE must be excited above the vacuum level, a significant
energy barrier for materials with large work functions (Figure
5A)."”° However, an ISE with excitation energy below the
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vacuum level but above the conduction level, termed a hot
electron, can be released from the window surface into a
solvating liquid if its excitation energy exceeds the redox
potential to solvate it in that liquid, e, = ~1.7 eV, which lies
several eV below the vacuum level for many liquids; for water,
ey = ~1.7 eV.O71 Once hydrated, there will be a larger
ESE yield from the interior surface of the LCTEM windows
into solution than predicted by theory for emission into
vacuum (Figure SB).

During irradiation, each ESE ejected from the window into
vacuum or liquid will leave behind a corresponding hole
(Figure SB), which will persist as a positionally pinned positive
charge in low conductivity windows (a-Si;N, or oxides) or
which will be rapidly neutralized in high conductivity windows
(metals or graphene). The ESE vyield from each window
generates an instantaneous current (Izgg = I8, C/s) in the
irradiated area,"** where Iy, is negative and the area of its flow
is the cross-sectional area of the irradiating TEM beam, such
that the magnitude of the membrane’s charging current can be
directly reduced by reducing the electron flux, I, or by
operating at a higher accelerating voltage. In each window, Iyg;
generates a potential profile (V,,..(tx)) that varies radially (x)
over the irradiated area and changes with irradiation time (%),
reaching a steady-state potential, V,,.,(00,x), where (x) is any
radial location within the irradiated area of beam radius, g; r, is
the distance to electrical ground; and d is the window thickness

(F SB) 125,133,134,139
T,
a

Increasing the membrane conductivity (y,,) (Figure 4A) will
directly reduce its steady-state positive potential (V. (c0,x)),
and essentially no charge potential accumulates in a thin,
highly conducting membrane (e.g, graphene). However,
regardless of material conductivity, all window materials, of
equal thickness and at equal keV, will emit roughly similar
yields of ESEs into solution, ey, (ca. S0 eV), which will alter
the solution chemistry and cause additional radiolysis and
ionization damage to polymers within the vessel (see next
section).

IESE
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For LCTEM windows that do charge under irradiation (a-
Si;N,), the twin positive potentials V., (c0,x) of the top and
bottom windows are separated by an insulating liquid layer,
which generates a spatially inhomogeneous electric field within
the liquid-cell volume that is dependent on the liquid thickness
and the windows’ charge potentials and has been modeled by
Jiang for different LCTEM vessel geometries (Figure SC),
solutions, and irradiation conditions based on previous
charging models for isolated membranes, > 3417014 1y
brief, window charging generates a positive electric field that
is normal to the surface of each window and radially outward
from the beam center,"*”'*' such that anionic species are
driven to the window surfaces and towards the center of the
irradiated area, while cationic species are repelled from the
surfaces and away from the irradiated area. This charging effect
can potentially have a significant influence on the local
chemistry and the diffusion of species within the LC vessel.

Coating an insulating window with a thin (ca. 2—5 nm)
conducting layer on at least one surface grounded beyond the
beam radius can reduce irradiation-induced window charging
by altering the electrostatic boundary conditions of the system,
reducing the effective distance to ground (r,) to the order of
the membrane thickness.'”>'** The maximum reduction in
membrane charging will result from coating both interior and
exterior surfaces, though coating either the interior or exterior
surfaces can potentially have a significant effect on reducing
charging during LCTEM irradiation when using a-SizN,
windows.

As the LCTEM windows are irradiated by the beam, many
inelastic scattering events will not transfer sufficient energy to
excite the targeted electron(s) into the conduction band of the
material. Instead, these low-energy excited electrons remain in
the solid state (Figure SA), where they experience strong
attractive Coulombic interactions with their corresponding
hole (Figure 5B),"*® forming solid-state electron—hole pairs
with energies below the band gap of the material, termed
excitons. In semiconductors, excitons that do not rapidly relax
can react with surface hydroxyl or amine groups, causing the
breakage of the O—H or N—H bond, deprotonating surface
silanol or silylamine moieties, and releasing H" into solution
(Figure SC).'*7'* The deprotonation effect caused by
excitons will be complementary and additive to the
deprotonation effect caused by elastic knock-on ejection of
surface hydrogens, in equilibrium with natural protonation, as
dictated by the solution pH.

To summarize (Figure SC), the irradiating beam induces the
emission of ESEs from all window materials into the solution
and vacuum, which in turn causes window charging and E-
fields within the liquid-cell vessel for low conductivity windows
(a-SisN,). These ESE effects are reduced at higher keV and
lower flux. Simultaneously, the beam will cause window
surfaces to become more deprotonated at the steady state and
will progressively alter the surface composition over time.
Graphene windows can be catastrophically damaged by the
beam, which can be minimized by operating at low keV (below
ca. 86 keV) and/or using multilayer windows.

2. Direct Effect of the e-Beam on the Solvent. Next, we
follow the path of the incident TEM beam into the solution
contained in the LC-vessel, where it continues to undergo
scattering events, now with solvent molecules and solvated
polymers. These scattering events cause solution radiolysis,
which alters the solution chemistry and generates species that

22

can be highly damaging to solvated polymers as indirect beam
damage (next section).

In liquids, atoms are not localized within a ridged lattice, and
thus knock-on damage by nucleus elastic scattering is generally
marginal. However, the electron beam directly damages
solution molecules through inelastic scattering events (Figure
6), where the energy transferred by the irradiating beam causes

[ | —
Decomposition
cascade / H,0
H0* H0* e Ambient
TEM Beam Primary Radiolysis Products
Diameter e e \ Lateral diffusion of
i OH* H202 H2 - stable products and
i k longer lasting radicals
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Figure 6. Effect of TEM irradiation on water/solution in LCTEM
(radiolysis). Stage 1, the primary scattering event between the
incident e-beam and the electron cloud of a water molecule. Stage 2,
intermediated states are formed, which decompose though a cascade
of reactions, yielding a set of primary radiolysis products at the end of
stage 3. Primary products formed under the beam can diffuse away
from their sites of formation within the liquid cell; the steady-state
primary product concentration is dependent on beam flux, beam
diameter/area, liquid-cell thickness, and starting liquid concentration.

molecular deterioration termed as radiolysis. Radiolysis is a
multistep process, involving the excitation and ionization of
solution molecules, followed by decomposition or thermal-
ization, and a rate-dependent cascade of electrons, radicals, and
ions that interact and ultimately yield a set of primary chemical
products, specific to the initial radiolytic molecule, that are
diffuse in solution.'*>'*>'*® This multistep process for water is
shown simplified in Figure 6. For most liquids, the primary
radiolysis products are highly reactive with surrounding solvent
molecules or other solvated species, including polymer chains,
driving secondary and higher-order chemical reactions, which
are discussed in the next section on indirect polymer damage.
Numerous LCTEM studies have leveraged the ability to use e-
beam-induced water radiolysis to drive chemical or materials
processes, most notably to create net reductive or oxidative
environments inside of the LC-vessel to induce crystal
nucleation and growth and crystal dissolution or to drive
monomer polymerization.so’57’58 However, many chemical and
materials processes relevant to polymer chemistry demand the
minimization, or ideally the elimination, of any artefactual
disturbances to the chemistry of the system by radiolysis or
other factors. For LCTEM experiments, we ultimately seek to
control and quantify radiolysis chemistry, which requires a
fundamental understanding of the radiolysis process of the
system under study in the confines of the liquid-cell vessel.
In recent years, the need to better understand solution
radiolysis using scattering theory and classical radiation
chemistry has been a point of critical concern in the LPTEM
field, and we point to several detailed reviews on LPTEM
liquid radiolysis theory and the references therein.'*”'*~'*%
Bau, Ross, and coworkers first developed a model using known
radiolysis decomposition cascade reactions, inelastic scattering
stopping power values, reaction rate constants, and radiolytic
yields to calculate the time-dependent and steady-state
concentrations of primary radiolysis products in pure water

https://dx.doi.org/10.1021/acsmacrolett.0c00595
ACS Macro Lett. 2021, 10, 14-38



ACS Macro Letters pubs.acs.org/macroletters

H-Abstraction T
from Side Group W %‘f
(P-P)
@\ (PH) Cross-Linking %‘

(P-0°) OH-Adduct to Aromatic

(2) &
oo- o
(Aro) / (Aro - OH)

T “'% i -
wd | o o ,,.,(.4 R

wm

(Aro° -OH)
% (P—OO—P) Aerated
B sersted 92 (p_o01) e * (P-Aro-OH)

AL

H-Abstraction (P°)
from C-Backbone P-P) —/——~
ﬁ ?Cmss -Linking OH®
M W
(Aro>0)
(PH) H,0

Cross-Linking

(2) Chain Scission (HO—AfO-OO )
(F1+F;°) Sc:ss:on v / %‘ — I f OH*®
w—  For: N Cross-Lrnkmg,
HCH,~CRy=CHjl S s oo e | % R0, e W U] " S-Lir

+ H-C'R, -[CH,- C'R;— CH,],~ Aerated (POO )

o Termination, or
(PO°) (F1 +F3) (Aro+0)’ Ring-Opening

Figure 7. Common chemical [indirect] damage reaction pathways for polymer damage by hydroxyl radicals (solution radiolysis). Damage is
initiated by H-abstraction from the polymer by OH?®, forming P°. (Top) Polymer damage reactions that follow H-abstraction from a side group and

(bottom) from the C backbone. Right: pathways of reaction of OH®, with an

aromatic group that can serve to mitigate indirect damage to aromatic
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as a function of TEM electron flux. This work allowed for the
theoretical determination of aqueous solution chemistry in the
irradiated liquid-cell vessel."*” For water, the primary radiolysis
products are OH+, e™,,, H-, H,, H,0,, H,0% and HO,, which
each have their own respective yields for a given keV. In
radiation chemistry, the yield is customarily denoted as the G-
value, or the number of molecules created or destroyed per
100 eV of absorbed energy.””'*7'*" The steady-state
concentration of a given species in solution is thus a balance
between the rate of primary product generation, controlled by
the electron flux, solution stopping power (MeV/cm),
respective G-values, and the rate of reactions between the
primary products and the surrounding solution, intrinsically
defined by the rate constants and concentration.'*” We can
directly control the steady-state solution chemistry by
controlling the electron flux (dose rate)'*” and by controlling
the initial solution chemistry and its radiolysis reactions by
using chemical additives or scavengers (see below).'*® During
TEM irradiation, commercial a-Si;N,, LCTEM holders with
inlet—outlet flow lines (Figure 1A,B) provide some degree of
additional control over the in situ solution chemistry in the
irradiated region by inducing the diffusion of longer lasting
radiolysis products away from the area of irradiation and
replenishing this area with nonirradiated solution.''”"*'>°
Solution flow can come at the expense of nanomaterial flow or
motion, and using liquid flow during in situ LCTEM
observation can present a challenge for continuously tracking
discrete polymer structures over time.

The Bau and Ross model has recently been expanded to
consider the effect of ESEs emitted from the liquid-cell vessel
windows or metallic structures into the contained solution;
accounting for this effect shows that the local yields of all
radiolysis products in solution increase near the a-Si;N,
window—solution or metal—solution interface, most notably
e ,p and the oxidants OH- and H""' Due to the very low
kinetic energy of ESEs released into solution (ca. S0 eV)
compared to those of the incident TEM beam (ca. S0—300
keV), ESEs will only travel ca. 10—20 nm (continuous slowing-
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down approximation, CSDA, range) in solution before they
lose their energy to the solution, causing additional solution
radiolysis, and become e”,.">> That is, each ESE imparts ca.
50 eV energy over ca. 20 nm distance of solution, localized at
the window surface. By comparison, the penetration range of
300 keV incident TEM electrons is ca. 85 ym in water, with a
linear stopping power of ca. 2.353 MeV/cm;'>* a 300 keV
electron will only impart ca. 5 eV over 20 nm solution, though
the 300 keV electron will continue to impart this ca. 5 eV per
20 nm solution throughout its transmission through the entire
liquid cell, while ESEs will thermalize over their first 20 nm
travelled.">>"** This window-ESE radiolysis enhancing effect
creates a spatially inhomogeneous chemical environment
within the irradiated LC-vessel, such that the solution is
both radiolyzed and strongly net reducing close to the
windows or close to any solvated solid structures. The effect
of temperature has also been incorporated into the LCTEM
radiolysis model by accounting for the effect of temperature on
the G-values and reaction rate constants of radiolytic
species.' *'>* Though most nonaqueous solvents have yet to
be incorporated into this radiolysis model, G-values and rate
constants have been reported for many common solvents, and
so it is possible to model the theoretical radiolysis chemistry
for many solvents relevant to polymer chemistry.'>> We note
that the primary hydroxyl-type radicals formed from the
radiolysis of many organic alcohols, for example the
hydroxymethyl-radical from methanol radiolysis,">~"*" are
less reactive with solvated polymers than the hydroxyl
radical,"**"*” and indirect damage to polymers in LPTEM
should be reduced when solvated in organic solvents compared
to pure water. For the same reason, many organic solvents are
effective hydroxyl radical scavengers in aqueous solution and
can be used as low concentration cosolvents in water to reduce
chemical damage to solvated polymers (see next section). To
date, there is no method or technique to directly and
quantitatively probe the in situ solution chemistry in a liquid-
cell vessel during LPTEM irradiation, but material probes, such
as metal nanoparticles which dissolve or precipitate depending

https://dx.doi.org/10.1021/acsmacrolett.0c00595
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on the redox chemistry of the liquid-cell environment, can be
used qualitatively to assess in situ solution chemistry.'>*

Static, single-exposure imaging by LCTEM provides
conditions that are less sensitive to radiolysis damage or
artefacts compared to continuous videographic observation, as
chemical radiolysis damage is kinetically limited and requires
time to propagate and accumulate. At very rapid image capture
rates and high electron flux, but low total fluence similar to
cryo-TEM (sub-10 e7/A? fluence), it is possible to beat the
damage and acquire an accurate single image of a static
polymer nanostructure before chemical damage or direct
ionization/excitation damage manifests in the physical
structure, which is not possible for an LPTEM experiment
that involves continuous exposure to produce a video
containing many frames over a long period of time. To
mitigate direct and chemical radiolysis artefacts to polymers
during continuous videography, we must minimize the
irradiation flux, operate at higher keV, and employ chemical
additives that can prevent or repair damage that does occur.'®

3. Indirect Effects of the e-Beam on Solvated
Polymers. Depending on the polymer under study and its
unique chemistry and molecular structure, different specific
primary radiolytic species will be of concern for causing
chemical damage to the solvated polymer chains themselves
(indirect beam damage). Based on experimental data from
pulsed radiolysis studies of aqueous polymer solutions, there is
strong evidence that the hydroxyl radical is largely responsible
for polymer damage under ionizing radiation (Figure 7), more
than any other radiolytic species and direct irradiation (see
next section).'®’™'*” The hydrated electron, by comparison,
generally has a minor damaging effect on polymers (PH —
PH"™), but can play a significant role in the chemical radiolysis
induced damage of DNA and peptides through strand breakage
and could be involved in damage during the LPTEM study of
biopolymers.'®

In aqueous polymer solutions, hydroxyl radicals (OH®) have
large rate constants for hydrogen abstraction from most
polymers (OH® + PH — P* + H,0), which can occur at
carbon atoms located along the backbone (Figure 7 top) or in
the side groups (Figure 7 bottom), creating highly reactive
macroradical polymer chains (P®) within the irradiated
volume.'°*'* For carbon atoms located in aromatic groups,
however, the rate of H-abstraction by hydroxyl radicals is
suppressed compared to aliphatic carbons, and instead a
pathway leading to a hydroxy adduct is predominant at
ambient temperatures (ca. 19:1 OH-adduct formation to H-
abstraction) (shown in Figure 7 right).'”® The formation of the
OH-adduct in aromatics begins with the formation of a
metastable pre-reaction complex, where the hydroxyl radical is
loosely bound through electrostatic interactions. Depending on
the specific structure of the aromatic ring, the metastable
complex can rearrange into one of several aromatic adducts in
the form of hydroxy-aromatic macroradicals.'”' For many
aromatic structures, the energy barrier for rearrangement of
pre-reaction complexes into adducts (Aro*—OH) is larger than
for OH" dissociation, and aromatic units effectively scavenge a
fraction of the hydroxyl radicals in solution without
experiencing any molecular alteration or damage.'””

In a deaerated solution, polymer macroradicals, including
hydroxy-aromatic macroradicals, that meet will form covalent
bonds (P* + P* — P—P), cross-linking or gelling the polymer
sample, which can significantly alter the physical and chemical
properties of the polymer, beyond just increasing molecular
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weight.'®7'**'7* The cross-linking kinetics are affected by the
location of hydrogen abstraction sites in the polymer, steric
constraints specific to the polymer, and competition with other
P°® radical-termination reactions. For example, P* can react
with a second hydroxyl radical to form stabilized [terminated]
but altered P—OH, or it can react with a local hydrogen radical
to self-heal (P* + H* — PH).'”*

Cross-linking reactions between polymer macroradicals can
occur after H-abstraction from any location on the polymers,
though cross-linking is less sterically hindered, and thus more
rapid and probable, for carbon radicals in side groups than in
the backbone. Certain polymers, particularly those of the form
[-CH,—CRH—CH,"] can also readily undergo scission when
radicalized by H-abstraction from C atoms in the polymer
backbone from the nonmethylene carbon, resulting in
formation of lower molecular weight fragments (Figure 7
bottom left).'*”'”® H-abstraction from side groups cannot
generally lead to backbone scission, and the lack of protonated
carbons in the backbone of a polymer will help to protect
against backbone scission, resulting from hydroxyl damage,
though fragmentation of side groups can still occur. In fully
deaerated solutions, scission due to hydroxyl radical H-
abstraction should be very minor in most polymers (except
for the class of polymers discussed above), and polymer
damage will primarily take the form of cross-linking or minor
molecular modification.'”

In aerated aqueous solutions (Figure 7), polymer macro-
radicals readily react with O, to form peroxyl (P* + O, —
PO3) radicals and highly unstable oxyl radicals (PO; + PO; —
PO* + O,), which can self-decompose into fragments through
chain scission (PO* — F; + F3) at the location of the oxyl
radical.'®*7'**!7* Backbone scission by this mechanism
requires the formation of an oxyl radical directly in the
backbone, and polymers dense with methylene or (—CRH—)
units in the backbone tend to be especially prone to scission in
aerated solutions.'”>~"”? The hydroxy-aromatic macroradical
can also react with O, to form an aromatic oxide, instead of a
peroxyl radical, and ultimately an aromatic oxepin, which can
undergo ring opening with reaction with a second OH*,'"!
providing aromatic polymers additional OH® scavenging ability
over aliphatic polymers (Figure 7 right). Note, an individual
polymer chain can undergo the two-peroxyl to single-oxyl
radical reaction with itself, for example, the collision between a
peroxyl radical in a side group and one adjacent in the
backbone, which allows polymer scission to occur in high
oxygen concentration solutions even at low polymer
concentrations. Radicalized polymer chains can also crossOlink
in aerated solutions through an [-OO-] bridge prone to
subsequent scission (see below) (Figure 6)."*

The relative magnitude of cross-linking versus chain scission
will depend on the polymer and O, concentration, the
presence of other additives, the structure of the polymer, and
the electron flux; together, these factors control the kinetics of
scission versus cross-linking reactions and the steady-state
concentration of hydroxyl radicals and thus the steady-state
concentration of P*."°*'” Increasing the polymer concen-
tration or the OH® scavenger concentration will decrease the
damage from hydroxyl radicals to each individual polymer
chain, while also altering the rates of cross-linking and scission.
As a general rule, deaerating aqueous polymer solutions should
reduce hydroxyl-induced backbone scission, though it will have
little effect on cross-linking, which can be reduced by lowering
the polymer concentration or increasing the scavenger
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concentration (see next section). We note that cross-linking is
an artefact that can be hard to detect in situ, as cross-linking
might not cause detectable changes to a polymer structure’s
physical morphology or size. However, cross-linking can have a
large effect in altering the physical-chemical behavior of
polymer chains and assemblies and must be avoided for
LPTEM experiments seeking continuous videographic obser-
vation of dynamics or processes.

Intelligent polymer design can be used to create polymer
samples that will experience less damage during LCTEM
irradiation. If one is unable to modify the sample chemistry or
the polymer structure, simply reducing the electron flux will
directly reduce hydroxyl radical induced beam damage.
However, a nonzero flux is required to image or video a
sample in LCTEM, and damage due to solution radiolysis
cannot be eliminated entirely by controlling imaging
conditions. Adding certain species that readily scavenge or
eliminate hydroxyl radicals, such as alcohols or thiol-based
small molecules, by converting them into less reactive,
unreactive, or terminated species, can provide a means to
reduce or possibly eliminate indirect, hydroxyl radical-induced
beam damage to polymers in LCTEM (Figure 7).

B ADDITIVES TO PROTECT OR REPAIR POLYMERS
FROM OH* DAMAGE

Presently, the use of additives has been a largely unexplored
means to reduce polymer damage in LCTEM. Control over
electron flux has been primarily used, and there have only been
several examples of using organic alcohols or small molecules
as hydroxyl radical scavengers in LCTEM.*" 4160180181 e
compatibility and eflicacy of different additives as hydroxyl
radical scavengers are highly sample dependent, and there are
numerous potential scavengers to explore, including antiox-
idants, such as vitamin E.'”* From decades of fundamental
radiation chemistry studies, there is a strong body of literature
on hydroxyl radical scavengers, with experimental data on
scavenging efficacy for a variety of soft matter systems. Broadly,
we can classify hydroxyl radical scavengers into three primary
classes of differing effect (Figure 8 top): (1) those that convert
the OH" radical into a less reactive radical that is less damaging
to polymers (ie., alcohols or uric acid),"”” (2) those that
terminate the OH® radical while generating ions that alter the
solution chemistry (i.e., KI or KBr),'® and (3) those that
terminate OH® radicals with no radical byproducts by
converting OH® to a terminated species (i.e., alkenes or
thiourea). Generally, additives in the third class make the ideal
scavengers assuming equivalent scavenging rate and efficiency,
as the chemistry of the solution will be least affected by their
scavenging of OH® (fully terminated). Graphene, either as
nanosheets in solution or as a window material, also falls into
this third class of scavengers (hydroxyl sponge), a significant
added benefit of graphene-LCTEM or graphene coatings on a-
Si;N, windows.””'® The second class can have detrimental
effects in LCTEM, as the ions released can readily form solid
precipitates or be incorporated into polymer chains or
macromolecular assemblies.””> The first class is broadly
compatible across aqueous and organic polymeric solutions,
and the radicals formed for many alcohols are comparatively
inert towards polymer damage compared to un-scavenged
hydroxyl radicals.Zm&mo * *
Beyond the use of additives to scavenge radiolysis species
before they can react with and abstract H from polymer chains,
there is also a class of additives that can be considered
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Figure 8. Chemical means to mitigate indirect/chemical and direct
beam damage to polymers in LPTEM (solution additives). (Top)
Three types of hydroxyl radical scavenging additives. (Bottom) Sulfur
containing additives that can repair (left) or stabilized damaged
(radicalized) polymers.

“polymer healers” (Figure 8 bottom), which can directly repair
radicalized polymer chains by hydrogen transfer to the polymer
(left) or can directly stabilize radicalized polymer chains by
bonding to it and terminating radicals from the polymer while
slightly altering the molecule (right).'*”'** Many sulfur-based
compounds, including colloidal sulfur, glutathione, thiourea,
and cysteamine, have the ability to both chemically repair and
stabilize radicalized polymers'®”'** and should be explored for
their efficacy to mitigate or even heal polymer damage in
LCTEM. As a final point, the radiolysis G-values of deuterated
water are reduced compared to those of nondeuterated water
under equivalent TEM irradiation conditions.'®” Using a
deuterated solution is akin to the addition of a mild radical
scavenger that does not alter solution chemistry and can
provide some mitigation of indirect beam damage to polymer
samples in LCTEM.**>!%

4. Direct Effect of the e-Beam to Solvated Polymers.
In addition to the indirect, or solution radiolysis based, damage
to polymers that occurs during low linear energy transfer
(LET) ionizing radiation of polymer solutions, such as keV
TEM electrons,'®'~'°7'%% direct irradiation damage to
polymers is also operative during LCTEM and can be
significant for high polymer concentrations or high scavenger
concentrations, and must be considered as well to understand
the true chemistry within the liquid-cell reaction vessel (Figure
9).!79186=188 The process of polymer molecule radiolysis
occurs though a sequence of events, *'° broken down into
three initial temporal stages: stage 1, (physical) the primary
scattering event where energy (AE) is transferred to the
polymer’s electron(s) by the incident TEM radiation, exciting
and possibly ionizing the polymer,'* stage 2 (physico-chemical)
where the energy is dissipated by dissociative relaxation,
autoionization, thermalization, and/or transfer, starting the
formation of primary radiolysis products, and stage 3,
(chemical) where localized radicalized polymer—polymer and
polymer-solution reactions occur and damage further prop-
agates by molecular rearrangement, scission or fragmentation,
and crosslinking or gelling."*>'”" For many polymers, the
radical polymer cation intermediate states formed in stages lor

https://dx.doi.org/10.1021/acsmacrolett.0c00595
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Figure 9. Generalized pathways of direct damage to polymer by TEM
beam irradiation (inelastic scattering). Ionization of valence-z
electron generally leads to minimal damage in the form of slight
molecular arrangement and release of eg. Ionization of valence-c
electrons generally leads to deprotonation or scission of non-[C—C]
bonds (e.g, deprotonation) in the chain (and release of of eg).
Ionization of inner (K) shell electrons creates double-ionized carbon
atoms that can scission the chain by Coulomb explosion (and release
of of €5 + exyger)-

2 are very similar to those formed via hydroxyl-radical induced
chemical damage, and stage 3 of polymer radiolysis can involve
many of the same damage propagation reactions as those
shown in Figure 7, which result following the deprotonation of
the polymer and which can be influenced by different chemical
additives, as discussed above.'”>'?

In electron microscopy, the convention is to define the
“electron irradiation dose” as the total fluence delivered to the
sample in units of number of incident e per area, e /A% or as
the fluence rate (aka flux) e”/A?s,'® which are independent of

the sample. However, the effective total radiation dose
experienced by any molecule in the sample is dependent on
the fraction of the incident fluence that is transferred to that
molecule during irradiation, given by its mass collision

dE 111,118,185,189,190
- MeV cm?/g). 185189,19
prdx

For an equal mass, a polymer chain with a lower s, will

absorb less energy for an equivalent beam fluence (e”/A”) and

will effectively experience a lower irradiation dose for the same
L 11,193—195

TEM conditions.

stopping power (s, =

. 7%
5, = [NA z ] f AE(dGI“el]dAE ~ [NA z }-Eﬁm
A dAE A

It is important to note that the numeric amount of total energy
absorbed (s/,) in stage 1 is not necessarily reflective of ultimate
polymer damage at the end of stage 3. That is, the way(s) in
which the polymer handles the absorbed energy in stages 2 and
3 plays an equally significant role in its damage. The average
total energy absorbed by a molecule is comprised of a set of
most frequent specific excitations and ionizations,"®* which can
be empirically measured using electron energy loss spectros-
copy (EELS).""" An EELS spectrum experimentally quantifies
the types (AE) and frequencies (oy,,) of polymer ionizations
and excitations that occur from direct e-beam irradiation in the
dry state, which is shown for several polymers, solvents, and
organic molecules in Figure 10.!79186,187

The energy transferred (AE) from each inelastic scattering
event with a polymer promotes the struck electron(s) to
excited states above the HOMO level;'7®'85192196:197

(PH + AE) « PH*

If the excitation has sufficient energy (AE) to promote the
target electron above the vacuum level, it will be emitted from
the polymer as a secondary electron, creating a polymer radical
cation (PH), 18519219617

PH* = PH" + eg; (ionization — valence)

When an inner-shell (K, L, M, etc.) electron is ionized, the
down-cascade ﬁllin§ of the deep-level hole gives rise to Auger
electron emission,'™ leading to double (or higher) ionization
of the molecular atom, which can rapidly decompose though
Coulomb explosion.'””

PH* = PH'" + ey, + €puger (ionization — valence)
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Figure 10. TEM EELS spectra of organic molecules and polymers. (A) Low-loss spectra (valence excitations/ionizations) of various dry polymers
and cryo-vitrified solvents. Note the large #-peaks in PS and PDTE, the only aromatic polymers. Reproduced with permission from ref 208.
Copyright 2008 Elsevier. (B) Low-loss and core-loss spectra of dried nucleic acid base adenine (dried film on carbon film), with relative
contributions of the different excitation peaks to the total energy absorbed (S,) and the relative scattering cross sections (frequencies) (o,
O /plasmon Ginmer) Of the different excitation peaks indicated. Reproduced with permission from ref 198. Copyright 1973 Allen Press.
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The energy transfer, AE, needed to ionize or excite inner-shell
electrons (for example Cy ~ 284 eV) is far greater than to
excite or ionize valence electrons (~5—30 eV), and thus the

probability for inelastic scattering (%) and the total amount

of energy transferred during inelastic scattering (s,) is much
larger for valence electrons than for inner shell electrons
(Figure 10B)."*7">'%% In amorphous carbon, a decent
representation of a generic polymer carbon backbone, valence
and plasmon excitations, and ionizations are two orders of
magnitude more frequent than K-shell ionizations based on
theory and experimental measurements, with ca. 100 valence
ionizations per 1 K shell ionization.'*® Reducing molecule
damage that occurs as a result of valence electron excitations or
ionizations has the most potential to significantly reduce
overall direct damage to a polymer sample; damage from K-
shell ionization is very difficult to avoid or mitigate for all
organic molecules.

In stage 2, the various ionizations and excitations formed in
the polymer in stage 1 have time to relax, which can occur via
several different pathways of differing molecular ef-
fect,' 7185192199 through energy transfer processes to the

. . . ) o . 176
immediate surroundings as non-damaging de-excitation:

— PH + X or PH*

solv

PH* — PH + heat, PH* + X

solv

+ H,0 — PH + H,0*

or through self-relaxation as mildly damagin% de-excitations
through bonding or molecular rearrangement:l o

% ’
PH(CZC) g PH(C—C)

While ionized polymers can relax through electron transfer
processes from the surroundings to the polymer as non-
damaging deionization:"”*""’

PH" + X_, - PH + X_ orPH++e;q—>PH

solv solv

or through a self-dissociative scission or de;)rotonation process
, o L 176,196,197,199,200
as damaging de-excitation/deionization: "> " 27,199,

PH*/PH*" - P + H or PH*/PH*" — F, + Fj

PH" - P + H'
(or PH™ — Fq + Ff, noC — Cscission)

PH*" — F} + F{ (Coulomb explosion)

A primary ionization event, yielding energized eg; and €, in
solution, can go on to propagate additional secondary (and
higher-order) ionization or excitation events, effectively self-
catalyzing polymer damage and local solution radiolysis. In
addition to primary beam damage, there is evidence that e-
beam damage to valence and bonding electrons in polymers is
at least partly due to the egp/ej,,, that are emitted from inner-
shell (K-shell) ionizations.*""

Bl USING EELS SPECTROSCOPY TO UNDERSTAND
DIRECT BEAM DAMAGE TO POLYMER SAMPLES
(COMPLEMENTARY PRE-LPTEM ANALYSIS)

There are no techniques for quantitative chemical or
molecular-structure analysis that can be applied in real time
during an in situ LCTEM experiment. That is, we are unable to
accurately track molecular changes to either the solution or the
polymers in situ with current instrumentation. Therefore, post
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mortem verification of structure and chemistry is critical (see
next section). Though many TEMs used for LPTEM
videography are equipped with both X-ray and electron energy
loss spectrometers (EELS), the background noise that is
generated from the thick liquid layer and windows washes out
any features related to the solvated polymers of interest, and in
situ LCTEM spectroscopy of polymers is of most utility for
measuring the approximate liquid thickness in the LC-vessel or
for qualitative mapping of high-Z species.””"'*****%* However,
prior to running an in situ LCTEM experiment, we can run
EELS analysis of a dried film (thin section)'”*°"***=2%7 of our
polymer sample to probe the various ionizations and
excitations that comprise the total energy absorbed by that
polymer during TEM beam irradiation at specific flux, fluence,
and keV conditions. Such an analysis would yield information
into direct beam damage to the polymer relevant to LPTEM.
That is, we can use dry-TEM EELS of our polymer structures
to identify peaks that correspond to groups within the polymer
structure that will be potentially susceptible to beam damage in
situ, such as disulfide bonds. This information can be used to
either design more robust polymers for LCTEM or to select
specific chemical additives that can repair or reduce some
specific form of molecular damage identified by EELS.

For organic molecules or polymers under TEM beam
irradiation, scattering events with AE < 10 eV correspond to
excitations in the UV absorption spectrum, those related to
valence-z excitations (x — 7*) and valence-x ionizations (7 —
7% + e5z) (Figure 10),186188198,204206208209 Ty oo 1y energy
excitations are described by the material’s dielectric func-
tion,'7%2°%%1° and DFT methods can be used to model valence
level excitations.'”® Due to the very low AE involved and the
delocalized nature of z-bonding electrons in carbon molecules,
the energy transferred in (7 — 7*) excitation events is also
delocalized”'" and generally does not lead to complete bond
breakage in the polymer; the excited state is distributed over
several C atoms and relaxes via non-damaging deexcitation, PH*
— PH).”°"*% The ionization of 7-bonded electrons, 7 — 7°**
+ egp, results in the instantaneous alteration to the polymer’s
bonding structure (C=C — C—C*®"); the double bond
converts to a radical-ion single bond (Figure 9), and complete
C—C bond scission is generally avoided by a slight molecular
rearrangement or by intrapolymer electron transport in
conductive polymers.'***'>*'*" Aromatic compounds and
polymers containing phenyl groups have especially large
peaks in the 7 — 7 excitation region, reflective of the high
density of C=C z-bonds,”*”*'%*'**!> and are generally more
resistant to direct radiation damage in bulk polymer
samples.”'

In polymers, the next ubiquitous excitation peak in the EELS
spectrum corresponds to single-electron 6 — ¢* excitations
and plasmon (7 + 6) — (7 + 6)* excitations, which have AE
in the range of ca. 15—40 eV and comprise the majority of the
energy absorbed from the incident irradiation dependin% on
the density of double bonds in the structure (Figure 10).”"* o-
Bonded valence electrons are comparatively localized, and their
excitation to an antibonding (%) state is not dissipated as
readily and leads to an unstable, antibonding state located at
the targeted ¢*(C—C), ¢*(C—H), or ¢*(C—X) bond.'”
Though the C—C bond is energetically weaker than the C—H
bond, the 6*(C—C) excitation is able to move along a
continuous polymer carbon backbone or side group away from
its site of initiation, and C—C bonds in the backbone are
relatively stable following excitation, the exception being

https://dx.doi.org/10.1021/acsmacrolett.0c00595
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quaternary carbons.”'”*'® The C—H bond, by comparison, is
highly susceptible to scission following excitation to 6*(C—H),
either through its direct primary excitation or through
excitation transfer from an adjacent 6*(C—C) in the polymer,
and o™ excitations and ionizations will predominately lead to
polymer deprotonation PH**/PH* — P* + H*//H" (Figure
9), similar to the effect of reaction with a hydroxyl radical
(Figure 7);'7%*°*'% however, it can also result in the breakage
of other C—X bonds that might interrupt the continuous
carbon backbone.'”%*!»2207222

Lying at far higher AE are the family of peaks for the low-
frequency inner-electron excitations and ionizations, specifi-
cally the carbon-K edge at ca. 284 eV (Figure 10B).'7*'%21
K-shell ionizations result in multiionization and Auger electron
emission, creating highly unstable molecular carbon cations,
C*, that can rapidly self-decompose though Coulomb
explosion and fragmentation.'”” That is, inner shell excitations
and ionizations can cause chain scission at the target atom,
regardless of structure, and cannot be mitigated significantly
through polymer design. K-shell ionization also yields eg; and
€auger Which cause additional local radiolysis damage to
adjacent polymer and solvent molecules.””’ Reducing the
fluence or increasing the beam accelerating voltage is the only
effective means to reduce damage from inner shell ionizations
and excitations, and once formed, these excitations cannot be
readily dissipated without creating significant molecular
damage. Valence excitations by comparison can be healed or
scavenged to some degree by chemical additives or through
polymer structure design.

For damage that causes changes to the polymer’s electronic
bonding structure, EELS can not only be used to determine the
relative frequencies of the different primary (stage 1)
excitations and ionizations but also be used to track how the
primary damage propagates in the polymer over time or with
increasing applied fluence.'®”'”***>7*%” Any excitation or
ionization peaks in the EELS spectrum that significantly
change in intensity and shape with increasing irradiation time
(fluence) correspond to weak points in the molecule,”*® that is,
the types of irradiation-induced excitations that cause damage
to the polymer that could be potentially addressed though
polymer design."*'*”*° For example, TEM irradiation of
saturated polymers causes C—H bonds to break, and as a
result, C=C bonds can form in the polymer, which will be
reflected in the appearance of a 7 — 7™ peak at ca. 5—7 eV and
in some samples a trapped H, gas peak at ca. 13 eV.”*”**° The
plasmon (7 + 6) — (7 + 0)* peak at ca. 20—25 eV also
generally blue shifts to higher eV during polymer irradiation,
indicating the loss of density of states (DOS) in the polymer
caused by broken C—H (or C—X) bonds."”**** Highly
aromatic polymers, by comparison, will generally express a
decrease in the 7 — 7* peak at ca. 5—7 over irradiation time,
reflecting the molecular rearrangement (C=C — C—C**) that
serves to mitigate ross molecular damage via scission or
deprotonation.””**°° Comparing several polymers of different
structures using EELS, all containing C=C bonds or aromatic
rings, Singh et al. have found that the “critical does”, defined as
the cumulative fluence (C/m?) required to reduce the 7 — 7*
EELS peak to (1/e) of its original, undamaged intensity, can
vary between polymers by several orders of magnitude,
suggesting that the specific polymer structure does play a
major role in its sensitivity to direct TEM beam damage.”**
For example, the critical doses required for polycarbonate
(PC) or poly(methyl methacrylate) (PMMA) damage are ca.
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100X less than those required for polystyrene (PS) or styrene
maleic anhydride (SMA) damage, with polyethylene tereph-
thalate (PET) falling somewhere between.””* That is, PS and
SMA are far less sensitive to direct TEM damage than the
other polymers tested and would make more ideal candidate
samples for LCTEM studies.

For polymers that have oxygen atoms interrupting
continuous carbon backbones, the C—O bond is sensitive to
scission, and these types of polymers tend to be prone to
damage via scission and fragmentation.220 Esters, carbonates,
and —SO,— are especially susceptible to scission,'”¥*'»**122*
The presence of O, gas in solution can cause oxyl radicals to
form in continuous C-backbones following deprotonation, and
these oxyl radicals are highly susceptible to scission; for most
polymers, scission is minimized by deaerating solutions (Figure
7).”** The addition of an aromatic ring next to carbonyls or
other scission-prone bonds also helps stabilize the polymer
against chain scission.”®?% In deaerated conditions, con-
tinuous carbon backbones that take the form of [-CH,—C*R—
CH,—] are prone to scission by the mechanism in Figure 7
(bottom left),' 7179224225 though cross-linking will also occur
in kinetic competition with scission in these polymers
following deprotonation.'”**°”*'°  Fluorinated versions of
polymers tend to be more susceptible to scission, as fluorine
atoms provide extra steric hindrance and large Coulombic
repulsion, which prevents cross-linking and preferentially
promotes the scission of C—C bonds.”'®**° Generally,
increasing the size or density of side groups in the polymer
will increase the relative proportion of crosslinking versus
scission damage.

Aromatic polymers, with rings either in the backbone or in
side groups, tend to be far less irradiation sensitive than
aliphatic polymers. In aromatics, damage requires larger
applied fluence and tends to take the form of cross-linking
or minor molecular rearrangement instead of backbone
scission.**!7>?1922% The g-conjugation structure is able to
dissipate some amount of the absorbed energy without
molecular damage.'”%??"*°%*!%21 When aromatic groups are
incorporated into the polymer structure, the polymer is able to
dissipate a larger fraction of absorbed energy though
nondamaging means than aliphatic structures, reducing the
amount of direct damage experience for a given TEM
fluence.”"* Furthermore, aromatic groups not in the polymer
itself but as additives in solution can also serve as energy sponges
for excited polymers to transfer their excitation energy without
causing damage to the polymer itself (PH* + Arom — PH +
Arom* — Arom + AE).'”>*'? That is, aromatic alcohols or
aromatic versions of other additives have the potential to both
scavenge hydroxyl radicals and de-excite excited polymers.

5. Post Mortem Analysis: Validation of Chemistry
after in Situ LPTEM. As we have described in detail above,
polymer solutions during LPTEM are highly sensitive to the
electron beam, which can cause significant molecular damage
or other alterations to polymer chains and assemblies as well as
to basic chemical reactions and processes. In situ observation of
polymers or any material is potentially influenced by these
damage artefacts, the magnitude and nature of which must be
understood to fully interpret the obtained LPTEM data.
Hence, correlative imaging and post-LPTEM post mortem
analysis are key to corroborate and contextualize LPTEM
findings, especially when videoing dynamic chemical or
physical processes, such as morphological conformations,
phase transitions, or material formation in situ.
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Figure 11. Overview of the MALDI-IMS post mortem analysis. Reproduced with permission from ref 49. Copyright 2019 Springer Nature. (B)
Correlated fluorescence liquid-phase electron microscopy. (C) Overlay of a fluorescent image and a high-magnification electron image of the white
square in B, showing an isolated graphene liquid cell pocket. (D) LPTEM image of the area indicated by the white square in (C) showing the
darker contrast of a liquid cell. (E) The liquid cell in D after exposure to the focused electron beam during LPTEM, confirming that the feature was
liquid and has been degraded by irradiation. B—E are reproduced with permission from ref 78. Copyright 2020 Wiley-VCH.

LPTEM post mortem is most commonly performed by
prying open the used Si;N, chips, and then conducting dry-
state TEM characterization of the dried material that remains
adhered to the windows. In this way, crystalline phases and
materials can be easily analyzed by traditional TEM
techniques, specifically electron diffraction, lattice-resolution
high resolution (HR) TEM imaging, energy dispersive X-ray
spectroscopy (EDS), and EELS; using these techniques,
precise crystalline structures can be identified to confirm the
growth of a specific phase or structure during the in situ
LPTEM experiment.”>*”*%**7%% This has proven effective for
post mortem analysis of protein crystals, biomolecule crystals,
and covalent or%anic framework crystals grown during LPTEM
experiments.sg’2 8229 However, polymeric systems are gen-
erally amorphous or semicrystalline and cannot be analyzed in
the same fashion as crystalline materials to verify their
structure. For example, a polymer nanoassembly that has
solely cross-linked due to in situ LPTEM will have little to no
change in its EDS or EELS spectra if its elemental composition
is unchanged, and the post mortem acquisition of either EELS
or EDS will cause additional damage to the sample,
complicating the results (damage due to LPTEM vs due to
post mortem EDS/EELS). For post mortem of noncrystalline
polymers, analytical sensitivity to chain molecular weight or to
specific chemical probes is critical.

Touve et al. developed a post mortem spectrometric method
to analyze the molecular weight fragments of peptides
following LPTEM (Figure 11A) using high spatial resolution
matrix-assisted laser deposition/ionization imaging mass
spectrometry (MALDI-IMS) applied to the used, separated
LCTEM chips.*” Other non-TEM spectroscopy techniques,
like X-ray photoelectron spectroscopy (XPS), have shown
potential for the analysis of soft materials. XPS was applied to
probe the adsorption of metal ions to liposomes and evaluate
the oxidation state of the metal ions following electron beam
irradiation.”” In graphene liquid cells, fluorescent labelling can
be used to locate imaged features (Figure 11B—E).”® With the
fluorescent tag, the whole grid can be screened using light or
fluorescence microscopy, allowing us to detect the exact
location of a fluorescent tagged specimen in the TEM grid.
This correlative fluorescence microscopy and LPTEM method
enables data collection with limited electron beam exposure to
the sample, minimizing radiolysis induced chemistry. Further
development of novel post mortem methods is still needed,
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especially techniques with the ability to identify different forms
of molecular damage to polymer chains beyond gross changes
in chain molecular weight.

6. LPTEM Imaging and Videography Modalities. A
common theme through all the sections above is the need to
irradiate polymer samples during LPTEM at (A) the lowest
possible flux (e”/A%s) to minimize both the steady-state
concentration of radiolysis species and the magnitude of beam-
window effects (e.g., charging), while also (B) irradiating over
the smallest possible cumulative fluence (e™/A*) or shortest
time to minimize the magnitude of direct irradiation damage to
the polymers. We must be strategic how and when we apply
these limited numbers of electrons to our LPTEM sample,
where direct structural damage to organics %enerally is on the
order of ca. 10—20 e™/A?* fluence total.”>>**" This is not too
restrictive for static LPTEM, comparable to cryo-TEM of
polymers, and single-exposure LPTEM imaging of static
structures can be done using traditional low-dose imaging
methods developed for cryo-TEM, where the structures of
interest are only exposed to the beam once, when acquiring the
single image, and focusing is done at minimal flux on structures
in adjacent regions of liquid cell.'*¥*3% In static LPTEM, the
objective is to acquire a single image of the structure of interest
below the direct damage threshold by either using an image-
exposure time that is short enough such that indirect chemical
damage does not have sufficient time to significantly manifest
in the sample or at a flux that is low enough where chemical
damage is insignificant during the image acquisition time,
providing a true representation of structure’s morphology
without beam artefacts. That is, we can either use very short
exposure time at high flux to try to “beat” the chemical damage
that will necessarily occur or use a long exposure time and very
low fluence to try to suppress and eliminate chemical damage
all together with the help of additives. The optimal static
imaging conditions are thus sample dependent. The rate of
radiolysis product generation (Figure 6) and the rate at which
radiolysis products react with polymers to cause structural
damage (Figure 7) will change for different sample
concentrations, polymers, solvents, and additives, giving all
samples some degree of time and flux dependence. Different
TEM cameras are also optimized for imaging at different fluxes
per frame, where direct electron counting TEM cameras
perform best at low flux (ca. 1—10 e™/pixel s or below)** due
to their ability to use rapid frame rates on the order of
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hundreds of frames per second and multiframe summing in the
acquisition of single images, while traditional charge-coupled
device (CCD) cameras perform best at higher flux due to their
inherezrézlyzg}ow readout speed and comparatively high system
noise. .

In addition to conventional TEM mode, the annular dark-
field scanning TEM (STEM) mode can be effective for
resolving soft matter structures containing high Z-species, such
as Ferritin particles, and will generally achieve better resolution
than TEM through thick liquids.”>**” However, it is important
to note that the irradiation conditions and resulting solution
radiolysis in STEM mode will be very different than in spread-
beam TEM mode at similar beam current, due to the very high
local flux (>10 pA condensed to sub-nm diameter) of the
scanning STEM probe and the temporal fluctuation in the
application of the local flux in STEM.*"'*"*3* Applying the
existing LCTEM radiolysis model to STEM irradiation is
problematic; the true flux cannot be computed in STEM, as is
routine in TEM mode. The acquisition of single STEM images
(max ca. 10 fps) is also generally slower than in TEM mode
using a CMOS camera (over 1000 fps), and each location
within a STEM frame contains signals acquired at slightly
different time points, making dynamics difficult to analyze in
STEM video data. New subsampling STEM techniques have
shown promise for controlling STEM irradiation conditions,”*”
which should allow STEM mode to be more readily applied to
beam-sensitive samples of all kinds, including polymers. For
most low-density polymer samples in LPTEM, the conven-
tional TEM mode remains the best option for both minimizing
beam damage and maximizing contrast or frame rate of
polymer nanostructures.

For dynamic LPTEM videography experiments, avoiding or
preventing artefactual damage is a far greater challenge.”’
LPTEM videography requires that the entire series of
continuous video frames be recorded below the direct damage
fluence threshold, while also requiring operation at an incident
flux where chemical damage is mitigated during the entirety of
observation. Beating out damage is not viable for videography
of any observation period that is several seconds or longer. For
videography, preventing chemical damage is paramount,
achieved through the use of lower flux and the assistance of
radiolysis scavengers. However, each video frame requires a
non-zero electron flux to strike the camera, and frames at very
low flux per frame on-camera become increasing noisy; even
with the best cameras, there is flux per frame minimum below
which no meaningful information is contained. Without
changing the incident flux per second, the flux per frame on-
camera can be increased by increasing the exposure time per
frame, thus lowering frame rate. This trade-off between frame
signal-to-noise and frame rate leads to either very low contrast
structures being unobservable when using fast frame rates or
very fast dynamics being unobservable when using slow frame
rates. We must optimize our acquisition parameters for the
dynamic process of interest, without exceeding the total direct
damage fluence threshold or the chemical damage flux rate
threshold of the sample.

The TEM camera is thus the most important component of
the microscope system in LPTEM; a better camera, one with a
higher pixel density and that is more sensitive in detecting
electron strikes with less noise, allows us to extract the
maximum possible information from the necessarily low signal
and contrast over background in our LPTEM video frames and
images. Indeed, complementary metal-oxide-semiconductor
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(CMOS) based direct electron counting cameras provide far
superior imaging performance over traditional CCDs, even in
the basic static imaging modes, and have unparallel read-out
speed for capturing rapid dynamics that demand high frame
rate.”**7>*® However, in polymer chemistry and materials
synthesis, generally, processes of interest can occur over the
minutes to hours time scale, durations far too long to video
continuously below the fluence damage threshold. For such
long-duration dynamics and processes, LPTEM microscopists
have utilized stroboscopic videography methods, where the
beam is off, or blanked, between single-image frames spaced
over time, and the images are stacked into a video after
acquisition.”’ The stroboscopic method allows microscopists
to take a time lapse of a discrete process below the fluence
damage threshold but produces an observation that is
interrupted by gaps of time with no information. This
approach has the potential to miss steps within the overall
dynamic process.

Post-acquisition image and video processing has become an
essential component for analyzing LPTEM data. To mitigate
experimental artefacts and sample damage, the best LPTEM
data will necessarily contain very low signal with high noise
levels and with structures that have very low contrast over
background. Such data might be uninterpretable to the naked
eye, approaching pure white noise, but can be effectively
processed and quantified using modern image processing
methods that include dynamic background subtraction,
deblurring filters, structure or object thresholding, size-shape
quantification, and motion tracking and model-
ing.>7#095,57,39,62240 Without additional processing, reliable
LPTEM data of polymer samples might not be as visually
pronounced as one might desire, particularly in comparison to
high-resolution TEM images of inorganic structures; however,
the true impact lays in insights that can be extracted through
careful experimental practice and data analysis of a sample in
its solvated state.

B SUMMARY OF POTENTIAL LPTEM ARTEFACTS
FOR POLYMER SAMPLES AND THE LPTEM
EXPERIMENT WORKFLOW

In any LPTEM vessel, window—surface interactions with the
solvent and solvated polymers play a much more significant
role than they do in normal bulk conditions. These effects can
be tuned to some degree by the choice of the window material,
plasma treatment, and the addition of coatings or chemical
modifications to the surface. As discussed above, when under
direct observation via irradiation with the e-beam, the windows
of the LPTEM vessel will emit ESEs into solution while
becoming deprotonated, effects that generate window charging
and electric fields for low conductivity windows, while also
progressively altering the window surface composition and its
interactions with the polymer sample. Irradiation of the
solution causes radiolysis, generating a steady-state concen-
tration of reactive radical and ion species in the vessel that
depends on the irradiation flux, energy of incident electrons,
and the initial solution chemistry. In an aqueous solution,
hydroxyl radicals formed from water radiolysis are known to be
highly damaging to solvated polymer molecules. This effect
must be mitigated to acquire LPTEM images of polymers that
are not plagued by chemical damage and sample degradation.
Chemical additives can be used to either scavenge these
damaging radiolysis products or to heal damaged polymers,
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while control over irradiation flux and fluence can be used to
limit the rate and amount of hydroxyl radical production.

Direct irradiation to the polymer molecules themselves is
also potentially damaging or artefactual. The extent and
form(s) of direct damage can be measured for a polymer
sample using pre-LPTEM EELS analysis. For many polymers,
damage from hydroxyl radical attack and from direct
irradiation can be very similar, resulting in a radical polymer
cation that is prone to cross-linking. As a general rule, all
polymers are susceptible to cross-linking or gelling during
LPTEM; chain scission can be significantly mitigated by
deaerating polymer solutions, and only certain polymers suffer
scission in the absence of O,. Continuous carbon backbones
are also far more stable against scission than those interrupted
with S, N, and O atoms. All else being equal, using a more
densely aromatic polymer molecule will increase the polymer’s
resistance to both direct beam damage and indirect chemical
damage. The incorporation of aromatic groups is ideal in the
polymers themselves, the solvent, or the additives to reduce all
forms of damage during LPTEM.

Finally, with the current instrumentation, we cannot
chemically detect beam damage artefacts to our polymer
system during any in situ LPTEM imaging or videography
experiment. Post mortem methods are critical to understand
and quantify the magnitudes and types of damage or to
determine LPTEM conditions where such artefacts are
reduced or eliminated. However, the videographic LPTEM
data itself can also be used as evidence of physical artefacts in
the LPTEM system. For example, charging and electric-field
artefacts can manifest in the anomalous surface-motion
behavior of objects in LPTEM, and this motion can be
deconvoluted and quantified semi-empirically though careful
analysis of the videographic data.”*' Though the LPTEM
workflow that we have described in the sections above,
involving rigorous pre and post mortem analysis in addition to
the in situ LPTEM experiment itself, requires more steps than
conventional cryo-TEM or bulk scattering experiments,
LPTEM can be effectively applied to study polymer systems
in situ and, if done carefully, can provide unprecedented insight
into discrete polymer nanostructures or nanoscale chemical
and materials processes in solution.

B CONCLUSION AND PERSPECTIVES

As we have developed new synthetic routes to precisely control
molecular complexity and nanostructures of assembled
polymer materials, polymer science in the 21* century has
progressed towards solving complex problems at the nanoscale.
The resulting nanoscale structures require new characterization
methods complementary to existing bulk characterization
techniques. To this end, liquid-phase TEM is a promising
technique for directly observing structures and nanoscale
dynamics in solvated polymeric materials with high spatial and
temporal resolution. However, the observation can, of course,
never be taken out of the equation. For LPTEM, beam effects
cannot be eliminated, and to interpret data properly, it is
critical to develop a full understanding of how the beam
interacts with the imaging vessel and the entire solution. A
better understanding of which specific additives can mitigate
sample damage and which techniques can be employed for a
post mortem analysis must continue to be developed.
Understanding these crucial components of LPTEM will
allow this technique to develop into a robust and routine
method for analysis of polymers and soft matter assemblies.
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Critically, the solution-phase videography enabled by LPTEM
provides a direct route to characterizing solvated polymeric
materials in a dynamic manner. This has allowed trans-
formations to be examined, including chemical reactions that
lead to polymer formation and assembly. In its most basic
setting, imaging complex morphologies in the solvated state
will be valuable, especially in cases where those morphologies
are temperature dependent or where they are in nonaqueous
solvent; both conditions are not readily studied by cryo-TEM.
Finally, we anticipate the real advances and impact on polymer
science will come when scattering methods are employed in
tandem with real space solution-phase TEM imaging. This will
allow correlative analysis of bulk solution-phase properties and
microscopy of individual particles and polymers. Together with
advanced machine learning image analysis methods for
extracting information from low contrast micrographs, the
promise of LPTEM for polymer science becomes limitless.
With this array of tools in hand, one imagines unprecedented
insight into currently elusive soft matter processes, including
the routine imaging of fully solvated hydrogel formation and
dynamics or biological disease-associated proteinaceous fiber
formation and microtubule seed and growth.
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