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ARTICLE INFO ABSTRACT

Encapsulation of materials imaged by high resolution transmission electron microscopy presents a promising
route to the reduction of sample degradation, both independently and in combination with other traditional
solutions to controlling radiation damage. In bulk crystals, the main effect of encapsulation (or coating) is the
elimination of diffusion routes of beam-induced radical species, enhancing recombination rates and acting to
limit overall damage. Moving from bulk to low dimensional materials has significant effects on the nature of
damage under the electron beam. We consider the major changes in mechanisms of damage of low dimensional
materials by separating the effects of dimensional reduction from the effects of encapsulation. An effect of
confinement is discussed using a model example of coronene molecules encapsulated inside single walled carbon
nanotubes as determined from molecular dynamics simulations calculating the threshold energy required for
hydrogen atom dissociation. The same model system is used to estimate the rate at which the nanotube can
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dissipate excess thermal energy above room temperature by acting as a thermal sink.

1. Introduction

In modern aberration-corrected high-resolution transmission elec-
tron microscopy (TEM) the spatial resolution achievable is sufficient to
image the position of individual atoms, in principle presenting the ul-
timate tool for precise characterisation of material structures. As a re-
sult, TEM has found a wide array of applications in a range of diverse
systems, including biological structures (Murata and Wolf, 2018),
polymers (Libera and Egerton, 2010), metal-organic frameworks
(Wiktor et al., 2017), and low dimensional nanomaterials (Robertson
and Warner, 2013). However, the use of highly energetic electrons in-
evitably results in the deposition of energy into the system being stu-
died, often leading to structural degradation of the materials being
observed. Although this is increasingly being used as an intentional
external stimulus driving targeted structural modification

(Hudak et al., 2018; Skowron et al., 2017; Susi et al., 2017; Zhao
et al., 2018), for the overwhelming use case of TEM - structural char-
acterisation — this is an unwanted side-effect of the technique that in-
terferes with the determination of intrinsic material structures and
properties. For many systems, the limiting factor determining the in-
formation that can be obtained from TEM imaging is therefore no
longer the spatial resolution of the microscope, but sample degradation
under the harsh conditions of the electron beam.

Various ‘encapsulation’ techniques have been used over the years in
order to provide some form of protection from electron radiation.
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Although we will be primarily considering organic molecules en-
capsulated in carbon nanomaterials, most of the general principles
discussed are independent of the precise nature of the system and are
more widely applicable, for example to confinement within ice (re-
levant to cryo-electron microscopy) and coatings with metal atoms such
as gold. Similarly, we will use examples from other systems such as
continuous solid nanomaterials in order to demonstrate effects in cases
where there is little experimental evidence for specifically molecular
systems.

We will begin with a consideration of the primary protective effect
of encapsulation of bulk organic crystals in Section 2. In this section, we
review quantitative historical investigations in order to introduce a
framework for understanding the main effect of encapsulation: the
‘cage effect’ which limits diffusion and enhances recombination rates of
reactive species created by the beam.

The most effective modern methods for imaging individual mole-
cules with TEM involve preparing samples that are low-dimensional, for
example via the deposition of single molecules on atomically thin
substrates (Markevich et al., 2016; Meyer et al., 2008) or the prepara-
tion of one dimensional ‘molecular stacks’ inside nanotubes
(Chamberlain et al., 2017; Liu et al., 2007). Many of these techniques
effectively utilise some form of coating or encapsulation in order to
achieve the reduction in dimensionality from the bulk molecular
crystal. As both of these changes in the nature of the sample being
studied have large implications for stability under electron radiation, in
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Section 3 we decouple the effects of low dimensionality and en-
capsulation by explicitly considering the effects of moving from 3D bulk
materials to 2D or 1D nanomaterials.

Section 4 considers the main effects (protective and otherwise) of
encapsulation of low dimensional materials, which can be considered to
arise from two major aspects of encapsulation: confinement and the
introduction of sinks of heat and charge. Results from classical simu-
lations using a model system are presented for two of the mechanisms
discussed, in order to quantify their effect. Encapsulating surfaces are
shown to slightly increase damage rates by providing an attractive
potential as compared to the vacuum, and the ability of protecting
surfaces to act as heat sinks is investigated.

2. Protection factors upon encapsulation of three-dimensional
organic crystals

The use of protective films to reduce radiation damage and prolong
sample lifetimes has a long history in electron microscopy. Important
quantitative studies of the nature of this effect were pioneered by J. R.
Fryer and colleagues in a series of papers throughout the 1980s (Fryer,
1987, 1984; Fryer et al., 1984; Fryer and Holland, 1984, 1983), fol-
lowing on from earlier observations that carbon, gold and aluminium
coatings protected three dimensional molecular crystals imaged in the
TEM (Cosslett, 1978). Fryer’s series of experiments investigated the
degree to which encapsulating amorphous carbon films reduced beam
damage to organic crystals, quantified by a ‘protection factor’. The
protection factor (PF) was initially defined as the relative dose required
for the extinction of diffraction peaks in covered and non-covered areas
of samples prepared according to the experimental set up shown in
Fig. 1a. It is important to note that the PF is distinct from absolute
damage rates and is purely a measure of the degree of protection from
the beam conferred by the coating.

The decoupling from absolute damage rates enabled measurements
of the dependence of the PF on a wide variety of properties, including
the chemistry of the molecular species and nature of the coating (Fryer
et al., 1984; Fryer and Holland, 1984); the thickness of the crystal and
coating layers (Fryer, 1984); and the accelerating voltage and dose rate
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of the electron beam (Fryer, 1987; Fryer and Holland, 1984). One ra-
tionalisation of the variation in PF observed across these different
systems is that the main effect of encapsulation is an increase in re-
combination rates of peripheral atoms broken away by the beam from
parent molecules. By limiting the mobility of beam-induced radical
species, their diffusion away from their original lattice positions is re-
duced. The encapsulating carbon film therefore shifts the equilibrium of
the reformation reaction towards the stable crystal structure by in-
creasing the partial pressure of the reforming reactants within the solid.
This concept is consistent with the generally observed ‘cage effect’
identified in high resolution imaging studies. Radiation damage is ob-
served to preferentially take place at edges and voids of crystals, and
the loss of structure normally occurs more quickly in areas where atoms
and fragments can easily diffuse from the crystal matrix. It is therefore
not surprising that the elimination of diffusion routes enhances re-
combination rates, acting to limit overall damage.

The two main lines of evidence for this explanation of sample pro-
tection by encapsulation concern the dependence of the PF on the
nature of the encapsulated molecules and on the nature of the en-
capsulating material. Although absolute damage rates vary hugely de-
pending on the precise nature of the material being studied under the
electron beam, in the above studies the protection factor had no ob-
servable dependence on the chemical structure, aromaticity, electronic
properties, conductivities, or atomic cross-sections of the molecules
being irradiated. There was however a strong dependence of the PF on
the mass of peripheral atoms in the molecule, with this dependence
following the ability of terminating atoms to diffuse away from parent
molecules once their bonds have been broken by the electron beam. In
this manner, the PF for hydrogenated:chlorinated:brominated mole-
cules was measured to be 3:9:12 (Fryer and Holland, 1983). Similarly,
the PF generally showed no dependence on the chemistry of the en-
capsulating material used, with silicon monoxide coatings providing the
same benefit as carbon coatings. A key exception is in the case of en-
capsulating layers containing terminating halogen atoms, which acted
to increase the PF by increasing the partial pressure of free-radical
scavengers (Fryer et al., 1984).

The behaviour of organic crystals under electron radiation at low
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Fig. 1. Representative illustrations of various types of encapsulation discussed in the text. (a) The half covered specimen arrangement used in J. R. Fryer’s en-
capsulation protection factor studies, reprinted from reference (Fryer and Holland, 1983) with permission from Elsevier. By comparing extinction doses from covered
and uncovered areas of a single specimen, the effect of the coating was directly measured independently of unintentional variations between different samples
(thickness, orientation, etc). (b) The four different graphene/MoSe, heterostructure configurations used to decouple and limit different electron beam induced
damage mechanisms, reprinted from reference (Lehnert et al., 2017), with the permission of AIP Publishing. An advantage of modern 2D materials is that their
atomically identical nature removes the need for the half-covering technique, allowing quantitative comparisons between independent samples prepared with
different coating geometries. (c) A (19,0) carbon nanotube encapsulating a ‘molecular stack’ of coronene molecules, one of the model examples used in the cal-
culations in this paper. Coronene is an extensively studied organic molecule in the context of radiation damage experiments and modelling, often used as a prototype

molecule representing the class of polyaromatic hydrocarbons.
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temperatures also supports these considerations. Low temperatures,
particularly below 80K, were shown to significantly reduce beam-in-
duced damage (as measured by the fading of diffraction patterns), or at
least delay the onset of damage for a period known as the 'latent dose’
(Fryer et al., 1992). Crystals subjected to a latent dose were observed to
subsequently suffer the loss of diffraction peak intensity expected from
the total applied dose (including the latent dose) once heated back to
room temperature, even if not exposed to significant further electron
radiation (Siegel, 1972). This observation can be understood as the
beam breaking molecular bonds, with low temperatures preventing
subsequent diffusion of fragments, so that damage is only observed
upon heating. Once more, the behaviour of species with different
atomic structures is very similar, implying the rate-limiting step of
damage is diffusion (Fryer et al., 1992).

One important aspect of this framework is that so far there has been
no consideration of the mechanism by which the electron beam breaks
bonds in molecular species. This has encouraging implications for the
versatility of using encapsulation to protect from radiation induced
damage as the general principle should be equally applicable to all
materials and conditions regardless of which bond dissociation me-
chanism dominates (radiolysis, direct knock-on processes, etc.). In all
cases encapsulation should in principle help to alleviate damage by
increasing the rate of healing processes, irrespective of the details of
damage occurrence. The effects of encapsulation that are only applic-
able to specific damage mechanisms are considered in Section 4. Gen-
erally the PF increases linearly with decreasing crystal thickness (Fryer,
1984), suggesting that encapsulation techniques should provide superb
protection for ultrathin materials, especially in the case of low dimen-
sional nanomaterials.

3. Electron irradiation of low dimensional materials

Unlike the historical studies discussed so far, all of which concerned
three dimensional organic crystals encapsulated between amorphous
carbon films, modern TEM studies have access to state-of-the-art low
dimensional nanomaterials. Carbon supports that are only a single atom
thick present ideal surfaces or encapsulating containers for studying
molecules with TEM, whether it is graphene as “the ultimate micro-
scope slide” (Bachmatiuk et al., 2015), or single-walled carbon nano-
tubes (SWNTs) as molecular test-tubes or nanoreactors (Skowron et al.,
2017). In both cases, the nanocarbon support does not interfere with
imaging, having low contrast with a periodic structure that is easily
filtered from images, while it can spatially fix molecules in position to
allow them to be studied with TEM. By reducing the dimensionality of
the sample and limiting it to 1D or 2D configurations, in conjunction
with modern aberration-corrected imaging methods that enable mole-
cular or atomic resolution, the structure and dynamics of individual
molecules can be followed in real time and space. Individual reactions
under the electron beam can now be directly observed (Chamberlain
et al., 2017) instead of measuring extinction doses of diffraction peaks,
presenting an ideal route to probing the effects of encapsulation. This
approach avoids ambiguities arising from the interpretation of loss of
intensity of specific diffraction peaks, provides spatial context to the
damage, and enables the observation of intermediate and product
species resulting from the electron radiation induced damage (if any).

However, moving from three to lower dimensional materials has
significant effects on the nature of damage under the electron beam.
When considering damage rates in low dimensional encapsulated sys-
tems it is crucial to separate the effects of dimensional reduction from
the effects of the encapsulation. In this section, we consider the major
changes in mechanisms of damage induced by the electron beam upon
reduction of sample dimensionality. This can be considered to have two
major aspects which affect damage mechanisms in different ways: ultra-
thin dimension(s) of the samples and increasing molecular isolation, as
summarised in Fig. 2.
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3.1. Extreme dimensions

The major difference in beam damage mechanisms in low dimen-
sional systems is due to their extreme thinness in one or more dimen-
sions, which almost entirely eliminates the effects of damage by sec-
ondary electrons. In atomically or molecularly thin materials,
secondary electrons are emitted predominantly into the vacuum and
cannot induce additional damage effectively; given typical mean free
paths of secondary electrons, for such a material to interact with a
secondary electron, the electron would have to be emitted almost
perfectly perpendicular to the primary beam axis. In traditional TEM
samples, however, secondary damage mechanisms such as collision
cascades typically remain the major component of damage. As an ex-
ample, it is estimated that approximately 80% of the beam-induced
damage to a 100 nm thick sample of poly(methyl methacrylate) PMMA
imaged at a 100 keV accelerating voltage is caused by secondary elec-
trons (Wu and Neureuther, 2001).

In most ultra-thin nanomaterials, the stabilising effect due to in-
significant damage by secondary electrons is likely to be the over-
whelming factor in moving from bulk materials to low dimensional
systems. A notable exception to the predicted increase in stability arises
when considering strongly insulating materials at very high electron
dose rates. In this case, moving to thinner materials can result in a
counterintuitive increase in damage rates, as the deposition of primary
electrons is eliminated while the emission of secondary electrons is
maximised, leading to an increase in the effects of positive charging
(Cazaux, 1999). In extreme situations, accumulation of a great amount
of positive charge can result in local Coulomb explosions, as observed
for boron nitride nanotubes (Wei et al., 2013). The electrostatic damage
mechanism is manifested in a dependence on the maximum dose rate of
the electron beam used rather than on the total electron dose deposited.

Damage from beam induced temperature increases tend to be
strongly sample dependent, ranging from having a negligible effect to
being the single factor determining radiation induced damage. The ef-
fect of local heating under the electron beam is principally dependent
on the radial diffusion of heat (Egerton et al., 2004), and so a reduction
in the dimensionality in the beam axis would be expected to have little
to no effect on this damage mechanism. However, further dimensional
reduction to 1D could in principle limit diffusion of heat and lead to
increased damage rates.

3.2. Molecular isolation

Upon reduction of dimensionality, another major effect is to in-
crease the isolation of individual molecules as their number of nearest
neighbours are reduced. The primary outcome of molecular isolation is
a reduction in damage rates for a range of different damage mechan-
isms that occur via intermolecular reactions, as once the beam ‘acti-
vates’ the molecule (by whichever mechanism), the probability of a
reaction with a neighbouring molecule is reduced while the relaxation
time of the activated molecule remains constant. For example, Cgo
sustains damage under electron radiation primarily by cross-linking to
and eventually polymerising with other adjacent Cgo molecules. By
moving from a 3D crystal of bulk fullerene to a 2D monolayer en-
capsulated between graphene sheets (Mirzayev et al., 2017) to a 1D
array encapsulated inside a SWNT (Smith et al., 1998), the number of
nearest neighbours is reduced from 12 to 6 to 2, slowing the rate of
polymerisation. This principle was noted shortly after the first mole-
cules encapsulated inside nanotubes were imaged (Britz et al., 2004;
Koshino et al., 2007).

However, the reduction in number of nearest neighbours also has
associated effects that can increase damage rates. In materials where
essentially every atom is a surface atom, for example graphene, all di-
rect knock-on damage can be considered as surface 'sputtering', for
which the required emission threshold energies (the minimum energy
required to eject an atom such that it does not immediately recombine)
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Fig. 2. A summary of the main effects of encapsulation and dimensional reduction discussed in this paper, with the primary effects being either protective (green
arrows) or damaging (red arrows) with respect to electron-beam induced damage mechanisms (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).

are lower than in the bulk (Egerton, 2012). In addition, the rates of
healing recombination reactions will be lower due to an increased
ability of atoms and fragments to diffuse once released, compared to the
bulk where the three dimensional nature provides an intrinsic cage
effect.

Overall, the exact benefit or otherwise of moving to lower dimen-
sional systems is dependent on the relative importance of the different
mechanisms of damage taking place, the chemistry of the molecular
species being studied and the nature of the beam (accelerating voltage,
electron dose rate, etc). As a general rule, but with certain exceptions as
noted above, the increased molecular isolation and elimination of al-
most all secondary damage mechanisms greatly increases the stability
of low dimensional materials under the beam compared to their bulk
equivalents.

4. Low dimensional encapsulated materials

In addition to the general protective effects of encapsulation due to
the increase in recombination rates and cage effect for three dimen-
sional bulk crystals (as discussed in Section 2), there are several other
important consequences of encapsulation, some of which are more re-
levant to lower dimensional materials. These can be broadly considered
to fall under two categories: some, like the cage effect, result from
confinement by the encapsulating layers, while others are benefits de-
rived from conducting encapsulating materials acting as sinks to alle-
viate the build-up of heat or charge.

4.1. Confinement effects

As discussed in Section 3.2, the sputtering of atoms from surfaces
occurs more readily than in the bulk, presenting an especially relevant
damage mechanism for low dimensional nanomaterials. Coating the

exit surface of such materials can help to alleviate this problem by
providing a protective ‘sacrificial layer’ that is preferentially sputtered
(Egerton, 2013), while the coating of both entrance and exit surfaces of
bulk materials is beneficial. The coating of two-dimensional MoS,
(Algara-Siller et al., 2013) and MoSe; (Lehnert et al., 2017) with pro-
tective graphene layers in the variety of heterostructure configurations
shown in Fig. 1b provided up to a 600-fold reduction in damage rates
while enabling the contributions of different damage mechanisms to be
decoupled from one another. While coating with a single layer of gra-
phene would be expected to protect from inelastically induced damage
mechanisms (as discussed in more detail in Section 4.2), applying this
coating to the exit surface of the material rather than the entry surface
led to the elimination of an additional 24% of the observed sample
damage. This is attributable to the reduction of surface sputtering
caused by direct knock-on damage, being the only damage mechanism
that should show such a directional dependence on the sample geo-
metry. Notably, ‘sandwich’ structures in which both sides of the sample
were coated with graphene increased the protective ability even fur-
ther, which may be due to the reduction of atomic diffusion acting to
greatly enhance recombination rates and limit damage as discussed in
Section 2.

However, the presence of an encapsulating surface surrounding the
sample can also in certain cases produce the opposite effect; that is, a
slight reduction in atom emission threshold energies and therefore an
increase in damage rates. By providing an attractive potential compared
to the vacuum via dispersion forces, the energy required from the beam
to break a bond is reduced. Fig. 3 demonstrates this effect using a model
example of coronene molecules encapsulated inside SWNTs, de-
termined from molecular dynamics simulations calculating the
threshold energy required for hydrogen atom dissociation. Simulations
were performed using the large-scale atomic/molecular massively
parallel simulator (LAMMPS) classical molecular dynamics code

T Fig. 3. The mean change in threshold energy (E,) required for
hydrogen dissociation from a nanotube-encapsulated cor-
onene molecule induced by the proximity of the zigzag (black
circles and lines) and armchair (blue squares and lines) SWNT
walls. The error bars indicate the standard deviation of the
] variation in AE4; dependent on the angle of kinetic energy
transfer from the beam. Inset: orthographic projections of the
optimised (18, 0), (11, 11), (21, 0), and (13, 13) systems
viewed along the tube axis, showing the Van der Waals radii
of the coronene atoms in relation to the SWNT walls. Carbon
atoms are shown in cyan, hydrogen atoms are shown in white,
and the structure of coronene is shown in the top right (For
interpretation of the references to colour in this figure legend,
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(Plimpton, 1995) with the adaptive intermolecular reactive empirical
bond order (AIREBO) potential (Stuart et al., 2000). Eight SWNTs were
selected to match the diameters of commonly observed experimental
nanotubes containing organic molecules (armchair: (11, 11)
D =14.924; (12, 12) D = 16.27 A; (13, 13) D = 17.63 A; zigzag: (18,
0) D =14.09A; (19, 0) D = 14.88A; (20, 0) D = 15.66 A; (21, 0)
D = 16.44 &; (22, 0) D = 17.23 A). A section of nanotube 200 A long
was prepared in the centre of a simulation cell with dimensions of
400 x 400 x 400 A® and periodic boundary conditions.

For the threshold energy calculations summarised in Fig. 3, a single
coronene molecule was placed in the centre of a nanotube and fol-
lowing a full geometry optimisation of the system each nanotube
structure was equilibrated at 300K for a total of 2ns using the NVT
ensemble and Nosé-Hoover thermostat. Transfer of kinetic energy from
the electron beam was modelled by altering the velocity of the primary
knock-on hydrogen atom during a single simulation timestep and then
propagating the molecular dynamics of the system using the NVE en-
semble and a time step of 0.01 fs. The threshold energy for breaking a
carbon-hydrogen bond was calculated as the minimum kinetic energy,
transferred in such a manner, required to stretch the C-H bond length
beyond 1.83 A, the value above which the bond dissociates with no
barrier. Using the same simulation approach, the minimum hydrogen
emission threshold energy of a single gas phase coronene molecule with
energy transferred directly along the C-H bond is calculated to be
5.65¢€V.

Recent results (Chirita et al., 2018) have shown that the specific
thermal motion of the atoms involved at the time of the electron impact
can alter the threshold energy by up to several eV at room temperature.
To avoid these thermal effects and to decouple these results from the
angular dependence of the threshold energy - the energy required to
break the C-H bond is dependent on the precise angle at which the
kinetic energy is transferred to the hydrogen atom — Fig. 3 shows the
difference in threshold energy between identical simulations with the
only difference being the presence or absence of the encapsulating
nanotube, across a range of angles of transferred momentum relative to
the molecule and nanotube wall. For each of the eight nanotube en-
capsulating systems, the energy was transferred in five different di-
rections for hydrogen atoms on the equilibrated coronene structure.

Fig. 3 shows that the threshold energy for hydrogen emission in the
presence of the nanotube wall was either less than or equal to the
corresponding threshold energy in the gas phase. For very narrow na-
notubes that are in close contact with the encapsulated molecules, the
threshold energy for breaking terminating carbon-hydrogen bonds can
be reduced by up to approximately 0.25eV, with the exact effect de-
pendent on the precise nanotube chirality and angle of emission relative
to the nanotube wall. Above a certain diameter of nanotube the wall is
sufficiently far from the breaking bond of the molecule that the
threshold energy converges to the vacuum emission threshold energy
(this diameter is 15 to 15.5 A for the coronene molecules), and there is
no damaging effect induced by the surrounding surface. This effect will
be dependent on the precise system involved and is not universal to all
encapsulating/encapsulated materials. The reduction of threshold en-
ergy upon encapsulation is relatively minor; it is unlikely to overcome
the protective confinement effect of increasing recombination rates but
will counteract it by a moderate amount. However, this would be im-
portant in cases where direct knock-on effects dominate damage pro-
cesses, in conditions very close to the damage onset energy, acting to
reduce the accelerating voltage at which damage occurs.

The effect of the reduction of displacement threshold energy also
occurs when bilayer graphene is exposed to electron radiation. At beam
energies and doses in which the atomic structure of monolayer gra-
phene remains pristine, the formation of divacancy defects is observed
in bilayer graphene (Zubeltzu et al., 2013). The second layer of gra-
phene enables the creation of divacancies due to the stabilisation of an
otherwise unstable intermediate Frenkel pair defect; the additional
graphene layer effectively catalyses defect creation and increases
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damage rates under the electron beam.
4.2. Encapsulating materials as sinks of heat and charge

A major source of electron-beam induced damage, particularly to
organic molecules and related ‘soft’ materials, is due to beam-induced
heating. Although this is generally a highly material-dependent damage
mechanism and is usually a problem specific to insulating materials, it
tends to be the dominating factor in systems in which it occurs and can
result in melting or other thermal degradation. Most energy deposited
by the electron beam into the sample — by any mechanism, although
predominantly by inelastic scattering (electron-electron collisions) -
inevitably ends up as thermal energy following relaxation. Coating
samples with a conductive material can reduce or entirely eliminate
damaging effects due to thermal energy by providing an efficient heat
sink. Graphene and carbon nanotubes are among the best candidate
materials for acting as thermal sinks — via the use of coatings or en-
capsulation, respectively — due to their superb thermal conductivities
and extreme thinness. Assuming sufficient thermal contact between the
material of interest and the coating, local heating due to the electron
beam is typically dissipated very quickly, avoiding the problematic
build-up of heat over time.

Using a model system, shown in Fig. 1lc, we estimate the rate at
which such a system can dissipate excess thermal energy above room
temperature. A 20 nm long section of (19,0) SWNT containing a stack of
21 coronene molecules separated by 4 A was optimised, then heated to
and equilibrated at 500 K. A single ring of carbon atoms at either end of
the nanotube was assigned zero velocity and fixed in position within the
simulation box. Three further rings of carbon atoms at each end of the
nanotube were included in an NVT ensemble at 300 K, essentially acting
as the room temperature heat-sink, while all other atoms were included
in an NVE ensemble. The molecular dynamics simulation was propa-
gated for 200 ps whilst the temperature of both the nanotube and the
molecular stack were monitored separately, as shown in Fig. 4.

If the nanotube ends are allowed to act as thermal sinks, the SWNT
returns to room temperature after approximately 10ps; the en-
capsulated molecular stack cools to 300 K via the tube in approximately
100 ps. As the initial system represents much more significant and ex-
tensive heating than is typically induced by a single event from the
electron beam, this shows sufficiently rapid and efficient heat transfer
to render the heating effect of the beam negligible.

Radiolysis, caused by inelastic electron-electron collisions, is the
primary damage mechanism in insulating materials such as most or-
ganic materials. The formation of charged molecular species following
ionisation can lead to destruction of individual molecules and more
widespread structural degradation of the sample. In thicker materials
the capture of electrons with very low kinetic energy (whether from
secondary electrons or, in even thicker materials, slowed primary
electrons) leads to dissociative electron attachment (DEA) via the po-
pulation of antibonding orbitals. In low dimensional and extremely thin
nanomaterials, the effect of secondary electrons is negligible (as dis-
cussed in Section 3.1) and incident electrons maintain most of the
primary kinetic energy, being typically limited to a single interaction
during their brief transmission through the sample structure. As a re-
sult, for these materials ionisation caused by the emission of core and
valence electrons leads to positive charging and subsequent damage.
Encapsulation within highly electronically conductive materials such as
metals or carbon nanomaterials can protect materials from both of
these processes, by providing an efficient transfer of electrons from or
to the sample, respectively, and removing excess charge. Notably, the
use of gold TEM grids for cryo-electron microscopy (Russo and
Passmore, 2014) has in part been driven by the increase in stability due
to their excellent conductivity (Russo and Passmore, 2016).

A related but subtly different process can occur from the direct
excitation of atomic electrons by inelastic collisions from the beam.
Although no charged species are formed, the simultaneous population
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Fig. 4. Time taken for the SWNT and one-dimensional encapsulated stack of coronene molecules (shown in Fig. 1c) to return to room temperature via thermal
dissipation through the tube after being heated in our molecular dynamics simulations.

of antibonding orbitals and depletion of bonding orbitals leads to dis-
sociative excitation of molecules. For such processes the role of en-
capsulation is much less clear than in the case of charged species, and
will vary hugely depending on the specific molecules, encapsulating
materials, and combinations of the two employed. However, en-
capsulating materials in electronic contact with such excited states can
act to reduce the consequences for molecular damage, for example by
enhancing relaxation rates via interactions with delocalised electrons.
An additional effect that may have to be taken into consideration is
charge transfer between molecular and encapsulating materials, parti-
cularly relevant in systems containing strongly electron donating or
accepting species. Although the ground state electronic structure can be
substantially altered and associated shifts in frontier orbital energies of
up to 1€V have been reported (McSweeney et al.,, 2016), the con-
sequences for rates of excitation processes leading to damage are un-
clear.

There are few experimental studies directly measuring the effects of
encapsulation on specifically inelastically induced damage, as decou-
pling the contributions of different damage mechanisms remains chal-
lenging. One method employed is the selective graphene ‘sandwiching’
technique (Algara-Siller et al., 2013; Lehnert et al., 2017) discussed in
Section 4.1 and shown in Fig. 1b, which measured the proportion of the
reduction in damage from the application of a single layer of graphene
that was attributable to protection against radiolysis as 55%-63% of the
total damage observed under the electron beam. Even in this case it is
unclear whether this damage mechanism is primarily due to charging,
excitation, or both processes, and the comparison of MoS, and MoSe,
damage rates (Lehnert et al.,, 2017) raises questions over the inter-
pretation of these results and the understanding of electron radiation
induced damage more generally. Further limited evidence for this
protective effect lies with the comparative rates of fullerene degrada-
tion under the electron beam when encapsulated inside SWNTs of dif-
ferent diameters and degrees of contact with the sample grid (Chuvilin
et al., 2010). In general, fullerenes were observed to coalesce at much
lower electron doses when encapsulated in wider and freer-standing
SWNTs, in which the fullerene-nanotube and nanotube-grid electronic
(and thermal) contacts are worse, respectively.

Meanwhile, in contrast to mechanisms involving direct knock-on
damage, modelling of these processes also presents difficulties. The
beam is able to trigger any feasible electronic excitation process, re-
sulting in many different processes occurring simultaneously, each with
associated cross-sections, relaxation times, and propensities to ulti-
mately lead to structural damage. The number of parameters required
to accurately model damage under continued electron irradiation
therefore quickly skyrockets with system complexity; for example,
simply modelling the primary radiolysis products of pure water requires
kinetic information for at least 79 different reactions (Schneider et al.,
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2014). In general, electronic excitation processes occurring under the
electron beam and the influence these have on sample stability remain
among the most poorly understood aspects of beam-induced damage in
TEM.

5. Conclusions

Sample degradation due to radiation damage, in the form of bond
breakage and mass loss, occurs under the working conditions of TEM
and presents severe limitations for imaging high resolution details of
materials. Many of the detrimental effects of radiation damage have
been recognised since early developments of the electron microscope
(Menter, 1956) but in recent years the problem of radiation damage has
been revisited due to its significance in the area of high-resolution
imaging of low dimensional materials and molecular samples made of
low atomic number elements such as carbon, hydrogen, nitrogen, and
oxygen.

As the degree of damage is often dependent on the total acquired
electron dose, one approach to overcoming this limitation is to limit the
electron dose in the area identified for high-resolution imaging.
Hardware developments incorporating the use of direct electron de-
tectors in TEMSs present highly promising opportunities for reducing the
dose required for image formation by removing inefficient electron-
photon conversions (Jin et al., 2008; Mir et al., 2017). Low-dose soft-
ware such as the Minimal Dose System (MDS) interface can be used to
locate an area of interest with a low magnification and to accurately
determine the required focus by shifting to an adjacent area thus
avoiding pre-exposing the area of interest to high electron dose. Suc-
cessful integration of this approach when imaging molecular samples
can reliably provide high-resolution images prior to the onset of sig-
nificant damage. The development of more sophisticated low dose
imaging modes has aimed to reduce the number of electrons passing
through sample, either by effectively spreading the dose through mul-
tiple atomically identical species and reconstructing single images —
large-area low-dose reconstruction techniques (Meyer et al., 2014) — or
by using statistical approaches for the smarter deposition of the dose,
for example recent sub-sampling and inpainting methods (Stevens
et al., 2018). Alternatively, ultrafast TEM (Zewail and Thomas, 2009)
presents a method for forming images before the dose deposited into
the material has time to lead to any changes in atomic structure, but
this approach greatly reduces the spatial resolution achievable, and the
potential of such techniques is fundamentally limited by Coulomb re-
pulsion between electrons in short pulses (Egerton, 2015).

The other main approach to limiting damage is to increase the ef-
fective dose that the sample can withstand, either by changing the
imaging conditions (tuning the accelerating voltage (Kaiser et al., 2011)
or dose rate (Jones et al., 2018) while taking into account the dominant
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damage mechanisms taking place) or by altering the sample being
studied (for example via isotopic substitution (Chamberlain et al.,
2015)). The focus of this paper is on encapsulation techniques, which
represent another valuable sample alteration method for achieving in-
creased stability of samples under the electron beam. In some cases
(Algara-Siller et al., 2013) encapsulation allows almost the entire
elimination of damage, removing it as the limiting factor preventing
atomically resolved images. Typical methods employed for controlling
radiation damage generally focus on reducing the rate of forward re-
actions driving the loss of structure (sputtering of atoms, bond breaking
etc.). However, recombination (‘healing’) processes, which involve
species displaced by radiation, can also significantly reduce damage to
materials. An increase in the rate of reverse reactions is the primary
effect of encapsulation, leading to a reduction in sample degradation.
This general principle is independent of the nature and mechanisms of
radiation damage and is applicable to all materials and imaging con-
ditions thus making encapsulation a versatile and universal method for
protection from radiation induced damage.

In low dimensional encapsulated systems, damage rates are also
affected by the changes arising from reduced dimensions and molecular
isolation, and in the present work these effects are decoupled from the
influence of encapsulation on molecular damage under electron radia-
tion. However, the combination of these effects can have a substantial
cooperative increase in stability: moving from a 3D crystal to a 1D
encapsulated stack of coronene increases the total electron dose that
can be withstood by a factor of "340 (from 1.2 x 10*to 4.1 X 10% e~/
nm? (Chamberlain et al.,, 2015)). Altering the sample chemistry, for
example via halogenation in order to benefit from both a reduction in
direct knock-on damage and an increase in encapsulation protection
factor, can provide an additional factor of “50, enabling organic mo-
lecules to withstand electron doses of 2 x 10® e~ /nm? before under-
going any beam induced reactions (Chamberlain et al., 2017). When
combined with low dose imaging techniques, this presents a promising
methodology for studying the structure and dynamics of individual
molecules at atomic resolution for extended periods of time.
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