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ABSTRACT: Molecular motion and bond dissociation are two of the most fundamental
phenomena underpinning properties of molecular materials. We have entrapped HF and H20
molecules within the fullerene Ceo cage, encapsulated within a single-walled carbon nanotube
(X@Ce0) @SWNT where X = HF or H20. (X@Ces0) @SWNT represents a class of molecular
nanomaterial composed of a guest within a molecular host within a nanoscale host, enabling
investigations of the interactions of isolated single di- or tri-atomic molecules with the electron
beam. The use of the electron beam simultaneously as a stimulus of chemical reactions in
molecules and as a sub-A resolution imaging probe allows investigations of the molecular
dynamics and reactivity in real time and at the atomic scale, which are probed directly by
chromatic and spherical aberration corrected high resolution transmission electron microscopy
(Cc/Cs-corrected HRTEM) imaging, or indirectly by vibrational electron energy loss spectroscopy
(EELS) in situ during scanning transmission electron microscopy (STEM) experiments.
Experimental measurements indicate that the electron beam triggers homolytic dissociation of the
H-F or H-O bonds, respectively, causing the expulsion of the hydrogen atoms from the fullerene

cage, leaving fluorine or oxygen behind. Due to a difference in the mechanisms of penetration
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through the carbon lattice available for F or O atoms, atomic fluorine inside the fullerene cage
appears to be more stable than the atomic oxygen under the same conditions. The use of
(X@Ce0) @SWNT, where each molecule X is ‘packaged’ separately from each other, in combination
with the electron microscopy methods and density functional theory (DFT) modelling in this work,
enable bond dynamics and reactivity of individual atoms to be probed directly at the single-

molecule level.

KEYWORDS: endohedral fullerenes; transmission electron microscopy; carbon

nanotubes; DFT modelling; single molecule dynamics.

The dynamics of chemical bond dissociation underpin all chemical reactions from simple
molecules in the gas phase to complex biochemical processes in living organisms.
Recently, transmission electron microscopy (TEM) has emerged as a tool for triggering
and imaging bond dissociation in single molecules by harnessing the kinetic energy of
fast electrons of the e-beam transferred to atoms of the molecules, whilst imaging
transformations induced by the e-beam.'® Within this concept, termed chemical TEM
(‘ChemTEM’),** the e-beam acts simultaneously as a source of energy for bond
dissociation and a probe used to follow this process at the single-molecule level in a
spatiotemporally continuous fashion. The amount of energy transferred from the e-beam
to the molecule is well-defined and controlled precisely and, provided that individual
molecules are separated from the bulk and entrapped within a protective inert matrix,
such that their positions and orientations are controlled, ChemTEM can potentially deliver
fundamental information about molecular dynamics.® In this respect, the ChemTEM
approach is akin to matrix isolation spectroscopy, except that the molecules are trapped
in an inert solid matrix at room temperature, with the e-beam acting as both a pump
(kinetic energy transfer) and a probe (imaging / local spectra). A single-walled carbon
nanotube is the most robust and effective matrix for molecular encapsulation for
experiments in TEM. It can also restrict the molecular motion by confining the guest-
molecules within the nanoscale channel and as such can be viewed as a tiny test tube’*?
or a one-dimensional support for adsorbed molecules as demonstrated more recently.3-
15 Possessing a superior mechanical strength and outstanding electrical and thermal
conductivities, this nano-test-tube can effectively protect the guest molecules from the
possible detrimental effects of the environment during TEM measurements, such as
heating, ionisation or chemical etching.?*® Using this approach, we have previously
investigated the energetics and dynamics of several heteroatomic bonds, including C-H,
C-D, C-S, C-ClI, Mo-I, and Re-Re at the single-molecule level.}3:517:18 A similar approach
has been applied for studying reactions of fullerenes triggered by C-C bond
dissociation.'®2° However, until now, this approach was not applicable to small volatile

molecules, such as water, because of the vacuum conditions in TEM, while the fast



molecular motion of such small molecules also seemed to prohibit any ChemTEM

investigation at the single-molecule level.

Fullerene Ceo, With a cavity analogous to a very small nanotube, provides an ideal
platform for the entrapment of isolated atoms or di- and triatomic molecules, such as Hz,
HF and H20.2'27 Vibrational, rotational and magnetic analysis of isolated small molecules
entrapped in Ceo showed that their behaviour is much closer to the gas phase than the
liquid, thus allowing investigations of the fundamental properties of isolated molecules
unperturbed by strong intermolecular forces. In this study, we inserted hydrogen fluoride
and water molecules pre-packaged in fullerene cages, HF@Cso and H20@Cso, into a
single-walled carbon nanotube (SWNT), leading to chains of endohedral fullerenes inside
SWNT denoted as (HF@Ces0) @SWNT and (H20@Ces0) @SWNT, respectively. This geometry
allowed us to probe the bond dissociation in HF and H20 under the electron beam and to

image and follow this process in individual fullerene molecules.

The paper is structured as follows: (1) HRTEM imaging of fullerenes, their stability with
different encapsulated species, and stability at different beam energies; (2) HRTEM
imaging of endohedral species, analysis of transient F/O atom contrast, and HRTEM
image simulations; (3) STEM imaging, STEM-EELS spectroscopy of single F atoms, and
aloof-mode vibrational EELS of endohedral fullerene nano-sheets; (4) consideration of
the energy transfer from the e-beam, and the available mechanisms of bond
dissociation; and (5) computational modelling of bond dissociation, DFT-MD of atom
emission processes and energetic hydrogen atoms, and transition state analyses for

emission of F and O atoms.
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Figure 1. (a) Structural diagrams of HF@Cso, H2O@Cso and endohedral fullerenes in a carbon
nanotube. 30 keV chromatic and spherical aberration (Cc/Cs) corrected HRTEM images of (b)
(HF@Ce0) @SWNT and (c) (H20@Ce0) @SWNT at ~5 x 107 e- nm2. (d, e) Comparison of HF@Cso
and H20@Ceo transformations at 30 keV and 80 keV electron irradiation: at 30 keV images of
H20@Ce0 show signs of decomposition after a dose of 102 e- nm-2 manifesting through the
oligomerisation of the fullerenes, whilst images of HF@Cso indicate that the fullerene cages are
more stable even for larger doses of electrons. At 80 keV both endohedral fullerenes exhibit much
higher reactivity (—10 more reactive). The total electron dose accumulated by the sample is
shown, rather than time, because the electron dose is relevant to the progression of reactions
under the electron beam in ChemTEM. (The time series are also included as Supporting Videos 1-

4). All scale bars are 1 nm.



RESULTS AND DISCUSSION

We have encapsulated HF and H20 molecules inside Ceo by a previously reported method
of ‘molecular surgery’, involving the insertion of the guest molecules into an open
fullerene cage followed by the reconstruction of the Ceo cage via a series of chemical
transformations as described in references 26 and 28, respectively (Fig 1a). This
synthetic approach followed by HPLC purification yields HF@Ceso and H20@Ceso materials
of 99% purity where virtually every fullerene molecule contains a molecular guest. The
two endohedral fullerenes have been inserted separately into open SWNT with an
average diameter of ~1.4 nm by evaporating the molecules in vacuum in the presence of
nanotubes. Each endohedral fullerene molecule appears to fill the SWNTs as efficiently as
pure (empty) Ceo, filling the entire nanotube length without gaps, to form two materials:
(HF@Ce0) @SWNT and (H20@Ce0) @SWNT. This process is driven by strong dispersion
interactions that are maximised by the ideal match of the fullerene diameter (0.7 nm)

with the diameter of the nanotube (—1.4 nm).16:2°

HRTEM imaging of fullerene cages. TEM imaging of (HF@Ceo) @SWNT and
(H20@Ce0) @SWNT materials reveals ordered chains of fullerene molecules that appear
as circles separated by van der Waals gaps of ~0.3-0.4 nm, within the cylindrical
channel of the nanotube (Fig 1b), very similar to the empty Ceso in nanotubes reported in
many previous studies (for example reference 30). However, unlike the empty Ceo
fullerenes that exhibit no observable damage even at higher e-beam energies such as 40
keV,3° the endohedral fullerene molecules undergo noticeable cross-linking and
polymerisation under the 30 keV e-beam irradiation (Fig 1c,d,e). TEM imaging indicates
a greater stability of HF@Ceo than H20@Cso (Supporting Information S9), as the images
of the former molecules remain unchanged up to applied electron doses of more than
2-10° e nm2 (this dose corresponds to about 1000 single HRTEM images in the
conditions used for these experiments). This equates to a factor of 6.8 times higher
stability of HF@Cso than H20@Ceo at 30 keV. With increasing energy of the e-beam from
30 keV to 80 keV, the stability of both endohedral fullerenes drastically decreases by a
factor of 10.7 for HF@Ceo and 8.0 for H20@Ceo, providing a useful insight into the

mechanisms of e-beam damage as discussed later.

HRTEM imaging of endohedral HF and H20. We observed contrast consistent with
that of a single-atom of F or O at the centre of the molecule (Fig 1b), which is
completely absent in empty fullerene cages in Ceo@SWNT under the same conditions,
consistent with previous works, for example reference 31 (Supporting Information S1
and Supporting Video 5). While the endohedral HF is known to be present in virtually all
the molecules as evidenced by HPLC and mass spectrometry analysis,?® HRTEM contrast
of fluorine in (HF@Cs0) @SWNT can be visually identified in about 35% of all the
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molecular images we analysed at 30 keV (based on the observation of 468 molecular
frames), which decreases to ~10% of molecular images at 80 keV (Supporting Videos 1
and 3). The higher stability of the molecules in (HF@Ceso) @SWNT allowed us to analyse
the single-atom contrast dynamics within the same molecule over time, by taking time
series of images. The contrast associated with the F atom appears to be transient within
the same molecule emerging and vanishing at different times (Fig 2a,b; Supporting
Information S2, showing an extracted still from Supporting Video 1). Single-atom
contrast of O atoms in (H20@Ce0) @SWNT is significantly more difficult to detect, only
observable in —~10% of the molecular images analysed at 30 keV (997 molecular
frames), and becoming undetectable at 80 keV due to the fast onset of the fullerene

cage damage (Fig 2d,e; Supporting Videos 2 and 4).
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Figure 2. (a) Experimental time series (2 s time interval) of 30 keV Cc/Cs-corrected HRTEM
images of (HF@Ces0) @SWNT, showing blinking of the F-atoms. The green arrows indicate examples
when the F-atoms are clearly visible, these appear to be visible and invisible in the same
molecules over time (see Supporting Video 1). (b) Line profile across the centre of a fullerene
molecule (as shown in green and white boxes indicated in micrographs (a)) showing variation of
image contrast when F-atom is visible (green plot) or invisible (black plot) within the same
molecule. (c) Model and corresponding HRTEM image simulations for four different orientations of
HF@Ceo in SWNT (four principal projections along elements of symmetry of the Ceso cage C2, Ss, C1
and Cs). Only some orientations are able to produce a ‘dot’ contrast at the centre of the fullerene

cage due to an overlap of F-atom with two C-atoms of Ceo, indicated with green arrows. A neutral
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atom of fluorine in the cage F°@Ceo produces contrast in the simulated images that is similar to
the experimental images (see Supporting Information S7). (d) Time series (—2 s time interval) of
30 keV Cc/Cs-corrected HRTEM images of (H20@Cs0) @SWNT showing blinking of the O-atoms. The
red arrows indicate examples when the O-atoms are visible (see Supporting Video 2). (e) Line
profile across the centre of a fullerene molecule (as shown in red and white boxes indicated in
micrographs (a)) showing variation of image contrast when O-atom is visible (red plot) or invisible
(black plot) within the same molecule. Note that observation of a single O-atom is more
challenging and less distinct than F-atom due to the lower Z-number of oxygen and lower stability
of H2O@Cseo under the electron beam. (f) Simulated HRTEM image of H2O0@Cso in SWNT showing
that single O-atom contrast is observable only in some orientations (see Supporting Information

S8). All scale bars are 1 nm.

We modelled the positions and orientations of the F@Cso in nanotube and simulated
HRTEM images and STEM images, which demonstrate that the contrast at the centre of
F@Ceso can emerge only for certain orientations of the molecule, namely projections
along the C2 and Ci symmetry axis of the fullerene cage (with two carbon atoms at the
centre directly on top of each other, Fig 2c¢). In this configuration, two carbon atoms of
the Ceo cage overlap with the F atom such that a column of three atoms produces
sufficient contrast, consistent with experimental HRTEM images. Other orientations, such
as projections along Ss, do not produce such contrast. Furthermore, the observed
transient nature of the F atom contrast in F@Ceo suggests a homolytic dissociation
pathway of HF under the e-beam, as also predicted by our theoretical calculations below.
HRTEM image simulations performed for the models with neutral, positive or negative F-
atom within Ceo reveal that only in the case of the charge-neutral fluorine F°@Ceo (or
HF@Cs0) can the transient contrast at the centre of fullerene be observed (Supporting
Information S7). In the case of the F@Ceso or F*@Cso the contrast is permanently absent
or permanently present respectively, which would disagree with our experimental
observations (changes in electron charge density around the atom affect the core
potentials, hence a spatially extended signal in the projected potential and the observed
single-atom contrast in HRTEM, as described in reference 32; Supporting Information
S7). Similar HRTEM image simulations of H2O@Cso show that the central atom contrast is
weaker and observable for even fewer orientations of the molecule (Fig 2f), consistent
with our experimental HRTEM observations. The implications of the transient atom
contrast regarding rotation of the fullerenes are discussed in Supporting Information
S10.

STEM imaging and EEL spectroscopy. In order to further elucidate the behaviour of
HF@Cso under the electron beam, (HF@Ceso) @SWNT and a HF@Ceo nano-sheet were
analysed by scanning transmission electron microscopy (STEM) at 60 keV (Fig 3a-d).

High angle annular dark field (HAADF) imaging also indicated the presence of additional



contrast at the centre of the Cso cage (Fig 3a), corresponding to the likely position of the
F atom. The images are intrinsically noisier than the HRTEM images shown in Fig 1 due
to unavoidable noise in the STEM-HAADF mode at these low electron dose-rates (Fig 3b,
see Methods for further details on the simulations). Similar to HRTEM, with continued
irradiation at a dose rate of 1.4 - 10" e nm=2 s, the Ceo fullerenes visibly change shape
and undergo cross-linking and oligomerisation, with four of the individual fullerenes
initially observed in Fig 3a fully cross-linked after a total electron dose on the molecules
of 5.5 - 108 e nm™ (dose impinging on the molecules estimated between the first

recorded image of these molecules and the acquisition of the image shown in Fig 3c).
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Figure 3. 60 keV Cs-corrected high-angle annular dark-field scanning transmission electron
microscopy (Cs-corrected HAADF STEM) imaging of (a) (HF@Ceo)@SWNT and (d) HF@Ceo. The
type of contrast due to the F atom in the centre of the fullerene cage in (a) is commensurate with
that expected from STEM image simulations (b). Extended exposure of (HF@Ceo) @SWNT to the e-
beam results in the oligomerisation of the fullerene cages (c). (d) Cs-corrected HAADF-STEM
image of HF@Cso nano-sheet; a typical region for recording aloof vibrational spectra is illustrated
by the dashed red box. (e) Vibrational EELS recorded in aloof configuration near the HF@Ceso nano-
sheet (black) indicates the presence of a strong band at 0.38 eV which corresponds to the H-F

stretching vibration mode which decreases in intensity (red and blue) as the nano-sheet is



irradiated extensively, providing evidence for the cleavage of the H-F bond. A peak at 0.28 eV,
consistent with a C-H stretching band, is the main feature of the EELS after moderate e-beam

irradiation.

In addition to e-beam damage to the host Ceo molecules allowing the endohedral F to
move more freely, the low inelastic scattering cross-section of F at its K ionisation edge
makes the spectroscopic identification of single F atoms challenging: Fig. 4 nevertheless
presents strong evidence of the presence of single F atoms in two intact Ceo molecules,
whereas no F signal is detected within polymerised molecules (see methods for
experimental details). Vibrational electron energy loss spectroscopy (EELS) performed on
the molecules in individual nanotubes did not show sufficiently strong signal from the
endohedral molecules due to the large amount of carbon around them (relative to the
small molecule concentration) and to possible screening effects of the host nanotube;
however EELS of a nano-sheet of HF@Ceso approximately five monolayers thick and
suspended over a hole (Fig. 3d) in an aloof beam configuration to protect the molecules
from the impact of the e-beam itself,31:33-35 revealed strong vibrational features in the
region between 0.1-1.7 eV (—800-13700 cm™). The observed vibrational bands before
and after intentional e-beam irradiation are compared in Fig. 3e. The initial spectrum is
dominated by a band at 0.38 eV (—3000-3100 cm™), corresponding to the H-F stretching
vibration mode,?® that decreases in intensity after moderate e-beam irradiation of an
estimated total dose of 2.0 - 10° e nm2 (dose rate of 8.0 - 10% e nm™ s'1). After the
moderate irradiation the spectrum becomes dominated by a band at 0.28 eV (—2200-
2300 cm™) which is consistent with the C-H stretching vibration mode. After significant
further irradiation of a total dose of 1.9 - 107 e nm™ (dose rate of 2.5 - 10° e nm=2 s™?)
both bands significantly diminish, leaving a much weaker band at 0.33 eV (—~2600-2700
cm1) remaining as background (Fig. 3e). Energy-dispersive X-ray spectroscopy (EDX) of
HF@Cso crystals in TEM at 80 keV shows the continued presence of a virtually unchanged
fluorine signal after irradiation at higher total doses than this, demonstrating that while

the H-F bonds break under the e-beam fluorine atoms persist in the fullerene cages.
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Figure 4. 60 keV electron energy loss spectroscopy (EELS) fingerprinting of F single atoms in the
(HF@Cs0) @SWNT system. (a) HAADF contrast acquired simultaneously with the EELS signal,
showing a number of intact and polymerised Ceo host molecules within a SWCNT. (b) False-
coloured composite map showing a clear increase of F signal (magenta) within two of the intact Ceo
molecules (C is displayed in cyan). This composite map was created from the chemical maps
generated by integrating the intensity of the F K (c) and C K (d) ionisation edges at each pixel of
the spectrum image. (e) Experimental single spectrum at the F K ionisation edge averaged over
the neighbouring pixels highlighted by the magenta box in (b). Smoothed data (solid lines) are
overlaid on top of the unprocessed raw spectra (light grey line) before (black) and after (magenta)
background subtraction using a power law model (dashed grey line). The onset of the F K edge

(table value at 685 eV, dashed magenta line) is clearly visible.

Energy transfer and bond dissociation under the electron beam. The diatomic HF
and triatomic H20 molecules entrapped in HF@Ceso and H20@Ceo, respectively, such that
the F atom and O atom are positioned at the centre of the icosahedral Cso cage, retain all
three rotational degrees of freedom for the HF and H20, but little translational freedom,
limited to ~0.2 nm by the fullerene cage.?'2” The guest molecules are tightly packed in
a SWNT, such that at room temperature HF and H20 molecules entrapped inside the
fullerene, and the fullerene cage entrapped in the nanotube (the rotation activation
barrier is as low as 0.008 eV for fullerene nanotube Ceo@SWNT at room temperature36)
both have unrestricted rotational freedom. Therefore, in their pristine state, the
(HF@Ce0) @SWNT and (H20@Cs0) @SWNT systems can be described as consisting of a
free-rotator within a free-rotator. A recent theoretical study exploring a hypothetical
(HF@Ces0) @SWNT structure concluded that HF molecules in neighbouring HF@Ceo are
expected to interact by dipole-dipole coupling of the order of only several meV.3” Overall,
the state of entrapped molecules in (HF@Ceo) @SWNT and (H20@Ces0) @SWNT is thus
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closer to the gas state in terms of rotation and vibration, but in terms of translation it is
closer to a solid crystalline state, such that the lateral positions of individual molecules
during TEM imaging are severely constrained. The calculations described below (see
Methods) show that the geometry of entrapped small molecules is almost identical to the

gas phase (see Supporting Information S4).

In order to explain our TEM observations of (HF@Cso) @SWNT and (H20@Ces0) @SWNT,
we must consider what happens to these molecules under the e-beam. The extremely
short pathway of the e-beam within these materials due to their thickness of only ~2 nm
eliminates most secondary damage processes, while the SWNT acts as an efficient sink
of heat and charge; the effects of most typical damage mechanisms under the e-beam
are removed.38 In addition to this stabilising effect observed in our previous studies,* the
direct encapsulation of each individual molecule in a fullerene separates them from one
another by a distance of 1 nm. The reactive molecules - including any activated species
created by the beam - are protected from contact with neighbouring molecules by the
unreactive interior of Ceo, such that the fundamental properties of individual molecules
can be studied. While the fullerene remains intact, permanent structural change to the
molecules requires the ejection of atoms through the fullerene cage, which can only
plausibly occur via a direct knock-on (DKO) collision imparting a large kinetic energy to
an atom. Any other process of bond scission such as radiolysis will be quickly reversed,
due to the confinement of the molecular atoms in close proximity to one another within
the volume of the cage. The observed drastic decrease of stability by a factor of 10.7 for
HF@Cs0 and 8.0 for H2O0@Cso as the energy of the e-beam is increased from 30 keV to
80 keV (in otherwise identical experimental conditions), confirms that the DKO is the
main driving force of molecular transformations under our conditions (the opposite would

be true for any effects induced by electron-electron collisions, such as radiolysis).

In a DKO collision, the maximum amount of energy transferred from the incident
electron E,,., is directly proportional to the kinetic energy of that electron E and
inversely proportional to the mass of the stationary atom M with which the electron
collides® (the process shown in Fig. 5e):

2ME(E+2mec?)
(M+mg)2c24+2ME

Ermax = (equation 1)

m, is the electron mass. In (HF@Cso) @SWNT and (H20@Cs0) @SWNT the atom that can
receive the largest amount of kinetic energy is hydrogen — the lightest atom. The
maximum amount of energy transferred to the H-atom from the 30 keV e-beam (E%,,.,)
is 67.8 eV (equation 1) which exceeds the energy barrier for dissociation of the F-H or

O-H bonds by an order of magnitude (Fig. 5a,b).
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Figure 5. (a) The ground state energy profile of homolytic HF dissociation (each atom retains one
valence electron from the covalent bond and remains charge neutral), showing the spatial extent
of the alpha (dotted) and beta (solid) electrons in the relevant orbital at increasing interatomic
distance (see Supporting Video 6 for an animation of this process). (b) The effect of the fullerene
cage on the shape of this energy profile, showing ejection of hydrogen from HF@Cso through the
centre of a hexagonal face of the cage; the thin grey line indicates the potential shown in (a) with
the energy shifted so that both ground state energies are zero. The initial barrier to dissociation is
slightly lowered, but transmission through the fullerene wall adds an additional barrier at increased
bond length and introduces a barrier to recombination of HF once the hydrogen atom is ejected
from the fullerene cage. Transition states and associated energies for the key steps in ejection of
(c) fluorine and (d) oxygen atoms through the fullerene cage, showing the relative lability of
forming the exohedral epoxide fullerene species Cs00 compared to the exohedral CesoF. The latter
shows the pathway that is visible to the electron beam, in which the endohedral to exoohedral
epoxide bond inversion takes place through a [6,6] carbon-carbon bond (see Supporting
Information S5 for more details). A comparison of the maximum energy transfer from incident
electrons to atoms via direct knock-on collisions, (e) directly to atom X (X = F or O), or (f) via an
intermediate collision with a hydrogen atom. With an incident electron energy of 30 keV, for

fluorine Ef,, ., =~ 3.4Ef,,., and for oxygen Efy .. = 3.8E2, 4.

Theoretical modelling of bond dissociation and atom permeation through Ceo.
Our molecular dynamics simulations (described in the methods section) show that at the
maximum transferable energy of 67.8 eV, following dissociation from the molecule, the
kinetic energy of hydrogen atom is sufficient to continue its movement across the Ceo

cavity and through the fullerene wall, preventing recombination to HF@Cso (as shown in
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Supporting Video 7). At lower transferred energies, the penetration barrier is dependent
on the orientation of the H-atom momentum with respect to the carbon-carbon bonds of
Cs0, While dissociation with kinetic energies insufficient to emit the hydrogen atom from
the fullerene cage results in recombination of the parent molecule, reforming the original
HF or H20 structure. These results are consistent with the energy barrier for penetration
of a hydrogen atom though the fullerene wall, in the region of 2.6 eV through a hexagon
of Ce0.3° The minimum threshold energy required for an electron impact to break the H-F
bond and subsequently emit the hydrogen from the fullerene is 7.75 eV, which can be
compared to the 7.63 eV stationary barrier (Fig 5b). This corresponds to a characteristic
electron dose of 7 - 107 e nm™2 for a single fullerene layer at 30 keV (see Supporting
Information S6 for further details). Therefore, under TEM imaging conditions, both HF

and H20 are effectively stripped of hydrogen atoms.

Removal of hydrogen under the electron beam would be expected to result in the
homolytic dissociation of the H-F and H-O bonds, such that each atom receives one of
the bonding electrons, and becomes a charge neutral radical species. For dissociation of
HF, this configuration is 11.8 eV lower in energy relative to the alternative heterolytic
pathway resulting in separated H* and F~ ions (according to our DFT calculations, see
Methods). This is comparable to the 10.2 eV difference between the ionisation energy of
hydrogen (13.6 eV) and the electron affinity of fluorine (3.4 eV),*® and indicates that
formation of F°@Ceo is highly energetically favourable upon removal of hydrogen,
consistent with our TEM observations and image simulations as discussed above. For the
dissociation of an isolated water molecule, homolysis is even more preferable than
heterolysis: removal of the first hydrogen atom to form hydrogen (H-) and hydroxyl
(HO") radicals is 13.4 eV lower in energy than forming a proton (H*) and a hydroxide ion
(OH"). Continuing with the removal of the second hydrogen is 25.8 eV lower in energy
when forming another hydrogen radical and a charge-neutral atomic oxygen (O) via
homolysis compared to a proton and an oxide dianion (0?°) via heterolysis. Atomic
oxygen has two unpaired electrons as well as a high affinity for bonding with carbon, and
is reactive enough with the Ceso cage to form an endohedral epoxide group. In contrast,
the F atom, with a single unpaired electron, cannot engage in stable bonding with the

inside of the Ceso cage and adopts an off-centre position in the cage.

Under the 30 keV e-beam, the carbon atoms of Ceo receive up to ES,,,. = 5.6eV, which is
significantly below the barrier for displacement of a carbon atom from fullerenes or
nanotubes, suggesting that the Ceo cage should remain intact under our TEM observation
conditions. However, damage of Ceo cages is apparent in time series images, particularly
in the case of (H20@Ce0) @SWNT (Fig 1d). Although the 30 keV e-beam can transfer

energy to oxygen (EZ,... = 4.2eV) and fluorine (EL,,,.. = 3.6eV) atoms, our calculations
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indicate that in both cases the direct impact of the e-beam causes a displacement of the
atom from their equilibrium geometries, but is insufficient to emit either atom from the
fullerene and initiate the observed damage. In order to explain the behaviour witnessed
under the e-beam, it is important to consider the highly energetic hydrogen atoms (up to
67.8 eV of kinetic energy under the 30 keV e-beam) that are generated during the
electron irradiation of both HF@Cso and H20@Cso, and the effect they can have on the
surrounding atoms. The maximum energy transferred from the e-beam to an atom X is
increased if this occurs via a collision with a hydrogen atom (the process shown in Fig
5f):

4MyMy _ 2MyE(E+2mec®)  4MygMx
Myg+Mx)?2  (Mg+mg)2c2+2MyE (Mg+Mx)?

Efpax = Eﬁmax( (equation 2)

such that the hydrogen atom effectively amplifies the maximum energy transferred from
the e-beam to the atom by a factor of ~3.4-3.8 in our conditions. This is due to the low
mass of hydrogen being more commensurate with the extremely low mass of the
electron, enabling a more efficient transfer of energy than with a direct collision between
electron and a heavier atom. Although our simulations of electron impacts on oxygen
and fluorine show that neither can receive enough energy from the 30 keV beam directly
to penetrate the fullerene cage (Ernmqx), iN the case of an epoxide oxygen atom a collision
with an energetic hydrogen atom can transfer enough energy (E%,.. = 15eV; equation 2)
to overcome the 12.7 eV barrier to inversion through the cage (see Supporting Video 8),
while this is not the case with F@Ceo (EL),,.. = 12.9¢V). The initial H2O@Cso molecule also
contains double the amount of hydrogen compared to HF@Ceo, wWhich increases the
likelihood of energy transfer from e-beam via an H atom to the O atom. Although the
electron beam cannot break bonds of the fullerene cages directly (E$,,.., = 5.6eV), our
simulations show that the Ef,, ., = 18.9¢eV transferrable from the 30 keV e-beam via
hydrogen to a carbon atom is also sufficient to create defects in the fullerene structure,
explaining why fullerene cages in HF@Cso eventually undergo damage and

polymerisation at extreme doses even at 30 keV (Fig 1e).

A comparison of the pathways available for the emission of the O and F atoms from
inside Ceo Via a transition state analysis (Fig 5c,d) is also instructive in this context,
although it should be stressed that the e-beam induced reactions (unlike thermally
activated ones) do not follow these exact reaction coordinates and are therefore typically
associated with much larger barriers. The formation of an epoxide facilitates the escape
of the O atom though the fullerene cage (Fig 5d), with the energy barrier for the O atom
penetrating through Ceo via an epoxide intermediate calculated as 3.56 eV (for
comparison, the barrier for penetration through graphene is 5.5 eV4'). The O atom

remains bonded to two carbon atoms of Cso during the emission process, effectively
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pushing through a C-C bond (Fig 5c¢). In contrast, the pathways for fluorine escape are
limited: the F atom requires a greater distortion of the fullerene cage during emission
than an O atom. This results in a much higher energy barrier of 8.87 eV, consistent with
the higher stability of the molecules we observed in TEM for (HF@Ceso) @SWNT, with
some fullerene cages persisting virtually unchanged up to doses of — 2-10° e nm2 (Fig
le). Therefore, the observed lower stability of O@Ceo is due to a combination of the
lower barrier for escape of the O atom from Ceo coupled with a higher energy available to
be transferred from the e-beam to O atom via H atoms. Overall, the escape of oxygen
from Ceo has a drastic impact on the integrity and reactivity of the fullerene cage (unlike
the escape of hydrogen), with the highly reactive epoxide group able to cross-link,
dimerise and polymerise the molecules, similar to a polymerisation process of fullerene
epoxide in Ce0O in nanotubes described in our earlier work.4? Taken together, these
considerations explain the fast onset of cross-linking and oligomerisation we observe for
(H20@Ce0) @SWNT under electron irradiation (Fig 1d), compared to the relative stability
of (HF@Cs0) @SWNT at similar electron doses following the emission of hydrogen (Fig
le).

CONCLUSIONS

In summary, results of our experimental measurements and theoretical modelling
indicate that kinetic energy transferred directly from the electron beam to hydrogen
atoms of small molecules, HF or H20, encapsulated in fullerene cages Ceo causes a
homolytic dissociation of X-H bonds (where X is F or O). Hydrogen atoms activated by
the electron beam are expelled through the Ceo cage, leaving charge neutral F or O
atoms within the fullerene. Fast hydrogen atoms knocked out from small molecules by
the e-beam have a significant impact on the surrounding atoms by transferring their
kinetic energy to other atoms (O, F or C) and stimulating transformations in molecules
which otherwise would not take place. In essence, the hydrogen atoms can amplify the
impact of the e-beam on other atoms by a factor of ~3.4-3.8 (depending on the atomic
mass of the atom receiving impact), which may have important implications for TEM
analysis of organic or hydrated materials, including cryo-TEM of biological molecules
frozen in a film of ice, although it should be noted that in such samples electron-electron
damage mechanisms tend to dominate. Surprisingly, F@Ceso formed in the e-beam
appears to be a significantly more stable molecule, as compared to O@Cso formed from
H20@Cs0 under analogous conditions. This suggests the fundamental feasibility of the

entrapment of atomic fluorine within Ceo, similar to N@Ceo.4346

METHODS
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Materials preparation. Endohedral fullerenes HF@Ceso and H20@Cso Were synthesised
and isolated by previously reported methods, references 26 and 28 respectively. The
molecules were inserted into nanotubes through sublimation at 500 °C in vacuum, and
the (HF@Cs0) @SWNT and (H20@Cs0) @SWNT samples dispersed onto lacey carbon Cu
TEM grids by drop casting suspensions in isopropanol. Crystals of HF@Ceo were deposited

onto TEM grids using the same method.

Image and spectrum acquisition. HRTEM investigations were carried out using a
dedicated low voltage microscope — the SALVE (sub-Angstrém low voltage electron
microscopy) instrument based on a Thermo Fischer Themis® platform equipped with a
dedicated chromatic and spherical (Cc/Cs) aberration corrector developed by CEOS. The
SALVE instrument is fully corrected for the 5™ order axial geometric aberrations
(including Cs and Cs), 3" order off-axial geometric aberrations, and the for the 15t order
chromatic aberrations (Cc).#” The TEM was operated at 30 kV. Images with exposure
times (0.2 to 2.0 seconds were acquired using a CETA 16 camera (using binning 2,
resulting in images sized of 2048 by 2048 pixels). For all experiments were the dose

rates in the order between 1-10° e nm2s?!to 1-10” e nm=2 s™1.

Additional scanning transmission electron microscopy (STEM) observations were carried
out at 60 kV acceleration voltage on a monochromated Nion UltraSTEM 100MC ‘Hermes’
at the SuperSTEM laboratory. This microscope is equipped with a 5" order probe
aberration corrector enabling a probe size of approximately 0.09 nm at 60 kV with a
convergence semi-angle of 31 mrad in the conditions used for these experiments. The
monochromator improves the native 350 meV energy resolution of the cold field emitter
of this instrument to approximately 15 meV in practical experimental conditions (as
estimated from the zero-loss-peak, ZLP, full width at half-maximum), with no loss of
spatial resolution, enabling the acquisition of molecular vibrational signals. The use of a
higher beam energy (60 keV) compared to the HRTEM experiments was necessary to
retain both high spatial and energy resolution (at 30 keV in the current configuration of
the instrument used, the spatial resolution would not have been sufficient to distinguish
the atomic contrast of the object). The beam current with the monochromator slit fully
open was approximately 80 pA, reduced to approximately 5 pA when the slit is closed for
high energy resolution work, also resulting in significantly reduced dose-rates (specified
within the main text). High-angle annular-dark-field images were recorded using a
detector with a semi-angular range of 85-195 mrad. Electron energy loss spectra were
acquired on a Gatan Enfinium ERS spectrometer, modified with high stability electronics
for improved resolution. The EELS collection semi-angle was 36 mrad, with spectra
acquired in ‘dual-EELS’ mode whereby two spectra are recorded quasi simultaneously:

one with extremely short exposure time (typically 0.001 s) contains the full zero loss and
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is used for energy calibration, while the other is optimised for higher signal-to-noise ratio
with longer acquisition times (0.15 s for the spectra shown in Fig 3e) with the zero-loss
peak shifted off the camera to avoid saturation. Spectra in aloof geometry were
averaged from a large ‘spectrum image’ (whereby the probe is scanned across a defined
region of interest, and the EELS and imaging signal acquired at each probe position),
after careful energy re-alignment and calibration using the low loss information from the
dual-EELS pair. The three spectra were extracted from the same region in the spectrum
images with the same number of pixels in order to keep the total electron doses
comparable. The ZLPs were removed from experimental spectra using two-term
exponential functions on a window below 0.12 eV, preceding the first observable spectral
feature of interest, using scripts written in MATLAB.*® STEM images shown in Fig 3a,c
were processed using a “difference of Gaussians” filter,*° see Supporting Information
S11 for original unprocessed images. Finally, fingerprinting of the single F atoms using
EELS spectrum imaging was carried out on a non-monochromated Nion UltraSTEM100
microscope, operated at 60 kV. This microscope is equipped with a Gatan Enfina EELS
spectrometer: the EELS collection aperture semi-angle was 36 mrad as above, with
similar electron optical parameters and probe size and currents as above; the energy
dispersion was 0.4 eV/channel, allowing the simultaneous detection of the C K (284 eV
onset) and F K (685 eV onset) ionisation edges. A pixel dwell time of 0.6 s and pixel
sizes varying between 0.1 nm and 0.15 nm (0.12 nm in the data presented in Fig 4)
were chosen as a compromise between the low signal levels due to the small inelastic
scattering cross-section of F and the increased dose inevitably resulting in heavy e-beam
damage to a number of the Cso molecular cages. The maps presented in Fig 4 were
generated by integrating the F and C signals over a 50 eV window above their respective
K ionisation edge onsets after background subtraction using a standard power law

model. No other processing was applied.

Image calculations. Atomic models of nanotubes including Ceo molecules and HF
molecules were built using a custom-made program. Transmission electron microscopy
image simulation was carried out using the multi-slice program QSTEM [www.gstem.org]
with a fixed number of 30 slices per tube (which corresponds to an average slice
thickness of 0.05 nm). Images with a total size of 512 x 512 pixels and identical
sampling as in the experiment were calculated. Parameters of the geometric aberrations
including the 3" order spherical aberrations Cs and the 5% order spherical aberrations Cs
were set for optimum black resp. white atoms contrast. The focus was chosen around
Scherzer focus to match the experiments. The dampening of the contrast transfer
function (CTF) includes a focus spread (standard deviation) oar of 0.5 nm which
corresponds to the remaining residual focus spread caused by higher orders of the

chromatic aberrations. The dampening effect of the images spread®® which is an intrinsic
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property of Cc correctors was set to 25 pm. The dampening of the contrast because of
the camera was included by adding the corresponding modulation transfer function
(MTF) to the simulated images. The MTF of the camera were prior measured using single
pixel illumination.5! The effect of limited electron dose was emulated by applying noise to
the calculated images using a custom-made Monte-Carlo program exploiting the Poisson
statistics of electrons. HAADF-STEM image simulations were carried using atomic models
optimised in LAMMPS using a version of the ReaxFF forcefield parameterised for carbon,
fluorine and hydrogen atoms,>? using the Dr Probe multi-slice program: the probe
convergence and detector angular range reflected experimental values, with optical
aberrations set to O for simplicity.>® As with TEM simulations, a number of 30 slices per
tube was chosen, with 512 x 512 pixel simulation size and sampling carefully selected to
match the chosen detector range. A total of 30 frozen phonon configurations was
calculated to simulate the effect of thermal diffuse scattering, and a Gaussian
convolution was applied to the final image to reflect the estimated 0.5 A source size

(partial coherence effect).

Density functional theory calculations. Density functional theory (DFT) calculations
were performed using the Q-Chem 5.0 quantum chemistry software package,>* using the
dispersion corrected range separated hybrid wB97X-D exchange-correlation functional®®
and a 6-311G™* basis set.

The potential energy curves in Fig 5a,b were calculated at this level of theory with a
series of unrestricted single point energy calculations as a function of H-F bond length.
As the exceptionally high velocity of energetic hydrogen atoms results in atom emission
on very quick timescales relative to thermal vibrations (several femtoseconds), the other
atoms in the system are essentially stationary and the hydrogen atom will experience
the potential energy landscape shown in Fig 5b, which represents the lengthening of the
H-F interatomic distance through the centre of a fullerene hexagon without optimisation
of the rest of the system. The difference in energy between homolytic and heterolytic
bond dissociation of HF was calculated as the difference in energy of E(H®)+E(F°)
(homolytic) and E(H*)+E(F") (heterolytic). The energy difference for dissociation of H20
was calculated as the difference in energy between E(HO®)+E(H® (homolytic) and E(HO-
)+E(HY) (heterolytic) for removal of one hydrogen, and between E(O°)+2E(H°)
(homolytic) and E(0%)+2E(H"*) (heterolytic) for removal of both hydrogen atoms.

Born-Oppenheimer molecular dynamics simulations at this level of theory were used to
model electron impacts, by adding the velocity transferred by the incident electron to the
primary knock-on atom at a single time-step of the simulation (reflecting the extremely
quick interaction with the relativistic electron). Initial atomic velocities were generated

from a Maxwell-Boltzmann distribution at 298 K. A Fock matrix extrapolation procedure
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with a sixth-order polynomial and 12 Fock matrices was used in order to lower
computational cost by using information from previous time-steps to accelerate SCF
convergence times.>® The SCF convergence criterion was 10°° and the threshold for
neglect of two electron integrals was 10° En. A 0.5 fs time-step was generally used,
except in simulations involving highly energetic hydrogen atoms, in which case 0.05 fs
was used to ensure conservation of energy. Electron impacts modelling the emission of F
and O atoms from the fullerene were performed at transferred energies corresponding to
Ermax @and EE_ . at 30 keV. For HF, atomic F, and H20, each kinetic energy was
transferred in five high symmetry directions: towards a carbon atom, towards the centre
of the [5,6] and [6,6] bonds, and towards the centre of a hexagon and pentagon. For
the endo-epoxide, each kinetic energy was transferred towards the centre of the
corresponding C-C bond for an epoxide on each of the [5,6] and [6,6] C-C bonds, and to
carbon atoms in six high symmetry directions: two perpendicular to C-C, two parallel to
O-C, and two relative to the fullerene hexagon. The threshold energy for inversion of the
endohedral to exohedral epoxide was calculated by reducing the initial transferred
energy in steps of 0.1 eV to discover the lowest energy that would result in the

formation of an exohedral epoxide species.

For calculations of transition state structures and energy barriers, approximate reaction
paths and transition states were found with the freezing string method,>” using a quasi-
Newton line search method with approximate Hessians updated by the Broyden-Fletcher-
Goldfarb-Shanno method (FSM-BFGS).%® The transition state was then optimised with
the partitioned rational-function optimization (P-RFO) algorithm®8 using the approximate
Hessian, and confirmed with a finite difference Davidson method.%® For this level of
theory, the mean absolute error is below 0.07 eV (against a test set of the NHTBH38/04

database of non-hydrogen transfer barrier heights).5%:6°
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