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Single-molecule imaging and kinetic analysis of
intermolecular polyoxometalate reactionst

Jack W. Jordan, ©? Kayleigh L. Y. Fung, ©2 Stephen T. Skowron, ©?2
Christopher S. Allen, "¢ Johannes Biskupek,© Graham N. Newton, ¢ Ute Kaiser®
and Andrei N. Khlobystov & *2

We induce and study reactions of polyoxometalate (POM) molecules, [PW;O40°" (Keggin) and
[P,W1506,1°~ (Wells—Dawson), at the single-molecule level. Several identical carbon nanotubes aligned
side by side within a bundle provided a platform for spatiotemporally resolved imaging of ca. 100
molecules encapsulated within the nanotubes by transmission electron microscopy (TEM). Due to the
entrapment of POM molecules their proximity to one another is effectively controlled, limiting molecular
motion in two dimensions but leaving the third dimension available for intermolecular reactions between
pairs of neighbouring molecules. By coupling the information gained from high resolution structural and
kinetics experiments via the variation of key imaging parameters in the TEM, we shed light on the
reaction mechanism. The dissociation of W-O bonds, a key initial step of POM reactions, is revealed to
be reversible by the kinetic analysis, followed by an irreversible bonding of POM molecules to their
nearest neighbours, leading to a continuous tungsten oxide nanowire, which subsequently transforms
into amorphous tungsten-rich clusters due to progressive loss of oxygen atoms. The overall
intermolecular reaction can therefore be described as a step-wise reductive polycondensation of POM
molecules, via an intermediate state of an oxide nanowire. Kinetic analysis enabled by controlled
variation of the electron flux in TEM revealed the reaction to be highly flux-dependent, which leads to
reaction rates too fast to follow under the standard TEM imaging conditions. Although this presents
a challenge for traditional structural characterisation of POM molecules, we harness this effect by
controlling the conditions around the molecules and tuning the imaging parameters in TEM, which
combined with theoretical modelling and image simulation, can shed light on the atomistic mechanisms
of the reactions of POMs. This approach, based on the direct space and real time chemical reaction
analysis by TEM, adds a new method to the arsenal of single-molecule kinetics techniques.

molecule level events.””> Ensemble Kkinetics is nonetheless
a highly successful field and one of the most powerful tools
available to chemists for revealing reaction mechanisms;

One of the biggest challenges of chemistry is to reconcile reac-
tion kinetics on the macroscale with molecular dynamics at the
atomic scale. Although it is the latter that provides the mecha-
nistic understanding required for a rational approach to
synthesis, traditional ensemble kinetics analysis methods
operate at the bulk regime and give averaged information that
cannot be fundamentally disentangled to the discrete single-
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however, the ensemble-averaged measurements can only
confirm rather than prove reaction mechanisms, at worst
limiting descriptions to the phenomenological rather than
mechanistic.?

One aspect of this limitation can be seen with the theoretical
divide between classical (deterministic) and stochastic (proba-
bilistic) chemical kinetics, the distinction between the two
becoming important for reactions involving small populations.*
Experimentally, if ensemble kinetics methods can be consid-
ered ‘top-down’, then over the last four decades a range of
techniques have developed which operate in a ‘bottom-up’
approach, in which information is measured from individual
molecules and built up statistically to provide equivalent
information to that which is normally accessible to ensemble
kinetics. The key advantage of such single-molecule kinetics
approaches lies with their ability to distinguish information
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that is in principle unobtainable by ensemble-averaging tech-
niques,® whether by revealing rare or transient species®’” or by
providing insight into otherwise unobserved population
heterogeneities.® The ability to disentangle the constructed
statistical distributions by subpopulations in order to probe
subsets of the reaction can reveal large fluctuations of various
underlying properties on an individual molecular basis that
collapse to a single averaged ensemble measurement.

The field of optical microscopy provides the most mature
example of single-molecule kinetics, having been extensively
developed since the 1990's following early pioneering studies in
the 1960's.° Primarily in the context of large biomolecules, the
use of super resolution and fluorescence based microscopy
techniques to track individual molecular positions and inter-
molecular distances has enabled single-molecule investigations
of diffusion and interaction kinetics, and even revealed infor-
mation about intramolecular processes such as conformational
changes, especially important for such large molecules that
exhibit both static and dynamic disorder.>'® More recently,
developments following the first electrochemical detection of
single molecules in 1995 (ref. 11) have promised to provide
a platform for single-molecule measurements for entities
ranging from cells to much smaller molecules.>**** The move-
ment of this area of research towards new single-molecule
kinetics methods has sparked intense discussion in the elec-
trochemical literature over the last decade.'*'*' As neither
electrochemical nor fluorescence microscopy methods can
deliver atomic-level information, further advancement in the
chemistry of single molecules relies on scanning probe
microscopy (SPM) methods that can potentially provide atomi-
cally resolved structural information about the reacting species
and their local environment that can be coupled to the statis-
tical bottom-up kinetics measurements for additional insight
that would be completely inaccessible to ensemble-averaged
methods. For example, force microscopies based on mechan-
ical interaction - in particular atomic force microscopy (AFM) -
have been successfully utilised to probe large biologically rele-
vant molecules,>® and different SPM methods can now routinely
achieve atomic spatial resolution and have recently shed light
on the atomic structures of reaction products'®™*® and reaction
intermediates.” However, compared to other methods SPM
lacks the temporal resolution needed to capture reaction
dynamics with spatiotemporal continuity, and conditions
required for atomic resolution (e.g. cryogenic temperatures) are
often incompatible with the activation of reactions iz situ. In the
context of single-molecule biology, although high-speed AFM
has been developed and can reach approximately 30 fps,® this
comes at the expense of spatial resolution and field of view, and
with current technologies appears limited to a maximum frame-
rate of approximately 100 fps.>

Transmission electron microscopy (TEM) on the other hand
can provide both high spatial and temporal resolution. For
example, a 4D TEM methodology was applied to the direct
imaging of physicochemical transformations in materials on
the nanosecond timescale,** (but with spatial resolution being
significantly degraded to ~20-30 nm in this specific case). An
alternative method is to utilise the TEM electron beam (e-beam)
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as both a fast imaging tool and a source of energy for stimu-
lating chemical reactions, an approach termed ChemTEM.*>**
Such a dual-use of the e-beam enables the triggering and
recording of molecular transformations as they happen,
without the need to introduce any additional source of energy
(such as heat in SPM or laser pulses in 4D-TEM). Moreover, at
different energies available to the e-beam, it can trigger
different chemical processes in the same material®* and, in
addition, the tuning of this e-beam flux may control the rates of
the reactions.” The ChemTEM methodology therefore provides
both of the requirements common to all fields exploring single-
molecule kinetics: control of molecular positions (confinement
within the SWNT) and control of energy supplied to the mole-
cules (with the e-beam).”*> However with ChemTEM, as with any
local-probe method, the key challenge in studying reactions at
the single-molecule level is caused by the primary advantage:
each measurement provides observations that are specific to
a particular molecule in a specific local environment during
that measurement. Therefore, ideally, a reaction should be
studied at the single-molecule level but for as many examples of
single-molecule events as possible at the same time, thus
delivering both (i) detailed knowledge of the reaction mecha-
nism and (ii) confidence in its generality for that class of
molecules. Unlike the optical microscopy methods discussed
above TEM is still in its infancy in this regard, with very recent
progress in the development of fast direct electron detectors®®
and machine learning techniques® only just starting to enable
the kinds of high throughput experiments and large datasets
required to build up meaningful statistics at the single-
molecule level (as distinct from class-averaging techniques
used in cryo-EM*® and elsewhere®). Hence, there have been
relatively few quantitative studies of single-molecule (or entity)
kinetics using TEM;**** a notable exception is the work of
Isaacson et al. in the Crewe lab in the 1970's shortly following
the development of the scanning TEM,*** which - akin to
Rotman's 1961 study for optical single-molecule kinetics®*® —
may come to be seen as being decades ahead of its time.

Here, we make progress towards single-molecule kinetics in
the TEM by combining single-molecule structural and kinetic
information from imaging the transient reactants, intermedi-
ates and products of reactions of the Keggin, [PW,040]°"
(Fig. 1A) and Wells-Dawson, [P,W;30,,]°" (Fig. 1B) poly-
oxometalates (POM). Under the electron beam neighbouring
POMs quickly react with one another, revealed to be a poly-
condensation mechanism forming intermediate metal oxide
nanowires and resulting in metallic tungsten nanoclusters. By
imaging ca. 100 molecules reacting simultaneously using
a bundle of parallel carbon nanotubes as reaction vessels and
harnessing a key controllable aspect of the e-beam stimulus, we
demonstrate that the rate of the reaction is highly dependent
upon the e-beam flux. Combining atomic-level structural and
kinetic information to determine the reaction mechanism, our
measurements indicate that the initial metal-oxygen bond
dissociation in POM molecules at the onset of the poly-
condensation reaction is reversible, and we use this to provide
practical guidance to enable the imaging of molecular metal
oxides in their native states with TEM.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of both the Keggin [PW1,0401°~ (A) and Wells—Dawson [P,W;506,1°~ (B) anions: the Keggin molecule possesses a Ty symmetry,
with a set of Cs rotation axes, and the Wells—Dawson molecules possesses Dz, symmetry, with a Cs rotation axis and a horizontal mirror plane oy,
(tungsten atoms are shown in blue, oxygen in red and phosphorous in orange). AC-TEM image of the Wells—Dawson molecule encapsulated within
a SWNT and projected along Cs axis (left) with corresponding structural model and simulated TEM image (right). Scale bars are 1 nm (C). TEM images
of [PW12040l@SWNT (left) and [P,W18062]@SWNT (right) arranged in bundles of ~5 nanotubes (D): at the beginning of imaging all molecules are
close-packed and periodically spaced within the nanotube cavity (top images, D), followed by condensation into larger, aperiodic structures after an
exposure of ~10 min to the electron beam (bottom images, D). Scale bars are 5 nm. Images acquired at 80 keV. EDX spectra of [PW1,040l@SWNT
(left) and [P2W18062l@SWNT (right) (E) confirming the presence of the POM elements, in good agreement with their atomic ratios (copper peaks are
due to the TEM grid). Model of [P,W1806,]@SWNT (F). ESI Video 11 demonstrates transformations of [PW;,040l@SWNT under high dose of e-beam.

Experimental and computational
methods
Synthesis of POM@SWNT materials

The synthesis of both H3[PW;,04] and Ke¢[P,W;30¢;] were
carried out using synthetic methodologies reported previ-
ously.”” Synthesis of the POM@SWNT materials involved heat-
ing SWNTs (200 mg) at 600 °C for 45 minutes. The resulting
black solid (100 mg) was then added to a rapidly stirred solution
of POM (2 g) in water (30 mL). The suspensions were sonicated
for 5 minutes and subsequently stirred at room temperature for
2 days. The suspensions were then filtered through PTFE
membranes to give black solids (120 mg).

TEM imaging

Low magnification TEM images for kinetic analysis were
acquired on a JEOL 2100F TEM field emission gun microscope

© 2021 The Author(s). Published by the Royal Society of Chemistry

at 80 kV. Atomically resolved AC-TEM at varying accelerating
voltages was carried out on a Cg corrected FEI Titan 80-300 TEM
operated at 80 kV (images were acquired using a Gatan Ultra-
scan 1000XP and exposure times of 0.25 to 1.0 s) and a C,/C.
corrected SALVE microscope at 30 kV and 60 kV (images were
acquired using a Gatan Ultrascan 1000XP and exposure times of
0.25 to 1.0 s). High frame rate AC-TEM imaging was carried out
on a G4 corrected JEOL ARM300F microscope at 80 kV (fast
image acquisition with exposure times of 0.1 s and frame rates
of 10 fps were acquired using a Gatan OneView Camera).
Samples were prepared by dispersion in isopropyl alcohol and
were drop-cast onto a copper grid mounted with lacey carbon
film.

TEM image simulation

TEM image simulations were produced using the QSTEM
multislice code,* using 20 slices and a simulation pixel size of
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0.0052 nm (re-binned 5x to the experimental pixel size of 0.026
nm). The following imaging parameters were used, in order to
match the AC-TEM experiments acquired at a low doses per
image (JEOL ARM300F): 80 kV accelerating voltage; —0.107 nm
defocus (Scherzer); 5 nm defocal spread; 0.517 pm Cg; 1.7 mm
C.; 41.65 mrad o; 3.371 nm, 82.75° C,; 0.0982 pm, 33.55° Cyy;
0.0595 pm, —16.59° C,3. Poisson noise due to a finite electron
dose was applied with the intensity of each pixel calculated as
I(x,y) = Poisson random|In(x,y)DAxAy], where Ism(x,y) is the
image intensity resulting from the multislice simulation, D is
the electron dose per image (4.6 x 10 e~ nm™?) and AxAy is the
pixel size.

Density functional theory

Partial atomic charges of the [P,W;30¢,]®" anion were calcu-
lated using a Mulliken population analysis of density functional
theory (DFT) calculations. The Q-Chem 5.0 quantum chemistry
software package®® was used to optimise the geometry using the
BP86VWN exchange-correlation functional,*>** the def2-svpd
basis set with the associated def2-ecp for tungsten,** and
empirical Grimme dispersion, resulting in a structure with an
RMSD of 0.0114 nm compared to the crystal structure.*® These
partial atomic charges were used in the multislice image
simulations as described in the ESI.T Geometry optimisations of
SWNT and oxygen species were performed at an initial B3LYP/6-
31G* level of theory,**** followed by wB97X-D/6-31G*.*® A
1.1 nm diameter (8,8) SWNT with dangling bonds terminated by
hydrogen atoms (CjeoHj;) was the model SWNT, used to
determine the stability of epoxides on the interior surface of the
tube and the energetic landscape of a variety of 20@SWNT
species (see ESI for further detailst).

Results

Owing to their rigid, symmetrical structure and the presence of
high atomic number elements, such as W, POM molecules have
previously been successfully imaged by TEM. Examples include
imaging of the Lindquist [W¢O;5]*~ anion confined within
double-walled carbon nanotubes*” (DWNT) or the Keggin®® and
its analogues*>*° imaged on graphene supports or encapsulated
within SWNTs.>' Recently®® we showed that POMs can be
successfully encapsulated within SWNTs, a process driven by
coulombic forces and resulting from the simple immersion of
carbon nanotubes with an average diameter of 1.4 nm into an
aqueous solution containing the Keggin [PW;,04,]>~ or Wells-
Dawson [P,W;506,]°~ POM anions. Under these conditions,
POM molecules enter the nanotube as naked anions, without
cations, with the host-nanotubes effectively balancing their
charges and drawing the POMs from solution into the SWNT
cavity. The presence of the molecules inside the nanotubes can
be directly observed in our lower magnification TEM images
(see Experimental methods) as dark circles (Fig. 1D) with
diameters of ~0.7 nm for [PW;,04]>" and ~0.8 nm for
[P,W,506,]°” due to a much higher contrast of the tungsten-
containing POM molecules (atomic number Z = 74) in
comparison to surrounding carbon (Z = 6). Energy dispersive X-
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ray (EDX) analysis (Fig. 1E) performed on bundles of {PW;,0,40}
@SWNT and {P,W;306,}@SWNT confirmed the presence of
P, W and O in the ratio 0.02 : 0.18 : 0.79 and 0.02 : 0.19 : 0.80
respectively, in  good  agreement with  calculated
0.02:0.23:0.75 and 0.02:0.22:0.76 for [PW;,0,0]° and
[P,W1506,]°~ respectively (Fig. 1E). This is consistent with the
previous works on POMs in nanotubes, all indicating that the
structure, composition and chemical state of POMs inside
SWNT remains the same as in free molecules.***

Isolated POM molecules have previously been successfully
imaged by TEM both inside nanotubes*»**** and on gra-
phene.*** However, in our TEM imaging of {PW;,0,4,}@SWNT
and {P,W;306,}@SWNT, the molecules are close to one another
throughout the sample (Fig. 1D, top), with each molecule sur-
rounded by two nearest neighbours thus allowing intermolec-
ular reactions between the neighbouring molecules. Thermal
gravimetric analysis (TGA) of the POM®@SWNT materials
(Fig. S1, ESIt) indicates a high loading of POM, with a POM
molecule for approximately every 100 carbons atoms, consistent
with our TEM imaging. Imaging at a low electron flux (~8 x 10*
e” nm > s7') reveals relatively uniform intermolecular
distances (centre-to-centre) of 0.9-1.2 nm and 0.9-1.4 nm and
an average gap between neighbouring molecules of 0.45 and
0.44 nm for {PW;,0,0}@SWNT and {P,W;306,}@SWNT
respectively. Time series imaging of the same area indicated
that the molecules perform translational and rotational motion
within the nanotubes® on the timescale of seconds, such that
the intermolecular distances fluctuate and in some cases the
shapes of POM molecules appear to blur due to the motion
during a single frame exposure (0.5 s). This effect was more
pronounced in {P,W,;306,}@SWNT due to the cylindrical shape
of the [P,W;504,]°” molecule, leading to a greater number of
non-equivalent orientations over the course of a single exposure
(Fig. S2 and S3, ESIT). Most of these changes appeared to be
reversible over the period of several minutes, but irreversible
changes in POM@SWNT gradually accumulate after ~10 min of
e-beam irradiation.

Time series TEM imaging at electron fluxes of 10° e~ nm™
s~ ' and higher reveal a much faster accumulation of irreversible
changes in the POM structures (Fig. 1D, bottom). At this flux,
the POM molecules appear to be significantly more reactive
under the e-beam than fullerenes®** or perchlorocoronene
reported previously. The accumulation of changes appears to be
dependent on the flux rather than the total e-beam dose
received by the molecules, such that a doubling of the flux more
than doubles the reaction rate. The volume of original POM
material appears to contract over the course of seconds, freeing
space in the nanotube, and forms structures with lower volume
but higher contrast than the original POMs (Fig. 1D, bottom).
While still accompanied with a degree of translational move-
ment (reversible dynamics) the overall progression of the coa-
lescence of POM molecules into a polymeric structure is
irreversible, and steadily continues throughout the imaging
series. The transformation of POM molecules takes place
equally in isolated nanotubes and in bundles (which are
commonly present in SWNT samples due to strong dispersion
interactions between the nanotubes). Thin bundles of SWNTs

2
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consisting of 5-10 parallel nanotubes of the same diameter
allow the simultaneous observation of the dynamics of ca. 100
POM molecules in each of our time-series imaging experiments,
enabling a quantitative comparison of POM behaviour under
different conditions as discussed below. Interestingly, variation
of the e-beam energy from 80 to 30 keV did not appear to have
significant effects on the reaction rate of the POM molecules
(Fig. S5, ESIY).

Our lower-magnification ChemTEM imaging provides
spatially and temporally continuous data at the few-molecule
level. However, aberration corrected TEM (AC-TEM) imaging,
performed using the same energy of the e-beam (80 keV),
requires a higher flux and was therefore carried out using
a more sensitive electron detector camera that enabled the
imaging of {P,W;506,}@SWNT at 80 keV using a flux of 2.3 x
10° e~ nm? s~ ' and exposure time of 0.1 s per frame. Although
the absolute electron flux remained similar to the lower
magnification ‘high flux’ image series, the high frame rate
ensured a total electron dose of only 2.3 x 10* e~ nm™> per
image. Under these conditions isolated single molecules of
[P,W1506,]°” could be clearly observed (Fig. 1C), showing
positions of individual W-atoms and W-W distances between
0.31 nm and 0.62 nm close to those observed in [P,W;304,]° in
a crystal form.*® Comparison of the experimental images with
the structural model and simulated TEM images suggests that
while individual atoms of oxygen (Z = 8) and phosphorus (Z =
15) cannot be observed, they can contribute to the contrast of
the tungsten atoms (Z = 74) if they overlap in the projection,
elongating the projection of the latter (Fig. S2 and S3, ESIf). Fast
image capture rate and low flux AC-TEM imaging of the
condensation of POM molecules allows us to observe an
extremely transient, early stage of the process (Fig. 2): POM
molecules appear to join one another through bridging oxygen
atoms on the sides of the molecules, such that the molecular C;-

Chemical Science

axis is perpendicular to the axis of the nanotube (Fig. 2B). Time-
resolved imaging showed that the interlinking of neighbouring
molecules is accompanied by a reduction of the intermolecular
gap and precedes the collapse of the POM structure into a much
denser, higher contrast material, as shown later in the reaction
kinetics measurements.

To study the atomic structures of the products of the poly-
condensation reactions, AC-TEM analysis was carried out at
high electron flux. AC-TEM of both {PW;,0,,}@SWNT and
{P,W1506,}@SWNT at a flux of approximately 1-2 x 10° e~
nm ™2 s " at 80 keV showed the complete loss of POM molecular
structure and formation of nanoclusters (Fig. 3). The metal-
metal distances in these nanoclusters ranged between 0.2-
0.3 nm, significantly shorter than expected for pristine POMs,
and closer to the value of 0.31 nm for bulk tungsten metal.
These nanoclusters appear to be much less reactive than the
initial POMs, but also showed continued condensation, with
neighbouring nanoclusters occasionally merging into one
(Fig. 3B). Unlike previous reports of metallic tungsten in
nanotubes under the same conditions,’”*® the metal-rich
nanoclusters derived from POMs are reactive with the host
nanotube, promoting the formation of vacancy defects (Fig. 3C),
and appear to generate species containing single W-atoms that
also actively bind to the carbon lattice of the SWNT and shuttle
between neighbouring nanoclusters. Over time, the vacancy
defects grew bigger in the SWNT sidewalls until the nanotube is
severed (Fig. 3D). It is important to emphasise that under our
imaging conditions carbon atoms of the SWNT exposed to the
80 keV e-beam receive a maximum of Epy.x 15.8 €V per atom
(eqn (1)), below the atom displacement threshold from the
nanotube lattice® (~17 eV corresponding to the 86 keV e-beam).
This means that the SWNT containers should not be signifi-
cantly affected by the e-beam while the molecules react, as
shown in previous work.**** However, in the POM@SWNT

Fig.2 Image sequence showing a reaction between [P,W150621°~ molecules (red arrows) leading to an ordered WO, nanowire (yellow arrows).
This ordered nanowire eventually leads to an amorphous structure of higher contrast (blue arrow) (A). Images acquired at 80 keV. Scale bar is
5 nm. An enlarged image of the oxide nanowire that forms as an intermediate during the polycondensation reaction, and a corresponding
simulated TEM image and model of the nanowire (B) derived from bonded [P,W150¢,1°~ molecules arranged with their Cs axis parallel to each
other, and their top and bottom hemispheres removed, with no geometry optimisation or bond relaxation applied (Fig. S4 in the ESI) ESI Video 2.}

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 High resolution AC-TEM images of [PW1,040]@SWNT and [P,W1g06,]@SWNT recorded at high flux (A). Condensation reaction between
two nanoclusters derived from [PW,040]l@SWNT over the course of 10 seconds (B). Observation of species with one or two W atoms (red
arrows) within the SWNT interacting with the sidewall and forming vacancy defects over the course of 200 seconds in [PW1,040]@SWNT (C).
SWNT cutting observed by a nanocluster derived from [P,W;506,]@SWNT over the course of 150 seconds (D). All image series were captured at
80 keV and at electron fluxes of 1-2 x 10% e~ nm~2 s, Scale bars are 1 nm. ESI Videos 3 and 4+ illustrate motion of an individual POM and
a process of defect formation and propagation in a SWNT promoted by the POM, respectively.

materials, particularly towards the end of the time series at high
electron flux, the formation of defects in nanotube sidewalls
was clearly noticeable (Fig. 3), indicating generation of highly
reactive species during the process of POM polycondensation as
discussed below.

Discussion

In order to rationalise the observed molecular dynamics and
reactivity, it is important to establish the chemical nature of the
POM transformation induced by the e-beam. Although in
general the e-beam can induce reactions via many possible
mechanisms, confinement of molecules in an atomically thin
carbon nanotube mitigates secondary electron processes.®> As
evidenced by previous electrochemical studies of
POM®@SWNT,** the POMs are also in excellent electronic
contact with the SWNT, mitigating any effects of radiolysis by
ionisation; being highly conducting the host-nanotube acts as
an effective charge and heat sink. POM molecules have a high
degree of structural stability across a very wide range of oxida-
tion states,®»** making it unlikely that structural degradation
under the beam will occur via this route. The low e-beam flux
used in our experiments limits electronic excitation processes to
single excitations, which are also unlikely to trigger the reac-
tions observed, especially considering the use of POMs as
photocatalysts.®

Under our experimental conditions, the most significant
mechanism of energy transfer from the e-beam is the direct
knock-on (DKO) effect which causes shifts of atoms from their
equilibrium positions within the chemical bond, causing bond
dissociation if the transferred energy is greater than the

7382 | Chem. Sci,, 2021, 12, 7377-7387

threshold energy, E4, for the atom displacement from the
molecule.”**%® The amount of energy that can be transferred to
a stationary atom from an incident electron is described by:

sin’ (g) = Er,__sin’ (g) (1)

where m, = mass of the atom, m. = mass of electron, E =
energy of the electron beam, ¢ = the speed of light and 6 = the
electron scattering angle. At an e-beam energy of 80 keV the
maximum energy that can be transferred to a given atom, E7_,
is much higher for oxygen (11.83 eV) than for tungsten (1.03
eV) due to a substantial difference in their atomic masses, with
the former being significantly above the threshold E4 expected
for metal oxides. Previously, chemical reactions triggered by
the e-beam in molecules within the nanotubes were due to
dissociation of terminal C-H or C-D* and C-Cl or C-S
bonds.* In a similar manner, dissociation of the W-O bond,
caused by direct energy transfer from the e-beam, would create
dangling bonds causing neighbouring molecules to react with
each other. Indeed, non-stoichiometric (non-molecular)
rhenium oxide in nanotubes Re,0,@SWNT was shown to
become ‘reduced’ to metallic Re,*” and continuous zirconium
chloride nanowires ZrCl,@SWNT were transformed to discrete
clusters® under the influence of the 300 keV e-beam (note that
for energies of e-beam significantly above 86 keV - the
threshold for DKO damage on the nanotube lattice - any
transformation of material inside nanotubes must be accom-
panied by significant transformations of the nanotube itself
directly activated by the e-beam). Metal-oxygen bond dissoci-
ation in Re,O,@SWNT was proposed take place by knock-on
damage or radiolysis.®”

2mE(E + 2mec?)
(my +me)* + 2myE

ET:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Once a W-O bond is broken, it creates a coordinatively
unsaturated, reactive metal centre in the POM molecule,
opening a pathway for polycondensation with neighbouring
molecules:

[PaW 506" = [PaW1506,] "~ + 0"~ ()

The two neighbouring POM molecules can react through
either a bridging metal-oxo-metal bond or a metal-metal bond,
in both cases leading to condensation of discrete molecules into
one larger metal oxide cluster, but with a lower content of
oxygen (hence higher contrast in TEM images) and shorter
W-W distances. Fast AC-TEM imaging captured the initial
stages of the condensation, showing that the POM molecules
are aligned with their long axis parallel to each other, and
therefore indicating that W-O bonds above and beneath the o},
mirror plane (Fig. 1B) take part in the first step. This leads to
a transiently observed continuous metal oxide wire (Fig. 2),
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which still retains some molecular features of the POM, shortly
before further elimination of oxygen atoms leads to amorph-
isation of the resultant material in the nanotube.

In a pristine POM molecule, the tungsten atoms are sepa-
rated by oxygen atoms thus effectively ‘diluting’ TEM contrast of
the high-Z metal. The elimination of oxygen will therefore
progressively increase the atomic percent of tungsten, hence
increasing the TEM contrast of the material in the nanotube as
observed in our time series images (Fig. 4A). Another conse-
quence of oxygen elimination is the increase of density and
decrease of the molar volume of the material in nanotubes:
considering that the approximate length of a [P,W;506,]%"
within a SWNT is 0.8 nm and that each POM molecule yields 18
atoms of W in the process, based on the density of tungsten
metal (assuming all oxygen is eliminated) there will be
a substantial reduction of the volume of material in the nano-
tube, up to 77% if all oxygen atoms are removed (details in the
ESIt). Therefore, as the reaction proceeds, the POM initially
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Fig. 4 Time series TEM images of {PW1,040}@SWNT and {P,W1g04,}@SWNT recorded at increasing flux of the 80 keV e-beam, scale bars 5 nm
(A). Structural model demonstrating discrete POM molecules reacting to form larger metal oxide clusters, creating voids in nanotubes observed
with TEM (B). Plots showing conversion of POM to tungsten metal against total dose of the 80 keV e-beam for [P,W1506,]@SWNT (R? shown
inset) at 6.59 x 10*e” nm 2571 3.29 x 10°e” nm 2 s tand 7.48 x 10° e” nm 2 571 (C). The linear fit for the series indicated by * resulted in
a small but negative R? value (—0.03), indicating no gradient and therefore no overall conversion during the image series. Average linear fit
gradients against electron flux demonstrate the rate dependence on electron flux (D).
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fully occupying the nanotube cavity will shrink, producing voids
between the molecules (Fig. 4A and B).

As the reaction of the POM is accompanied by a significant
reduction in volume, creating cylindrically symmetrical space in
the host nanotube, a simple measurement of the length of the
voids between the molecules can quantify the reaction progress.
Such an opportunity to study reaction kinetics quantitatively at
the sub-100 molecule level with spatiotemporal continuity has
yet to be fully explored with other such methods, as most
analytical methods are severely limited either by time resolution
or by space resolution, making ChemTEM unique. Moreover,
areas of the sample where several nanotubes are positioned
parallel to each other (so-called SWNT bundles) were chosen for
imaging, allowing quantification of our observations necessary
for reaction kinetics analysis, but without losing information
about positions of individual molecules. It must be noted,
however, that this approach to follow the kinetics of the reac-
tion works best if the molecules are packed densely along the
nanotube, with few gaps at the start of the reaction. Any
significant gaps due to loose molecular packing would allow
translational motion of the molecules masking the progress of
the reaction. In this study, [PW;,040]°” molecules translate
back and forth more readily due their smaller size; as a result,
molecules of this POM exhibit less accurate data (Fig. S6, ESIT),
particularly at a low electron flux, and the signal-to-noise ratio
in each frame is lower in the early stages of the reaction when
individual POMs are still present and can easily translate. In
contrast, [P,W;304,]®” molecules fill the host-nanotube more
efficiently, resulting in less translation, although similarly dis-
playing high levels of translation at lower electron flux, as evi-
denced by the low R” values at lower flux (Fig. 4C). At higher flux,
the intermolecular reaction of these molecules is much faster
leading to less interference of the molecular motion in the
observed reaction kinetics.

Using this approach, we have measured the poly-
condensation of {P,W;306,}@SWNT in terms of the degree of
conversion to tungsten metal and plotted it as a function of the
total electron dose on the molecule (Fig. 4C) (details are in the
ESIT). The reaction rate for the initial step of pristine POM
molecules is breaking the first W-O bond to generate a reactive
species:

v = ki [POM] = j x g4 x [POM] 3)

which is dependent on the electron flux j, the molecular reac-
tion cross-section g4, and the projected areal density of POM
molecules [POM] (equivalent of concentration). In a typical
electron beam induced reaction, the overall progression of the
reaction (as measured and plotted on the y axis in Fig. 4C)
proceeds with the total electron dose received by the molecule
and independently of the electron flux j; i.e. reaction rate is
determined by the number of electrons that have passed
through the sample and not the length of the interval between
subsequent electrons. In these circumstances and for cases in
which the total reaction progression is a sum of reactions of
individual molecules yielding identical products, the gradient
of the observed progression of the reaction as a function of the
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electron dose can give the cross-section of the reaction.*® For the
polycondensation of POM molecules, these gradients (Fig. 4D)
give apparent cross-sections as the subsequent steps are not
identical to the initial reaction. The apparent cross-section
exhibits a dependence on the electron flux in our experi-
ments: at higher flux, a lower total dose was required to reach
the same point in the reaction (Fig. 4). This implies that the
reaction proceeds via a process involving two incident electrons
with reversible steps, as previously discovered in graphene® and
glasses.” This observed reversibility is similar to that seen in
bulk metal oxides.” While dependence of the reaction on only
the electron flux implies reversibility of the e-beam induced step
(i.e. an equilibrium that is flux-controlled with no overall
progression of the reaction),®* dependence on both flux and
total dose - as we observe for POMs in nanotubes - implies both
reversibility and also multiple steps; an initial pre-equilibrium
induced by the e-beam followed by irreversible subsequent
steps.

As previously reported,’ a consideration of the characteristic
timescales of electronic excitations and atomic displacements is
key to understanding reactions induced by the electron beam.
Considering the low electron fluxes and nature of the
POM@SWNT system, as discussed above, the most plausible
explanation is that the reversible step corresponds to emission
and recombination of oxygen atoms with the parent POM
molecule rather than electronic excitations and relaxations. The
rate of the recombination step can therefore be given as:

vy = k4 [POM][O] = 4 ¢ [POM][O] ()

while overall, the observed reaction proceeds via the irreversible
metal-oxo-metal and metal-metal bond formation between
separate POM molecules (Fig. 5C).

As the POM molecules undergo reductive condensation with
loss of oxygen (Fig. 4), it is important to consider the fate of
oxygen atoms generated in the nanotube. Empty nanotubes
remain unchanged under the beam at 80 keV, but in
POM@SWNT materials vacancy defect formation in the carbon
lattice of the nanotube is apparent, particularly at high electron
flux (Fig. 3) which is likely to be related to the atomic oxygen
produced in the vicinity of POM molecules. The concave side of
a SWNT is much less reactive than the convex wall, with only
rare examples of internal cavity modifications reported,” but
our DFT calculations show that oxygen is able to bond to the
carbon atoms of the SWNT from the inside to form epoxides
(schematic shown in Fig. 5B). From oxygen atoms generated by
e-beam irradiation of the POM, the formation of two epoxides in
close proximity to form a di-epoxide is thermodynamically
favourable by 2.4 to 3.3 eV, depending on their exact relative
configuration (see ESI for detailst), and once two or more
epoxide groups are formed on the graphitic lattice, they are
known to undergo re-arrangement to carbonyl groups.” Under
our imaging conditions - in which the electron beam can
transfer up to 11.8 eV of kinetic energy to a stationary oxygen
atom - the formation of carbonyl groups on the SWNT sidewall
can be followed by emission of CO to form vacancy defects.
Fig. 5A shows the energetic pathway of this process for the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lowest energy configuration of di-epoxide found in our calcu-
lations. Overall, while the POM is being reduced to metal by
losing oxygen, the nanotube sidewall is oxidised by the oxygen
emitted from POM molecules, and in turn loses carbon as CO,
consistent with our AC-TEM imaging with a higher electron flux.
Furthermore, pure tungsten metal is known to be relatively inert
towards the nanotube under the 80 keV e-beam,*”*® but our
observations show that the intermediate amorphous clusters
formed during the POM polycondensation are reactive towards
the carbon lattice, therefore indicating that they are not pure
tungsten and retain some oxygen (Fig. 3). The final products of
the POM condensation appear to be inert to further reactions
and SWNT defect formation, and thus closer to the metallic
state of tungsten, which is also consistent with the observed
interatomic W-W spacing of 0.2 nm indicating metallic bonds

(Fig. 3).

Conclusions

Among the methods for single-molecule kinetics analysis, TEM
offers both high spatial and temporal resolution. This study
utilises the e-beam of TEM as both a fast imaging tool and
a source of energy for stimulating the chemical reactions of
polyoxometalates directly during the imaging. Imaging the
reactions of POM molecules, the ChemTEM approach has
progressed from spatiotemporally continuous observations of
singular reaction events towards measuring chemical reactions
of ca. 100 molecules simultaneously. This advance has allowed
statistically meaningful reaction kinetics analysis whilst

© 2021 The Author(s). Published by the Royal Society of Chemistry

maintaining spatial resolution at the single-molecule level.
Reactions of polyoxometalate molecules confined within
SWNTs have been directly observed by TEM operated in
a plethora of conditions (energy, total dose and fluxes of the
electron beam), revealing structural and dynamic information
holding the key to understanding the reaction mechanism.
Specifically, this experimental approach, combined with theo-
retical modelling and image analysis, has revealed that the
reactions of POM molecules proceed via a polycondensation
pathway, beginning from a reversible W-O bond dissociation
step, followed by an intermolecular W-O-W bond formation,
bridging the neighbouring molecules and leading to transient
tungsten oxide nanowires intermediates, which subsequently
transform to amorphous tungsten-rich clusters - the final
product of the reductive polycondensation of POM molecules.

In addition to the atomistic understanding of POM reac-
tions, our approach has provided important insights into
general aspects of imaging of metal oxides at the nanoscale. As
metal oxide hybrid nanomaterials, especially metal oxide-
carbon heterostructures, are now playing an increasingly
important role in catalysis, electrocatalysis and energy storage
technologies, accurate TEM characterisation of these materials
is becoming critical. By elucidating the pathways and rates of
POM transformations under the e-beam, our ChemTEM inves-
tigation gives a roadmap towards artefact-free TEM character-
isation of these delicate nanoscale metal oxides, by controlling
the e-beam flux which has been shown to significantly influence
the metal-oxygen bond dissociation step.

Chem. Sci., 2021, 12, 7377-7387 | 7385
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