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Nanocrystals

This invention relates to nanocrystals and methods of fabricating the same. The invention also
relates to methods of producing graphene (and/or graphene-like substances) and describes

surfaces which may be used to study atomic processes.

Introduction

Tailoring nanoscopic objects is of importance for the production of the materials of the future, for
example in medicine, industrial manufacturing, construction, and space exploration'™. The
potential for use of metal nanocrystals has long been recognized. For example, colloidal gold
was first made by Andreas Cassius in 1685°, and notably also by Michael Faraday in 1857°.
Since then, a range of techniques has allowed the fabrication of nanocrystals, and these have
allowed detailed investigation of their size-dependent properties’. The recent emergence of
powerful methods such as high-resolution transmission electron microscopy, has allowed the
design and the observation of a variety of nanometer-sized objects, from graphene matrices, to
nanoparticles and nanotubes®®.

The process of crystallization, the formation of microscopic periodic arrangements of atoms,
ions and molecules, has long been a topic of intense fascination. It is 100 years since William
Henry Bragg and his son Wiliam Lawrence Bragg revolutionized the characterization of
crystalline solids by showing that the atomic structure of a crystal is related to its x-ray diffraction
pattern'®. Understanding the dynamics of crystal formation is also of great interest since the
mode of assembly can influence the type of periodic lattice which is formed, and hence the
properties of the resulting crystals. However, the direct observation of resolved single atoms,
atom-by-atom cluster formation, and the crystallization process for nanoscopic crystals is still an
experimental frontier."""> Currently, formation of such crystals cannot be controlled at the level

16-20

of individual atoms ™", and understanding the metal dynamics of nanocrystal formation relies

mostly on computation'®%.

Objects of the invention

It is one object of this invention, and here we introduce, a new general method for the
fabrication of graphitic matrices, preferably doped graphitic matrices and most preferably multi-

heteroatom-doped graphitic matrices, some, one or all of which may be decorated with metal
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crystals, preferably 3D-metal crystals and most preferably very small, Angstrom-sized, 3D-metal
crystals of defined size. This invention facilitates experimental observation of crystal assembly
from single metal atoms and is able to capture the dynamics of metal cluster formation in real
space with atomic precision. In one embodiment we irradiate boron-rich precious-metal
complexes encapsulated in self-spreading polymer micelles with electrons and produce, in real
time, a doped graphitic support on which individual metal atoms hop and migrate to form 3D-
nanocrystals, as small as 15 A in diameter and within 1 hour. Crystal growth can be observed,
quantified and controlled in real time. An aspect of the invention is exemplified by osmium, the
densest of all metals?', and is capable of giving rise to osmium crystals which are amongst the
smallest reported®, for example embedded into a B/S-doped graphitic support. As an example
of the generality of the procedure, and in another embodiment we have also synthesized the
first examples of mixed ruthenium-osmium 3D-nanocrystals. The invention, at least in one or
more aspects not only allows the production of Angstrom-sized homo- and hetero-crystals,
highly novel materials with potentially useful and unusual properties, but also provides new
experimental insight into the dynamics of nanocrystals and pathways for their assembly from

single atoms.

Accordingly, a first aspect of the invention provides a method of producing single metal atoms
on a surface, the method comprising the steps of:

a. providing a metal complex;

b. mixing the metal complex with a carbon-containing species to form a mixture;

c. depositing the mixture; and

d. irradiating the deposited mixture to form a graphitic surface on which one or more

of the metal atoms are located.

A further aspect of the invention provides a method of producing single metal atoms on a
graphitic surface, the method comprising the steps of:

a. providing a metal complex;

b. mixing the metal complex with a carbon-containing species to form an
encapsulant comprising the metal complex encapsulated by the carbon-
containing species;
depositing the encapsulant; and
irradiating the deposited encapsulant to form a graphitic surface on which one or

more isolated metal atoms of the metal complex are located.
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In this specification, ‘encapsulated’ includes at least partially encapsulated. The encapsulant
may comprise a micelle, reverse micelle, vesicle, lipid bilayer, nanocapsules, nanoparticles,

metal organic frameworks (MOF), and is most preferably a micelle.

Further, in this specification ‘isolated’ in the context of the metal atoms means that the metal
atoms are no longer complexed, or at least are associated with fewer ligands or complexing

agents than prior to irradiation.

The ligands of the metal complex may comprise carbon. Irradiation may cause the carbon

containing ligands and/or the carbon containing species to form the graphitic surface.

In the method step d may be conducted by heating, for example by irradiating with infrared
energy, or step d may be conducted by irradiating with high energy radiation, typically greater
than 1 pA cm™. The irradiating step d may be conducted in both oxidizing and non-oxidising

atmospheres (for example in vacuo or in air).

Preferably the mixture is irradiated, preferably with high energy radiation, for sufficient time to
allow or cause plural metal atoms to agglomerate on the surface. Most preferably the deposited
mixture is irradiated for sufficient time to allow or cause plural metal atoms to agglomerate on
the surface to form clusters, and preferably for sufficient time to allow or cause metal atoms to
agglomerate to form nanoalloys and/or nanocrystals. The method may be continued to grow

larger alloys and/or crystals.

In one embodiment the deposited mixture is irradiated for up to 1hr thereby to produce
nanocrystals typically of 0.5 to 60 x 10°m, and preferably from 1.5 — 50 x 10° min diameter. It
has been found that the degree of irradiation (dose, time) can be selected to generate
nanocrystals of specific size. This opens a convenient and attractive route for the generation of

specific size nanocrystals.

Plural metal complexes each based on a different metal and mixing at least one of the

complexes in the, or each in a respective, carbon-containing species may be provided.



10

15

20

25

30

WO 2015/166253 PCT/GB2015/051264

4

Advantageously, it has been surprisingly discovered that by selecting a particular molar ratio of
the plural metals in the plural metal complexes it is possible to generate an alloy (for example a
nanoalloy) and/or a mixed metal nanocrystal with a mixing ratio substantially the same as the
molar ratio. This opens a very attractive route for easily producing nanoalloys and/or

heteroatomic nanocrystals of a specific mixing ratio.

Step a may comprise providing a metal complex in which the metal is selected from
molybdenum, tungsten, tin, lead, arsenic, antimony, and bismuth, indium, gallium, osmium,
ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt, iron, nickel, chromium,
manganese, vanadium, lanthanides, e.g. Ru" or Os", and the ligands may be selected from an
arene or cyclopentadienyl derivative, together with, for example, one or more, for example at

least 2 other ligands, e.g. a dithio-carborane.

Conveniently, wherein step b may comprise mixing the metal complex with a polymer, typically
in a solvent or a mixture of solvents, for example tetrahydrofuran/water (e.g. 1:10 v/v). The
polymer may be a di or tri-block copolymer. Preferably said mixing causes the polymer to form
one or more of vesicles, lipid bilayer, micelles, nanocapsules, nanoparticles, metal organic

frameworks (MOF), thereby to encapsulate the metal complex.

The method may also comprise providing as at least a component of a ligand of the metal
complex, a species able to dope the graphitic structure upon irradiation, for example upon
exposure to the heat energy, preferably high energy radiation. This conveniently allows in situ
production of doped graphitic, graphene or graphene-like, substances. The dopants can be
selected as part of the ligand. Clearly the amount to which the so-formed graphene is doped will

likely depend, at least in part, on the amount of dopant in the complex

Step d may be conveniently practiced by use of one or more of an electron beam, a laser beam,
UV light, plasma, microwaves, y-rays, heat gun (i.e. infrared irradiation), although conductive

heating may also be deployed. We prefer a laser beam or an electron beam.

If an electron beam is used it is possible to change the voltage of the electron beam to control
nanoparticle fabrication times and the size of the crystals. Altering the intensity and/or energy of

the irradiation allows varying irradiation times to be used for producing crystals under conditions
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which preserve the underlying graphitic matrix, thus allowing longer irradiation times and the

fabrication of larger crystals of, typically, 20 nm to 50 nm in diameter

A further aspect of the invention provides a method of forming metal nanocrystals, the method
comprising exposing a metal complex suspended in a carbon-containing matrix to heat energy,
preferably high energy radiation, allowing or causing metal atoms to agglomerate to form

nanocrystals and harvesting the nanocrystals.

A yet further aspect of the invention provides a method of forming metal nanocrystals, the
method comprising exposing a metal complex encapsulated in a fluid, carbon-containing matrix
to heat energy, preferably high energy radiation, to form a graphitic substrate and allowing or
causing metal atoms to agglomerate on the graphitic substrate to form nanocrystals and

harvesting the nanocrystals.

The harvesting may comprise dissolving or otherwise removing a substrate on which the
nanocrystals are located. In one embodiment the substrate is graphene, or graphene-like, which
may be conveniently formed from the carbon matrix and removing the substrate comprises

dissolving the graphene.

The method may comprise forming a micelle containing the complex, thereby suspending the

complex in the carbon-containing matrix.

Another aspect of the invention provides a method of agglomerating metal atoms, the method
comprising providing plural individual metal atoms on a graphitic surface, preferably comprised
of one or more layers of graphene, and irradiating the surface to allow or cause the metal atoms

to agglomerate.

The irradiation may be continued for sufficient time to allow or cause atoms to agglomerate to

form nanoalloys or nanocrystals.

The irradiation may be provided by a beam of high energy radiation, for example an electron
beam, laser beam, focused UV light or IR radiation. This conveniently allows a known portion of
the surface to be irradiated, thereby allowing or causing metal agglomeration in a particular

desired location.
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A further aspect of the invention provides a solvent-soluble micelle comprising a polymeric shell
containing a substantially solvent-insoluble metal complex, the or at least one of the ligands
comprising one or more of boron, phosphorus, nitrogen, sulfur, selenium, tellurium and the
metal being selected from molybdenum, tungsten, tin, lead, arsenic, antimony, and bismuth,
indium, gallium, osmium, ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt,

iron, nickel, chromium, manganese, vanadium, lanthanides.

In one embodiment the metal of the metal complex may be indium, gallium, ruthenium and/or
osmium, e.g. Ru" or Os" and the ligands preferably comprise an arene or cyclopentadienyl
derivative, together with one or more, for example at least 2 other ligands, e.g. a dithio-

carborane.

In one embodiment at least one of the ligands may comprises a chalcogen (for example one or
more of sulphur, selenium, tellurium, oxygen) or a halogen (for example one of iodine, bromine)
or a pnictogen (for example one of nitrogen, phosphorous, arsenic, antimony). The ligand may
comprise a dithio-carborane or diselenate-carborane. In certain embodiments wherein, upon
irradiation in step d said chalcogen, halogen or pnictogen preferably dopes the graphitic

structure.

The micelle may further comprise a second solvent insoluble metal complex, wherein the
second metal is different from the first. The second metal may be selected from molybdenum,
tungsten, tin, lead, arsenic, antimony, and bismuth, osmium, ruthenium, rhodium, platinum,
palladium, iridium, gold, silver, cobalt, iron, nickel, chromium, manganese, vanadium,

lanthanides.

Preferably the micelle is formed from di-block or tri-block copolymers. A suitable tri-block
polymer is P123. The micelles of this polymer self-assemble and forms stable films. This is

convenient when seeking to study the so-formed graphitic structures.

A yet further aspect of the invention provides a method of forming graphene, the method
comprising irradiating micelles, lipids, vesicles or other carbon-containing species with high

energy radiation. We prefer to use an electron beam for our experiments but other high energy



10

15

20

25

30

WO 2015/166253 PCT/GB2015/051264

radiation sources may be used such as a laser beam, UV light, plasma, heat gun, microwaves,

x-rays, and y-rays.

Advantageously, at least some of the micelles may contain and or encapsulate a species able to
dope the graphene surface. Such dopants may be selected from boron, phosphorus, nitrogen,
sulfur, selenium, tellurium. This is advantageous because it provides a route for producing
doped graphitic surfaces (for example for providing hot spots for nanocrystal growth). The
dopant may form at least a part of a ligand. Alternatively or additionally, the micelles may
comprise (e.g. may encapsulate) a metal. The metal may form part of a complex, for example a
complex with the dopant forming at least a part of one or more ligands. The metal may catalyse

graphene formation and/or dopant uptake.

A fourth aspect of the invention provides a self-supporting graphitic structure comprising one or
more dopants and one or more individual metal atoms movably located on the surface of the

structure.

The dopant may be selected from boron, phosphorus, nitrogen, sulfur, selenium, tellurium. The
metal may be selected from one or more of molybdenum, tungsten, tin, lead, arsenic, antimony,
and bismuth, osmium, ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt, iron,
nickel, chromium, manganese, vanadium, lanthanides. Preferably the graphitic structure

comprises at least one other, different metal, which may be selected from the above list.
The graphitic structure provides a convenient substrate on which to examine the movement
and/or clustering behaviours of metals. Indeed, and as we show below, it is possible to monitor

in real-time the movements of what appears to be individual atoms.

A further aspect of the invention provides a three dimensional nanocrystal comprising ruthenium

and osmium.

In order that the invention may be more fully understood, it will now be described, by way of

example only, and with reference to the accompanying drawings, in which:

Figure 1 Micelle formation and analysis after irradiation with electrons.
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Self-assembly of block copolymer micelles OsMs containing encapsulated osmium carborane
complex (b-e): A typical area after degradation of the micelles by irradiation showing formation
of a self-supporting graphitic matrix and individual osmium atoms (scale bar: 1 nm),
characterized as follows: (b) Fast Fourier transform corresponding to single-sheet graphene-like
material at the edges of the material, blue circle. (¢) Intensity plot along the green line; the
difference in thickness of the graphitic matrix (single layer vs 2 or more layers) is evident from
the range of intensities (pink bands), similarly the difference between single and stacked Os
atoms is evident for the cluster of atoms (green arrows), demonstrating its 3D nature. (d) Fast
Fourier transform corresponding to a three-layer graphene-like material, yellow circle. (e)
Detection of single Os atoms along the red line.

Figure 2 Electron energy loss elemental mapping of nanoclusters and self-supported
graphitic matrix. (a) Sulfur L, (b) boron K, and (c) osmium O maps. (d) Osmium and sulfur
superimposed maps. (e) Osmium and boron superimposed maps. (f) Osmium, sulfur, and boron
superimposed maps. On each map, the element(s) appear(s) as bright spots when present. For
instance, osmium atoms are localized in regions of crystals, and appear to be close to high-
boron and high-sulfur sites, although boron and sulfur atoms are also observable throughout the
lattice. All the images show the same region.

Figure 3 Time-dependent formation of Os nanocrystals on the graphitic matrix. (a-d)
Migration of small clusters and their coalescence (e.g. clusters in yellow and dark blue circles
merge to give crystal in green circle) over a period 1-30 min; scale bars: 2 nm. (e) The
abundance of nanocrystals after 60 min. (f) Typical example of an Os crystal of ca. 1.5 nm,
formed after 30 min of irradiation, scale bar: 1.5 nm. (g) Width of the clusters/crystals versus
time. The error bars represent the disparity of width of the clusters, measured on each picture.
(h) Fast Fourier transform analysis of the nanocrystal shown in f.

Figure 4. Migration and fusion of energized osmium clusters leading to the growth of
nanocrystals. Images recorded after electron beam irradiation times of (a) 10 min, (b) 20 min,
(¢) 25 min, and (d) 30 min, showing the fusion of two clusters (yellow and blue balls for Os
atoms of each cluster) into a larger fused cluster (green balls).

Figure 5. Montage of 10 Os nanocrystals with their FFT analysis.

Figure 6. Experimental and simulated crystal structure comparisons. (a. and b) Two
nanocrystals with close resemblance to hexagonal structure. (¢. and d) Simulations along the c-
axis and a-axis, respectively.

Figure 7. Ru-Os 3D-nanocrystals from RuOsMs micelles. (a) An array of mixed metal
nanocrystals on the graphitic support formed after 60 min of irradiation (scale bar: 10 nm), with
enlargement of the blue circled crystal showing atomic resolution (scale bar: 2 nm) and Fast
Fourier transform analysis of the hexagonal mixed metal crystal. The Fast Fourier transform
analysis of the hexagonal mixed metal crystal is also shown in the enlargement. (b) 3D
projection (left) of the same crystal showing the difference of contrast between Ru, Os and the
background (each peak corresponds to an atom, and the height/intensity of the peaks is
dependent on the atomic TEM contrast; arbitrary colors), also depicted as 29 red (Os) and 28
green (Ru) balls on the 2D projection (right). The presence of Ru and Os atoms was confirmed
by a combination of STEM and EDX analysis.

Figure 8. Combination of scanning-TEM (STEM) and energy-dispersive X-ray (EDX)
analysis. (a. and b) Two areas are shown; the bright spots correspond to nanocrystals. The
table shows the EDX analysis for four crystals, along with the Ru/Os molar ratio.

Figure 9. Pattern of single Os atom ‘hopping’. (a) A hexagonal graphene lattice and the three
possible atomic positions (edge = red; bridge = green; hole = blue). Each type has a distinct set
of vectors between equivalent sites, indicated by arrows. (b) Each dot represents the observed
jump size for one single Os atom in a time frame of 200 seconds (each point represents one
jump, and 20 jumps were considered); Horizontal lines correspond to the theoretical jump size
(i.e. vector lengths in a) for edge-to-edge (red lines), bridge-to-bridge (green lines), and hole-to-
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hole (blue lines) patterns of hopping. (¢) Changes of position and (d) jump direction for this
single Os atom in the same time frame of 200 s (20 frames, with 10 seconds between each
frame).

Figure 10. HR-TEM image of a cluster of 3 Os atoms, and 3D projection. In the projection,
the Os atoms can be seen because of their higher contrast as compared to the graphitic matrix
(vellow-red peaks).

Figure 11. Two views of a dinuclear Os, molecule on the distorted graphitic matrix. The
two Os atoms are in light blue.

Figure 12. Atom-by-atom formation of osmium molecules clusters and eventually
crystals. (a) 3D projection showing high contrast for a single Os atom, together with three 2D
projections showing movement of the Os atom at a rate of 0.0177 nm/s over a period of 160 s.
(b-c) Formation of dimer, trimer and tetramer molecules. (d) A cluster of eight Os atoms. (e) A
15 A crystal. All the images show the same region. In further images (f) and (g) Formation of
larger nanoparticles after 24h irradiation of the OsMs micelles with the electron beam of a
transmission electron microscope operating at 200 keV (scale bars: 20 nm (f), 10 nm (g)).
Figure 13. UV-visible spectra: P123Ms (10 M in H,O; blue line), complex 1 (10 M in CH,CN;
red line), and OsMs (10* M in H,O; black line). The change of color from transparent P123Ms
to purple OsMs shows that 1 is encapsulated in the polymer micelles.

Figure 14. Characterization of polymer micelles by dynamic light scattering (DLS). (a) Size
distribution in number of P123Ms and OsMs (10 mg/mL in H;O); Intensity, volume and number
distribution for (b) P123Ms, and (¢) OsMs; 10 mg/mL, H,O. These experiments show that
polymer P123 and complex 1 self-assemble in aqueous solution.

Figure 15. Characterization of polymer micelles by cryogenic-TEM (cryo-TEM). (a) Cryo-
TEM image of OsMs. (b) Particle counting/histogram analysis of OsMs from cryo-TEM images.
Figure 16. Characterization of polymer micelles by small-angle x-ray scattering (SAXS).
(@) Small-angle X-ray scattering (SAXS) experimental profiles and fitting with the
PolyCoreShellRatio model of micelles OsMs and (b) P123Ms: 1 mg/mL aqueous solutions.
Figure 17. Small-angle X-ray scattering (SAXS) profiles. (a) OsMs and (b) P123Ms, at three
different concentrations (1; 5; 10 mg/mL) showing small structure-factor effects at higher
concentrations but the micellar structure which does not change significantly with concentration
for both P123Ms and OsMs.

Figure 18. Dry-state TEM images of the self-assembled polymer OsMs micelles on
Quantifoil® grids (scale bar: 1 pm), demonstrating that OsMs spread and form stable
nanostructures in the dry-state (with a diameter ca. 30 fold larger in the dry-state than for
spherical micelles in solution).

Figure 19. Positions, trajectory, and experimental hopping of an Os atom on the B/S- and
B/Se-doped graphenic surfaces. (a) 3D-projection of HRTEM images showing the position of
an Os atom on the B/S surface at different irradiation times (time = 0 s corresponds to the first
image of the stack), and HRTEM image of an Os atom on the surface (Os spot is arrowed). (b)
Three examples of trajectories for the hopping of an individual Os atom on the B/S surface over
390 s, and (¢) on the B/Se surface over 15 s. (d) Cumulative apparent distances covered by an
individual Os atom on B/S (yellow) and B/Se (blue) surfaces. (e) Apparent speed of motion of an
individual Os atom on B/S (yellow) and B/Se (blue) surfaces between each frame (t being set at
0 for the first frame of each stack). (f) Enlargement of the B/S (yellow) plot shown in (e).

Figure 20. Positions, trajectory, and experimental hopping of Os, molecules on the B/S-
and B/Se-doped graphenic surfaces. (a) HRTEM images showing the position of the two Os
atoms on the B/S surface at different irradiation times (time = 0 s corresponding to the first
image of the stack; scale bar = 0.5 nm). 3D surface projection of each TEM picture, showing the
topography of the surface beneath the Os atoms. (b) Trajectory of the hopping of the two Os
atoms on the B/S surface over 390 s. (¢) Trajectory of the hopping of the two Os atoms on the
B/Se surface over 15 s. (d) Distances covered by each Os atom of a diatomic molecule on B/S
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(black and red) and B/Se (light and deep blue) surfaces. (e) Jump size against time for each
atom of the molecule on the B/Se surface.

Figure 21. Analysis of the mechanism of hopping of individual Os atoms on the two
graphenic surfaces. (a) and (b) Histograms of pooled jumps of individual Os atoms on B/S and
B/Se surfaces, respectively. (¢) and (d) Normal Quantile-Quantile plot of Os atoms hopping on
B/S and B/Se surfaces, respectively.

Figure 22. (a) Self-assembly of block copolymer metallated micelles containing encapsulated
metal (Os, Ru, Ir, or Au) carborane complex. (b) Cartoon of the methodology used in this work:
1. Electron beam irradiation of the metallated micelles; 2. Degradation and production of a
graphenic surface on which individual metal atoms can hop and migrate; 3. Metal nucleation
and formation of small molecules made of metals, and clusters; 4. Eventual metal nanocrystal
formation.

Figure 23. Examples of Ru, Os, Ir, and Au nanocrystals with corresponding fast Fourier
transform (left) and respective crystal growth versus irradiation time (right). Scale bar 1 nm.
Figure 24. Shows various stages in the formation of gold nanocrystals and nucleation steps
(from 5 to 40 minutes of irradiation).

Figure 25 Provides a sequential series of TEM images at different magnification showing the
irradiation of micelles on a silicon nitride surface.

Figure 26 Provides a series of TEM images showing the formation of nanocrystals through
irradiating by a laser beam, and

Figure 27 shows a series of TEM images showing the formation of nanocrystals through
irradiation by microwaves.

Results:

Preparation of precursors
Our procedure involved the encapsulation of the organometallic half-sandwich Os' arene

complex [Os(p-cymene)(1,2-dicarba-closo-dodecarborane-1,2-dithiolate)] (1) (a 16-electron
complex®® which is highly hydrophobic®) in the water-soluble amphiphilic triblock copolymer
P123% at ambient temperature for 4 h to form OsMs micelles (Fig. 1). The OsMs micelles were
fully characterized by a range of techniques, including synchrotron small-angle x-ray scattering
experiments (see Methods below). These analyses demonstrated that complex 1 and polymer
P123 self-assemble in solution to give core/shell micelles with very low dispersity parameters
(0.161), containing 5216 P123 unimers, along with 52+11 complex 1. They have a core-
diameter of 9.06+£0.12 nm, and a shell-diameter of 6.50+£0.15 nm, giving a total-diameter of

15.56+0.27 nm. The data are summarized in Table 1.

Table 1. Physical characteristics of OsMs and P123Ms micelles determined by DLS, cryo-
TEM and SAXS at 1 mg/mL.

Micelles OsMs P123Ms
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Polymer aggregation number 52+6 2042
Os complexes per micelle 52+11 0
DLS diameter (nm) 11.50+2.35 19.60+1.80
DLS dispersity 0.030 Not determined
Cryo-TEM diameter (nm) 7.85+1.97 Not determined
Cryo-TEM dispersity 1.06 Not determined
SAXS total diameter (nm) 15.56+0.27 18.96+0.23
SAXS core diameter (nm) 9.06+0.12 6.74+0.06
SAXS shell diameter (nm) 6.50+0.15 12.22+0.17
SAXS dispersity 0.161 0.146

OsMs micelles are dispersed in water, they contain a defined number of metal complexes, and
are deformable on surfaces. P123 polymer forms stable Langmuir films at ambient
temperature®. Thus, we deposited aqueous droplets ([OsMs] = 1 mg/mL) onto lacey carbon-
coated grids to produce an unsupported film over the grid holes for examination by aberration-

corrected high resolution transmission electron microscopy (HR-TEM).

Formation of a graphitic matrix and Os nanocrystals

We observed structural changes within the Pluronic® film upon irradiation with the high-energy
electron beam (80 keV; 1.9 pA-cm? or 7.6x10" electrons-nm™s™). The emergence of atomic
ordering within the self-supporting matrix consistent with a turbostratic graphitic structure was
apparent within a few minutes, and a highly-structured few-layer graphene (FLG) lattice was
evident after 50 min. An analysis of this matrix is shown in Figure 1. The existence of individual
layers of single-sheet graphene-like material at the edges of the material was demonstrated by
fast Fourier transform (FFT) analysis (Figure. 1b), whilst few-layer graphene-like material was
also visible (Figure. 1c shows a region with three layers). Along with these structural
modifications of the self-supporting polymeric film, a rapid decomposition of the carborane-
containing complex 1 was also observed (in less than one minute), and Os atoms could be
imaged either singly or as small ordered clusters (Figures. 1¢, 1e), which is currently at the
forefront of such experiments®'’?" %,

Electron energy loss spectroscopy (EELS) not only confirmed the identity of the Os atoms, but
also suggested that boron and sulfur from the carborane ligand in 1 are present in the graphitic

matrix (See Figure 2). Notably, sites with Os clusters (Supplementary Fig. 2c) appear to be
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close to both high-boron (Supplementary Figures 2b, 2e, 2f), and high-sulfur sites
(Supplementary Figures 2a, 2d, 2f). Interestingly, boron and sulfur atoms are also seen
throughout the entire matrix suggesting the formation of a multi-heteroatom-doped graphitic
matrix. After 1 min of irradiation, clusters of ca. 0.7 nm were already visible (Figure 3a). After 5
min of irradiation, dark areas containing ca. 15 atoms, became more organized and larger (ca.
1.0 nm, Figure 3b). Further growth of the nanoclusters on the self-supporting matrix was evident
after 15 min of irradiation (Figure 3c), and after 30 min, osmium metal clusters with diameters of
ca. 1.2 to 1.6 nm were visible (Figure 3d). Growth was observed until ca. 60 min (Figures 3e
and 3f), and the nanoclusters were seen to roll on the support in a series of images recorded
within a minute. The movement of energized nanoclusters themselves results in contact with
neighboring particles, and eventual merging. Such cluster merging is illustrated in Figure 4.
Interestingly, Zoberbier et al. reported that clusters of 20-60 Os atoms inside carbon nanotubes
continuously change their shape under the influence of an 80 keV electron beam, and bind
strongly to the inner surface, weakening C-C bonds and promoting gradual removal of carbon
atoms®.

Measurements of the length of the clusters indicate a linear relationship with time (Figure. 3g).
This description is however only indicative due to the 3D nature of the nanocrystals.
Significantly, this in situ generation of Os atoms on a self-supporting graphitic matrix produces
3D nanoclusters which are crystalline®. This is illustrated by the fast Fourier transform (FFT)
analysis (Figure 2h) of the ca. 1.5 nm-diameter Os nanocrystal depicted in Figure 2f. Figure 5
shows a montage of 10 osmium crystals along with their corresponding FFT analyses. In
general, the Os crystals do not seem to have a simple hexagonal structure. Figure 6 shows two
particles from the montage in Figure 5 with the closest appearance to hexagonal structure and
compares them with simulations. The c-axis view is distinctive, and the a-axis view is a good fit,
with the correct interatomic distances. Nevertheless, we believe that most of the images do not
match either of these two views, which are not the only ones with views that look relatively
simple. The other views have more complex behavior dependent on particle size and
microscope focus. However, the average Os-Os distance measured over 85 different
nanocrystals was determined to be 0.25710.019 nm, close to that in crystals of bulk osmium
metal (0.27048 nm as the nearest neighbor distance at 293.15 K)***'. No change in Os-Os
distance was observed during nanocrystal growth, as shown by the narrow standard deviation
for the average Os-Os distance calculated from these 85 nanocrystals of various sizes (width
between 1.5 and 2 nm).
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Mixed Os/Ru nanocrystals

To demonstrate the generality of this new technology, we encapsulated 1 mol equiv of osmium
complex 1 and 1 mol equiv of its ruthenium analogue [Ru(p-cymene)(1,2-dicarba-cioso-
dodecarborane-1,2-dithiolate)] in RuOsMs micelles, spread them onto a lacey carbon grid, and
irradiated with the electron beam in a similar procedure as described above. Again, it was
possible to observe metal atom migration and nanocrystal formation on a timescale of ca. 1
hour (Figure 7).

The composition of the crystals was analyzed by a combination of scanning-TEM (STEM) and
energy-dispersive X-ray (EDX) analysis at the single particle level (Figure 8); this clearly
demonstrated their hetero-metallic Ru/Os nature. Interestingly, the Ru/Os molar ratio
determined for 55 different crystals (0.91+£0.07/1.13+0.07) is very close to the initial Ru/Os ratio
in the RuOsMs micelles determined by ICP-MS (0.83£0.10/1.11£0.13). This suggests that the
atomic percentage of each metal in the nanocrystals can be readily tuned by varying the ratio of
metal complexes encapsulated in the micelles, opening-up new perspectives for the design of

hetero-metal nanocrystals with defined size and composition.

Discussion

We investigated the pattern and the rate of single Os movement by following the positions of a
single Os atom over 200 seconds (20 frames with 10 s between each frame; see Figures 9¢ and
9d). Attempts were made to correlate the ‘hopping’ pattern with three different mechanisms:
edge-to-edge, bridge-to-bridge, and hole-to-hole hopping over the hexagonal graphitic matrix
(see Figures 9a and 9b). The closest fit corresponds to Os atoms moving from bridge-to-bridge
(i.e. sitting between a pair of two adjacent atoms) at a rate of 0.0089+£0.0016 nm/s. Such a
bridge localization of Os atoms is apparent in some HR-TEM pictures (see Figure 10), and is
consistent with the favoured location of Pt atoms adsorbed on boron-doped graphene predicted
by calculations'®. Moreover, extrinsic point and line defects, such as foreign atoms at different
positions, strongly modify the charge distribution and electronic structure of graphene®. DFT
calculations have also suggested that graphitic boron dopants induce a deficiency of charge in
graphene sheets, while sulfur doping of graphene is of particular interest as the resulting
materials are expected to have a wider band gap than pure graphene®. Boron-doped graphene
films show a large number of Stone-Wales defects®, while calculations indicate that sulfur-
doping induces a large local curvature that tends to increase the local reactivity®. Metal atoms
have a high affinity for non-perfect and strained regions of point defects in graphene created by

electron irradiation and annealing®™. Thus, boron and sulfur centers and the resultant defects
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might act as centers which attract Os atoms. This was confirmed by HR-TEM images showing
that Os atoms are located in disturbed zones of the hexagonal pattern of the matrix (see Figure
11). Individual Os atoms were also observed at step edges (Figure 1d); similar observations
have been reported for Au and Pt atoms on graphene layers®.

Such atom-by-atom fabrication of di- and poly-atomic molecules led to the rapid assembly of Os
atoms into clusters. Figure 12 shows the atom-by-atom formation of osmium molecules, clusters
made up of a few Os atoms, and nanocrystals. This appears to be the first observation of atom-

by-atom fabrication of nanocrystals.

In conclusion, our synthetic technology provides a new route to the in situ generation of an
unsupported graphitic matrix together with metal atoms which can migrate to form crystals. The
method not only allows the multi-doping of the graphitic matrix, in this case with both boron and
sulfur, but also capture of the dynamics of metal cluster formation in real space with atomic
precision. Indeed, this first report of the use of block copolymer micelles to encapsulate metal
complexes for in situ reduction to metal atoms and formation of nanocrystals has allowed the
dynamics of formation of metal nanocrystals to be observed, all the way from single atoms to
molecules, clusters and then nanocrystals. This method has been exemplified by the production
of a graphitic matrix doped with sulfur and boron, decorated with Angstrom-sized crystals of
osmium, opening-up possible new perspectives for the design of nanoscopic highly-dense and
pressure-resistant materials. The technology can readily be extended to expand the range of
dopants in the supporting graphitic matrix, for example by replacing sulfur by selenium. It is also
facile to fabricate a range of homo- and hetero-metal Angstrom-size nanocrystals. We have
illustrated this for mixed ruthenium-osmium crystals. Other combinations that might be readily
accessible include Pt, Pd, Rh, Ir and Au, since the synthesis of precursor carborane complexes
of these metals is feasible. There is also wide scope for adapting this polymer-encapsulated
metal complex synthetic procedure by variation of the block copolymer. The possibility of
creating individual vacancies at desired locations in carbon nanotubes using electron beams
has been recently demonstrated®, and might also be combined with our procedure to allow the
grafting of Os nanocrystals onto specific hotspots. Our synthetic route, which gives rise to a self-
supporting graphitic matrix, also offers attractive possibilities for studying the formation of multi-
heteroatom-doped-graphitic sheets and the influence of dopants and defects without influence
from underlying support grids (e.g. copper), a problem which often complicates the

interpretation of metal deposition experiments. Finally, these nanocrystals may contribute to
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conceptual advances in the design of a new range of nanodevices, for example for information

storage, electronic circuitry, chemosensing and catalysis.

Methods

Materials

The preparation of the complex [Os(p-cym)(1,2-dicarba-c/oso-dodecaborane-1,2-dithiolato)] (1)
was based on a previous report”. The triblock copolymer P123 [poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol)] was purchased from Sigma-Aldrich and used
as received. Anhydrous tetrahydrofuran (Aldrich) was used. 18.2 mega-ohm purity water was
collected from a Purelab® UHQ USF Elga system. Holey carbon grids with 200 mesh and lacey
carbon grids were purchased from Quantifoil Micro Tools Gmbh and Elektron Technology UK

Ltd, respectively and used as received.

Synthesis of OsMs and OsRuMs

A tetrahydrofuran (THF) solution (1 mL) of complex 1 (5 mg/mL) was added to an aqueous
solution (10 mL) of polymer P123 (5 mg/mL) and the resultant mixture was stirred at ambient
temperature for 4 h. The solution was then dialyzed to remove the THF (MWCO = 1000 Da), for
48 h, and then freeze-dried. A similar procedure was used for synthesizing OsRuMs with 1 mol

equiv of 1, 1 mol equiv of the Ru analogue and 1 mol equiv of polymer P123.

Characterization of the micelles OsMs and P123Ms

UV-vis spectra (Figure 13) and dynamic light scattering (DLS) experiments (Figure 14)
unambiguously demonstrated that polymer P123 and complex 1 self-assemble in aqueous
solution. Encapsulation decreased the size of P123Ms micelles from 19.6£1.80 nm
(hydrodynamic diameter, D) to 11.5£2.35 nm for OsMs with a dispersity (D) of 0.03 (Figure.
14a; Table 1). Although micellar size usually increases after encapsulation of organic
molecules®, incorporation of hydrophobic molecules can result in expulsion of water from the
micelles, causing a contraction®’. The hydrophobicity of 1 probably results in a stronger folding
of the PPO chains around the complex through hydrophobic interactions, with concomitant
expulsion of water from the core. A small second population of OsMs particles (<0.01 % in
number) was found at D, ~ 220 nm, exhibiting a strong intensity in DLS analysis, due to the
aggregation of some particles (Figure 14c).

Cryogenic TEM analysis without staining was then performed on Quantifoil® carbon-coated

grids to observe the morphology of the hydrophobic core (containing osmium complexes) of the
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nanoparticles in solution. The high contrast provided by the heavy osmium centers allowed
facile imaging of the osmium-PPO core, but impaired the observation of the PEO corona due to
the polymer hydrated state; and disfavored by the small diameter of the micelles (Figure 15a),
even after attempts to further stain the samples with uranyl acetate. From these experiments, it
was clear that spherical micellar morphologies are formed when polymer P123 encapsulates
complex 1. The observed diameter of these OsMs nano-spheres is 7.85£1.97 nm (Figure 15b)
with very low close-to-ideal dispersity, based on 157 particles counting (1.06; 1.00 being for
ideal mono-disperse systems; see Table 1). These data are in accordance with the
hydrodynamic diameters determined by DLS within experimental error.

To gain further insight into their structures in aqueous solution, and to confirm cryo-TEM and
DLS results, OsMs and P123Ms were analyzed by small-angle X-ray scattering (SAXS; Figure
16). The experimental profiles were fitted to three model functions for spherical micelles:
SphereForm, CoreShellSphere, and PolyCoreShellRatio (PCR). The PCR model fitted
excellently for both micelles with very low dispersity parameters (0.161 for OsMs and 0.146 for
P123Ms, 0 being an ideal mono-disperse system, Table 1). These analyses demonstrated that
OsMs self-assembly leads to core/shell micelles with a core diameter of 9.06£0.12 nm, and a
shell diameter of 6.5020.15 nm (Table 1). The core dimension of OsMs was larger than for
P123Ms (6.74+0.06 nm), whilst the corona dimension of OsMs was smaller than for the
P123Ms shell (12.22+0.17 nm). The diameters of OsMs micelles by DLS and cryo-TEM are in
accordance with the core diameter determined by SAXS within the experimental errors, while
the diameters of P123 micelles from DLS and SAXS studies are similar.

From these data (scattering length density calculations, degrees of polymerization of Pluronic®
P123, and the molecular formulae of the polymer and of complex 1; see Instrumentation and
Methods), aggregation numbers for OsMs and P123Ms micelles were determined as 20+2
monomer chains per P123Ms micelle and 526 monomer chains per OsMs micelles.
Determinations of osmium by inductively coupled plasma mass spectrometry (ICP-MS) gave a
polymer/complex 1 ratio of 1/1+£0.091 for OsMs showing that the 52 chains polymer chains self-
assembled with 52111 complexes 1 (see Table 1). Similar core/shell diameters (Table 1) with
excellent fits to the PCR model were obtained from experiments at three different
concentrations (1, 5, 10 mg/mL; Supplementary Figure 17a and 17b) for both OsMs and
P123Ms. Hence concentration does not influence the micellar structure, a parameter of
importance for Pluronic®-type self-assemblies.

Furthermore, dry-state TEM images (see Figure 18) demonstrate that the OsMs micelles form

stable nanostructures in the dry state.
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Instrumentation

UV-visible spectroscopy. UV-visible absorption spectra were recorded on a temperature-
controlled Varian CARY 300 Biospectrophotometer using 1-cm path-length quartz cuvettes (0.5
mL).

Inductively coupled plasma mass spectrometry. Osmium ('®°Os) content was determined using
an ICP-MS Agilent technologies 7500 series instrument. The standard for osmium was
purchased from Aldrich. Calibration curves were prepared using Os standard solutions in double
deionised water (ddw) with 3% nitric acid, ranging between 50 and 0.5 ppb (9 points). Samples
were freshly prepared in ddw with 3% nitric acid. Readings were made in no-gas mode with a
detection limit of 1 ppt for '**Os.

Dynamic light scattering DLS: The hydrodynamic diameter (Dy) of nanoparticles was determined
by dynamic light scattering (DLS). Typically, an aqueous nanoparticle solution was measured
with a Malvern Zetasizer NanoS instrument equipped with a 4 mW He-Ne 633 nm laser module
at 25 °C. Measurements were carried out at a detector angle of 173° (back scattering). Data
were analyzed by the Malvern DTS 6.20 software. D, was calculated by fitting the apparent
diffusion coefficient in the Stokes-Einstein equation D, = kT / (3mnD,y), Where k is the
Boltzmann constant, T is the temperature and n is the viscosity of the solvent. Dy, coincides with
the hydrodynamic diameter when the sample is made of monodispersed spherical particles
(Dapp equals the translational diffusion Dy).

Transmission electron microscopy TEM: TEM was performed using a JEOL 2000FX at 200 kV.
TEM samples were prepared by using holey and lacey carbon grids. One drop of the sample
solution (5 pL) was applied to the grid and after 2 min the solution was blotted away before
drying. Images were recorded on a Gatan Orius camera and were analyzed using ImageJ
software. At least 100 particles from different parts of the grid were counted for each sample to
obtain the average diameter.

Cryogenic electron microscopy cryo-TEM: A JEOL 2010F TEM was operated at 200 keV and
images were recorded on a Gatan UltraScan 4000 camera for cryo-TEM and glow discharge.
The samples were prepared at ambient temperature by placing a droplet on a TEM grid. The
extra liquid was then blotted with a filter paper and the grid was inserted in liquid ethane at its
freezing point. The frozen samples were subsequently kept under liquid nitrogen.

High resolution electron microscopy HR-TEM:. A JEOL JEM-ARM200F HR-TEM was operated
at 80 keV, 1.9 pA/cm?, with spherical aberration (Cs) tuned to approximately +1 ym and images

were recorded on a Gatan SC1000 Orius CCD camera.
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Small-angle X-ray scattering (SAXS):. Measurements were carried out on the SAXS beamline at
the Australian Synchrotron facility at a photon energy of 11 keV. The samples in solution were in
1.5 mm diameter quartz capillaries. The measurements were collected at a sample to detector
distance of 3.252 m to give a g range of 0.004 to 0.2 A", where q is the scattering vector and is

related to the scattering angle (6) and the photon wavelength (A) by the following equation (1):

__4msin(9)

(1) q="%

The scattering from a blank (H>O) was measured in the same location as sample
collection and was subtracted for each measurement. Data were normalized for total transmitted
flux using a quantitative beamstop detector and absolute scaled using water as an absolute
intensity standard. The two-dimensional SAXS images were converted in one-dimensional
SAXS profiles (/(q) versus q) by circular averaging, where /(q) is the scattering intensity.
Functions were used from the NCNR package. Scattering length densities were calculated
using the “Scattering Length Density Calculator” provided by NIST Center for Neutron

Research.

We decided to conduct further experiments to determine the effect that the dopant atoms have
on mobility of atoms located on a graphitic substrate.

We synthesized two graphenic surfaces for our experiments. The first was doped with hetero-
atoms boron and sulfur (B/S) following the procedure we described above while the second was
doped with hetero-atoms boron and selenium (B/Se). This involved irradiating OsMs-Se
micelles made of [Os(p-cymene)(1,2-dicarba-c/oso-dodecarborane-1,2-diselenate)]
encapsulated in tri-block copolymer P123 with the electron beam of an aberration-corrected
TEM-STEM with a Schottky thermal field-emission source (80 keV; 1.9 pA/cm? or 7.6x10’
electrons-nm?s™). In general there were regions of the surface which were single-layer and on
which an idealized hexagonal lattice could be readily overlaid, although the surface was clearly
inhomogeneous in some regions as expected from the presence of the B/S and B/S dopants.
The presence of boron and chalcogen atoms as well as osmium was confirmed by a
combination of energy-dispersive X-ray (EDX) analysis, and electron energy loss spectroscopy
of energy filtered TEM (EFTEM).

We investigated single atom migration by following the positions of individual Os atoms on B/S
(over 390 seconds; 40 frames with 10 s between each frame) and B/Se surfaces (over 15
seconds; 31 frames with 0.5 s between each frame). The positions of each atom were extracted

from a series of images from 3 different areas of the grid. Successive images were aligned and
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the drift was compensated by using the Plugin StackReg in Fiji-ImagedJ, and by using a Digital
Micrograph(TM) script.

Fig. 19(a) shows an example of experimental TEM images and the trajectory of an individual Os
atom on the B/S surface recorded at different irradiation times (5 frames extracted from a total
of 40 pictures over a total irradiation time of 390 s). Figs. 19(b) and 19(¢) show the illustrative
trajectories of three individual osmium atoms on the B/S- and B/Se-doped graphenic surfaces,
respectively. Owing to the high contrast of osmium atoms as compared to the graphenic
surfaces, the extraction of the coordinates of the atom in each frame is readily achieved from a
3D surface projection for each TEM picture (Fig. 19(a)).

The experimental images also clearly highlight the existence of a number of anchoring points on
both surfaces, positions of apparent long residence times (Fig. 19). The analysis of the various
trajectories suggest that the chalcogen atoms themselves induce the differences in atomic
migration, and have a direct impact on the trajectory of osmium atoms on the surface. This
might involve direct Os-chalcogen binding, but the effects could also be propagated over a
longer distance on the conjugated graphenic lattice. Interestingly, Cretu et al.*' have reported
experimental observations of the migration of individual tungsten atoms on a graphitic surface
and shown that W atoms are mobile but can be trapped by defective sites. They showed that
below 250 °C, when the graphene lattice was heavily damaged by the beam, almost no jumps
occurred and the W atoms were pinned by larger irradiation-induced lattice defects. In the range
250 — 500°C, jumping of W atoms was observable, and escape from a trapping centre could be
induced thermally or by electron irradiation, a combination of thermal and beam effects which
explains the observed small oscillations. In related work the same group observed the trapping
of Mo atoms at defect sites in carbon nanotubes and in graphene* and recently Pb and Te
atoms have been trapped on amorphous graphene and at edge sites of holes in graphene.®
Our experimental data are consistent with these previous observations and also show that such
an escape by Os atoms from anchoring sites, at a temperature close to ambient, is dependent

on the nature of the graphenic dopants.

We determined the apparent rate of migration of individual osmium atoms on the two multi-
doped graphenic surfaces (average calculated from observation of 10 single atoms). It should
be noted that the real speed of motion of the atoms is at least the apparent monitored rate of
migration, since we are limited by the speed of the camera and there could be more steps at
intermediate times between frame captures. Fig. 19(d) shows the dependence of the cumulative

path length covered by two individual Os atoms (blue: B/Se surface; yellow: B/S surface) on
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irradiation time on the two surfaces. Remarkably, the chalcogen dopant (S vs. Se) dramatically
influences the apparent rate of migration. The Os atom travels an apparent distance of 3.5 nm
in 15 s on the B/Se surface, while the same distance is covered by the Os atom in 390 s on the
B/S surface. This ca. 26x higher speed of Os atoms on the B/Se surface compared to the B/S
surface (0.23320.034 nm/s versus 0.008910.0019 nm/s) is illustrated in Fig. 19(e). It also
appears that on both surfaces, the apparent rate of migration is not constant, but varies over
time, with significant autocorrelation (Figs. 19(e) and 19(f)). This confirms the existence of
anchors and suggests that the atom must receive a minimum energy from the high-energy
electron beam to be able to move from an anchoring site to another adjacent position. Thus, by
determining the time of irradiation needed to observe a jump from an anchor to another site,
directly from the HR-TEM images, we found that an individual Os atom was irradiated for 7019
seconds on the B/S surface before hopping to another site. On the B/Se surface, an individual
Os atom hopped to another site after irradiation for only ca. 1.51£0.3 seconds.

We also investigated the dynamics of migration of two close Os atoms on the B/S and B/Se
surfaces. Using the same procedure as for individual atoms, we elucidated the trajectory of
each atom (Fig. 20(a)) and thus the trajectory of the pair (Figs. 20(b) and 20(c)). The atomic
positions were extracted from a series of time-lapse TEM images, as for individual atoms.
Notably, the average Os-Os distance of 0.2841+0.077 nm on the B/Se surface and 0.243+0.059
nm on B/S are both close to the Os-Os distance in metallic Os (0.27048 nm as the nearest
neighbor distance at 20 °C)*** suggesting that these two Os atoms form a true Os, diatomic
molecule. Furthermore, the two close Os atoms undergo concerted migration on the multi-
doped graphenic surfaces. The dependence of the jumping pattern for each Os atom shown in
Fig. 20(c) on irradiation time is shown in Fig. 20(e), and suggests that the two atoms are indeed
bonded and behave as a single entity and not as two isolated atoms on the surface. Similar to
the movement of isolated individual Os atoms, the distance travelled by each atom of the Os,
molecule increases linearly with irradiation time on both surfaces (Fig. 20(d)). The average
apparent rate of migration of an Os, diatomic molecule was found to be slightly slower than for
individual Os atoms on both B/S and B/Se surfaces (0.007410.0028 nm/s, and 0.151+0.045
nm/s, respectively). Again, as for single Os atoms, the apparent rate of migration of Os, on the
B/Se-doped surface was dramatically faster (ca. 20x) than on the B/S-doped surface. We also
note that defects within graphenic layers can themselves migrate under the influence of an
electron beam™ Although such effects can be quantified on pure graphene, they are more

difficult to map on heavily doped lattices such as those studied here. It should be borne in mind
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however that such movements of carbons or dopants within the support layer could also

influence the movement of Os atoms, as is apparent in Fig. 20(a).

Discussion

Understanding the fundamental mechanisms of interactions between incident electrons and
atoms/molecules provides unique information on the chemical structure of a variety of systems®*’
To gain more information on the mechanism of hopping of individual osmium atoms on the B/S
and B/Se doped graphenic surfaces, we have investigated whether the Os atoms follow
Brownian Motion (BM). In BM, each jump is independent and identically distributed according to
a normal distribution with variance proportional to the time between observations, so we looked
for evidence of this in the data, consisting of the migration of 5 Os atoms on each kind of
surface. First we checked that the size of the jumps in the x and y directions were the same,
pooling together all of the jumps for the 5 separate atoms. There appeared to be no significant
difference in the dynamics of migration on the sulfur-doped surface and only a very small
difference on the selenium-doped surface. The histograms shown in Figs. 21(a) and 21(b) were
observed to be similar, and as such x and y jumps were pooled together for further analysis. We
also assumed that the Os atoms were not drifting in any particular direction and so the mean
jump would be zero, which also appeared to be confirmed by the data. Next, we fitted a
Gaussian density to the pooled jump data and plotted a normal Quantile-Quantile plot to assess
deviations from normality (Figs. 21(¢) and 21(d)). It is clear from these plots that there are more
long-range jumps than would be expected for a Brownian Motion, but for completeness we also
performed a Shapiro-Wilk test of normality*® both the selenium- and sulfur-pooled data gave p-
values below 0.001 and so we can reject the hypothesis that Brownian Motion describes the
movement of the Os atoms. Returning to the raw data, we see that no large jumps are captured
for these two atoms. It is clear from Table S3 that the jump sizes are larger on selenium-doped
than on sulphur-doped graphene, but it is nonetheless interesting to investigate whether they
come from the same distribution. Although there is a small amount of deviation from the line in

the lower tail, the plot does suggest that the distributions are indeed very similar.

In conclusion, the new generations of electron microscopes with their atomic resolution
capability and ultra-fast cameras offer the possibility of imaging dynamic processes in real time.
However, there is currently little reported data on such dynamic interactions at the level of the
individual atom, owing, in particular, to the fast migration of single atoms on graphene. Here, we

have used a new synthetic methodology for the in situ formation of graphenic surfaces doped
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with boron and sulfur (B/S) or selenium (B/Se) hetero-atoms. The doping creates anchoring
points for individual Os atoms, slowing down their migration so that it is commensurate with the
timescale of image capture on an aberration-corrected transmission electron microscope. We
have imaged in real time the migration of individual Os atoms on these surfaces, and this has
provided unprecedented experimental data on the dynamic behavior of individual atoms without
intervention using physical probes. We have shown that Os atoms move ca. 26x faster when S
is substituted by Se (0.0089+0.0020 vs 0.23320.034 nm/s). Os, dimers, as expected, move
more slowly than single Os atoms, but the S/Se difference in speed is similar (20x:
0.0074+0.0028 vs 0.151£0.045 nm/s). Indirectly, through choice of the dopants, our
methodology can provide control of atomic dynamics and might lead to a wide range of potential
applications (e.g. patterning on surfaces, security labelling at the atomic level, sealing
confidential documents).

We believe that a larger range of new doped-graphenic matrices (that could further modify the
migration rates) is possible (including without limit the other chalcogens and/or those species
studied by Cretu®’ including Mo, W, Pb, Te), and that the deposition of other metal atoms (e.g.
other precious metals such as Au, Pt, and Pd) is possible using our methodology and that our
methodology will help aid, perhaps with computational studies, in the fundamental
understanding of these dynamic processes.

Metal nanocrystals have raised considerable expectations for application in healthcare®®"!
electronics,”® and other areas. Their dimensions (1 — 100 nm) lead to physical and chemical
properties that differ from those of bulk materials. Methods for fabricating nanocrystals are
generally divided into two main approaches: top-down methods and bottom-up methods.** The
former relies on a progressive removal of material until the desire nanomaterial is obtained™
whilst the latter uses atomic or molecular precursors and gradually assembles them until the
desired structure is formed.”® Both methods requisite a careful control of the fabrication
conditions and of the environment conditions, and follow a three-stage approach: nucleation,
evolution of nuclei into seeds, and growth of seed into nanocrystals.® Nucleation is the first step
of any crystallisation process, and understanding this phenomenon is of utmost importance not
only in biochemistry — nucleation of bubbles in DNA for replication and transcription,
crystallization of proteins, replication of viruses — but also in materials science and in physics —
e.g. crystal growth of metal nanocrystals and nanoparticles. Nonetheless, the observation of this
first stage is particularly challenging, owing to experimental limitations for identifying, capturing,
and observing in real-time the dynamics of nucleation from individual atoms to small clusters of

only a few atoms, to nanocrystals.
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The methodology detailed herein involves irradiation, for example high-energy electron beam
irradiation, of metallated micelles, for example using an aberration-corrected high-resolution
transmission electron microscope (AC-TEM). Upon irradiation, the micelles form a doped
graphenic support on which individual osmium atoms hop and migrate to form nanocrystals, as
small as 15 A in diameter in less than 1 hour. Crystal growth was observed, quantified and
controlled in real time. As an application of this technology, we report here the kinetics of gold,
osmium, ruthenium, and iridium nanocrystal formation from individual atoms to nuclei —
minuscule clusters made of a very few atoms formed in the earliest stage of a nanocrystal

synthesis.

Results

We synthesized four metallated micellar formulations for our experiments (Figure 22), and
irradiated them with the electron beam of an aberration-corrected TEM-STEM with a Schottky
thermal field-emission source (80 keV; 1.9 pA/cm? or 7.6x10’ electrons-nm?.s™). The OsMs and
RuMs micelles made of [Os/Ru(p-cymene)(1,2-dicarba-c/oso-dodecarborane-1,2-dithiolate)]
encapsulated in tri-block copolymer Pluronic® P123 were synthesized following the procedure

we described recently,®”*®

while the gold-containing AuMs and iridium-containing IrMs micelles,
made of [Au(1,2-dicarba-c/loso-dodecarborane-1,2-dithiolate),] and [IrCp*(1,2-dicarba-cioso-
dodecarborane-1,2-dithiolate)], respectively,were new. Upon irradiation, each micellar system
was degraded by the electron beam, the polymer decomposing into a boron- and sulfur-doped
graphenic surface, and the metal atoms being reduced in individual atoms hopping on the
surface.

In order to first ensure that the micelle degradations lead to the formation of metal nanocrystals
for each metal, we irradiated the TEM grids for up to 150 min. We obtained reproducible results
with similar crystal formation for the ruthenium, iridium, and gold systems. Measurements of the
length of the atomic aggregates indicate a linear relationship with time (between 1 and up to 105
minutes) in the four cases (Figure 23). The composition of the crystals was analyzed by a
combination of scanning-TEM and energy-dispersive X-ray analysis at the single particle level,
which clearly demonstrated their metallic nature. Electron energy loss spectroscopy also
suggested that boron and sulfur from the carborane ligand in the metallated micelle precursors
are present in the graphenic matrix. These results allowed us to generalize our recently reported
methodology to other precious metals than osmium, and demonstrate its potential for the design
of ultra-small nanocrystals with possible usefulness in the design of a new range of

nanodevices, for example, for chemosensing (gold) and catalysis (ruthenium, iridium).



10

15

20

25

30

WO 2015/166253 PCT/GB2015/051264

24

To gain more information on the nucleation stage of these nanocrystal formations, we then
studied the early steps of nuclei aggregation for each metal. The metal-metal distances for Au,
Os, Ir, and Ru were first measured on small molecules of only two atoms on the surface. These
average Os—Os, Au—-Au, Ir-Ir, and Ru—Ru distances were measured over 30 different clusters
and were determined to be close to that in crystals of respective bulk metal. Furthermore, no
change in metal-metal distance was observed during nanocrystal growth, suggesting that there
is no intercalation of any hetero-atom (B, S, or O) between the metal atoms during nucleation
(Figure 24).

Conclusions

Nucleation is the first stage of any crystallisation process. Understanding nucleation is of utmost
importance in biology, physics, and chemistry. In materials science in particular, achieving
kinetic control of the nucleation of nanocrystals and nanoparticles would open-up new
perspective to precisely tailor such objects and therefore to fully exploit their unique physical
and chemical properties. However, observing, identifying, and capturing in real-time and in real-
space the dynamics of nucleation from individual atoms to small clusters of only a few atoms,
and to nanocrystals is an experimental frontier. Here, based on our recently developed new
methodology, we report for the first time the kinetics parameters of precious metal (gold, iridium,
osmium, and ruthenium) nucleation. We anticipate that nanocrystallometry will open-up new
perspective for studying the nucleation process of a number of chemical systems. We further
anticipate that other complexed metals will be susceptible to nanoparticle formation using our

methodology.

Different Substrates

In order to determine the effect of the effect of the underlying substrate on nanocrystal growth
we applied the osmium micelles to a silicon nitride membrane and irradiated as per Figure 1 and

the above description.

Preliminary observations

- The micelles spread less on the silicon nitride membrane than on the lacey carbon grid.
As a consequence, the nanocrystals will be produced in smaller areas, and therefore are

formed quicker on silicon membranes than on lacey carbon grids.
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- With this surface, it seems to be possible to burn the graphenic matrix in order to only

have the nanocrystals on the silicon nitride surface.

Preparation of the samples

0.1 uL of complex in polymer at 1 mg/mL was deposited on the window and left to dry overnight.

Window: silicon nitride membrane, membrane size: 0.5 mm x 0.5 mm, membrane thickness: 20
nm, Silson ref: 11503103

Observation of the window on the 2100 HR-TEM (21.2 pA/cm? at 300k):
Presence of big morphologies all over the grid. Area 1: magnification from 15k to 300k —

timescale 0 to 20 minutes of irradiation.

The results, to be viewed in concert with Figure 25 (in sequence as a to g), were as follows:

Irrad. Time | Comment and Observations
(min)

1 The micelles made of P123 polymer spread on the surface to form shown type of
morphologies

3

5 Already some darker areas visible

10 Darker areas more visible, look similar to what has been previously observed on lacey
carbon TEM grids

15 Different size of clusters, some with atoms almost visible and aligned.
Formation of these big clusters seems to be faster than on lacey carbon TEM grids

17

20 When magnification is low again, the size morphology is still the same, but some areas
are less dark which means a loss of materials (matrix burnt).

The experiments demonstrate that continued irradiation has the effect of pyrolysing or other
removing the carbon graphitic structure, thereby demonstrating that it is possible to provide
nanocrystals on a silicon nitride substrate at very quick rates in a controlled manner, due to the

lack of spread of the micelles.

Methods of nanocrystal formation
In the above description we discuss the use of electron beam irradiation to generate the

nanocrystals. We have now further investigated two new irradiation methodologies, as follows:
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Laser irradiation.

The experimental setup of the light irradiation source is as follows:

A commercially available Ti:sapphire oscillator and regenerative amplifier system (femtosecond
laser Spectra-Physics XP Tsunami and Spitfire XP, respectively) produce 3 mJ laser pulses of
~40 fs duration centered around 800 nm at a repetition rate of 1 kHz. The sample was exposed
to 4 of the fundamental [0.5 mJ pulses] for 1, 2 and 5 hours.

The osmium micelles as formed in accordance with the above description and shown in Figure
1 were irradiated using the above-described laser apparatus.

Some TEM images obtained after 1 hour of laser irradiation are shown in Figure 26.

Microwave irradiation.

A Discover® SP system microwave has been used to irradiate a solution of osmium metallated
precursors (formed in accordance with the above description and as shown in Figure 1) with a
program heating up to 140 °C and by applying a power of 150 W for 10 min (with a pressure of
250 PSI). This leads to the formation of narrowly distributed Os nanocrystals, as shown in
Figure 27.

These experiments clearly show that laser and microwave irradiation are effective in the
formation of metal nanocrystals and provides evidence that a broad range of energetic
irradiation of labile metal complexes can be utilised in the controlled formation metal

nanocrystals.

The data herein clearly demonstrates that using our methodology it is possible to form a broad
range of metal nanocrystals (on a graphitic substrate on a variety of supports) in a highly
controlled manner, using a broad range of techniques to energise the material. Moreover, we
believe that this methodology will open up new avenues for the manufacture of nanoparticle
devices with novel and designed metal mixing ratios and can be achieved using readily
available equipment under both oxidizing and non-oxidising conditions. We believe that this
opens up a range of possibilities in the fabrication of new devices with bespoke, designed

properties.
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Claims

1. A method of producing single metal atoms on a graphitic surface, the method
comprising the steps of:

a. providing a metal complex;

b. mixing the metal complex with a carbon-containing species to form an
encapsulant comprising the metal complex encapsulated by the carbon-
containing species;

c. depositing the encapsulant; and

d. irradiating the deposited encapsulant to form a graphitic surface on which one
or more isolated metal atoms of the metal complex are located.

A method according to Claim 1, comprising irradiating the mixture in an oxidising or non-
oxidising environment.

A method according to Claim 1 or 2, comprising irradiating the deposited encapsulant,
preferably with high energy radiation, for sufficient time to allow or cause plural isolated
metal atoms to agglomerate on the surface.

A method according to any of Claims 1, 2 or 3, comprising irradiating the deposited
encapsulant, preferably with high energy radiation, for sufficient time to allow or cause
plural metal atoms to agglomerate on the surface to form clusters, and preferably for
sufficient time to allow or cause metal atoms to agglomerate to form nanocrystals.

A method according to Claim 4, comprising irradiating the deposited encapsulant for up
to 1hr thereby to produce nanocrystals typically of 0.5 to 60 x 10°m, and preferably from
1.5 =50 x 10°min diameter.

A method according to any preceding Claim, comprising providing plural metal
complexes each based on a different metal and mixing at least one of the complexes in
the, or each in a respective carbon-containing species to form plural encapsulants.

A method according to Claim 6, comprising selecting a molar ratio of the plural metals in
the plural metal complexes and irradiating, the deposited encapsulants to generate a
heterometal nanocrystal with a mixing ratio preferably or substantially the same as the
molar ratio.

A method according to any preceding Claim, wherein step a comprises providing a metal
complex in which the metal is selected from molybdenum, tungsten, tin, lead, arsenic,
antimony, and bismuth, indium, gallium, osmium, ruthenium, rhodium, platinum,
palladium, iridium, gold, silver, cobalt, iron, nickel, chromium, manganese, vanadium,
lanthanides, e.g. Ru" or Os",
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A method according to any preceding Claim wherein the ligands of the metal complex
are selected from an arene and/or cyclopentadienyl derivative, and/or a carborane.

A method according to any preceding Claim, comprising providing as at least a
component of a ligand of the metal complex, a species able to dope the graphitic
structure upon exposure to the heat energy, preferably high energy radiation.

A method according to any preceding Claim, wherein at least one of the ligands
comprises a chalcogen (for example one or more of sulphur, selenium, tellurium,
oxygen) or a halogen (for example one of iodine, bromine) or a pnictogen (for example
one of nitrogen, phosphorous, arsenic, antimony) and wherein, upon irradiation in step d
said chalcogen, halogen or pnictogen dopes the graphitic structure.

A method according to Claim 11, wherein at least one of the ligands comprises a dithio-
carborane or diselenate-carborane and wherein, upon irradiation in step d said boron,
sulphur or selenium dopes the graphitic structure.

A method according to any preceding Claim, wherein step b comprises mixing the metal
complex with a polymer, typically in a solvent or a mixture of solvents, for example
tetrahydrofuran/water (1:10 v/v) to form a solution.

A method according to Claim 13, wherein the polymer is a di or tri-block copolymer.

A method according to any preceding Claim, wherein said mixing of step b causes the
carbon-containing species or polymer to form one or more of vesicles, lipid bilayer,
micelles, nanocapsules, nanoparticles, metal organic frameworks (MOF), thereby to
form the soluble encapsulant and to encapsulate the metal complex, preferably said
mixing causes said carbon-containing species or polymer to form micelles, thereby to
encapsulate the metal complex.

A method according to any preceding Claim, wherein step d is conducted by irradiating
with high energy radiation, typically greater than 1 pA cm™

A method according to any preceding Claim, wherein step d is practiced by use of one or
more of an electron beam, a laser beam, UV light, plasma, infra-red radiation,
microwaves, y-rays.

A method of forming metal nanocrystals, the method comprising exposing a metal
complex encapsulated in a soluble, carbon-containing matrix to heat energy, preferably
high energy radiation, to form a graphitic substrate and allowing or causing metal atoms
to agglomerate on the graphitic substrate to form nanocrystals and harvesting the
nanocrystals.

A method according to Claim 18, wherein harvesting comprises dissolving or otherwise
removing the graphitic substrate on which the nanocrystals are located.
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. A method according to any preceding Claim, wherein the graphitic substrate is
graphene, or graphene-like which is formed from the carbon-containing species or
carbon-containing matrix and removing the substrate comprises dissolving the
graphene.

A method according to any of Claims 17, 18 or 19, comprising forming a micelle
containing the complex, thereby suspending the complex in the carbon-containing
matrix.

A method according to any preceding Claim, comprising using a laser beam, electron
beam or microwaves to irradiate the fluid, carbon-containing matrix and selecting a
particular intensity, energy and/or irradiation time to agglomerate atoms, for example to
grow nanocrystals, of a desired size and/or at a specific location.

A method of forming graphene, the method comprising irradiating micelles, lipids,
vesicles or other carbon-containing species with high energy radiation.

A method of agglomerating metal atoms, the method comprising providing plural
individual metal atoms on a graphitic surface, preferably comprised of one or more
layers of graphene, and irradiating the surface to allow or cause the metal atoms to
agglomerate.

A method according to Claim 24, comprising irradiating the surface for sufficient time to
allow or cause atoms to agglomerate to form nanoalloys or nanocrystals.

A method according to Claim 24 or 25, wherein the irradiation is provided by a beam of
high energy radiation, for example an electron beam, laser beam, focused UV light or IR
radiation, microwaves, x-rays.

A solvent-soluble micelle comprising a polymeric shell containing a substantially solvent-
insoluble metal complex, the or at least one of the ligands comprising one or more of
boron, phosphorus, nitrogen, sulfur, selenium, tellurium and the metal being selected
from molybdenum, tungsten, tin, lead, arsenic, antimony, and bismuth, indium, gallium,
osmium, ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt, iron,
nickel, chromium, manganese, vanadium, lanthanides.

A micelle according to Claim 27, wherein the metal of the metal complex is selected from
indium, gallium, ruthenium and/or osmium, e.g. Ru" or Os",

A micelle according to Claim 27 or 28, wherein the ligands comprise one or more of an
arene or cyclopentadienyl derivative, together with one or more, other ligand, e.g. a
dithio-carborane of diselenate-carborane.
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. A micelle according to Claim 27, 28 or 29, further comprising a second solvent insoluble
metal complex, wherein the second metal is different from the first.

A micelle according to Claim 30, wherein the second metal is selected from
molybdenum, tungsten, tin, lead, arsenic, antimony, and bismuth, indium, gallium,
osmium, ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt, iron,
nickel, chromium, manganese, vanadium, lanthanides.

A micelle according to any of Claims 27 to 31, wherein the micelle is formed from di-
block or tri-block copolymers.

A micelle according to any of Claims 27 to 32, wherein the micelle is formed from P123
or other Pluronic® block copolymer.

A self-supporting graphitic structure comprising one or more dopants and one or more
individual metal atoms movably located on the surface of the structure.

A graphitic structure according to Claim 34, wherein the dopant is selected from boron,
phosphorus, nitrogen, sulfur, selenium, tellurium.

A graphitic structure according to Claim 34 or 35, wherein the metal is selected from one
or more of molybdenum, tungsten, tin, lead, arsenic, antimony, and bismuth, indium,
gallium, osmium, ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt,
iron, nickel, chromium, manganese, vanadium, lanthanides.

A graphitic structure according to Claim 34, 35 or 36, further comprising at least one
other, different metal.

A graphitic structure according to any of Claims 34 to 37, wherein the second metal is
selected from molybdenum, tungsten, tin, lead, arsenic, antimony, and bismuth, indium,
gallium, osmium, ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt,
iron, nickel, chromium, manganese, vanadium, lanthanides.

A three dimensional nanocrystal comprising plural metal atoms, for example selected
from molybdenum, tungsten, tin, lead, arsenic, antimony, and bismuth, indium, gallium,
osmium, ruthenium, rhodium, platinum, palladium, iridium, gold, silver, cobalt, iron,
nickel, chromium, manganese, vanadium, lanthanides.
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