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Materials and Methods

Chemicals

The chemicals used in the experiments were: OsCls (Premion®, 99.99% metals basis),
H20sCls (Premion®, 99.95% metals basis), NaOH (98%, Alfa Aesar), methanol (299.9%,
HiPerSolv Chromanorm®, VWR), ethanol (299.5%, absolute, VWR) and water (Milli-Q,

Millipore, resistivity >18.2 MQ-cm).

Osmium nanoparticle synthetic procedures

Parametric study

The precursors for the Os nanomaterial syntheses were obtained from 2.5 mM
solutions of OsCls or H20sCles. The solvents used were methanol, ethanol, or their
mixture with water. Different water/alcohol ratios were used, as listed in Table S1.
Here, the vol % corresponds to the ratios before volume contraction upon mixing.
The syntheses were performed in the absence or presence of base as indicated,
but in most cases 50 mM NaOH was used. The total volume of the precursor
solution used was 2 mL (evaluated as the sum of the volume of water and alcohol
before volume contraction). The mixtures were placed in sealed polypropylene
tubes (15 mL centrifuge tubes, VWR, melting point of 160 °C) and placed in an oil

bath, preheated at 90 °C. The syntheses ran for 6 h to obtain Os nanomaterials.
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Samples for PDF analysis

In a second approach, for the purpose of X-ray scattering with PDF analysis which
requires a high concentration of scattering material, the samples were prepared in 3 mm
NMR tubes (Wildmad, 3 mm outer diameter, 0.27 mm wall thickness, type 1 class A) with
a stirrer bar (Fisherbrand PTFE stirrer bar, 8 x1.5 mm). Here, the precursor concentration
was 100 mM (OsCls or H20sCls), and the samples were prepared in 0.2 mL of methanol
or ethanol and water mixture in a volume ratio of alcohol/water 1:2. Identical samples, but
without OsCls or H20sCls, were used for background measurements. The samples (with
and without a metal precursor) were left to react at 85 °C for several hours for in situ
measurements or for a week (with precursor) under stirring, as indicated. After removing
the stirrer bar, the sealed NMR tubes were shipped from Copenhagen, Denmark to 11-
ID-B beamline of the Advanced Photon Source (APS) at the Argonne National Lab, USA,
for measurements. TEM analysis confirms the formation of 1-2 nm NPs, see Figure 1
and Figure S23, (i.e., the materials are comparable to those obtained in syntheses done

in larger volumes and lower Os concentrations, see Figures S2—S18).

Characterisation

Transmission electron microscopy

A few drops of the as prepared nanomaterials were dropped on TEM grids (Ni,
Quantifoil) prior to imaging with a Jeol 2100 transmission electron microscope. For
each sample, images were recorded in a least three randomly selected areas with
at least three different magnifications. The NPs size was estimated by measuring

the diameter of at least 100 NPs using the ImageJ software.
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X-ray diffraction

X-ray powder diffraction measurements were performed on a Bruker D8
diffractometer with a Cu anode equipped with a Ni filter in the Bragg—Brentano
geometry. The samples were prepared by drop-casting a suspension of the NPs
onto a Si(111) zero background sample holder. Data from each sample were

measured from 5-80° 26.

Pair distribution function analysis

Total scattering measurements were performed at the beamline 11-ID-B at the
Advanced Photon Source, Argonne National Laboratory. The samples were loaded
into NMR tubes with a diameter of 3 mm and thickness of 0.27 mm and placed in
dedicated holders. The data were collected at a wavelength of A = 0.2113 A using
a 2D PerkinElmer detector with a pixel size of 200 x 200 um in the rapid acquisition
pair distribution function setup [1]. The detector distances were calibrated from a
CeO:z2 standard in Fit2D [2] and the 2D images were integrated using Dioptas [3].
Background subtraction and Fourier transform into the pair distribution function
(PDF) were done using the xPDFsuite with a Qmax of 21 A™! for the samples
containing precursors and 23.8 A™! for samples containing Os NPs [4]. The
obtained PDFs were analyzed using PDFgui [5] and Diffpy-CMI [6]. The metallic
cluster models were generated using the ASE package [7].

The fitting procedure of the Os NPs was performed by generating a large number
of different Os clusters, including simple cubic, fcc, bcc, and hcp, as well as
icosahedra, octahedra, decahedra, and Wulff constructions with different

combinations of surfaces and potentials [7]. Each cluster was fitted to the data by
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refining a scale factor, a single atomic displacement parameter for all the atoms
and a correlated motion parameter, 62. Furthermore, a lattice for each cluster was
also refined, which allows the cluster to expand and contract isotropically [8]. Fits
using crystalline models were done by refining the scale factor, lattice parameters,
a single atomic displacement parameter for all the atoms, and a correlated motion
parameter, 52. The effects of the NP size were either modelled using a single
spherical particle size or a lognormal distribution of spherical particles as

implemented in Diffpy-CMI.

Small angle X-ray scattering

Small angle X-ray scattering (SAXS) measurements were performed by depositing a few
drops of the formed nanomaterial onto a 5-7 ym thick mica window [9]. After the solvent
was dried in a fume cupboard overnight at room temperature, the quartz window was
placed in a dedicated sandwich cell for measurements. The measurements were
performed at the Niels Bohr Institute at the University of Copenhagen using a SAXSLab
instrument (JJ-XRay) with a Rigaku 100 XL + micro focus sealed X-ray producing a
photon beam with a wavelength of 1.54 A tube and a Dectris 2D 300 K Pilatus detector.
The two-dimensional scattering data were azimuthally averaged, normalized by the
incident radiation intensity, sample exposure time, and transmission using the Saxsgui
software. Measurements were performed under vacuum.

The radially averaged intensity 1(q) is given as a function of the scattering vector q =
411-sin(B)/A, where A is the wavelength and 26 is the scattering angle. The background-
corrected scattering data were fitted using a power law, taking into account the behavior

at low g value and a model of polydispersed spheres described by a volume-weighted
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lognormal distribution. Better fits were obtained using a second model of polydispersed
spheres also described by a volume-weighted lognormal distribution and large size
distribution probably accounting for the challenging background subtraction. A structure
factor contribution was needed to properly model the data. We employed a hard-sphere
structure factor F(R,n) as described in Reference [10]. The scattering data are fitted to

the following general expression:

(@) =Aq" +Cq - F(Ry.n.) j Ps1(a. R) V4(R) Ds(R)dR + Gy j Psb(@, R) Vo (R)

D,(R)dR
where A-q™" corresponds to the power law where A and n are free parameters; C1 and Co
are scaling constants, Ps1 and Psp the sphere form factors, V1 and Vy the particle volumes

and D1 and Dy the lognormal size distribution. The sphere form factor [11] is given by:

sin(gR)-qRcos(qR) )2

Ps(q,R)= <3 (CIR)s

and the lognormal distribution by:

(R
D(R)=#Eexp ( _['”2&120)] \

where o is the variance and Ro the geometric mean of the lognormal distribution. The
fitting was done using home-written MATLAB code. The free parameters in the model
are: A, n, R1, Rp, 01, Ob, C1, Cb, N1. The values obtained for these parameters are reported

in Table S2.
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The average volume of NP from population 1 and from population b, <V>1 and <V>p

respectively, lead to the definition of the volume fraction of population 1, Pvi, and the

volume fraction of population b, Pvs, as:

_ N, <V>;
T N <V>+Np<V>p

=1- Py

Py1

Py, Np <V >,

Nl _ (Pvl <V>b
N, Py, <V>,

where N1 and Np are the number of NPs in the population 1 or b, respectively.
From the SAXS data acquisition we have the relationship between the retrieved
coefficient C1 and Cp given by Ci = k-Pvi. <V>where | =1 or b and k is a constant.

Ic— Cy B Cp _ Cy
Py, <V>; Py, <V>, (1—Pyy) <V

q‘)Vl _C1<V>b
1—Py; Cp<V>,

1
CPV1:1+ Cp< V>,
C,<V>,
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metal metal + nanoparticles + synthesis
5x10° : 1.5x10° : : 5x10°
Au
.| Au ax10°] AU
" . 3x10%1 Ag b
i) 1.0x10°
o , Ag 3x10%
c
% 2x10%
D r 2x103
x 5.0x10% L Pt
p 1x10%4 Pd t .
tpd 1x10°%
Ru Ru
Ir Req): ol I'Recls ol

Key words Au Ag Pt Pd Ru Ir Re Os
A: metal 406181252832 (172413 |136236|82525|43919|35286| 19507 | 14559
A + Bs: nanoparticles | 123885 | 84094 | 25313 | 19727 | 6175 | 1870 | 1708 | 333 | 186
A+B 36879 | 20908 | 5168 | 3592 | 1051 | 400 | 297 60 37
A + C:synthesis 42121 | 40049 | 23036 | 47554 | 2229412909 7099 | 4023 | 2642
A+Bs+C 28290 | 26083 | 7467 | 7463 | 1956 | 615 | 367 95 45
A+B+C 6796 | 5465 | 1445 | 1346 | 317 | 127 50 14 8
A + Bs + D:formation | 18289 | 15325 | 3962 | 3748 | 951 | 386 | 288 70 36
A+B+D 5371 | 3802 880 766 200 87 62 7 3
A + Bs + E:mechanism | 16239 | 13484 | 3550 | 2371 | 715 | 235 | 263 58 24
A+B+E 4714 | 3274 760 463 153 49 54 8 1
A+Bs+D+E 3892 | 3477 882 720 142 75 65 14 5

Figure S1: Number of references retrieved from the Web of Science (WOS) database on
21/05/2021 for different metals (Au: Gold, Ag: Silver, Pt: Platinum, Pd: Palladium, Ru:
Ruthenium, Rh: Rhodium, Ir: Iridium, Re: Rhenium, Os: Osmium) and different keywords
and combination of keywords, as indicated. A = metal; B = nanoparticle; C = synthesis; D

= formation; E = mechanism.
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Table S1: Os NP synthesis parameters and resulting morphology and size for 2.5 mM Os and

NaOH/Os of 20 or 0 obtained by leaving the reaction mixture at 90 °C in closed polypropylene

containers for 6 h

Sample Precursor Solvent v.% With NaOH Without base
P H.O Colour | Form | Figure Colour | Form | Figure
M1 OsCls M - Blue NPs S2 Brown Network S6
M1-10 0sCl; M 10 Blue Network S2 : : :
Blacke
Blue Blue
M1-25 OsCl, M 25 Blacke, Network S2 Blackg, NPs S6
Blue
M1-50 OsCls M 50 Black, Network S2 Black, NPs S6
M1-75 OsCl; M 75 Blacks) Network S2 Blue Network S6
Black
M2 H,0OsClg M - Blue NPs S3 Brown Network S7
Blue
M2-10 H,0sCls M 10 Black Network S3 - - -
Blue Blue
M2-25 H,0sCls M 25 Blacke, Network S3 Blackg, NPs S7
M2-50 H,0sCls M 50 Black, Network S3 Blue NPs S7
Blacks
M2-75 H,0sCl M 75 Black, Network s3 Blue NPs s7
Blacks
El OsCly E - Blacks NPs-Network S4 Dark NPs* S8
E1-10 OsCls E 10 Black) NPs-Network S4 - - -
Blue Blue
E1-25 OsCly 25 Blackg) Network S4 Blackg, NPs S8
Blue
E1-50 OsCls E 50 Black, Network S4 Blacks, NPs S8
Blue
E1-75 OsCly E 75 Black, Network S4 Blackg, Network S8
E2 H,0sCls E - Blacke NPs-Network S5 Dark - S9
E2-10 H,0OsClg E 10 Blacks Network S5 - - =
Blue
E2-25 H>OsCls 25 Blacks) Network S5 Blackg, NPs S9
Blue
E2-50 H,0sCls E 50 Blacks, Network S5 Black, NPs S9
Blue
E2-75 H>OsCls E 75 Blacks Network S5 Blacks, NPs S9
W1-100 OsCly M 100 Transparent - - Blacks - S6, S8
W2-100 H»0sCls M 100 Transparent - - Blacks NPs S7, S9

M: methanol; E: ethanol; “Blacks)” means that a darker solid structure can be seen after

reaction; * means that the identified structure was challenging to find on the grid;

“Network” refers to structures that are not individuals NPs or to NPs that seem to be

embedded in a polymer-like film.
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Figure S2: TEM micrographs of Os nanomaterials obtained in alkaline methanol using
OsCls as the precursor with (a) 0 vol %, (b) 10 vol % (c) 25 vol %, (d) 50 vol %, (e) 75 vol

% water. Nothing could be observed on the grid for 100 vol % water.

S10



Figure S3: TEM micrographs of Os nanomaterials obtained in alkaline methanol using

H20sCls as the precursor with (a) 0 vol %, (b) 10 vol % (c) 25 vol %, (d) 50 vol %, (e) 75

vol % water. Nothing could be observed on the grid for 100 vol % water.
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Figure S4: TEM micrographs of Os nanomaterials obtained in alkaline ethanol using
OsCls as the precursor with (a) 0 vol %, (b) 10 vol % (c) 25 vol %, (d) 50 vol %, (e) 75 vol

% water. Nothing could be observed on the grid for 100 vol % water.
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Figure S5: TEM micrographs of Os nanomaterials obtained in alkaline ethanol using
H20sCls as the precursor with (a) 0 vol %, (b) 10 vol % (c) 25 vol %, (d) 50 vol %, (e) 75

vol % water. Nothing could be observed on the grid for 100 vol % water.
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Figure S6: TEM micrographs of Os nanomaterials obtained in methanol (no base) using

OsCls as the precursor with (a) 0 vol %, (b) 25 vol % (c) 50 vol %, (d) 75 vol %, (e) 100

vol % water.
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Figure S7: TEM micrographs of Os nanomaterials obtained in methanol (no base) using
H20sCls as the precursor with (a) 0 vol %, (b) 25 vol % (c) 50 vol %, (d) 75 vol %, (e) 100

vol % water.

Some NPs could be observed even with 100 vol % water but the spots and the grids were
scarce which might indicate that the NPs formed from H20sCls upon drying on the TEM
grid. The lack of formation of NPs in the absence of alcohols playing the role of reducing

agent is expected.
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Figure S8: TEM micrographs of Os nanomaterials obtained in ethanol (no base) using
OsCls as the precursor with (a) 0 vol %, (b) 25 vol % (c) 50 vol %, (d) 75 vol %, (e) 100

vol % water.
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Figure S9: TEM micrographs of Os nanomaterials obtained in ethanol (no base) using
H20sCls as the precursor with (a) 0 vol %, (b) 25 vol % (c) 50 vol %, (d) 75 vol %, (e) 100

vol % water.

Some NPs could be observed even with 100 vol % water but the spots and the grids were
scarce which might have indicated that the NPs formed from H20sCls upon drying on the
TEM grid. The lack of formation of NPs in absence of alcohols playing the role of reducing

agent is expected.
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Figure S10: TEM micrographs of Os nanomaterials obtained in alkaline methanol using

OsCls as the precursor with 25 vol % of water at different magnifications as indicated.
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Figure S11: TEM micrographs of Os nanomaterials obtained in alkaline methanol using

OsCls as the precursor with 50 vol % of water at different magnifications as indicated.
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Figure S12: TEM micrographs of Os nanomaterials obtained in alkaline methanol using

OsCls as the precursor with 75 vol % of water at different magnifications as indicated.
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Figure S13: TEM micrographs of Os nanomaterials obtained in methanol (no base) using

OsCls as the precursor with 25 vol % of water at different magnifications as indicated.
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Figure S14: TEM micrographs of Os nanomaterials obtained in methanol (no base) using

OsCls as the precursor with 50 vol % of water at different magnifications as indicated.
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Figure S15: TEM micrographs of Os nanomaterials obtained in methanol (no base) using

OsCls as the precursor with 75 vol % of water at different magnifications as indicated.
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Figure S16: TEM micrographs of Os nanomaterials obtained in alkaline solvent and 75
vol % water using (a) OsCls in alkaline methanol, (b) H20sCls in alkaline methanol, (c)

OsCls in alkaline ethanol, and (d) H20sCle in alkaline ethanol.
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Figure S17: TEM micrographs of Os nanomaterials obtained in solvent without base and
75 vol % water using (a) OsCls in alkaline methanol, (b) H20sCles in alkaline methanol, (c)

OsCls in alkaline ethanol and (d) H20sCls in alkaline ethanol.
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Figure S18: (a—f) TEM micrographs of Os nanomaterials obtained in methanol and 50

vol % water using OsCls with NaOH/Os at molar ratios of (a,d) 0, (b,e) 5 and (c,f) 20.
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Figure S19: Pictures of alkaline Os solutions after 6 h at 90 °C for (a,b) OsClz in (a)
alkaline methanol and (b) alkaline ethanol and (c,d) for H20sCls in (c) alkaline methanol
and (d) alkaline ethanol. The blue colour might indicate the formation of Os complexes
and ultimately that the formation of NPs was better achieved using a mixture of alcohol

and water as detailed below.

Figure S20: Example of Os solutions after 6 h at 90 °C when no base is used. In this

specific case a solution was obtained with OsCls and 50:50 (v/v) methanol/water mixture.
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Figure S21: (a—d) TEM micrographs of Os NPs obtained using 75 vol % water in (a,b)

methanol, (c,d) ethanol (no base), (a,c) OsCl; and (b,d) H,OsCls as precursors.
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Figure S22: (a) Fits related to the data presented in (b). (b) Probability densities retrieved
from the SAXS analysis of the Os NP size. The samples displayed were obtained with
2.5 mM OsCls in the absence of a base for a methanol/water mixture of 1:3 in volume

after 6 h at 90 °C for a total volume of 2 mL.

S29



Table S2: Fit parameters corresponding to the data displayed in Figure S22.

Power law 1 b Size and distribution
Sample A R1 Ry dsampleA
n (o] Cl N Op Cb 0'sampIeB/ nm
x 108 (&) (&) / nm
OSC|3
60 3.57 3.7 0.2 0.0037 0.17 7 030 0.0017 0.8 0.1
Methanol:Water (25:75)
OSC|3
32 3.62 4.2 0.15 0.0017 0.20 7 0.25 0.0010 0.9 0.1
Ethanol:Water (25:75)
2 1.2
In(R )+‘L) (1n(b)+L)
(A) evaluated as dsample = 0.2 @y;. e( Y2 )+ 0.2 gyp.e 2
evaluated as O'sample =

(B)

0.2 \/(pV12' [(6012 — 1)6(2]n(R1)+0'12)] + (pVbZ' [(eabz — 1)3(2 ln(Rb)"'O'bz)]
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Samples for PDF analysis

Figure S23: (a,b) TEM micrographs of Os NPs obtained using 66 vol % water and 33 vol
% ethanol (no base) and 100 mM of (a) OsCls and (b) H20sCls as precursors after a one
week reaction at 85 °C in NMR tubes (volume approx. 0.2 mL). The size analysis suggest

that the NPs are (a) 1.5+ 0.3 nm and (b) 1.7 £ 0.4 nm.

In line with the small size of the NPs obtained here (in the range of 1-2 nm, see for
example Figure 1 and Figure S23), most reported colloidal synthesis methods of Os NPs
yield nanomaterials in the size range 1-2 nm. This can further explain why the interest
for Os NPs has been limited to date: the small size limits the material characterization
that can be done with conventionally available methods. Relatively high-resolution
transmission electron microscopy (TEM) is needed to characterize small hanomaterials

[12-15] and X-ray diffraction (XRD) analysis is challenging due to the broadening of Bragg
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peaks for NPs of approx. 1-2 nm. Due to the very small NP size, XRD analysis of the Os

samples actually shows no identifiable Bragg peaks, Figure S24.

PR [N TR N T AN TN NN TR [N SN NN (NN TR ST TR ST N T T N T S
OsCl,
Methanol:Water (50:50) |
with NaOH (Na/Os = 20)

without NaOH

Intensity / a.u.

i

L L
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20

Figure S24: XRD diffractograms for samples prepared from 2.5 mM OsCls in a
methanol/water 50:50 mixture (in volume) in the presence or absence of a base, as
indicated, after 6 h at 90 °C for a total volume of 2 mL. The expected peaks for hcp Os

are indicated. The large feature around 25° (26) is due to the background support.

The cluster that best fits the PDF obtained, see Figure 2, for NPs formed in
methanol/water from H20sCls contains 96 Os atoms. The clusters formed from OsCls
appear slightly smaller, with the best fitting structure for the particles formed in
methanol/water containing 72 atoms, and those formed in ethanol/water containing 64
atoms. The largest cluster used for the refinement is approx. 13.5 x 8.2 x 6.5 A® along

the hexagonal crystallographic axes. The intermediate clusters are approx. 3.5 x 5.5 x
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6.5 A and the smallest cluster is 8.1 x 8.1 x 6.5 A3, Several hcp clusters 0.3-0.6 A larger
in different directions provided fits of almost the same quality, which indicates a distributed
size of the NPs consistent with the SAXS and TEM data. Examples of fits using other
types of clusters are seen in Figures S28-S31.

The sizes of the clusters used for the refinement should not be taken as absolute sizes
of the NPs themselves, but instead describe any anisotropy induced from the hcp
structure on the NP shape. To verify the validity of the cluster models, we also fitted the
PDFs with spherical NPs with a single particle diameter and a lognormal size distribution,
and those fits are seen in Figures S32-S38. For the smallest NPs, formed from OsCls in
ethanol/water, all models give a fit of the same quality, which is reasonable as the cluster
model identified (8.1 x 8.1 x 6.5 A% is almost isotropic. However, for the largest NPs
formed from H20sCls in methanol/water, the discrete, anisotropic cluster model provides
a better fit than that from a spherical particle model. This illustrates that for an accurate
description of the atomic structure of small NPs it is important to consider any possible

anisotropy induced by the crystal structure.

OsCl, methanol:water M OsCl, methanol:water

MEOSCIE methanol:water
\/j\.a\‘\_‘ OsCl, ethanol:water
PR TS I T T S S

Intensity (a.u.)
Intensity (a.u.)

OsCl, ethanol:water

H,OsCl, ethanol:water

H,OsCl, ethanol:water

P ST T S N T T T S PR I S R

PRI Rt
12 16 20 24 4 8 12 16 20 24

QA" Q (A

[\/\__\_ HZOSCI6 methanol:water
PR I T T T N S
4 8

Figure S25: Total scattering data before (left) and after (right) background subtraction.
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Figure S26: Fit using an hcp cluster from ASE to the PDF obtained from the NPs formed

from H20sCls in methanol/water. See refinement parameters in Table S4.
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Figure S27: Fit using an hcp cluster from ASE to the PDF obtained from the NPs formed

from OsCls in ethanol/water. See refinement parameters in Table S5.
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Figure S28: Fit using an icosahedral cluster from ASE to the PDF obtained from the NPs

formed from OsCl3z in methanol/water.
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Figure S29: Fit using an octahedral cluster from ASE to the PDF obtained from the NPs

formed from OsCl3z in methanol/water.
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Figure S30: Fit using a decahedral cluster from ASE to the PDF obtained from the NPs

formed from H20sCls in methanol/water.
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Figure S31: Fit improvement with two-phase models using an hcp cluster and

G(r) (a.u.)
G(r) (a.u.)

decahedron for PDF obtained from the nanoparticles formed from H20sCls in

methanol/water.

The fits of can be further improved by fitting with a combination of an hcp cluster and a

decahedron cluster. On the left is the total fit and on the right is the fit including the
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individual contributions, with 64 weight % hcp and 36 weight % decahedral. The hcp and
fcc structures in the clusters are very similar and it is likely that the improvement simply
comes from adding more parameters to the fit. The improvement to the fit could represent

the presence of Os NPs with a decahedron structure, but at the moment we cannot

absolutely confirm this.
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Figure S32: Fit using a spherical hcp particle to the PDF obtained from the NPs formed

from OsCls in methanol/water. See refinement parameters in Table S6.

S37



¢ Yobs

Ycalc

R, =18.6 %

G(r) (a.u.)

5 10 15 20
r(A)

Figure S33: Fit using a spherical hcp particle to the PDF obtained from the NPs formed

from H20sCls in methanol/water. See refinement parameters in Table S7.
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Figure S34: Fit using a spherical hcp particle to the PDF obtained from the NPs formed

from OsCls in ethanol/water. See refinement parameters in Table S8.
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Figure S35: Fit using a spherical hcp particle shape with a lognormal distribution to the

PDF obtained from the NPs formed from OsClz in methanol/water. See refinement

parameters in Table S9 and the refined distribution in Figure S38.
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Figure S36: Fit using a spherical hcp particle shape with a lognormal distribution to the

PDF obtained from the NPs formed from H20sCls in methanol/water. See refinement

parameters in Table S10 and the refined distribution in Figure S38.
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Figure S37: Fit using a spherical hcp particle shape with a lognormal distribution to the
PDF obtained from the NPs formed from OsCls in ethanol/water. See refinement

parameters in Table S11 and the refined distribution in Figure S38.
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Figure S38: The lognormal size distributions obtained from the PDF fits seen in Figures

S35-S37. The size distribution obtained from the PDF agrees with the ones obtained by

SAXS.
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Figure S39: Zoom on the fits seen in Figure S27 (left) and Figure S26 (right). An impurity

8

is visible as a small peak at 3.2 A. The possible Os—Cl peak at 2.3 A is mostly visible on

the left and is a small shoulder to the main Os—Os peak at 2.7 A.

As mentioned in the main text, the samples contain an impurity giving rise to a peak at
3.2 A. The only known distance that could explain the observation of a distance at 3.2 A
is the Os—Os distance in a Os2Cl2 complex, for example, seen in Os3Cl2(CO)10 [16]. The
presence of a Os2Cl2 complex would also give a Os—Cl peak at 2.3 A, which might be
present as a shoulder on the main Os—Os peak at 2.7 A in the experimental PDF, as seen
in Figure S39. [OsxCly(CO);] might form here since, by analogy with Pt NP formation [17],

it can be expected that some CO form by oxidation of the alcohols during reduction of Os.
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Figure S40: Fit using a combination of hcp Os and OsO4 to the PDF obtained from the
NPs formed from H20sCls in ethanol/water. See refinement parameters in Tables S6 and

S7.

The peak at 1.7 A corresponds well to the Os—O distances in OsO4 and the PDF obtained
from these NPs can be fitted by a combination of hcp Os and OsOa4. We attribute this
different behaviour to the likely oxidation of the sample at the time of measurement and
the sample contained 97.5 wt % OsO4 and 2.5 wt % Os. The sample oxidation is likely
due to unintended differences in the storage or shipping conditions and show that while
the NPs can remain un-oxidised in solutions in sealed containers, they are likely to oxidise
over time or after solvent removal. The refined average diameter of the Os NPs was found
to be 0.95 nm and the OsO4 NP show an average diameter of 0.85 nm. However, the
difference in the curve from the fit shows that slightly larger particles are also present as

the PDF peaks extends to 1.3 nm.
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Figure S41: The PDFs obtained from the initial precursor at room temperature. The PDFs
for each solution are almost identical and, as elaborated further in Figures S42-S45, the

two first distances are at 1.8 and 2.3 A, which corresponds to Os—O and Os—ClI bonds,

respectively.
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Figure S42: Comparison of the precursor PDFs to the calculated PDFs of OsOCI2 and
(NHa4)4(OsOCli0) with the most important distances indicated and with nitrogen distances
omitted. Osmium, oxygen, and chlorine are known to form chain-like structures with Os
octahedrally coordinated to O and ClI, two examples are OsOCI2[18] and (NH4)4(OsOClo)

[19] whose crystal structures can be seen in Figures S43 and S44. The eight distances

are indicated on Figure S45.
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Distances 1 and 2 are the direct bond distances between Os—O and Os—Cl. Distance 3
is the distance between two Os atoms bridged either by a single O atom or two Cl atoms.
The fourth distance is not present in the reported crystal structures but is directly related
to distance 5. As indicated in Figure S37, distance 5 is an Os—ClI distance. If the Cl atom
is replaced with an O atom and the O is moved such that the Os—O bond (distance 1)
becomes 1.8 A, distance 5 is shortened from 4.5 A to 4.2 A which is the length of distance
4, as shown in Figure S39B. This type of Os-O distance is not present in the original
structures, which indicates a disordered placement of ClI and O in the octahedral
coordination. As indicated in Figure S45, distance 6 and 7 are Os—O and Os—Cl distances,
respectively. Distance 8 is 7.2 A long which is exactly twice the value of distance 3, which
is 3.6 A. In OsOCI2 the Os—Os distance in distance 3 is 3.7 A and therefore the distance
8 peak moved to the right, up to 7.4 A. The distances indicated with stars are distances
that corresponds to the interatomic distances between the chains in the crystal structures.
From this analysis we can conclude that the Os precursors react with the alcohol and
form chain-like structures of [OsCIxOy]-octahedra. The chains are roughly 1-1.5 nm long

and are likely kept together by both O and ClI bridges.

Figure S43: The crystal structure of (NH4)2(OsOCli0) viewed along a. Os is shown in

grey, O in red, Cl in green; and N in blue. H is omitted for clarity.
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Figure S44: The crystal structure of OsOCI2 viewed along a and c. Os is shown in grey,

Oinred, and Cl in green.

Figure S45: The visualization of the distances discussed in Figure S42. (A) shows the
original [OsOCl10]* complex from (NH4)4(OsOClio) and (B) shows the same complex but

with one Cl replaced by a O to give distance 4. (C) shows part of the OsOCI: structure.
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Figure S46: The PDFs of the precursors at room temperature and after being heated at

85 °C for 6 hin a 3 mm NMR tube at a precursor concentration of 100 mM. The only real

change is the loss of intensity at high r, which means that the chain-like structures are

breaking apart and getting smaller. However, the local coordination remains almost

unchanged, exempt from an increase in intensity for the Os—O distance at 1.8 A. The

increase in intensity suggests a replacement of Cl with O.

S46



Table S3: Refined parameters for the fit in Figure 3, including the atomic positions in the

hcp cluster.

5> 2.04 A2 Uiso 0.004 A?
Atom X y z
Os 0.0 0.0 0.0
Os 0.0 1.578605 2.177253
Os 2.734224 0.0 0.0
Os 2.734224 1.578605 2.177253
Os 5.468449 0.0 0.0
Os 5.468449 1.578605 2.177253
Os -1.367112 2.367908 0.0
Os -1.367112 | 3.946513 | 2.177253
Os 1.367112 2.367908 0.0
Os 1.367112 3.946513 2.177253
Os 4.101337 2.367908 0.0
Os 4.101337 3.946513 2.177253
Os -2.734224 | 4.735815 0.0
Os -2.734224 6.314421 2.177253
Os 0.0 4.735815 0.0
Os 0.0 6.314421 2.177253
Os 2.734224 4.735815 0.0
Os 2.734224 6.314421 2.177253
Os -4.101337 7.103724 0.0
Os -4.101337 8.682328 2.177253
Os -1.367112 7.103724 0.0
Os -1.367112 8.682328 2.177253
Os 1.367112 7.103724 0.0
Os 1.367112 8.682328 2.177253
Os -5.468449 | 9.471631 0.0
Os -5.468449 | 11.050236 | 2.177253
Os -2.734224 9.471631 0.0
Os -2.734224 | 11.050236 | 2.177253
Os 0.0 9.471631 0.0
Os 0.0 11.050236 | 2.177253
Os -6.835561 | 11.839539 0.0
Os -6.835561 | 13.418145 | 2.177253
Os -4,101337 | 11.839539 0.0
Os -4,101337 | 13.418145 | 2.177253
Os -1.367112 | 11.839539 0.0
Os -1.367112 | 13.418145 | 2.177253
Os 0.0 0.0 4.354506
Os 0.0 1.578605 | 6.531758
Os 2.734224 0.0 4.354506
Os 2.734224 1.578605 6.531758
Os 5.468449 0.0 4.354506
Os 5.468449 1.578605 6.531758
Os -1.367112 2.367908 4.354506
Os -1.367112 3.946513 6.531758
Os 1.367112 2.367908 4.354506
Os 1.367112 3.946513 6.531758
Os 4101337 2.367908 4.354506
Os 4101337 3.946513 6.531758
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Os -2.734224 | 4.735815 | 4.354506
Os -2.734224 | 6.314421 | 6.531758
Os 0.0 4.735815 | 4.354506
Os 0.0 6.314421 | 6.531758
Os 2.734224 4.735815 | 4.354506
Os 2.734224 6.314421 | 6.531758
Os -4.101337 | 7.103724 | 4.354506
Os -4.101337 | 8.682328 | 6.531758
Os -1.367112 | 7.103724 | 4.354506
Os -1.367112 | 8.682328 | 6.531758
Os 1.367112 7.103724 | 4.354506
Os 1.367112 8.682328 | 6.531758
Os -5.468449 | 9.471631 | 4.354506
Os -5.468449 | 11.050236 | 6.531758
Os -2.734224 | 9.471631 | 4.354506
Os -2.734224 | 11.050236 | 6.531758
Os 0.0 9.471631 | 4.354506
Os 0.0 11.050236 | 6.531758
Os -6.835561 | 11.839539 | 4.354506
Os -6.835561 | 13.418145 | 6.531758
Os -4.101337 | 11.839539 | 4.354506
Os -4.101337 | 13.418145 | 6.531758
Os -1.367112 | 11.839539 | 4.354506
Os -1.367112 | 13.418145 | 6.531758

Table S4: Refined parameters for the fit in Figure S26, including the atomic positions in

the hcp cluster.

82 2.13 A2 Uiso 0.004 A2
Atom X y X
Os 0.0 0.0 0.0
Os 0.0 1.576459 | 2.174293
Os 2.730507 0.0 0.0
Os 2.730507 | 1.576459 | 2.174293
Os 5.461015 0.0 0.0
Os 5461015 | 1.576459 | 2.174293
Os 8.191522 0.0 0.0
Os 8.191522 | 1.576459 | 2.174293
Os | -1.365254 | 2.364689 0.0
Os | -1.365254 | 3.941148 | 2.174293
Os 1.365254 | 2.364689 0.0
Os 1.365254 | 3.941148 | 2.174293
Os 4.095761 | 2.364689 0.0
Os 4.095761 | 3.941148 | 2.174293
Os 6.826268 | 2.364689 0.0
Os 6.826268 | 3.941148 | 2.174293
Os | -2.730507 | 4.729377 0.0
Os | -2.730507 | 6.305837 | 2.174293
Os 0.0 4.729377 0.0
Os 0.0 6.305837 | 2.174293
Os 2.730507 | 4.729377 0.0
Os 2.730507 | 6.305837 | 2.174293
Os 5461015 | 4.729377 0.0
Os 5461015 | 6.305837 | 2.174293
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Os -4.095761 | 7.094066 0.0

Os -4.095761 | 8.670525 | 2.174293
Os -1.365254 | 7.094066 0.0

Os -1.365254 | 8.670525 | 2.174293
Os 1.365254 7.094066 0.0

Os 1.365254 8.670525 | 2.174293
Os 4.095761 7.094066 0.0

Os 4.095761 8.670525 | 2.174293
Os -5.461015 | 9.458755 0.0

Os -5.461015 | 11.035214 | 2.174293
Os -2.730507 | 9.458755 0.0

Os -2.730507 | 11.035214 | 2.174293
Os 0.0 9.458755 0.0

Os 0.0 11.035214 | 2.174293
Os 2.730507 9.458755 0.0

Os 2.730507 | 11.035214 | 2.174293
Os -6.826268 | 11.823444 0.0

Os -6.826268 | 13.399903 | 2.174293
Os -4.095761 | 11.823444 0.0

Os -4.095761 | 13.399903 | 2.174293
Os -1.365254 | 11.823444 0.0

Os -1.365254 | 13.399903 | 2.174293
Os 1.365254 | 11.823444 0.0

Os 1.365254 | 13.399903 | 2.174293
Os 0.0 0.0 4.348586
Os 0.0 1.576459 | 6.522879
Os 2.730507 0.0 4.348586
Os 2.730507 1.576459 | 6.522879
Os 5.461015 0.0 4.348586
Os 5.461015 1.576459 | 6.522879
Os 8.191522 0.0 4.348586
Os 8.191522 1.576459 | 6.522879
Os -1.365254 | 2.364689 | 4.348586
Os -1.365254 | 3.941148 | 6.522879
Os 1.365254 2.364689 | 4.348586
Os 1.365254 3.941148 | 6.522879
Os 4.095761 2.364689 | 4.348586
Os 4.095761 3.941148 | 6.522879
Os 6.826268 2.364689 | 4.348586
Os 6.826268 3.941148 | 6.522879
Os -2.730507 | 4.729377 | 4.348586
Os -2.730507 | 6.305837 | 6.522879
Os 0.0 4.729377 | 4.348586
Os 0.0 6.305837 | 6.522879
Os 2.730507 4.729377 | 4.348586
Os 2.730507 6.305837 | 6.522879
Os 5.461015 4729377 | 4.348586
Os 5.461015 6.305837 | 6.522879
Os -4.095761 | 7.094066 | 4.348586
Os -4.095761 | 8.670525 | 6.522879
Os -1.365254 | 7.094066 | 4.348586
Os -1.365254 | 8.670525 | 6.522879
Os 1.365254 7.094066 | 4.348586
Os 1.365254 8.670525 | 6.522879
Os 4.095761 7.094066 | 4.348586
Os 4.095761 8.670525 | 6.522879
Os -5.461015 | 9.458755 | 4.348586
Os -5.461015 | 11.035214 | 6.522879
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Os -2.730507 | 9.458755 | 4.348586
Os -2.730507 | 11.035214 | 6.522879
Os 0.0 9.458755 | 4.348586
Os 0.0 11.035214 | 6.522879
Os 2.730507 9.458755 | 4.348586
Os 2.730507 | 11.035214 | 6.522879
Os -6.826268 | 11.823444 | 4.348586
Os -6.826268 | 13.399903 | 6.522879
Os -4.095761 | 11.823444 | 4.348586
Os -4.095761 | 13.399903 | 6.522879
Os -1.365254 | 11.823444 | 4.348586
Os -1.365254 | 13.399903 | 6.522879
Os 1.365254 | 11.823444 | 4.348586
Os 1.365254 | 13.399903 | 6.522879

Table S5: Refined parameters for the fit in Figure S27, including the atomic positions in

the hcp cluster.

3, 2.11 A2 Uiso 0.005 A2
Atom X y z
Os 0.0 0.0 0.0
Os 0.0 1.561427 | 2.15356
Os | 2.704471 0.0 0.0
Os | 2.704471 | 1.561427 | 2.15356
Os | 5.408942 0.0 0.0
Os | 5.408942 | 1.561427 | 2.15356
Os | 8.113414 0.0 0.0
Os | 8.113414 | 1.561427 | 2.15356
Os | -1.352236 | 2.342141 0.0
Os | -1.352236 | 3.903568 | 2.15356
Os 1.352236 | 2.342141 0.0
Os 1.352236 | 3.903568 | 2.15356
Os | 4.056707 | 2.342141 0.0
Os | 4.056707 | 3.903568 | 2.15356
Os | 6.761178 | 2.342141 0.0
Os | 6.761178 | 3.903568 | 2.15356
Os | -2.704471 | 4.684281 0.0
Os | -2.704471 | 6.245709 | 2.15356
Os 0.0 4.684281 0.0
Os 0.0 6.245709 | 2.15356
Os | 2.704471 | 4.684281 0.0
Os | 2.704471 | 6.245709 | 2.15356
Os | 5.408942 | 4.684281 0.0
Os | 5.408942 | 6.245709 | 2.15356
Os | -4.056707 | 7.026422 0.0
Os | -4.056707 | 8.587849 | 2.15356
Os | -1.352236 | 7.026422 0.0
Os | -1.352236 | 8.587849 | 2.15356
Os 1.352236 | 7.026422 0.0
Os 1.352236 | 8.587849 | 2.15356
Os | 4.056707 | 7.026422 0.0
Os | 4.056707 | 8.587849 | 2.15356
Os 0.0 0.0 4307121
Os 0.0 1.561427 | 6.460681
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Table S6: Refined parameters for Os in the fit shown in Figure S32.

Os 2.704471 0.0 4.307121
Os 2.704471 | 1.561427 | 6.460681
Os 5.408942 0.0 4.307121
Os 5.408942 | 1.561427 | 6.460681
Os 8.113414 0.0 4.307121
Os 8.113414 | 1.561427 | 6.460681
Os -1.352236 | 2.342141 | 4.307121
Os -1.352236 | 3.903568 | 6.460681
Os 1.352236 | 2.342141 | 4.307121
Os 1.352236 | 3.903568 | 6.460681
Os 4.056707 | 2.342141 | 4.307121
Os 4.056707 | 3.903568 | 6.460681
Os 6.761178 | 2.342141 | 4.307121
Os 6.761178 | 3.903568 | 6.460681
Os -2.704471 | 4.684281 | 4.307121
Os -2.704471 | 6.245709 | 6.460681
Os 0.0 4.684281 | 4.307121
Os 0.0 6.245709 | 6.460681
Os 2.704471 | 4.684281 | 4.307121
Os 2.704471 | 6.245709 | 6.460681
Os 5.408942 | 4.684281 | 4.307121
Os 5.408942 | 6.245709 | 6.460681
Os -4.056707 | 7.026422 | 4.307121
Os -4.056707 | 8.587849 | 6.460681
Os -1.352236 | 7.026422 | 4.307121
Os -1.352236 | 8.587849 | 6.460681
Os 1.352236 | 7.026422 | 4.307121
Os 1.352236 | 8.587849 | 6.460681
Os 4.056707 | 7.026422 | 4.307121
Os 4.056707 | 8.587849 | 6.460681

Os Space group P 6/3 mmc
Spherical
a c
diameter
2.73A 438 A 12.04 A 2.07 A2
Atoms X y Uiso
Os 1/3 2/3 0.25 0.004 A?
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Table S7: Refined parameters for Os in the fit shown in Figure S33.

Os Space group P 6/3 mmc
Spherical
a C P
diameter
2.73A 4.36 A 13.15A 2.08 A?
Atoms X y z Uiso
Os 1/3 213 0.25 0.004 A2
Table S8: Refined parameters for Os in the fit shown in Figure S34.
Os Space group P 6/3 mmc
Spherical
a C 32
diameter
2.71A 432 A 11.60A 1.46 A
Atoms X y z Uiso
Os 1/3 213 0.25 0.004 A2
Table S9: Refined parameters for Os in the fit shown in Figure S35.
Os Space group P 6/3 mmc
Spherical
a c Size deviation 8,
diameter
2.73A 438 A 9.36 A 2.71 1.94 A2
Atoms X y z Uiso
Os 1/3 2/3 0.25 0.005 A2
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Table S10: Refined parameters for Os in the fit shown in Figure S36.

Os Space group P 6/3 mmc
Spherical
a c Size deviation I
diameter
2.73A 436 A 10.09 A 2.82 A? 2.08 A2
Atoms X y z Uiso
Os 1/3 2/3 0.25 0.005 A2
Table S11: Refined parameters for Os in the fit shown in Figure S37.
Os Space group P 6/3 mmc
Spherical
a c Size deviation 3>
diameter
271 A 432 A 10.05 A 1.97 1.46 A?
Atoms X y z Uiso
Os 1/3 213 0.25 0.006 A2

Table S12: Refined parameters for OsOa in the fit shown in Figure S40.

0sO, Space group C2lc
Spherical
a b c B LA
diameter
9.18 A 421 A 9.85 A 127.364° 8.55 A 1.9 A
Atoms X y z Uiso
Os 0 0.16 0.25 0.005 A?
01 0.14 0.0007 0.20 0.006 A?
02 0.12 0.44 0.11 0.006 A?




Table S13: Refined parameters for Os in the fit shown in Figure S40.

Os Space group P 6/3 mmc
Spherical
a c 62
diameter
271 A 4.45 A 9.38 A 1.46 A2
Atoms X y z Uiso
Os 1/3 2/3 0.25 0.002 A2
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