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Iron oxide nano-crystals 0.1-1.1 ym in diameter were generated
on sulfur-doped amorphous carbon surfaces by electron beam
irradiation of the novel 13e™ high-spin complex [Fe(4-methyl-1,2-
benzenedithiolate),][NHEt;] encapsulated in a triblock copolymer.
Possible relevance to iron nano-mineralization from Fe-S ferre-
doxin proteins and iron dysregulation in neurological disorders is
discussed.

Iron is an essential element for mammals and, amongst many
other functions, plays an important role in the human brain."
Recent research has indicated a strong association between
iron dysregulation and Alzheimer’s disease (AD), although it is
unknown how the chemical and magnetic state of iron is
linked to AD pathogenesis.”™* Reports from Collingwood et al.,
and Dobson et al., for example, have shown the presence of
iron oxide as the mixed oxidation state mineral, magnetite
(Fe;0,) in AD tissue, a possible source of redox-active iron, but
it remains unclear how this kind of iron mineral forms in the
tissue.>® These unsolved and important questions have led us
to consider how atomic resolution microscopy might provide
new insight into nanoscale iron mineralization.

Recently we reported methodology for studies of the nano-
mineralisation of osmium, gold, ruthenium and iridium from
their respective 1,2-dicarba-closo-dodecarborane-1,2-dithiolate
complexes encapsulated in polymer micelles upon electron

“Department of Chemistry, University of Warwick, Gibbet Hill Road,

Coventry CV4 7AL, UK. E-mail: P,J.Sadler@warwick.ac.uk

bDepartment of Physics, Technische Universitiit Kaiserslautern,
Erwin-Schrodinger-StrafSe 46, 67663 Kaiserslautern, Germany

‘Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7Al,
UK

School of Engineering, University of Warwick, Gibbet Hill Road, Coventry CV4 7Al,
UK

‘Diamond Light Source Ltd, electron Physical Science Imaging Centre (ePSIC),
Harwell Science & Innovation Campus, Didcot, Oxfordshire OX11 0ODE, UK.

E-mail: mohsen.danaie@diamond.ac.uk

1 Electronic supplementary information (ESI) available: Materials and methods,
synthesis of complex 1, DFT calculations, microscopy experimental, supporting
Tables (S1-S3) and Fig. (S1-S6). See DOI: 10.1039/c9dt00514e

9564 | Dalton Trans., 2019, 48, 9564-9569

Samya Banerjee, (92 Andreas Omlor, ©° Juliusz A. Wolny, @ ° Yisong Han, ¢
Frederik Lermyte, ©2¢ Amy E. Godfrey, 9@ Peter B. O'Connor, 2
Volker Schiinemann, & ° Mohsen Danaie & *© and Peter J. Sadler ) *2

beam irradiation.””® Here we report the synthesis and charac-
terization of the novel 13e” iron(m) complex [Fe(4-methyl-1,2-
benzenedithiolate),][NHEt;] (1), containing Fe-S bonds analo-
gous to those in the ubiquitous iron-sulfur ferredoxin pro-
teins. Importantly, recent research has indicated a strong
relationship between neurodegenerative disorders and defec-
tive Fe-S clusters.'®"" We have characterized complex 1 using
Mossbauer, Raman and far-infra red spectroscopy, and investi-
gated the generation of iron nanocrystals from 1 encapsulated
in a poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) polymer (Scheme 1) by electron beam
irradiation, and used electron energy-loss spectra (EELS) to
identify the oxidation state of iron and its coordination
environment in the nanocrystals.

The novel 13-electron Fe(m) complex 1 was synthesized by
reacting FeCl; (0.2 mmol) with toluene-3,4-dithiol (0.4 mmol),
in the presence of 2 mol equiv. of the base trimethylamine
(Et3N; 0.8 mmol). The complex was characterized by elemental
analysis, mass spectrometry, IR, Raman and Mossbauer
spectroscopy. The Fourier-transform ion cyclotron resonance
mass spectrometry (FTICR-MS) analysis of the complex
showed a good match between the theoretical and observed
isotopic fine structure for the negative ion [Fe(4-methyl-
1,2-benzenedithiolate),]|”, [Ci4H;,S,Fe]” (Fig. 1, S1, Table S1,
ESIt).

The Mossbauer spectrum of 1 contains a doublet with
isomer shift 6 varying from 0.48 mm s~' at 77 K to 0.33 mm
s~! at ambient temperature (Fig. 2(a)), while the quadrupole
splitting AE,, changes from 0.77 to 0.73 mm s~ ', respectively,
suggesting that iron is in the +3 oxidation state.'” The Raman
spectrum (Fig. 2(b)) shows three intense bands in the
600-900 cm ™" region, at 864, 683 and 637 cm™ " and a number
of bands in the region of 300-550 cm™". The Raman bands at
370, 330, 303 cm™' are in good agreement with literature
reports for Fe-S bonds and are associated with the Fe-S
stretching motions, confirming their formation in complex
1.">'* The IR spectrum in the far infrared region shows bands
at 68, 97, 171, 463, 472 and 553 cm™" (Fig. 2(c), S2, ESIf). The
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Scheme 1 Self-assembly of block copolymer (P123) micelles
benzenedithiolate),][NHEtz] (1).
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Fig.1 (a) Observed mass spectrum of [Fe(4-methyl-1,2-benzene-

dithiolate),]” (peaks labelled with blue dots) and comparison with the
calculated isotope distribution. Unlabelled peaks are due to a contami-
nant present in the solvent (MeOH), (see Fig. S1, Table S2, ESI{). Panels
(b) and (c) show zoomed-in views (10 mDa wide) of the peaks near
364.92 and 366.92 m/z (indicated by dotted rectangles in Panel A)
illustrating a good match between the theoretical and observed isotopic
fine structure indicating high confidence in the assigned elemental
compositions. These fine structure peaks were assigned as follows:
I = ["C14"H1%2S5%3S%Fel™; Il — [PC14"H1*S,> Fel™; Il - [PCy5®CMHy,
325,56Fe]™; IV — [*2C141H15325,3353485%6Fe]™; V — [*2C141H1,325534S%Fel;
VI - [22C1513C H,,3255345%0Fe] ™. Note that the spectra in panels (b) and
(c) are effectively expanded 400-fold compared to panel (a), explaining
why the additional fine structure peaks are not visible in the top spectrum.

bands at 68, 97, 171 cm™" are assignable to S-Fe-S, and Fe-S-
C bending motions." On the basis of these spectral results
it is difficult to assign an exact geometry to the complex. DFT
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calculations suggest that a high-spin tetrahedral configuration
is likely to be more stable than a square-planar configuration
(see ESI, Table S3, Fig. S37).

Micelles containing encapsulated complex 1 (FeMs) were
synthesized by encapsulation of 1 in the triblock copolymer
Pluronic P123 by mixing a tetrahydrofuran (THF) solution
of 1 with an aqueous solution of P123 (THF-pure water
(18.2 MQ): 1/10 v/v; [1] = 5 mg mL™"), at ambient temperature
for 4 h. The solution was then dialyzed against 18.2 MQ pure
water to remove the THF (MWCO = 1000 Da), for 54 h, and
freeze-dried to give FeMs (Scheme 1). On encapsulation of the
Fe(m) complex, the colour of the micelles changed from trans-
parent to grey, indicating the presence of the 13-electron
complex in the micelles. Dynamic light scattering (DLS) data
(Fig. 3(a)) clearly indicate that the polymer P123 and 1 self-
assemble in solution to give micelles with a very low-dispersity
parameter (ca. 0.2). Encapsulation resulted in an increase of
micellar size (hydrodynamic diameter) of P123 from 19.6 =
1.8 nm to 315.1 + 24.7 nm with dispersity of 0.18, consistent
with reports that micellar size usually increases after encapsu-
lation of organic molecules, and suggests that solvent mole-
cules might also be incorporated into the micelles.">"® A small
(<0.02%) second population of FeMs particles was found with
a hydrodynamic diameter ca. 5500 nm, and a strong intensity
in DLS arising from the aggregation of some particles.

FeMs micelles were dispersible in water and as the P123
polymer can form stable Langmuir films at ambient tempera-
ture, were also deformable on surfaces.'” Hence, we deposited
aqueous droplets containing micelles ([FeMs] = 1 mg ml™)
onto lacey carbon-coated TEM grids to generate an unsup-
ported film over the grid holes for examination by aberration-
corrected scanning transmission electron microscopy (STEM).
With the advent of probe spherical aberration correction and
sub-A resolution, annular dark-field imaging in STEM offers
direct imaging of single atoms.'® Structural changes to the
micelles were triggered by electron beam exposure with a large
stationary beam for 5 min, as described in the ESL{ We
acquired high-angle annular dark-field (HAADF) images in par-
allel to electron energy-loss spectra (EELS, Gatan Quantum GIF
detector) and energy-dispersive X-ray (EDX) spectra (more
experimental details provided in the ESI}). We observed the
generation of many iron clusters varying in size from 100 nm-
1.2 pm upon electron beam exposure (Fig. 3(b) and (c)). As
shown in Fig. 3(d) and (e), the interplanar distance of ca.
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Fig. 3 (a) DLS spectra of FeMs (1 mg mL™, H,O) from three inde-
pendent experiments (assigned as runs 1, 2, 3). (b) TEM image of the
Fe-nanoclusters. (c) STEM image of Fe-nanoclusters. (d) FFT and the
measured d-spacings of multiple planes. (e) Lattice within the Fe-rich
nanoparticle.
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(a) Méssbauer spectrum of complex 1 at 77 K. (b) Raman spectrum, and (c) IR spectrum of complex 1 at ambient temperature.

4.84 A, are similar to literature values for the {111} planes of
both magnetite Fe;0, and maghemite y-Fe,O; (Fig. S4, ESIT)."°
Considering all the potential mechanisms for electron beam-
induced damage,® the most likely damage mechanism in this
case is radiolysis through inelastic scattering of the electron
beam. In organic solids, this scattering can cause excitation in
the covalent bonds, especially the C-H bonds, resulting in
structural change and mass loss (loss of H).>' Importantly, the
STEM analysis was carried out in vacuo, so under these con-
ditions, the oxygen in the mineral is likely to arise from encap-
sulated solvent H,O, and ether or terminal hydroxyl groups of
the polymer.

In order to identify better the type of the iron oxide
observed, the composition of the nanoclusters was further
investigated by electron energy-loss spectroscopy (EELS) and
energy-dispersive X-ray spectroscopy (EDX). As shown in the
Fig. 4(a-d), EDX analysis of K characteristic signals indicated
the co-localisation of Fe, O and S. EDX quantification for the
particles (shown with details in the ESI section, Fig. S5, ESIT)
yields oxygen values larger than expected for any stoichio-
metric iron oxide. This can be due to overlapping species rich
in oxygen within this region. The experimental EELS spectra
(Fig. 5) match well with the reference EELS spectrum of Fe,O3
(Fig. S61). Using the HyperSpy package,’” we fitted a powerlaw
background and the Fe L; , and O-K edges to the experimental
data. The ratio of Fe L; to L, peaks in the model was ~1.43
which is close to that measured for the Fe,O; reference spec-
trum (1.96). This observation along with the STEM data
suggested the formation of iron-oxide nanoclusters on a
sulphur-doped amorphous carbon surface (generated in the
electron beam).

In summary, we have synthesised and characterised a novel
13-electron high-spin Fe(u) complex containing four Fe-(thio-
late)S bonds, similar to the iron centres in ferredoxin Fe-S pro-
teins, including Fe(u)-rubredoxin. Encapsulation of this
complex within a triblock copolymer (P123) gave micelles of
hydrodynamic diameter ca. 315 nm. Electron-beam irradiation
of these micelles spread across the holes in lacey carbon TEM
grids, rapidly generated Fe nanoclusters of 100 nm-1.1 pm dia-
meter on sulfur-doped amorphous carbon surfaces. EELS and
EDX data suggested that the iron oxide nanocrystals are

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) EDX spectroscopy analysis of the Fe-nanoclusters at 80 keV. (b) EDX iron K map, (c) EDX oxygen K map, (d) EDX sulfur K map.
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Fig. 5 (a) EELS iron L 3 map. (b) EELS spectrum showing Fe—L, 3z and O—K edges.

similar to y-Fe,Oj;. Superparamagnetic y-Fe,O; nanoparticles
are reported to be efficient reusable catalysts for the glycolysis
of polyethylene terephthalate (PET).>*

The conversion of Fe(ur)S, centres into iron oxide mineral
deposits observed here under reducing conditions is interest-
ing in relation to the proposed involvement of such deposits
in the etiology of Alzheimer’s and other neurological
conditions.> ® Such reactions appear to involve a complicated
mixture of iron, sulfur and oxygen redox chemistry, probably
driven by the high thermodynamic stability of Fe-O(H) bonds

This journal is © The Royal Society of Chemistry 2019

and Fe-O-Fe bridges, and lattice energies in the nanocrystal-
line deposits. It seems likely that the initial formation of
single Fe atoms leads to formation of O/OH-bridged Fe clus-
ters, which then aggregate into nanocrystals. If studies such as
those reported here at the single iron atom level could be
extended to conditions of closer relevance to biological tissues,
then new insight into the transformation of iron centres in
proteins into iron oxide nanocrystals might be obtained. This
knowledge might lead to a better understanding of how such
iron deposits arise in AD and lead to new treatments.

Dalton Trans., 2019, 48, 9564-9569 | 9567
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FTICR-MS analysis

Ultrahigh resolution mass spectrometry was performed on a
12 T solariX quadrupole/FTICR instrument (Bruker Daltonik
GmbH, Bremen, Germany) equipped with an infinity cell.
Resolving power in the m/z range of interest was ca. 400 000,
which was sufficient to partially resolve isotopic fine structure.
Complex 1 was dissolved in MeOH, and ions were introduced
using nano-ESI in negative ion mode. Data analysis was per-
formed using Bruker Compass Data Analysis 4.1, and external
calibration with Agilent Tuning Mix (Part # G1969-85000).

Mossbauer, Raman and IR spectroscopy

Raman spectra were recorded on a Senterra Raman
Microscope with a laser wavelength of 785 nm, and IR spectra
on a Vertex 70 spectrometer, using polyethylene pellets.
>’Fe Mossbauer spectra were obtained in transmission geome-
try using a constant acceleration spectrometer operated in con-
junction with a 512-channel analyzer in the time-scale mode
(WissEl GmbH). The source contained *’Co diffused in Rh
with an activity of 1.4 GBq. The spectrometer was calibrated
against a-iron at ambient temperature. A continuous flow cryo-
stat (OptistatDN, Oxford Instruments) was utilized for variable
temperature measurements. For further analysis, spectral data
were transferred from the multi-channel analyzer to a PC
employing the public domain program Vinda running on an
Excel 2003® platform.>* The spectra were analyzed by least-
squares fits using Lorentzian line shapes. In addition to the
Mossbauer parameters isomer shift § and quadrupole splitting
AEq, the line width at half maximum I" was determined.

Dynamic light scattering (DLS)

The hydrodynamic diameter (D) of FeMs was obtained by
DLS. An aqueous solution of FeMs (1 mg ml™") was studied on
a Malvern Zetasizer NanoS instrument with a 4 mW He-Ne
633 nm laser module at 298 K. Measurements were made at
173° detector angle. Data were analyzed by Malvern DTS 6.20
software. Dy, was calculated by fitting the apparent diffusion
coefficient in the equation Dy, = kT/(37nD,pp), where k = the
Boltzmann constant, 7 = temperature, and # = viscosity of the
water.
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