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We reduce di-n-butylmagnesium with arene (naphthalene, biphenyl,
phenanthrene) radical anions and dianions to obtain metallic, plasmonic
Mg nanoparticles. Their size and shape depends on the dianion concen-
tration and reduction potential. Based on these results, we demonstrate
a seeded growth Mg nanoparticle synthesis and report homogeneous
shapes with controllable monodisperse size distributions.

Nanoparticles (NPs) of some free-electron metals sustain light-
driven resonant oscillations of their free electrons called localised
surface plasmon resonances (LSPRs). At the resonant frequency,
the extinction cross-section of a plasmonic NP can exceed its
physical cross-section, resulting in light antenna with wavelength-
dependent scattering, absorption, and strong local electric field
enhancement. These effects underpin LSPRs’ applications in
photothermal cancer therapy," photocatalysis,”™ sensing® and
surface-enhanced spectroscopies.®’

The typical plasmonic metals, Ag and Au, have been challenged
in the past decades by earth-abundant alternatives such as Cu® and
AL° Recently, Mg has attracted attention due to its plasmonic
response across the ultraviolet, visible and near-infrared,"*"® in
addition to its earth abundance and biocompatibility. This has
already led to Mg being explored as an alternative plasmonic
material for sensing,’ cancer therapy,”'® and photocatalysis."”
However, Mg is more than a replacement for Ag and Au: it is
different. Its resonant range is broad, and Mg’s hexagonal lattice
leads to NP shapes strikingly distinct from those of all other
common plasmonic elements (Al, Ag, Cu, Au), which adopt a face
centred cubic (FCC) lattice.
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Efficient utilisation of plasmonic properties relies on tuning
the LSP frequency, usually achieved by tuning the NP’s size and
shape. For Mg, an early report of the reduction of MgCl, to a
“powder” by Rieke et al. in the presence of an arene (e.g.,
naphthalene or biphenyl)*® inspired a recent systematic study™’
in which we varied synthetic parameters including the reducing
agent’s potential (by selecting the arene) to obtain metallic Mg
NPs from di-n-butylmagnesium. The mean NP size could be
tuned between 80 and 1300 nm, however, the overlap between
the reaction’s nucleation and growth stages led to significant
size and shape heterogeneity, the latter due to the ability of Mg
to twin along multiple planes leading to various rod shapes®® in
addition to single crystalline hexagonal platelets."®

Seed-mediated approaches, where seeds are formed in reac-
tion conditions different than that of the growth phase, have
been key to reducing size and shape heterogeneity in many NP
syntheses.?"*> However, this method remains elusive for the
reactive plasmonic metals Al*® and Mg'' due to the sponta-
neous formation of a surface oxide during the intermediate
reaction workup. Here we demonstrate a one-pot, two-step
process in which a highly reductive arene dianion is used for
the nucleation step, then converted in situ to the radical anion
for the growth phase. This flexible synthetic platform yields
drastic improvements of the shape dispersion, previously unre-
ported shapes, and the ability to control NP size.

A typical*®"*° single step synthesis of Mg NPs was per-
formed by sonicating a 1:1 molar ratio of naphthalene and Li
pellets in anhydrous THF, then injecting di-n-butylmagnesium
into the LiNapht solution (Fig. 1a) such that the arene radical
anion was in slight stoichiometric excess of the Mg precursor.
The reaction proceeded for 18 h, and the products were
recovered after quenching and centrifugation. The resulting
platelets and folded platelets are faceted, large and heteroge-
neous (mean =+ standard deviation 900 + 200 nm) as shown in
the scanning electron microscopy (SEM) images in Fig. 1b
and Fig. S1, ESL{ Their plasmonic, metallic character and
the thin self-limiting oxide layer has been reported
previously.10,13,20,24,25
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Fig.1 Synthesis of Mg NPs using Li;Napht and LiNapht as reducing
agents. (a) Reaction scheme for the formation of LiNapht and Li,Napht
from Li and naphthalene in THF, their respective colour, and their reaction
with di-n-butylmagnesium; representative SEM and size distributions of
Mg NPs synthesised with (b and d) 1:1 and (c and d) 2:1 Li:naphthalene;
(e and f) HAADF-STEM images, (e) STEM-EDS map of Mg and O, and
() STEM-EELS maps of the bulk plasmon of metallic Mg for Mg NPs
synthesised using 2:1 Li:naphthalene; (g) optical extinction spectra of
Mg NPs dispersed in isopropanol.

Changing the Li:naphthalene ratio from 1:1 to 2:1 mod-
ified the colour of the solution from dark green to purple
(Fig. 1a). This is due to the formation of a dianion of naphtha-
lene (Li,Napht), as obtained by Smid when excess Li reacts with
naphthalene in THF.?® This highly reduced species has a
reduction potential 0.2-0.3 eV more negative than the radical
anion,?” and substantially impacts the formation of organoLi
compounds with catalytic amounts of arene.”® However, the
role of the dianion in Mg NP synthesis has not been previously
described. Other Mg syntheses with Li in excess have been
reported'®'®**31 where Li and the arene are mixed in the
presence of the Mg precursor, precluding dianion formation.
A recent report claims that the sonication time of Li and
naphthalene changed LiNapht’s reduction potential and thus
the final product."® We believe this is a misinterpretation, as
the LiNapht reduction potential is essentially constant. Here we
show systematically that the reaction outcome depends on the
radical anion to dianion ratio.

The presence of a dianion significantly impacted the size and
shape of the NPs produced. Mg NPs obtained after the addition of
di-n-butylmagnesium to the 2:1 Li:naphthalene solution had a
bimodal size distribution, with thin hexagonal platelets as the
larger NP size population of 320 + 170 nm, and small, thick NPs
with sizes of 54 + 18 nm (Fig. 1c and d and Fig. S1, ESIt). Both
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types of NPs are composed of a thin oxide layer, evidenced by
scanning transmission EM energy dispersive X-ray spectroscopy
(STEM-EDS, Fig. 1e), atop a metallic Mg core, confirmed by the
bulk plasmon peak visible in STEM electron energy loss spectro-
scopy (STEM-EELS, Fig. 1f and Fig. S2, ESIt), in agreement with
our previous results.'®'®?%**?> The hexagonal platelet shape
corresponds to single crystalline Mg displaying prominent
{0001} facets. The smaller NPs are more block-like but also
appeared single crystalline by electron diffraction (Fig. S3, ESIt).
This shape bimodality yielded a doubly peaked optical extinction
spectrum (Fig. 1g), in contrast to the broad and flat spectrum of
the heterogeneous Mg NPs synthesised using LiNapht only. Lastly,
as expected, the reaction with the stronger reducing agent,
Li,Napht, produced a higher reaction yield (29 + 3%) than
LiNapht (23.8 + 1.1%).

The initial [Li,Napht] was controllable with sonication time
(Fig. S4, ESIt) and measurable by a double titration.** It
significantly impacted the morphology of the Mg NPs produced
in the first five minutes of the reaction. At 30% [Li,Napht], i.e.,
when 30% of the naphthalene is in the dianion form and the
remaining is a radical anion, large thin 470 + 90 nm hexagonal
platelets with concave indents were exclusively formed (Fig. 2a
and Fig. S4, ESI{). They had a broad, flat optical extinction
spectrum (Fig. 2e). At 49% and 75% [Li,Napht], small slightly
rounded thick NPs with sizes of 56 + 10 nm and 49 + 12 nm,
respectively, were formed (Fig. 2b-d and Fig. S5, ESIt). The
formation of small NPs at higher [Li,Napht] is attributed to a
faster reduction and increased nuclei density and is consistent
with the trends observed for arene radical anions of increasing
reduction potential.’® Optically, the NPs formed with 49% and
75% [Li,Napht] have well-defined extinction signatures peaking
at ~470 nm and 450 nm, respectively (Fig. 2e). The blue shift
observed with smaller NPs is consistent with the peaks’ plas-
monic origin, and the presence of such defined features
indicates that single NPs are well-dispersed in the colloidal
suspension. The loose aggregates observed in SEM are likely
drying artifacts rather than growth aggregates, as also sug-
gested by the presence of single NPs and sizeable gaps between
aggregated NPs in both STEM and SEM.
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Fig. 2 Effect of [Li,Napht] on the size and shape of Mg NPs produced
after five minutes of reaction. (a—c) Representative SEM images, (d) size
distributions and (e) optical extinction spectra of Mg NPs obtained with
different [Li,Napht].
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Looking back at the bimodal sample in view of the size and
shape control provided by the [Li,Napht], we propose that the
small NPs were first produced and, since the rate of reduction
was fast, a kinetic shape was formed. The slower nucleation
and growth of the large, closer to thermodynamic shape
hexagonal platelets followed once the [Li,Napht] was depleted
to ~30%. This reaction mechanism is comparable to that of
seeded growth syntheses of Au NPs,*"** and, analogously to
Au,* the reducing agent dictates the prevalence of twinning.
Here, ~50% of NPs are twinned when using LiNapht and
virtually none are observed with 30% or more Li,Napht.

Based on the hypothesis that a continuously changing
concentration of dianion during the reaction leads to multiple
shapes, we devised a two-step, seed-mediated approach for the
synthesis of Mg NPs. A reaction of di-n-butylmagnesium with a
75% Li,Napht reducing agent solution was started, and, after
five minutes, naphthalene in THF was added such that all the
dianion was rapidly converted to LiNapht. The solution imme-
diately turned from purple to dark green as previously
reported,®® its reduction potential significantly weakened, and
the reaction shifted from nucleation to predominantly growth.
The seeds produced during the first five minutes in the
Li;Napht-rich environment were ~50 nm (Fig. 2c) and grew
to thick faceted NPs with a mean size of 121 nm and a narrow
size distribution (121 £+ 9 nm; 7%) over 60 minutes after
transforming the dianion to the radical anion (Fig. 3 and
Fig. S6, ESIT). No further growth was observed after 60 minutes.
The excellent dispersion of these structures provided further
evidence of the lack of significant aggregation early in the
reaction. The optical extinction spectrum displays a dipole
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Fig. 3 Comparison of one step and multiple seeded (two steps) Mg NPs
syntheses. Representative SEM images for (a) one step 65 minutes reaction
using Li;Napht and (b) two steps reaction starting with Li;Napht for five
minutes followed by addition of sufficient naphthalene to convert all
remaining Li;Napht to LiNapht. The reactions labelled 2xMg received
additional Mg precursor 30 minutes after the naphthalene addition. (c)
Size distributions for the single step and two steps reactions and (d) optical
extinction spectra of Mg NPs synthesised in five minutes with Li;Napht
('Seeds’), as well as the products of the one step and two steps reactions.
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and higher order plasmon resonances, as expected (Fig. 3d).
An identical reaction, but without the additional naphthalene,
yielded a faster reduction, as measured by ICP-MS (Table S1,
ESIt), and a starkly different, bimodal shape and size distribu-
tion (Fig. 3a and c and Fig. S6, ESIt). These results highlight the
effectiveness of separating the nucleation and growth stages via
the in situ transformation of the arene dianion to the radical
anion during the reaction.

The precursor feed regime during the growth stage can be
used to control NP size. Adding a second identical dose of Mg
precursor 30 minutes after the naphthalene injection and
letting the mixture to react for a further 60 minutes or 18h
led to larger NPs of similar shapes, with monodisperse sizes of
166 + 14 nm (8%) and 203 + 18 nm (9%), respectively (Fig. 3¢
and d and Fig. S6, ESIt). The Mg NPs were confirmed to be
metallic by STEM-EELS (Fig. S7, ESIt) and to be capped by a
surface oxide by STEM-EDS (Fig. S8, ESI{). The observed con-
tinuous and uniform growth of Mg NPs rules out formation of
an oxide layer during the synthesis as this layer would stop the
growth of metallic Mg. Together with the highly reductive
reaction medium this suggest that the oxide layer is formed
during post-treatment. The plasmonic response of the increas-
ingly large NPs shows a distinct redshift as expected (Fig. 3d).

The dianions of alternative arenes can also reduce organo-
metallic Mg compounds. Biphenyl, phenanthrene and anthra-
cene reacted with 2 equivalents of Li in THF under sonication
for 45 minutes to produce green/blue Li,Biphenyl, brown/green
Li,Phenanthrene, and deep purple Li,Anthracene solutions.
After an 18h reaction with di-n-butylmagnesium, the strongest
reducing agent, Li,Biphenyl, yielded the smallest NPs
(46 £ 12 nm), followed in size by the product of the weaker
Li,Phenanthrene (70 £+ 20 nm), Fig. 4 and Fig. S9, ESL,T a trend
consistent with results using their radical anion." As a com-
parison, the small NPs in the equivalent Li,Napht reaction were
54 + 18 nm, in line with its reduction potential being in
between that of Li,Biphenyl and Li,Phenanthrene. The weakest
reducing agent, Li,Anthracene did not produce enough product
for analysis.

Unlike with Li,Napht, the size distributions obtained with
the other arenes were not bimodal, likely because the reaction
does not span the reduction potential (and reduced Mg concen-
tration) range required for the growth of two distinct popula-
tions. This narrow size distribution led to singly-peaked
extinction spectra (Fig. 4d) with the expected redshift between
small (Li,Biphenyl, peak at 430 nm) and large NPs (Li,Phenan-
threne, 470 nm). The reaction yields also increased with redu-
cing potential, from 11.3 £+ 1.4% to 29 £ 3% to 44 + 3% for
Li,Phenanthrene, Li,Napht and Li,Biphenyl, respectively.
There is thus a substantial array of reducing agents
available for the synthesis of Mg NPs, and even more combina-
tions possible in the seed-mediated, two-step approach
described above.

In conclusion, we described the controlled production and
use of arene dianions (Li,Biphenyl, Li,Naphthalene, and
Li,Phenanthrene) for the reduction of di-n-butylmagnesium
in the colloidal synthesis of metallic, plasmonic Mg NPs with
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Fig. 4 Effect of electron carrier on Mg NPs. (a and b) Representative SEM
and (c) size distributions from reactions using Li,Biphenyl and Li,Phenan-
threne, and (d) optical extinction spectra from reactions using Li;Biphenyl,
Li,Napht, and Li;Phenanthrene.

improved size and shape dispersity. A novel two step, seed-
mediated growth approach not previously reported for Mg was
demonstrated. This reaction used a highly reductive Li arene
dianion to induce the nucleation of single crystalline seeds; the
reduction potential of the reaction medium was then modified
rapidly by providing enough arene to produce only the radical
anion. This first report of a successful seeded growth for Mg
NPs paves the way for a new library of syntheses, yielding
tuneable size with the monodispersity needed for the many
promising applications of this earth-abundant, biocompatible
plasmonic metal.
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