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Atomically precise bismuth oxido nanoclusters:
cerium doping for optical modification and
supramolecular self-assembly on Au(111)+
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The functionalization of atomically precise bismuth oxido nanoclusters (BiO-NCs) by partial substitution of
bismuth with cerium, chiral modification by ligand substitution, and their 2D-supramolecular self-assembly
on surfaces such as Au(11l) and HOPG(0001) was studied. Starting from [BizgO45(NO3)20(dmso),sl
(NO3z)4-4dmso (C-1) and its cerium doped counterpart [BizgO45(NO3)4(dmso),gl:Ce-1.5dmso (C-1:Ce),
soluble BiO-NCs with a size of 2 nm are obtained by reaction with methacrylate and chiral carboxylates to
give [BizgOy4s(L)24] and [BizgO4s(L)4]:Ce with L = McO™ (C-2 and C-2:Ce), Boc-1-Phe-O~ (C-3 and C-3:
Ce), and Boc-L-Ala—O~ (C-4 and C-4:Ce). The cerium doping content determined using ICP-OES and the
oxidation state of cerium determined via XP- and EPR spectroscopy were studied, showing Ce(i) for the
carboxylate functionalized BiO-NCs, whereas mixed valency Ce(i)/Ce(iv) was detected for the nitrate C-1:
Ce. However, doping of BiO-NCs with cerium results in a change of absorption from the UV to the visible
light region for all compounds, whereby the red-shift is concluded to originate from the MLCT from Ce(in)
to oxygen. The self-assembly of chiral BiO-NCs [BizgO45(Boc-L-Phe—-0),4] (C-3) and [BizgO4s(Boc-L-Phe-
0),4]:Ce (C-3:Ce) on Au(111) and HOPG(0001) was analyzed. STM images of BiO-NCs revealed a stepwise
one-dimensional arrangement of BiO-NCs and STS analysis proved significant changes in the electronic
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Introduction

Since the famous lecture of Richard P. Feynman “There’s
Plenty of Room at the Bottom” at the annual meeting of the
American Physical Society in 1959, nanoscience has become
one of the most important research fields leading to novel
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energy gap as a result of ~1 ®% Ce(n) doping (C-3 £5 = 3.5eV vs. C-3:Ce £5 = 2.6 eV).

technologies based on the use of nanoparticles (NPs).'
Starting from that, one of the major challenges was the tar-
geted synthesis of NPs having defined and uniform compo-
sition, size and shape, allowing precise tuning of the physical
properties. Among the numerous synthetic protocols that were
developed, those that provide monodisperse NPs have to be
highlighted.>™* Physical and chemical properties are even
better defined for atomically precise nanoclusters (NCs) and
thus, research on NCs of metals and alloys came more and
more into focus.”® Even though the synthesis of NCs needs
sophisticated experimental methods, they provide a highly
reproducible way to study the size-dependent properties. Such
NCs with sizes of a few nanometers represent the link
between molecules and nanoparticles, and they can be
studied by methods of molecular chemistry such as single
crystal X-ray diffraction (SC XRD), nuclear magnetic resonance
(NMR) and mass spectrometry (MS) in addition to methods
commonly applied to nanoparticles. Thus, either the influ-
ence of the core atoms or the ligand shell on the electronic
structure or surface reactivity can be studied with molecular
precision. In addition to the intensively studied metal- and
metalloid-based NCs, metal sulfide and selenide NCs have
attracted increasing interest in the past. Less attention has
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been paid to nanosized metal oxido NCs (MO-NCs) other than
polyoxometalates (POMs), which constitute a well-established,
unique class of materials composed of negatively charged
species and diverse counter cations. In contrast, the neutral
MO-NCs, as reported here, strongly resemble cut-outs of the
parent metal oxide.?°

Bismuth oxido nanoclusters (BiO-NCs) play a special role
within the class of MO-NCs due to their structural diversity and
first reports towards applications in transparent radiopaque
materials, photocatalysis, energy storage and rewritable resistive
memory devices were published.”’>* The cationic [BizgOus]***
framework has been referred to as a ‘magic cluster’, which is
characterized by high stability and the ability to attach diverse
anionic moieties.?**"**> Moreover, we have recently reported on
a doped MO-NC prepared by the substitution of bismuth with
cerium within the cluster core, [BizgOy45(NO3)s4(dmso)yg]:
Ce-1.5dmso (C-1:Ce).*® NCs with variations in the occupancy of
the dopant are studied intensely for metal-NCs,”*”~*° but doping
in MO-NCs has not caught similar attention and is mainly
restricted to titanium oxido clusters.**™?

Cerium is one of the few lanthanides that has two stable
oxidation states, Ce(ui/v), which often leads to the occurrence
of mixed valence cerium compounds as observed in various
cerium oxido nanoclusters."***> Even for CeO,, a Ce(m)
content up to 5% is found to be present, primarily placed at
the surface in combination with oxygen deficiency.*®*” We
thus have a MO-NC at hand that allows us to study the effects
of doping with molecular precision, which in turn should
provide further insight into metal oxide doping in a more
general view. The first example was published recently (C-1:
Ce), however leaving open questions on its mixed valent
nature. We did also face the problem of restricted solubility of
the bismuth oxido nitrate cluster, which hampers controlled
deposition of BiO-NCs on surfaces for further analysis and
application. As demonstrated for a homometallic BiO-NC func-
tionalized with an N-(tert-butoxycarbonyl)-L-phenylalanine
(Boc-1-Phe-O7) ligand shell, the solubility can be significantly
enhanced and thin film deposition becomes possible.>®

Here, we report on the combination of doping and ligand
exchange, and provide insight into the oxidation state of
cerium in combination with the effect of the bonded ligands
methacrylate (McO™), Boc-1-Phe-O~, and N-(tert-butoxycarbo-
nyl)-r-alanine (Boc--Ala-O~) and on the optical and electronic
properties of the BiO-NCs. In addition, the influence of doping
on the self-assembly process of BiO-NCs on Au(111) and pyro-
lytic graphite HOPG(0001) was studied using scanning tunnel-
ing microscopy (STM) and scanning tunneling spectroscopy
(STS). The combination of both techniques allows simul-
taneous obtention of information on both topography and
electrical properties of NCs on surfaces.*®>?

Results and discussion

For the synthesis of the novel carboxylate functionalized,
undoped and cerium doped BiO-NCs, the previously reported
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BiO-NCs [BizgO45(NO3)50(dmso),5](NO;),-4dmso  (C-1)°* and
[Bizg045(NO3),4(dmso),g]:Ce (C-1:Ce) were prepared using a
modified procedure.’® Starting from C-1 and C-1:Ce, the
BiO-NCs of the composition [BizgO4s5(L)24] and [BizgOas(L)z4]:
Ce (L = McO™ (2); C-2, C-2:Ce; L = Boc-L-Phe-O"~ (3); C-3, C-3:
Ce; and L = Boc-1-Ala-O~ (4); C-4, C-4:Ce, Fig. 1a) were pre-
pared by reaction with the respective sodium carboxylates.
Table S11 summarizes the chemical formula of all synthesized
compounds. The homometallic BiO-NCs (C-2, C-3, and C-4)
were obtained as colorless crystalline materials, whereas
yellow-colored crystalline compounds were formed in the case
of cerium doped BiO-NCs (C-2:Ce, C-3:Ce, and C-4:Ce).
BiO-NCs with a {BizgO,5} core are built out of a central
{BigOo} unit, surrounded by 12 edge sharing [BigOg_,J2*""
octahedra. The fcc packing of the bismuth atoms in the cluster
core with a fully occupied oxygen sublattice is related to the
solid-state structures of §-Bi,O; and &-Bi,0,.>> Furthermore,
the {Bi3sO45} cluster core is covered by the coordinating ligand
sphere. The doping of the cluster with cerium results in the
statistical occupancy of some bismuth(u) positions, where the
rare earth metal cation primarily favors the inner {BigOo} core
motif and neighboring Bi positions in the NC. The crystalline
material is best described as a mixture of doped BiO-NCs with
one cerium {Bi3;CeO,s} as a majority compound and of
undoped BiO-NCs {Biz3gO,s5}. The bond lengths and angles
within the nanocluster, as well as the coordinated ligand are
only slightly affected by the doping.*® This holds true for the
novel methacrylate substituted, doped BiO-NC C-2:Ce, which
shows similar structural parameters as reported for C-2
(Fig. 1a)* and is discussed in more detail in the ESI (¢f Tables
S2 and S4f). The determination of the occupancy of the
cerium atoms within the cluster is important for the structure
description of the cerium doped clusters. In the case of
BiO-NC C-2:Ce, four positions are partially occupied by cerium
(¢f Fig. 1b). In C-1:Ce, eight different positions are occupied.
In both clusters, the positions in the central {BisOo} unit of the
bismuth oxido core are occupied predominantly. Interestingly,
the relative occupancy rate of these positions, ranging from 8.6
(7)% to 12.0(7)% (C-2:Ce, cf. Table S37), is significantly higher
as compared to C-1:Ce (occupancy factors from 1.9(9)% to 6.6
(9)%). We assume that the difference results from the modi-
fied reaction conditions and/or the adoption of different space
groups (C-1:Ce in C2/c; C-2:Ce in P1). Overall, a dopant content
of 0.336 cerium atoms per {BizgO,s} unit was determined for
the crystal structure of C-2:Ce (C-1:Ce 0.28 per unit), which
accounts for total cerium contents of 0.32 w% (C-1:Ce)*® and
0.41 ®% (C-2:Ce). The cerium content measured with ICP-OES
of the as-synthesized C-1:Ce with 1.10 % is increased com-
pared to the previously published results with 0.69 ®w%
(ICP-OES). In C-2:Ce, the cerium content determined using
ICP-OES (0.31 ®%) is in good agreement with the results from
SC XRD (0.41 w%). The Boc-amino acid anion coordinated and
cerium doped BiO-NCs revealed slightly higher dopant con-
tents compared to C-2:Ce, with 0.73 % (C-3:Ce) and 1.00 ©%
(C-4:Ce). Please note that about 30% (C-2:Ce), 65% (C-3:Ce)
and 83% (C-4:Ce) of the BiO-NCs are doped with at least one

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) General chemical composition of homometallic and cerium doped BiO-NCs with the formula of the corresponding carboxylate ligands

below. “Ball and stick” model based on the SC XRD structural data of homometallic BiO-NC C-2 and cerium doped BiO-NC C-2:Ce. Hydrogen
atoms are omitted for clarity. (b) “Ball and stick” model of the selected part of BiO-NC C-2:Ce showing the central [Bi/CecOg] polyhedron with the
adjusted (Bi29/Ce29) including the occupancy parameters of Bi/Ce in %. (c) Section of the solid-state structure of C-2:Ce to visualize the packing of
BiO-NCs; view along the a-axis with highlighted lattice planes (001) and (002). Hydrogen, sulfur and carbon are omitted for clarity.

cerium. Noteworthily, the as-prepared crystalline compounds
consist of both homo- and heterobimetallic BiO-NC species,
which is confirmed by the mass spectrometric detection of the
respective BiO-NC cations in the gas phase generated from
electrosprayed compounds C-2:Ce, C-3:Ce and C-4:Ce (see the
discussion on ESI-MS).

In the solid state, the BiO-NCs are arranged in a hexagonal
close packing (Fig. 1c). This is reflected in the resulting
powder X-ray diffraction (PXRD) pattern of the respective
BiO-NCs (comp. Fig. S21) from which the interlayer distance
(and thus the diameter) can be calculated from the major diffr-
action at low 26 values (comp. Table $51).>> Overall, the cerium
doped and undoped BiO-NCs show similar PXRD patterns and
a similar main diffraction 26 range, indicating that cerium
does not influence the size of the {BizgO,s} core. The clusters
C-1, C-1:Ce and C-2, C-2:Ce with nitrate and methacrylate
ligands show a diameter of about 1.7 nm, while the clusters
C-3, C-3:Ce and C-4, C-4:Ce with the larger amino acid ligands
show a diameter of about 1.9 nm. Furthermore, the PXRD pat-
terns of C-1, C-1:Ce and C-2, C-2:Ce are in good accordance
with those calculated from the corresponding SC XRD data (cf:
Fig. S31). Thus, an intact BiO-NC structure in the solid state is
concluded for all as-prepared compounds.

ESI-MS has proven to be a powerful analytical tool for deter-
mining the chemical composition of single BiO-NCs.****°” In
the case of the cerium doped compounds, {Biss_yCe Ous}
species containing one Ce atom in C-1:Ce are dominating,®
but up to two Ce atoms in C-2:Ce, one Ce atom in C-3:Ce, and
up to three Ce atoms for C-4:Ce were detected in the gas phase
next to the homometallic species based on the [BizsOus]**"

This journal is © The Royal Society of Chemistry 2025

motif. The presence of only Ce(m) doped BiO-NC cations with
lower abundance with regard to dominant [Bizs045]>*" species
is in line with previously reported ESI-MS studies on C-1:Ce,*®
concluding that the cerium oxidation state +IV is not stable in
the gas phase of BiO-NCs coordinated with nitrate. Parts of the
ESI mass spectra of Boc-alanine coordinated BiO-NCs C-4, and
C-4:Ce are shown exemplarily (Fig. 2). Survey ESI mass spectra
and selected parts of the spectra as well as assigned species
for all other BiO-NCs are given and discussed in the ESI
(Fig. S4-S13 and Tables S6-510%), confirming the complete
ligand exchange. Applying soft ionization conditions, typical
charge states of doubly, triply, and quadruply positive charged
BiO-NCs cations were generated by stripping off the appropri-
ate number of counter anions.>® The ESI-MS spectra of C-4
and C-4:Ce, allow a reliable assignment of both homo- and
heterobimetallic cationic species (Tables S9 and S10%). Both
spectra are dominated by the homometallic species
[Biz5045(Boc-1-Ala-0),,]** (XXXVIL, m/z = 6400.5377), whereas
the Ce doped species are present showing less abundant m/z
signals. The MS of C-4:Ce allows the identification of several
cerium doped species such as [Biz;CeO,s5(Boc-1-Ala-0),,]*"
(XLIX, major species), [BizsCe,045(Boc-1-Ala-0),,]*" (L), and
[BizsCe3045(Boc-1-Ala-0),,]*" (LI) (Table S10%). In the case of
C-4:Ce, ESI-MS reveals four different nanocluster cores with Bi/
Ce compositions such as {Biss}, {Bis;Ce}, {BizcCe,}, and
{Bi3sCe;}, with the two latter representing minor species. In
summary, the complete ligand modification in all BiO-NCs
has been confirmed by ESI-MS analysis. Furthermore, the
doped clusters show cerium doped fragments with up to three
cerium in addition to undoped fragments.

Nanoscale, 2025, 17,18291-18304 | 18293
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Fig. 2 (a) Part of the ESI mass spectrum of compound C-4 electrosprayed from MeOH showing doubly positive charged homometallic bismuth

oxido cluster cations (XXXVI-XLI); [BizgO4s(Boc-L-Ala—0),,]%* (XXXVII) at m/z = 6400.5377 with the highest abundance. All labeled cations and their
assignment are summarized in Table S9.1 (b) Part of the ESI mass spectrum of compound C-4:Ce electrosprayed from MeOH showing doubly posi-
tive charged homometallic bismuth oxido cluster cations (XXXVI=XLI); [BizgO4s(Boc-L-Ala—0),,]2 (XXXVII) at m/z = 6400.5351 showing the highest
abundance. Several Ce doped BiO-NC cations (XLV, XLVIII-LII) with varying dopant contents were detected with low abundance. All labeled cations

and their assignment are summarized in Table S10.}

In accordance with the ESI-MS results, Fourier transform
infrared (FTIR) spectra of the as-prepared BiO-NCs confirm the
complete substitution of nitrate by the carboxylate ligands in
the cluster periphery (Table S11 and Fig. S14}). Most impor-
tantly, the absorption bands of the nitrate groups of the pre-
cursors C-1 and C-1:Ce at around 1380 cm™" (v, (NO,)) and
1265 em™" (Vgym (NO,)) for bidentate nitrates, at 1430 cm™*
(vas.(NO,)) and 957 em™ (Vgym (NO,)) for monodentate nitrates
and at approximately 1740 cm™" for free nitrate®®** are no
longer detected in the carboxylate substituted BiO-NCs.

The "H and "*C NMR spectra of all BiO-NCs are in accord-
ance with the chemical composition of the BiO-NCs assuming
a homoleptic ligand shell with averaged coordination modes
(Fig. S15-S207). The signals in the NMR spectra of cerium
doped and undoped nanoclusters did not reveal significant
difference in their chemical shifts and peak widths. In agree-
ment with IR spectroscopy, some residual DMSO is detected.
Notably, the nitrate coordinated nanoclusters C-1 and C-1:Ce
are only soluble in DMSO, while the carboxylate coordinated
BiO-NCs are soluble in various polar organic solvents, such as
ethanol or acetonitrile. The Boc-phenylalanine modified
BiO-NCs (C-3/C-3:Ce) exhibit a slightly higher solubility in

18294 | Nanoscale, 2025, 17,18291-18304

ethanol (=75 g L") compared to those coordinated by Boc-
alanine ligands (C-4/C-4:Ce, ~65 g L™"). Therefore, the nano-
clusters C-3 and C-3:Ce represent the best suited candidates,
from the as-prepared compounds, for the deposition experi-
ments of single clusters on well-defined gold substrates.

CD spectroscopy demonstrated the introduction of the
chiral information into Boc-protected amino acid anion co-
ordinated BiO-NCs such as undoped C-3, [BizgO,5(Boc-.-Met—
0),4] and [Biz30,5(Boc-1-Val-0),,(OH),].”**® The CD spectra of
C-3, C-3:Ce (¢f. Fig. S21atf) and C-4, C-4:Ce (c¢f Fig. 3a) show
the expected Cotton effects of the ligand centered signal
(<225 nm) and a signal for the ligand induced charge transfer
band (approx. 275 nm) confirming the presence of chiral
BiO-NCs. Notably, the maxima are in a similar range compared
to the absorption maxima of the respective UV-vis spectra at
275 nm (Fig. 5, Table S12%). Strikingly, the CD signal of the
chiral clusters is not affected by cerium doping, as neither
broadening nor shifting of the band for the chiral cluster is
observed. Furthermore, cerium doping in the core
{Bizs_.Ce,O4s} does not lead directly to the presence of chiral
BiO-NCs as no CD signals are observed for C-2 and C-2:Ce
(Fig. S22at). We conclude that the optical signal for the chiral

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr02346g

Open Access Article. Published on 07 July 2025. Downloaded on 10/14/2025 6:40:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
200
(a) Boc-L-Ala—OH
5l —— Boc-D-Ala-OH
= o
= ——C-4:Ce
o] |
e 100
E
5 504
i
ol 0
£
“-’8 -50 -
& -100-
-150
-200 T T T
200 250 300 350 400
Wavelength (nm)
100
(b) Boc-L-Ala—OH
Boc-D-Ala—OH
—_ —— C-4:Ce
% C-4:Ce+24 eq Boc-D-Ala—OH
= 50 + —— C-4:Ce+48 eq Boc-D-Ala—OH
=
(&)
(@)}
o)
el
£
)
)
-100 T T T
200 250 300 350 400

Wavelength (nm)

Fig. 3 CD spectra of Boc-L-alanine (green, ¢ = 1 x 10~ M), Boc-b-
alanine (blue, ¢ = 1 x 1073 M), (a) BiO-NC C-4 (black, c = 5 x 10™> M) and
BiO-NC C-4:Ce (red, ¢ = 5 x 10~ M) in acetonitrile and (b) CD spectra
of BiO-NC C-4:Ce (red, c = 5 x 10~> M), BiO-NC C-4:Ce + 24 eq. Boc-p-
alanine (yellow, ¢ = 5 x 107> M) and BiO-NC C-4:Ce + 48 eq. Boc-p-
alanine (dark red, c = 5 x 107> M) in acetonitrile.

clusters is caused by a chiral ligand induced charge transfer
process, which is however not significantly influenced by the
nature of the coordinated amino acids.

CD spectroscopy was used to track the in situ ligand
exchange reactions for C-3:Ce (c¢f. Fig. S21bt) and C-4:Ce (c¢f.
Fig. 3b) in acetonitrile with the respective p-amino acid enan-
tiomers added in an equimolar amount (24 eq.) and in excess
(48 eq.). For both cerium doped BiO-NCs, the Cotton effect
signal of the BiO-NCs at 280 nm (C-3:Ce) and 277 nm (C-4:Ce)
disappeared completely after adding the respective p-amino
acid in an equimolar amount; thus no preference in chiral
ligand binding was observed. Adding Boc-p-amino acids in
excess to the BiO-NC solutions leads to a change of sign of the
Cotton effect signal at ~280 nm (Fig. S211) and therefore a
change in the chirality of the doped BiO-NCs. The CD-signal
maximum of the cluster C-3:Ce (+48 eq. Boc-p-phenylalanine)
at 286 nm is slightly shifted compared to the initial position at
282 nm. In contrast to C-3:Ce, the CD-signal maximum of C-4:
Ce (+48 eq. Boc-p-alanine) at 277 nm (C-4:Ce) matches well

This journal is © The Royal Society of Chemistry 2025
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with the initial signal. In situ stability studies on cluster C-4 at
ambient and elevated temperature (¢f. Fig. S22b and ct) do not
show racemization over a period of 150 min. In conclusion,
the accessibility of chiral cerium doped BiO-NCs was con-
firmed using different enantiomers of the respective ligand.
Nevertheless, cerium doping, as well as its oxidation state,
is of inherent interest with regard to optical properties and
will be discussed in the following in more detail. The tran-
sition between two stable oxidation states Ce(w/wv) often leads
to the occurrence of mixed valence cerium oxido
nanoclusters.'***%% studies demonstrated the sensitivity of
the cerium oxidation state in mono and hexanuclear cerium
complexes to the applied reaction conditions (pH), stabilizing
ligand type, usage of additives or the kind of solvent.**** For
the previously published nitrate nanocluster C-1:Ce, the
cerium oxidation state was found to be Ce(iv) based on the
results obtained from XP- and UV-vis spectroscopy in the solid
state.>® However, ESI-MS revealed only species containing Ce
() in the gas phase for all cerium doped clusters, which is
explained for C-1:Ce by the reduction from Ce(iv) to Ce(ur)
caused by the loss of a nitrate radical. Such a reduction is not
reported in the case of smaller homometallic cerium oxido
nanoclusters coordinated by organic ligands such as acetyl-
acetonate, for which fragments with both Ce(v) and Ce(u)
were identified in the mass spectra.*>®° In the case of the car-
boxylate-functionalized BiO-NCs (C-2:Ce-C-4:Ce) reported
here, the ESI MS results exclusively show the oxidation state Ce
(m). XP spectroscopy was carried out to provide more detailed
information about the oxidation state of cerium for Ce doped
BiO-NCs. A representative survey spectrum of compound C-4:
Ce as well as the high resolution spectra of N 1s, C 1s and O 1s
core levels of BiO-NCs C-1:Ce, C-2:Ce, C-3:Ce and C-4:Ce are
shown in the ESI (¢f Fig. S237). XPS survey spectra confirmed
the presence of the elements Bi, Ce, C, N, and O in all
BiO-NCs. Sulfur cannot be detected in these samples due to
the small photoemission cross section and overlap with the
intense Bi 4f core level. As expected, the N 1s signal from
nitrate observed at ~407 eV in C-1:Ce is absent in the spectra
of C-2:Ce, C-3:Ce, and C-4:Ce confirming the complete ligand
exchange with the carboxylates. The BiO-NCs C-3:Ce and C-4:
Ce show a signal at ~400 eV arising from the amide group in
the Boc-protected amino acid anion ligands. The respective
high-resolution spectra of the Ce 3d core level are shown in
Fig. 4. The Ce 3d signal is known to show distinct multiplet
structures for different oxidation states due to final state
effects.®’ The spin-orbit split duplet v'’-u"", located at ~898 eV
and ~917 eV, respectively, is characteristic of the Ce(wv) oxi-
dation state. A peak deconvolution of the total Ce 3d core level
signal can be used to quantify potential mixed valence
states.®’ For homometallic cerium oxido nanoclusters and
ceria, this fitting procedure is well established.'"**®* We cali-
brated our fitting procedure (e.g. peak separation and inten-
sity, and fullwidth at half maximum) using both internal
reference samples®® and spectra available in the literature.®*
For the previously published cerium doped nitrate coordinated
BiO-NC based on the presence of the single peak at around
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Fig. 4 XPS high-resolution spectra of cerium in the cerium doped BiO-NCs (a) C-1:Ce, (b) C-2:Ce, (c) C-3:Ce and (d) C-4:Ce. Two spin—orbit split
peaks v and u correspond to each (final) state contributing to the spectra. Slight shifts in binding energy between different measurements are due to

charging effects.

917 eV (Ce(wv) v"") and the good agreement of a fit using only
the Ce(wv) features v, v” and v"", the data are decisive for the
assignment to a Ce(iv) compound. However, the spectra for the
as-synthesized compound C-1:Ce (Fig. 4a) using the modified
synthesis protocol showed slightly different results and indi-
cated a mixed-valence cerium doping of approximately Ce(iv)
~74% and Ce(m) ~26%. This ratio was obtained by fitting the
spectra while constraining the intensity ratios and peak widths
from the different Ce(wv) features v, v", and v"". The remaining
peak area can be fitted well with the additional amount of Ce
(m), using v°, #° and v, «’.""*"°? The spectra of C-2:Ce, C-3:Ce
and C-4:Ce show a distinctly different shape compared to C-1:
Ce, as in all three spectra, the characteristic peak for Ce(w)
species at ~#917 €V is not detected. When the observed signals
are fitted under the consideration of the intensity ratios of the
v? and 1’ states in a Ce(m) compound, a good agreement is
obtained. Thus, we conclude that under XPS conditions the
NCs C-2:Ce, C-3:Ce, and C-4:Ce contain only Ce(m), whereas
nitrate coordinated C-1:Ce consists of both Ce(m) and Ce(v).
We assume that the photoreduction of Ce(iv) complexes under
oxidation of the solvent or the ligands took place upon modifi-
cation of the nitrate C-1:Ce into the carboxylates.®*"®°

The presence of Ce(m) in all doped BiO-NCs was proven
using continuous wave EPR spectroscopy at 10 K (¢f. Fig. S247).
The obtained EPR signal clearly shows the presence of Ce(in)
as an S = 1/2 species and matches well with the EPR spectra of
the respective cerium oxido nanoclusters.'**”7°
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Cerium compounds typically appear yellow as a result of
mixed valency, defective structures, MLCT from Ce(m) or
LMCT to Ce(v) leading to a red-shifted and broader absorption
in the visible light region.>®***”" Similarly, the cerium doped
BiO-NCs (C-1:Ce-C-4:Ce) synthesized in this study are obtained
as orange-yellow crystalline materials, while the undoped clus-
ters are colorless. The red-shifted absorption of the previously
reported nitrate coordinated BiO-NC has previously been attrib-
uted to an LMCT of oxygen to cerium(iv).*® The nitrate cluster
C-1:Ce reported here appears mixed-valent, while in the
carboxylate substituted BiO-NCs (C-2:Ce-C-4:Ce), only Ce(m) is
present. The influence of cerium on the resulting UV-Vis
spectra in diffuse reflectance for the doped BiO-NCs was there-
fore investigated in comparison with the undoped BiO-NCs
(Fig. 5 and Table S127). Note that all BiO-NCs were ground for
better comparability, since effects such as crystal size, rough-
ness or thickness of the sample have a strong influence on the
resulting spectra (c¢f. Fig. S25at). Based on the corresponding
UV-vis spectra, the absorption edges of compounds C-1, C-2,
C-3 and C-4 with values between 340 nm and 353 nm (3.5 eV-
3.6 eV) are in the UV region, whereas those of the cerium
doped nanoclusters C-1:Ce, C-2:Ce, C-3:Ce and C-4:Ce are red-
shifted by 100 nm-130 nm to the visible region in between
445 nm and 478 nm (2.6 eV-2.8 eV; cf. Table S127). It is note-
worthy that the spectra of the cerium doped clusters agree well
with those of the undoped clusters in the range between
325 nm and 250 nm, showing strong absorption with a

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 UV-vis spectra in diffuse reflection of BiO-NCs C-1 (black
dotted), C-1:Ce (black), C-2 (green dotted), C-2:Ce (green), C-3 (red
dotted), C-3:Ce (red), C-4 (blue dotted) and C-4:Ce (blue).

maximum at 270 nm-275 nm, which is assigned to the absorp-
tion of the {Biz30,5} core, but they differ in an additional band
at about 365 nm, which is present in all cerium doped clusters.
Thus, cerium doping (1 ®%) strongly influences the absorp-
tion, leading to a clear color change and a shift of the optical
energy gap to the visible region (2.6 eV-2.8 eV). The additional
absorption in the cerium doped clusters differs slightly in
intensity, onset and edge, but there is no correlation with the
cerium content (C-4:Ce highest, C-2:Ce lowest) or cerium oxi-
dation state (C-1:Ce similar to C-2:Ce-C-4:Ce). Furthermore, the
absorption band is not significantly influenced by the co-
ordinated ligands to the BiO-NCs, suggesting that MLCT effects
occur between cerium(m) and oxygen within the core and not
between cerium and carboxylates, further supporting the
location of cerium in the inner region of the {Bizg_,Ce,Oys}
cluster motif. It should be noted that cerium as the absorption
center (e.g. in Ce(NOj3)3-5H,0 cf. Fig. S25b¥) absorbs light in
the UV-region only.

The PL emission spectra (cf Fig. S26%) of the cerium doped
clusters C-2:Ce-C-4:Ce were measured in a saturated solution
of NCs in ethanol, whereas C-1:Ce had to be dissolved in
DMSO. All BiO-NCs show similar broad emission bands
between 450 nm-650 nm under excitation with 386 nm. In
accordance with the results of our study, broad signals in a
similar range are reported for both Ce(m) and Bi(m) photo-
luminescence in the literature, wherefore a clear assignment is
not possible.””””

In summary, the presence of Ce(m) in all cerium doped
BiO-NCs was proven by XP and EPR spectroscopy. Ce(iv) was
determined only for the nitrate C-1:Ce based on XPS investi-
gations. However, the high Ce(iv) amount and mixed valency
in C-1:Ce do not affect the EPR, PL and UV-vis spectroscopic
results significantly compared to those of Ce(m) containing
carboxylate modified cerium doped clusters.

This journal is © The Royal Society of Chemistry 2025
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An important feature of atomically precise BiO-NCs is their
stability and molecular integrity in the solid phase, gas phase
and solution. While the nitrate functionalized BiO-NCs C-1
and C-1:Ce are only soluble in DMSO, the carboxylate clusters
C-2(:Ce)-C4(:Ce) are soluble in several polar organic solvents
such as ethanol, acetonitrile or 1-octanol, making them inter-
esting for film processing. In addition to NMR spectroscopy,
particle size distribution (PSD) measurements based on
dynamic light scattering (DLS) experiments were used to
confirm the integrity of the BiO-NCs in solution and further to
determine their hydrodynamic diameters (Fig. S27-S337). The
BiO-NCs show a narrow size distribution that matches well
with the cluster size determined from PXRD. The hydrodyn-
amic diameters of C-1 and C-1:Ce in DMSO were determined
as 1.1 nm and 1.3 nm, respectively. The diameters of the car-
boxylate substituted BiO-NCs were measured in ethanol and
1-octanol, respectively. BiO-NCs C-2 and C-2:Ce exhibit dia-
meters between 2.4 nm and 2.7 nm in ethanol and octanol,
respectively. The measurements demonstrate the increased
size of the NCs as a result of the larger coordinating organic
ligand shell and stronger interactions with the solvents. The
diameter of C-3 of ~2.7 nm is almost the same in both sol-
vents, whereas the diameter of compound C-3:Ce ranges from
a slightly smaller value of 2.3 nm in ethanol, to a similar value
of 2.8 nm in 1-octanol. BiO-NCs C-4 and C-4:Ce show some-
what larger differences in the hydrodynamic diameters, with
C-4:Ce showing smaller values of 2.2 nm in ethanol and
2.6 nm in 1-octanol, whereas C-4 shows diameters of 2.5 nm
and 3.1 nm, respectively.

In the previous sections, the successful synthesis and
characterization of organically modified BiO-NCs was demon-
strated. The BiO-NCs C-3 and C-3:Ce show high solubility in
ethanol, are stable in solution and contain a high cerium
content. As promising candidates for deposition experiments,
these nanoclusters were chosen for an investigation of their
self-assembly on Au(111) and highly ordered pyrolytic graphite
HOPG(0001) using STM in order to gain a deeper understand-
ing of their interaction with surfaces. The deposition of metal
oxido nanoclusters on Au(111) and their investigation using
STM/STS was reported for MO-NCs functionalized with sulfur-
containing ligands to enable binding with gold,”®”® while it
was thoroughly reported for POMs using diverse ligands.”® %
The BiO-NCs C-3 and C-3:Ce bind well to the Au(111) surface
via van der Waals forces without the need for sulfur-containing
anchor groups. The different coverages of C-3 and C-3:Ce on
Au(111) and HOPG(0001) substrates in the STM experiments
were controlled by using sample solutions with two different
concentrations, 0.4 mM (Fig. 6a, c and e) to 1.2 mM (Fig. 6b, d
and f).

Starting with their adsorption on the Au(111) surfaces, the
STM images show randomly adsorbed C-3 NCs. The density of
BiO-NCs amounts to 0.1 molecules per nm* (panel a) and
0.14 molecules per nm” (panel b) for the 0.4 mM and 1.2 mM
solution, respectively. Individual nanoclusters can be resolved
as bright spots and their diameters of about 2.2 nm fit well
with the results obtained by DLS (2 nm-2.8 nm) and PXRD

Nanoscale, 2025,17,18291-18304 | 18297
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Fig. 6 C-3 and C-3:Ce on Au(111) and HOPG(0001) surfaces controlled by concentration after 5 minutes of deposition (a and b) STM images of the
C-3 nanocluster on Au(111) surfaces for low (0.4 mM) and high (1.2 mM) concentrations. (c and d) STM images of C-3 on HOPG surfaces for low and
high concentrations. (e and f) STM images of cerium doped nanocluster C-3:Ce on Au(111) surfaces for low and high concentrations. For the images,

tunneling conditions of +1.0 V, 1.5 nA were used.

(~2 nm) experiments. However, C-3 molecules often tend to
form pairs or even chains, seen for both coverages. The Au
(111) surface exhibits a so-called herringbone reconstruction
showing periodicities of 2.8 nm and 3.8 nm. Since we did not
find any of these length scales, we conclude that the details of
the Au-terrace structure are not decisive for the adsorption be-
havior. A similar trend was also observed on plasma-cleaned
HOPG(0001) substrates as shown in Fig. 6¢ and d for the low
(0.4 mM) and high concentration (1.2 mM), respectively. It is
important to note that the coupling of C-3 NCs to perfect sites
on the HOPG terraces is very weak, so that preferential adsorp-
tion at step edges was found. Therefore, in order to increase
the adsorption rate on the terraces, defects were introduced by
mild plasma cleaning prior to adsorption from the solution.
Moreover, we also studied the adsorption behavior of C-3:Ce
NCs. The structures on Au(111) and HOPG(0001) were formed
in the same manner using the same concentrations of the
solutions. Compared to C-3, the adsorption of C-3:Ce on Au
(111) shows a similar structure for the 0.4 mM solution shown
in Fig. 6e. However, a chain-like structure was obtained in the
case of the higher concentrated solution (1.2 mM), as shown
in Fig. 6f. This chain-like structure, which is apparently a con-
sequence of an effective nanocluster-nanocluster interaction,
will be discussed in more detail below.

We further utilized STS to investigate the electronic struc-
ture of C-3 and C-3:Ce nanoclusters adsorbed on HOPG(0001)
and Au(111) surfaces. From the df/dV spectra, which are to a
first order proportional to the density of states, we can deter-
mine the energetic positions of the highest and lowest occu-
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pied molecular orbitals (HOMO and LUMO) of the nano-
clusters with respect to the Fermi levels of the supports. As
shown in Fig. 7, the electronic energy gap for C-3 on Au and
HOPG is around 3.5 eV, which is in good agreement with the
optical energy gap of 3.6 eV as determined from UV-vis data
(Table S12t). The LUMO (HOMO) states are well above (below)
the Fermi energy; thus the charge state of BiO-NCs upon
adsorption is not considerably changed. This confirms that
compound C-3 is (electronically) intact upon adsorption,
showing a weak interaction with the substrate. However, the
shift seems to be not simply induced by the difference in the
work functions, since this would result in an opposite trend.
The electronic energy gap of C-3:Ce is considerably smaller
than in C-3. Apparently, by doping the nanocluster with Ce,
new in-gap states are formed reducing the gap to 2.6 eV. This
reduction of the electronic energy gap compared to C-3 agrees
well with the optical energy gap of 2.7 eV as estimated from
the UV-vis data (Table S127). Apart from the additional in-gap
states in C-3:Ce, the STS curves of C-3 and C-3:Ce show a very
similar curve profile, consistent with their description as a
mixture of undoped (35%) and doped (65%) BiO-NCs.
Furthermore, the C-3 and C-3:Ce spectra on Au are not shifted
against each other, i.e. any charge transfer between the NCs
and the surface must be rather small. As discussed above, the
nanocluster-substrate interaction is weak. In the following, we
would like to highlight the nanoluster-nanocluster interaction
and the resulting self-assembly which were seen particularly in
the high coverage regime, e.g. in Fig. 6f. In Fig. 8d, chain-like
arrangements of C-3:Ce are observed at low concentration and

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 STS spectra of C-3 on Au(111) (red curve), C-3 on HOPG(0001)
(green curve) surfaces, and cluster C-3:Ce on Au(111) (blue curve). Set
point for the STS measurements was +1.0 eV, 1.5 nA.

Fig. 8 STM images of the C-3 nanocluster on the Au(111) surface from
high concentration solution after 5 minutes (a) and 25 minutes (b);
chain-like assembled structure of C-3 on the defective HOPG surface
from high concentration solution after one day (c), and of C-3:Ce doped
on the Au surface observed from high concentration solution after
5 minutes (d).

short adsorption time, suggesting that the interactions
between the C-3:Ce nanoclusters must be large. However,
undoped C-3 chains can also be formed, i.e. by increasing the
time of adsorption of the BiO-NCs or by increasing the concen-
tration on the surface. Fig. 8a and b illustrate the transition
from single nanoclusters towards chains (consisting of around
ten C-3 BiO-NCs) by increasing the adsorption time by a factor
of five. Moreover, using plasma-treated HOPG templates,
similar chain structures can be formed on the terraces of
HOPG as shown in Fig. 8c. As a result of doping with Ce, a
slightly larger intrinsic dipole moment is assumed for C-3:Ce
NCs compared to C-3, favoring the chain-like alignment. We
explain this increased intrinsic dipole with substitution of the

This journal is © The Royal Society of Chemistry 2025
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larger bismuth(ur) cation by the smaller cerium cation with
lower electronegativity (rg;,, 117 pm vs. rce,, 114.3 pm effective
ionic radius for coordination number 8, respectively; Pauling
electronegativity Bi 1.9 vs. Ce 1.4) resulting in symmetry break-
ing of the nanoclusters which should result in their
polarization.®**®” Note that a dipole-induced influence on
physical properties was recently reported for heterometallic
polyoxotitanium clusters of the type [TiyO,(OR);M,X,,] (M =
metal dopant ion, X = inorganic anion).*> In addition, there
are several reports on chain phase formation driven by com-
peting short-range attractive and long-range repulsive inter-
actions, where anisotropic dipole-dipole interactions are
present.*® > To rationalize the chain formations displayed in
the present work, we also use the charge transfer model due to
substrate induced charge effect as the nanoclusters are
brought close to the substrate surface upon adsorption.
Thereby, the charge transfer between the surface and BiO-NCs
seems to be small. However, the dispersion forces between the
substrate surface and the large NC shell are not negligible,
leading to an increase in the local dipole moments and, conco-
mitantly, indirect triggering of the formation of BiO-NC-
chains, if the density of nanoclusters is high enough. This is
pronounced in C-3:Ce NCs, where cerium doping is assumed
to induce an intrinsic dipole moment.

Conclusions

Atomically precise metal oxido nanoclusters might serve as
soluble model compounds for nanoparticles and provide a
link between a nanoparticulate and molecular picture. This
might help provide a deeper understanding of the effects of
doping and surface modification of nanoparticles. In particu-
lar, bismuth oxido nanoclusters have been demonstrated to be
models for bismuth oxide nanoparticles. Herein, we extend
this concept with results on doping and ligand shell
functionalization of these nanoclusters. Starting from the
BiO-NC [BizgO,5(NO3),4(dmso),g]:Ce (C-1:Ce), ligand modified
BiO-NCs are obtained by reaction with carboxylates to give
[Bizg045(L)24]:Ce, L = “OMc (2), Boc-1-Phe-O~ (3) and Boc-1-
Ala-O~ (4). Thus, doped and undoped soluble atomically
precise nanoclusters with a size of ~2 nm with a chiral ligand
shell become available. The obtained doping content of ~1
0% affects the molecular structure of BiO-NCs to only a minor
extent but is significant with regard to their physical pro-
perties. The BiO-NC core becomes paramagnetic due to the
presence of Ce(u) as demonstrated by EPR, which however
does not affect the NC 'H NMR spectrum in solution. The
optical and electronic energy gap can be significantly lowered
upon doping from the UV to the visible region (3.6 eV-3.5 eV
vs. 2.6 eV-2.8 eV). The STM studies reveal a supramolecular
self-assembly in chain-like arrangements of the nanoclusters
which suggest the presence of some intrinsic dipole moment
in line with SC XRD analysis showing anisotropic occupational
disorder of the Bi/Ce positions. With regard to the molecular
structure, it is important to note that unlike in other heterome-
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tallic metal oxido clusters, the metal cation positions of the
host element bismuth are randomly substituted by cerium
with preference to the inner core positions. ESI MS studies
demonstrate that up to three bismuth atoms are substituted by
cerium in the nanoclusters, but mono-substitution dominates.
Consequently, and in line with the small amount of doping,
the crystalline material consists of doped and undoped nano-
clusters. A comparable situation is expected for doping in bulk
metal oxides, showing anisotropic nanophase domains.
Another intriguing feature observed is the oxidation state
change of cerium in [BizgO,5(L),4]:Ce, when substituting the
nitrate ligand by organic carboxylates under ambient con-
ditions. The nitrate substituted BiO-NC is of mixed valent
nature showing Ce(m) and Ce(wv), whereas the organically
modified nanoclusters are found to solely contain Ce(u) based
on XPS and EPR studies. Thus, surface modification by treat-
ment under ambient conditions either with nitrate or organic
carboxylates alters the electronic situation of cerium contain-
ing metal oxide nanoclusters significantly. Since most of the
cerium atoms are placed in an inner core position, the ligand
surface effect on electron transfer is of long range order. With
regard to applications in (opto)spintronics using hyperpolariz-
ation, our results demonstrate that (i) monolayers of chirally
modified Ce doped BiO-NCs can be prepared by solution-
based processes; (ii) their optical and electronic energy gaps
can be modulated by doping without significant structural
changes; (iii) ligand substitution from a nitrate to carboxylate
induces electron transfer in the inner core of the cluster
without a significant change in the metal oxido core structure;
(iv) STS reveals electron transport through the cluster; and (v)
chiral BiO-NCs show a robust and invertible CD signal. To
what extent the electron transport across the chiral BiO-NCs
will show a CISS (chirality induced spin selectivity) effect will
be studied in the future by STM and STS, both of which have
been demonstrated to be valuable analytical tools in this
context.”® The physical properties of monolayers of the here
reported BiO-NCs can be modified by introducing other metal
cations into the bismuth oxido matrix and by variation of the
ligand shell, which is currently under investigation.
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