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bFacultad de Ingenieŕıa, Universidad San Se

Chile. E-mail: alvaro.munozc@uss.cl

† These authors contributed equally to th

Cite this: Chem. Sci., 2026, 17, 2348

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 16th August 2025
Accepted 25th November 2025

DOI: 10.1039/d5sc06264k

rsc.li/chemical-science

2348 | Chem. Sci., 2026, 17, 2348–23
ping of Au25
− atomically precise

nanoclusters induces alternating positive and
negative shifts of the HOMO–LUMO gap

Jonathan W. Fagan, †a Nabiha Syed,†a Wangshu Wen,a

Hanna Morales Hernández, a Alvaro Muñoz-Castrob

and Christopher J. Johnson *a

Au25(SR)18
− is the most studied atomically precise metal nanocluster and is frequently used to explore the

effects of doping on nanocluster performance in a range of applications. A quantitative accounting of the

impact of dopants on its electronic structure remains elusive due to the inability to isolate clusters with

exact numbers of dopants and the low resolution of experimental techniques used to probe electronic

structure. We present high-resolution UV-vis spectra of Au25−nAgn(SC6H13)18
− (n = 0–6) recorded at low

temperature in the gas phase after being precisely separated by mass spectrometry. These spectra

feature substructure in the transitions among the frontier orbitals that reveal their shifts upon doping.

Ag-doping blue shifts most spectral features, in accordance with theoretical predictions and

observations, but the HOMO–LUMO gap shows an alternating pattern of red and blue shifts with

increasing Ag substitution. We interpret these spectral shifts using the superatomic (jellium) model as

resulting from perturbations to specific superatomic orbitals with nodes or nodal planes oriented with

respect to the Ag dopant sites. Quantum chemical results reproduce these observations. These results

show an unanticipated quantized doping effect that can be rationalized using accepted intuitive models

and serve as clear quantitative tests for ongoing efforts to improve quantum chemical treatments of

doped nanoclusters.
1 Introduction

Atomically-precise monolayer-protected clusters (MPCs) have
attracted attention as nanoparticles with atomically-precise
compositions,1 well dened structures,2 and potentially high
stability.3 This precision suggests a path towards the repro-
ducible synthesis of nanoparticles with tailored functionality
and broad tunability. These favorable properties have led to
their exploration as atomically-tunable light harvesters, cata-
lysts, sensors, and contrast agents, among many potential
applications.4–6

MPCs consist of a core of metal atoms that is spherical or
spheriodal in shape surrounded by organic ligands that stabi-
lize and solubilize the metal core. Typically 1 to 2 nm in
diameter, they exhibit a dense but nite molecule-like density of
states that oen yields distinct features in UV/visible absorption
spectra.7 The electronic structure of these nanoclusters is typi-
cally rationalized using the “superatomic” model, in which
Stony Brook, New York 11794-3400, USA.
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is work.

55
electrons are delocalized across the core in orbitals that bear
a striking resemblance to hydrogen atomic orbitals.8 These
orbitals are referred to by their symmetry, following the pattern
1S, 1P, 1D, 2S, 1F, .electronic shell closings similar to those
found in atoms or coordination complexes impart particular
electronic stability to certain combinations of composition and
charge state.9 The superatomic model thus provides a qualita-
tive framework for understanding electronic effects in MPCs.

Since its conrmation by mass spectrometry10 and the
subsequent determination of its crystal structure,11,12 Au25(SR)18
has been the most widely studied MPC.13 It is composed of an
iscosahedral Au13 core surrounded by a shell of six Au2(SR)3
units, the so-called “staple” surface motif. It is commonly found
in three oxidation states: −1, 0, and +1.14 The electron cong-
uration of Au25(SR)18

−, as understood within the superatomic
model, is a closed-shell, 8-electron 1S21P6 superatom, with
unlled 1D orbitals as low-lying LUMOs,12 as shown on the right
of Fig. 1.

Despite the fact that the geometric structure of Au25(SR)18
−

has been known with high precision for more than a decade,
quantifying its electronic structure is more challenging.
Au25(SR)18

− has been the subject of numerous spectroscopic
and quantum chemical studies; we will specically highlight
a few insights crucial to this work. Initial UV/vis spectra of
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc06264k&domain=pdf&date_stamp=2026-01-24
http://orcid.org/0000-0003-0880-9413
http://orcid.org/0009-0000-7113-0150
http://orcid.org/0000-0003-1859-5615
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc06264k
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC017004


Fig. 1 Evolution of the superatom electronic structure of Au25(SR)18
−

starting from a simple Au13 metal core which can be approximated by
the jellium model, followed by splitting of the superatomic D orbitals
upon inclusion of the ligand shell, as described by Aikens et al.15 The
final complication of the electronic structure arises from populating
the HOMO levels where spin–orbit coupling further breaks the
degeneracy of the superatomic P and D orbitals, as depicted in the
work of Jiang and co-workers.16
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Au25(SR)18
− showed two main spectroscopic regions: an asym-

metric feature below 2.2 eV and a more complex set of features
at higher energy.12 Aikens used density functional theory (DFT)
calculations to demonstrate that, in Au25(SH)18

−, the (SH)-Au-
(SH)-Au-(SH) staples form a ligand shell around the icosahe-
dral core that breaks the degeneracy of the 1DMOs analogous to
ligand-eld splitting in octahedrally coordinated monometallic
complexes, but with the opposite energy ordering, as shown in
the center of Fig. 1.17 The result is 1Dx2−y2 and 1Dz2 being lower
in energy, and thus the lower energy feature could be readily
assigned to transitions from lled 1P orbitals to these low-lying
unlled 1D orbitals. Further insight came from higher-
resolution low-temperature spectra, which resolved the asym-
metric low-energy feature into at least two distinct transitions.18

Jiang and co-workers showed that these two features could be
explained by explicit consideration of relativistic effects in DFT
calculations, specically the splitting of the nominally triply-
degenerate 1Px,y,z sublevels into two 1P3/2 and one 1P1/2
orbitals due to spin–orbit coupling, shown to the right in
Fig. 1.16 Li and co-workers further applied relativistic DFT
methods to the model system Au25(SH)18

− and showed that the
low-temperature spectrum of Au25(SR)18

− could be satisfacto-
rily explained.19 Taken together, these studies lead to high
condence that the low-energy features of the spectrum of
Au25(SR)18

− are accounted for, at least semiquantitatively.
Doping20 and ligand exchange21,22 provide two major path-

ways to modify the electronic structure of Au25(SR)18
− without
© 2026 The Author(s). Published by the Royal Society of Chemistry
inducing major structural changes. Modication of the ligand
shell is expected to induce subtle perturbations to the super-
atomic orbitals due to electrostatic and explicit bonding
effects,15 which appear to be smaller for thiolate clusters
compared to phosphine ones.23 Metal doping should produce
a stronger perturbations by directly altering the potential of the
cluster core, on which the superatomic orbitals primarily
reside.24 Ag doping of Au25(SR)18

− has been shown to increase
photoluminescence quantum yields or25 enhance catalytic
performance.26 Much effort has gone to understanding the
electronic perturbations induced by Ag doping of Au25(SR)18

−

because Ag dopants typically lead to isovalent clusters with
small structural perturbations and a high degree of doping can
be achieved.27–31 Atomically-precise isolation of clusters with
specic numbers of Ag dopants is a signicant challenge,
impeding efforts to systematically study experimentally the
effects of doping one atom at a time. Thus, most experiments
probe an ensemble of doped states. Negishi and co-workers
used high performance liquid chromatography (HPLC) to
partially resolve Au25−nAgn(SR)18

− nanoclusters and recorded
their electronic spectra, nding that the lowest-energy spectral
feature progressively blue shied with increasing doping.32 Jin
and co-workers found a similar blue shi of the spectrum of
a mixture of clusters with 0–5 Ag dopants,33 and Stamplecoskie
and co-workers found a similar result for photoemission
spectra.34 Quantum chemical calculations generally nd
a similar trend, with computed peaks in electronic spectra
shiing to higher energy with increasing Ag substitution.35–38

They also largely nd that the icosahedral vertices are the most
energetically favorable sites,35,38,39 consistent with analysis of X-
ray absorption ne structure data and perturbations to X-ray
crystal structures induced by dopants.28,29

In this study, we track the evolution of the high-resolution
electronic spectra of Ag-doped Au25(SR)18

− nanoclusters one
Ag atom at a time. We employed a spectroscopic technique that
allows us to use mass spectrometry to arbitrarily purify nano-
clusters and then, in the gas phase, record their electronic40 and
vibrational41 spectra at low temperature. This method provides
spectroscopic resolution close to the quantum limit, revealing
an alternating pattern of red and blue shis of the HOMO–
LUMO gap that has not been previously observed.

2 Materials and methods

Au25(SR)18
− and Au25−nAgn(SC6H13)18

− were synthesized
according to modied literature procedures12,14,42 as outlined in
the SI. The dopant ratios of the doped clusters were roughly
controlled by equilibrating mixtures of the two products as di-
scussed in detail in the SI, following an intra-cluster exchange
method reported by Pradeep and co-workers.43 Samples were
dissolved in acetonitrile or acetone and electrosprayed in
a home-built quadrupole/ion trap/time of ight mass spec-
trometer described previously.44 Here, the mass spectrometer
acts as a general purication device, straightforwardly isolating
any doped cluster in the gas phase as an alternative to chal-
lenging condensed phase separations.32 While in the mass
spectrometer, each doped cluster studied was cooled to 3.6–3.8
Chem. Sci., 2026, 17, 2348–2355 | 2349
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K and its unique UV/visible spectrum was recorded using an
action spectroscopy scheme discussed previously,40 with
specic details explained in the SI. Explanations of the data
analysis and tting procedures are also provided in the SI.

3 Results and discussion

Fig. 2 presents an overview of the spectra of Au25(SR)18
− in two

different conditions: (A) Au25(SC6H13)18
− in solution at 78 K18

and (B), Au25(SC6H13)18
− in the gas phase at 3.6 K as reported in

this work. The low-temperature solution phase UV-vis spectrum
of Au25(SC6H13)18

− in Fig. 2A was the highest-resolved spectrum
of Au25 to date in the literature. The new gas phase spectrum of
Au25(SC6H13)18

− in Fig. 2B is consistent with the 78 K spectrum,
with additional detail in the lower energy transitions. We
particularly highlight substructure in the lowest-energy transi-
tion, notably a partially resolved shoulder near 1.6 eV that we
identify as the HOMO–LUMO transition and a partially-resolved
shoulder near 1.8 eV on the high energy side of the feature. The
slight blue shiing of our gas phase spectrum compared to the
solution phase one is attributed to the absence of solvation
effects. We have attributed the breadth of the transitions in
these low-temperature gas phase spectra to the excitation of
a broad envelope of unresolvable vibrational excited states in
the electronic excited state upon optical absorption, convolved
with the expected picosecond-to-femtosecond lifetimes of these
Fig. 2 (A) Solution phase UV/vis spectrum of Au25(SC6H13)18
−

collected at 78 K and reported by Devadas et al.,18 (B) gas phase UV/vis
spectrum of Au25(SC6H13)18

− at 4 K, and (C) gas phase UV/vis spectrum
of Au24Ag(SC6H13)18

− at 4 K. Dashed blue lines denote peaks that blue
shift, while dashed red lines denote peaks that red shift. The extra
resolution afforded by the lower temperature gas phase spectra
reveals substructure of both clusters that we analyze in this work.

2350 | Chem. Sci., 2026, 17, 2348–2355
excited states.40 This suggests that these spectra are resolved to
the limit of resolution, though we are unable to rule out inho-
mogeneous broadening effects induced by slightly different
ligand packing structures.

We further recorded gas-phase UV-vis absorption spectra of
the analogous AgAu24 cluster, shown in Fig. 2C. Both gas phase
UV/vis spectra exhibit broadly similar features but notable
perturbations. The peaks of the two major features around
1.7 eV and 2.0 eV overall shi to higher energy by 0.03 eV and
0.07 eV, consistent with previous spectroscopic observations,32

but the apparent HOMO–LUMO transition visually red shis
upon incorporation of the Ag atom. Above 2.2 eV, the spectra of
the two clusters remain fairly consistent, with somewhat less
denition in the Ag-doped spectrum. To conrm that these
observations were robust, we recorded the spectra of the same
clusters protected by phenylethanethiol. As can be seen in
Fig. S12, the shis induced by substitution of ligands are much
smaller than those induced by doping.

Fig. 3 presents the spectra of mass-spectrometrically-puried
Au25−nAgn(SC6H13)18

− up to n = 6, focusing on the low-energy
region of the spectrum typically assigned to transitions
among frontier orbitals. The rst four dopants yield approxi-
mately linear shis of the two main peaks in the spectra,
matching previous results.32 From n= 4 to n= 6, only very small
shis of the lower energy peak are observed, while the higher-
energy peak continues to blue shi at roughly the same rate.
Interestingly, the intensity of the higher energy peak is modu-
lated by Ag doping, initially slightly increasing in intensity up to
n = 2, then rapidly decreasing to n = 6. The region above 2.1 eV
Fig. 3 Evolution of the spectra of Au25−nAgn(SC6H13)18
− (n = 0–6)

atomically-precisely separated by mass spectrometry. Most spectral
features blue shift with increasing Ag content, but the apparent
HOMO–LUMO transition shows more complex behavior.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evolves from a broad, featureless shoulder beginning around
2.2 eV into a pair of peaks that appear to shi similarly to the
lower-energy features with increasing doping but signicantly
increase in intensity. Given that their intensity appears to be
proportional to the number of dopant atoms, we tentatively
assign these peaks to transitions arising from Ag d-orbitals to
low-lying unoccupied superatomic orbitals.

Focusing on the shoulder of the lowest-energy peak identi-
ed as the HOMO–LUMO transition, which red shied from
Au25(SC6H13)18

− to Au24Ag(SC6H13)18
−, we observed a pattern of

alternating red and blue shis that appear to correlate to odd
and even numbers of Ag atoms, respectively. To quantify these
shis, we estimated the optical HOMO–LUMO gap by extrapo-
lating the linear portion of the shoulder to zero absorption
using a linear t. The results of these ts are presented in the SI
and the extrapolated optical HOMO–LUMO gaps are summa-
rized in Fig. 4. The alternating red and blue shis are clearly
resolved, with shis of 0.02 to more than 0.04 eV observed.
Notably, these shis are greater than kT at room temperature
(0.025 eV), suggesting that they should still be important in
typical solution conditions. This pattern appears to extend to n
= 5, but the HOMO–LUMO gap of Au19Ag6 continues to
decrease, suggesting a more complex situation for six dopants.

We sought to conrm this even-odd pattern and to track the
evolution of the other features in these spectra by decomposing
them into individual Gaussian contributions. Neglecting relativ-
istic effects, we expect six transitions to contribute to these peaks
arising from transitions from three lled orbitals to two unlled
orbitals. Thus, we t the spectra in the range from 1.3 to 2.3 eV to
a model consisting of the sum of six Gaussian functions for the
two dominant peaks, a constant background, and an additional
Gaussian function to approximate the putative transitions arising
from Ag d-orbitals. The details of the tting procedure and the
results of these ts are presented in the SI. Satisfactory ts were
achieved for n = 1–5, with the positions, widths, and amplitudes
of each Gaussian component being conserved or evolving
Fig. 4 Evolution of the extrapolated optical HOMO–LUMO gap as
a function of the number of dopant Ag atoms. Error bars as shown
represent the uncertainty of the fit performed to determine the x-
intercept of the linear extrapolation. Details of the procedure to extract
these values are given in the SI. An odd-even red/blueshifting pattern is
observed for the first five doped clusters.

© 2026 The Author(s). Published by the Royal Society of Chemistry
smoothly from one doped cluster to the next. We were not able to
achieve a reliable t for Au19Ag6(SC6H13)

− in the same way, likely
due to interference from the putative Ag d-orbital based transi-
tions, and we omit it from our analysis.

The evolution of the centers of each Gaussian component as
a function of the number of Ag atoms is shown in Fig. 5. First,
we see that the odd/even alternating red and blue shis of the
HOMO–LUMO transition from Fig. 4 are also observed in the
band centers of the rst peak, corresponding to the vertical
HOMO–LUMO transition energies. The best tting widths for
the rst peak vary between 0.1 and 0.25 eV (full-width at half
max). We typically interpret these widths as reporting on the
difference between the ground and excited state minimum
energy geometries, and this wide range of widths suggests that
the S1 geometries are quite different from one dopant number
to the next. Aikens and co-workers predicted a signicant
change in the S1 geometries of Au25(SH)18

− and Au24-
Ag(SH)18

−.37 Second, we note essentially monotonic blue shis
for the other ve transitions, in accordance with previous
studies.27 The tted peak widths for these features vary much
less than do those of the HOMO–LUMO transition, and thus it
does not appear that there is as much variation in the more
highly excited state geometries. Quantum chemical calculations
Fig. 5 Evolution of the centers of the partially-resolved transitions in
the low-energy region of the spectrum, extracted by fitting each
spectrum to six Gaussian functions. The center of the presumed
HOMO–LUMO transition follows the alternating pattern of red and
blue shifts observed for the optical HOMO–LUMO gap in Fig. 4. A
reliable fit could not be obtained for the case of 6 Ag dopants.

Chem. Sci., 2026, 17, 2348–2355 | 2351
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Fig. 6 (A) Shifts of the six Gaussian components from Au25(SC6H13)18
−

to Au24Ag(SC6H13)18
−. Bars are colored in three groups according to

the magnitude of the shift, which we hypothesize to indicate which of
the three 1P superatomic orbitals the transition originates from. (B) A
hypothetical transition diagram and pictoral representations of the
geometric overlap of the Ag doping site (pink) and the superatomic
orbitals.
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suggest that, even for Au23Ag2(SH)18
−, the energies of isomers

containing Ag atoms at different relative locations are close
enough that it could be possible for multiple isomers to exist in
solution at room temperature.35,38 The fact that we are able to
decompose each of the spectra up to n = 5 using six Gaussian
functions, each having similar widths and smoothly evolving
relative amplitudes, as well as the qualitative similarity of the
spectra with increasing doping, suggests (but by no means
proves) that the spectra that we present here result predomi-
nantly from a single isomer. Future modications to the
instrument used for these studies should make possible the
recording of isomer-selective electronic spectra in a similar way
to the existing analogous method for vibrational spectra.45

These spectral shis allow us to speculate on the sites at
which doping occurs. Starting with Au24Ag

−, three possible
isomers exist: Ag in the outer 12 atoms of the superatomic
icosahedron, Ag in the center of the icosahedron, or Ag in the
ligand “staple” motifs. Careful examination of computed
absorption spectra from Aikens and co-workers35,39 and Munoz-
Castro and co-workers38 shows that both have predicted red
shis upon doping with a single Ag atom that have magnitudes
similar to that seen here, though the exact values that they
predict were not reported and the red shis were not explicitly
addressed. Some other studies have computed blue shis for
the HOMO–LUMO gap,37 indicating that there is not yet
a consensus on this expectation.

Tsukuda and co-workers have described an approach to
using intuition from the particle in a box model to understand
perturbations to cluster electronic structure induced by
dopants.24 The cluster core is modeled as a spherical square well
and the dopant atom as a local dip or rise in the potential at the
bottom of the well, related to its ionization potential relative to
that of gold. We showed that explicit solution of such a frame-
work through numerical solutions of the particle in a box for an
asymmetric ellipsoidal potential were able to capture the ener-
gies of absorption features of Au8 and Au9 clusters with
reasonable accuracy.46

In this framework, if the Ag atom was at the center, we would
expect all 1P orbitals to be similarly perturbed because each
orbital's electron probability density overlaps similarly with the
dopant location, and thus consistent shis to all bands would
be observed. If the Ag atom was located in a staple, the higher
energy transitions above 2.4 eV should be considerably altered
without signicantly changing lower energy superatomic-based
transitions because their orbitals do not substantially explore
the ligand shell. If the Ag atom was located at the surface of the
icosahedron, the asymmetric modication of the potential in
the Jellium superatomic model would produce the greatest
variations in the spectra, as one or two of the 1P orbitals would
be expected to be signicantly more perturbed.

Fig. 6A shows the shis induced by the rst Ag dopant for
each tted Gaussian component. Three pairs of transitions are
noted: one that has small red shis, one that has moderate blue
shis, and one that has large blue shis. The observation of
three groups of two transitions identies perturbations to the
1P orbitals as the drivers of the alternating shis: each 1P sub-
level has transitions to two unlled 1D sub-levels. If the 1P sub-
2352 | Chem. Sci., 2026, 17, 2348–2355
levels were changing in energy similarly, but the 1D sub-levels
were shiing differently upon doping, we would instead
expect two groups of three transitions. Thus, we conclude that
the 1D sub-levels rise approximately equally in energy upon the
rst dopant, the HOMO (which we assign to the 1Px sub-level)
rises in energy even more, and the 1Py and 1Pz sub-levels
remain roughly the same. This scenario is shown di-
agramatically in Fig. 6B.

This observation can be explained by the dopant atom lying
along a lobe of the 1Px orbital, as shown in Fig. 6. The ionization
potential of Ag is 1.65 eV lower than that of Au, and thus the Ag
atom will appear (within the particle in a box model) as
a potential energy bump in the superatomic spherical square
well,24 and will raise the energies of any orbitals with electron
probability density on the Ag atom. Since the 1Py and 1Pz
orbitals are in principle orthogonal to 1Px, the Ag atom will lie
along their nodal plane, and only a small perturbation would be
expected. The 1Dx2−y2 and 1Dz2 orbitals both have lobes along
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 A qualitative model to explain the even-odd pattern of shifts of
the HOMO–LUMO gap. Here, odd numbers of dopants are presumed
to raise the energy of the 1Px superatomic orbital, while even numbers
of dopants raise the energies of 1Py and 1Pz orbitals. Since their effect is
spread across two orbitals, each even number dopant shifts the y and z
orbitals by less than the odd number dopant shifts the x orbital. This
model also accounts for the overall increase of the main peaks in the
spectrum, with the 1D orbitals shifted by roughly the same amount for
both even and odd dopants. At the bottom is a graphical representa-
tion of the hypothesized order of doping in the core.

Fig. 8 Calculated electronic transitions for the first six transitions of
the Au25−nAgn(SH)18

− clusters. See the SI for details on these
calculations.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 9
:5

6:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the Ag dopant, and thus both are shied to higher energy. Thus,
we assign transitions 1 and 3 to transitions from 1Px to the 1D
sublevels, and transitions 2, 4, 5, and 6 to transitions from 1Py
and 1Pz to the 1D sublevels. This explains the red shi of the
HOMO–LUMO in conjunction with the blue shi of the 1P /

1D transitions. Such an alignment of a single 1P orbital along
the axis of doping was predicted for Au19Ag6− clusters, in which
the dopants were found to occupy opposite sides of the cluster
in two groups of three.28

We nally seek an explanation for the alternating red and
blue shis with increasing doping. Following the logic for the
rst dopant, we propose that the second dopant perturbs the
© 2026 The Author(s). Published by the Royal Society of Chemistry
1Py and 1Pz orbitals roughly equally while leaving 1Px relatively
unchanged. Again, the 1D sub-levels rise in energy regardless of
the location of the second Ag dopant, thus giving rise to a larger
blue shi of the transitions originating from 1Px and a smaller
blue shi of the rest of the transitions. Then, we propose that
the third dopant again lies along the 1Px orbital, leading to
a similar situation as the rst dopant, and this pattern seems to
continue up to the h dopant according to Fig. 4 and 5. This
explanation is summarized diagrammatically in Fig. 7. Also in
Fig. 7 is a graphical representation on the structure of the Au25
core with specic sites labeled in the order that we hypothesize
that they are substituted by Ag atoms. This proposed doping
order is not intended to be an absolute assignment, but rather
to illustrate the explanation we have put forward for alternating
perturbations to the Px and Py,z orbitals respectively. The
proposed order is broadly consistent with that proposed by
Knoppe and Munoz-Castro,38 though their calculations suggest
that the minimum-energy structure of Au21Ag4 can not be
reached by substitution of one additional Ag atom into the
minimum-energy structure of Au22Ag3.

To further support the experimental ndings from the gas-
phase UV-vis absorption spectra, TDDFT calculations were
carried out on the most energetically-preferred isomers for
different stoichiometries of Au25−nAgn(SH)− as determined
previously.38 The calculated rst electronic transition
accounting for the lower HOMO / LUMO excitation, shows
a variation from Au25 to Au19Ag6 given by 1.49, 1.43, 1.49, 1.43,
1.55, 1.54, and 1.49 eV, respectively (Fig. 8), recovering the even-
odd pattern observed experimentally. The calculated values lie
within the typical errors of TDDFT calculations relative to
experiments.47 In addition, up to n = 5, the experimental nd-
ings are well reproduced by using the energetically-preferred
isomer for Au25−nAgn clusters (n < 6), suggesting that these
characterized gas-phase species are present as single isomers.
Chem. Sci., 2026, 17, 2348–2355 | 2353
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For Au19Ag6 (n = 6), several isomers fall within 1 kcal mol−1,
suggesting the possibility of a mixture of isomers in the experi-
mental gas-phase characterization. This may explain the difficulty
in decomposing the low-lying absorption-spectrum peaks into
several Gaussian contributions. For the previously denoted most
favorable Au19Ag6 isomer38 (Fig. S13), a lower HOMO / LUMO
electronic transition is calculated at 1.63 eV, which does not agree
well to the observed optical HOMO–LUMO gap trend, where the
isomer at 0.75 kcal mol−1 above in energy is able to reproduce the
observed gap trend with a calculated value of 1.49 eV, which is
discussed in this work to provide TDDFT calculations results.
Thus, the current gas phase UV-vis absorption provides a sensitive
tool able to discriminate between different low-lying isomers.

The calculated second electronic transition shows a less
marked even-odd variation, with a trend toward increasing the
gap between the orbitals involved in the transitions as Ag
doping increases. Similarly, the third and remaining electronic
transitions show a trend toward increasing energy, suggesting
that, for such species, the rst transition is more sensitive to
dopant variation and thus a useful probe for discriminating
between different stoichiometries and related isomers.

4 Conclusion

We have reported the high resolution gas phase spectra of
atomically-precisely separated Au25−nAgn(SC6H13)18

− nanoclusters
revealing the changes to their electronic spectra induced by
doping. While the largest peaks in the spectra blue shi, in
accordance with previous theoretical and experimental results, we
nd that the apparent HOMO–LUMO gap actually shows an
alternating pattern of red and blue shis up to at least n= 5. These
alternating shis are large enough to play a role in room temper-
ature chemistry involving these clusters. We observe new bands
appearing slightly higher in energy than the transitions among the
frontier orbitals of the cluster, and note that the increasing
intensity of these bands with increasing doping suggests that they
originate from Ag d-orbitals. The resolution of the intra-frontier-
orbital region of the spectra provides enough detail to make
assignments of the underlying transitions that are consistent with
the predictions of six transitions between three superatomimc 1P
orbitals and two superatomic 1D orbitals, all of which are non-
degenerate. We proposed an interpretation of these observations
in which dopant atoms lying along the lobes of superatomic MOs
lead to increases in those orbitals energies and thus red shis in
the transitions originating from those orbitals. This interpretation
is sufficient to explain the observed alternating red and blue
shiing of the HOMO–LUMO gap. Quantum chemical predictions
of the electronic transition energies for the lowest-energy
computed isomers reproduce the observed pattern well. A similar
approach used with other dopants, particularly copper, could yield
further insight into the degree to which the electronic properties of
these clusters can be intuitively engineered by doping.
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H. Häkkinen, Proc. Natl. Acad. Sci. U. S. A., 2008, 105,
9157–9162.

9 S. N. Khanna and P. Jena, Phys. Rev. Lett., 1992, 69, 1664–
1667.

10 J. B. Tracy, G. Kalyuzhny, M. C. Crowe, R. Balasubramanian,
J.-P. Choi and R. W. Murray, J. Am. Chem. Soc., 2007, 129,
6706–6707.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5sc06264k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc06264k


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 9
:5

6:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 M. W. Heaven, A. Dass, P. S. White, K. M. Holt and
R. W. Murray, J. Am. Chem. Soc., 2008, 130, 3754–3755.

12 M. Zhu, C. M. Aikens, F. J. Hollander, G. C. Schatz and R. Jin,
J. Am. Chem. Soc., 2008, 130, 5883–5885.

13 X. Kang, H. Chong and M. Zhu, Nanoscale, 2018, 10, 10758–
10834.

14 M. A. Tofanelli, K. Salorinne, T. W. Ni, S. Malola, B. Newell,
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