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Ultraviolet photoactivation perturbs the
metal-ligand interface of atomically precise
nanoclusters†‡
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This study investigates the use of ultraviolet (UV) photoactivation to

structurally characterize atomically precise clusters in the gas phase.

UV photoactivation of negatively charged precursor ions generates

electron photodetachment species in lower charge states. These ions

dissociate through single ligand losses, a mechanism that differs

notably from the well known dissociation pathways of 8-electron

cluster ions caused by collisional activation with implications to photo-

chemistry. Computations show that the photodetachment induced by

UV photoactivation perturbs the metal-ligand interfaces, providing a

mechanistic understanding of UV based dissociation processes across

different cluster systems.

Atomically precise clusters (APCs) of noble metals protected
with ligands are an important family of materials in contem-
porary science.1–5 Over 500 APCs are known today, and about
350 of them have crystal structures.6 The structure of APCs
consists of an inner metal core connected by metal–metal
bonds, a metal-ligand interface, and an outer ligand shell.2

The stability of the metal-ligand interface is crucial for the
functionality, and tunability of clusters. Additionally, the metal-
ligand interface protects the metal core from oxidation and
aggregation, and it determines the size, shape, and electronic
structure of the APCs. Modulating the surface reactivity, active
site accessibility, and charge distribution enhances the cataly-
tic, optical, and sensing properties of APCs.7–14 The structure

and stability of the metal-ligand interface of various APCs
have been probed by analytical methods, principally by mass
spectrometry.

Individual cluster ions have gained significant attention
in the past decade owing to their promising structural
properties.15 For instance, Black et al. investigated the application
of ultraviolet photodissociation mass spectrometry for analyzing
gold nanoclusters, specifically Au25(pMBA)18 and Au36(pMBA)24,
protected with para-mercaptobenzoic acid (pMBA) ligands.16,17

UVPD was shown to cause extensive fragmentation of the
monolayer-protected cluster (MPC) ions using a single 193 nm
UV pulse, uncovering unique structural insights not achieved with
conventional methods like collision induced dissociation (CID).

Absorption of UV photons by negatively charged ions in the
gas phase can induce electron photodetachment of nanocluster
systems.18 Photodetachment produces ions of reduced charge
that can be subsequently mass selected for supplemental
collisional activation. Termed activated-electron photodetachment
(a-EPD), this dissociation strategy effectively unravels the structural
and electronic properties of nanoclusters. Additionally, ions excited
by UV photons can produce unique fragment ions that provide
further insights into the stability of the metal-ligand interfaces of
APCs. Mass-selected photodetachment spectroscopy can also reveal
the ionization potentials of cluster ions, providing information on
their photophysical properties.19,20

In this work, we present the UV photoactivation mass spectro-
metric investigation of two model APCs, [Ag29(BDT)12]3� and
[PtAg24(DMBT)18]2�, abbreviated as Ag29 and PtAg24, revealing a
perturbation of their metal-ligand interfaces. Isolation and activation
of the charge-reduced precursors generated by UV photoactivation
cause the loss of a single ligand, distinctly different from the
dissociation channel usually observed upon CID of these supera-
tomic clusters. The computational analysis demonstrates that the
metal-ligand interface has perturbed upon photodetachment in both
cluster systems.

The clusters Ag29 and PtAg24 were synthesized in solution,
with counter ions, as discussed in the experimental section.21,22
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The protecting ligands of Ag29 and PtAg24 are 1,3-benzene-
dithiol (BDT) and 2,4-dimethylbenzenethiol (DMBT),
respectively. These clusters were characterized by various spec-
troscopic and diffraction studies (presented in ESI‡). The
optical absorption spectrum of Ag29 exhibited the characteristic
features at 447 nm and 513 nm (Fig. S1, ESI‡). Time-dependent
optical absorption spectra of Ag29 were measured to confirm
the stability of the cluster (Fig. S2, ESI‡). High-resolution
electrospray ionization mass spectrometry (HRESI-MS) of the
cluster generated an ion of m/z 1603, corresponding to the
3� charge state ([Ag29(BDT)12]3�), as shown in Fig. 1a. The
cluster exists as [Ag29(BDT)12]3� as the principal charge species
under these electrospray conditions. The observed isotopic
distribution pattern is in good agreement with the simulated
pattern of [Ag29(BDT)12]3�, confirming the purity of the synthe-
sized samples. The structure of the cluster determined by single
crystal X-ray diffraction (SCXRD) is shown in the inset of Fig. 1a.
We compare the higher energy collisional dissociation (HCD)
and ultraviolet photoactivation of Ag29 at different normalized
collision energy (NCE) and pulse energy, respectively. Systematic
fragmentation is seen upon collisional activation of [Ag29(BDT)12]3�;
fragments obtained were assigned as [Ag19(BDT)6]� (m/z 2888),

[Ag24(BDT)9]2� (m/z 1924), and [Ag5(BDT)3]� (m/z 960) as
reported previously (Fig. 1b).23 However, upon UV photo-
activation of [Ag29(BDT)12]3�, we see the emergence of
[Ag29(BDT)12]2� and [Ag29(BDT)12]1� species in the mass spec-
trum (Fig. 1c). Simulated and experimental isotopic distribu-
tions are shown as insets in Fig. 1c. DFT calculations have
shown the first and second ionization potentials of
[Ag29(BDT)12]3� to be 0.46 eV and 2.76 eV, respectively. The
1- and 2-species observed in the mass spectrum are justified, as
these energies are lower than the accessible energies generated
from a single 193 nm UV photon (6.44 eV). We conducted
similar experiments using the same number of laser pulses and
different laser energies (i.e., 1 pulse at 1 mJ per pulse, 1 pulse at
2 mJ per pulse, and 1 pulse at 3 mJ per pulse) (Fig. S3a, ESI‡).
Also, we performed experiments with different numbers of laser
pulses and the same laser energy (i.e., 1 pulse at 2 mJ per pulse,
2 pulses at 2 mJ per pulse, and 3 pulses at 2 mJ per pulse)
(Fig. S3b, ESI‡). The abundances of [Ag29(BDT)12]2� and
[Ag29(BDT)12]1� species increase with increasing laser pulses
and laser energies. Activated-electron photodetachment
dissociation (a-EPD) experiments were performed using UV
photoactivation (1 pulse at 2 mJ per pulse) to generate

Fig. 1 (a) Electrospray ionization mass spectra (ESI MS) of [Ag29(BDT)12]3�. (b) HCD of [Ag29BDT12]3� at NCE 5, NCE 15, and NCE 20. (c) UV
photoactivation of [Ag29BDT12]3� at 2 pulses at 2 mJ per pulse. Photodetachment of [Ag29(BDT)12]3� produced [Ag29(BDT)12]2� and [Ag29(BDT)12]1�

species. Simulated and experimental isotopic distributions are shown in the inset. The structures of the clusters are represented near their molecular-ion
peaks. Gray: Ag, Blue: Pt, yellow: S, orange: P, grey: C, white: H.
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charge-reduced radical species, followed by isolation and colli-
sional activation of the primary charge-reduced precursor
ion, [Ag29(BDT)12]2� (MS3) (Fig. 2). For a-EPD of [Ag29(BDT)12]2�

the fragments observed were [Ag24(BDT)9]� (m/z 3852), [Ag24(BDT)8]�

(m/z 3712), [Ag29(BDT)11]2� (m/z 2336), and [Ag5(BDT)3]� (m/z 960).
We find that the emergence of [Ag29(BDT)11]2�, the one ligand loss
feature, is increasingly prominent with increasing collisional energy.

This fragmentation pattern is distinctly different from the
collisional activation of [Ag29(BDT)12]3�, as reported earlier
(Fig. 1b).

We also synthesized a bimetallic PtAg24 nanocluster using a
previously reported protocol,22 and it exhibited prominent
absorption features at 450 and 580 nm (Fig. S4, ESI‡). Time-
dependent optical absorption measurements confirmed the
stability of the PtAg24 cluster (Fig. S5, ESI‡). Fig. 3a presents
the ESI MS of PtAg24, which exhibits a peak at m/z 2626 with a
2� charge state corresponding to [PtAg24(2,4-DMBT)18]2�.
The inset of Fig. 3a shows the overlay of experimental
and simulated isotopic distributions. The structure of
[PtAg24(2,4-DMBT)18]2� was determined by SCXRD, which is
shown in the inset (Fig. 3a). Experiments have been conducted
on the PtAg24 system, which ionizes in the 2� state, and upon
UV photoactivation, it produces the [PtAg24(2,4-DMBT)18]� spe-
cies. In Fig. 3b and c, we compare the HCD and UV photo-
activation mass spectra of [PtAg24(2,4-DMBT)18]2� at different
collisional and laser pulse energies. The compositions of the
fragment ions are assigned in the mass spectra. Systematic

fragmentation occurs upon collisional activation, resulting in
several fragments, all of which are 8e-species (Fig. 3b).24 For the
UV photoactivation spectra, ions corresponding to [PtAg24

(2,4-DMBT)18]� and [PtAg24(2,4-DMBT)17]� are observed along
with other fragments. Photodetachment calculations have
shown that the first ionization potential of [PtAg24

(2,4-DMBT)18] is 1.68 eV. The abundance of the ion corres-
ponding to a single ligand loss increases with an increase in the
laser energy per pulse.

To understand the difference in the fragmentation process,
we performed computational studies on Ag29 and PtAg24. We
have computed the DFT optimized structures of Ag29, with
increase in charge, namely [Ag29(BDT)12]�, [Ag29(BDT)12]2�,
and [Ag29(BDT)12]3� (Fig. S6a–c, ESI‡). While comparing the
DFT-optimized structures of [Ag29(BDT)12]3�, we observe a
slight perturbation of the Ag–S bond in its [Ag29(BDT)12]�,
and [Ag29(BDT)12]2� charge states as compared to the
[Ag29(BDT)12]3� parent species. The ligand detachment energy
(LDE) for one ligand loss was calculated using both optimized
and non-optimized structures. The values were 4.66 and
5.55 eV, respectively. Similarly, we have computed the DFT
optimized structures of [PtAg24(2,4-DMBT)18]�, and [PtAg24

(2,4-DMBT)18]2� (Fig. S6d and e, ESI‡). A comparison of the
DFT-optimized structures showed slight perturbation of the
Ag–S bond in [PtAg24(2,4-DMBT)18]� as compared to the
[PtAg24(2,4-DMBT)18]2� parent species. We have considered
two possible DMBT ligands based on the symmetry of the
metal-ligand interface. The detachment energies for the loss
of ligand were calculated as 1.66 and 2.14 eV, for both these

Fig. 2 a-EPD experiments of charge-reduced radical species
[Ag29(BDT)12]2� at NCE 10, NCE 30 and NCE 40.

Fig. 3 (a) Electrospray ionization mass spectrum of [PtAg24(DMBT)18]2�.
Simulated and experimental isotopic distributions of [PtAg24(DMBT)18]2�

are shown in the inset. (b) HCD of [PtAg24(DMBT)18]2� at NCE 0 and NCE 5.
(c) UV photoactivation of [PtAg24(2,4-DMBT)18]2� at different energies,
2 pulses at 1 mJ per pulse, 2 pulses at 2 mJ per pulse, and 2 pulses at
3 mJ per pulse.
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cases using optimized structures. However, the non-optimized
structures gave values of 2.35 and 2.96 eV, respectively.
The ligand detachment processes of [Ag29(BDT)12]2� and
[PtAg24(2,4-DMBT)18]� are shown in Fig. 4. The calculated
ligand detachment energies, whether considering optimized
or non-optimized dissociation structures for both the clusters
were much below the accessible energies of the UV photon
used, which was 6.44 eV (193 nm).

In conclusion, we have examined the UV photoactivation of
two APCs, [Ag29(BDT)12]3� and [PtAg24(DMBT)18]2� in the gas
phase. UV photoactivation results in the formation of the
charge-reduced electron-detached species, yielding clusters
in 2- and 1-charge states from the 3-precursor. These ions
dissociate through single ligand losses, distinctly different
from the dissociation channels seen for the same cluster
ions using collisional activation. UV photoactivation of
[PtAg24(DMBT)18]2� also yielded similar results. This unique
pathway suggests a change in the energetics of the metal-ligand
interface, as supported by calculations. These insights on the
atomically precise clusters will be useful in understanding the
behaviour of the clusters in the gas phase. Expanding UV
photoactivation analysis into APCs could provide more insights
into their structure and bonding. Such studies would help us
gain insights into structures of larger nanoparticles, which may
resemble proteins, on the latter UV photoactivation studies are
performed routinely. These structural insights enable us to
understand the behaviour of clusters in the gas phase, which
could enhance their utility in catalytic (including photocataly-
tic) and electrochemical applications.
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preprint, DOI: 10.26434/chemrxiv-2024-kxjpb.
7 X. Du and R. Jin, ACS Nano, 2019, 13, 7383–7387.
8 R. Jin, Nanoscale, 2015, 7, 1549–1565.
9 S. Knoppe, M. Vanbel, S. Van Cleuvenbergen, L. Vanpraet, T. Bürgi

and T. Verbiest, J. Phys. Chem. C, 2015, 119, 6221–6226.
10 B. N. S. Sooraj and T. Pradeep, Atomically Precise Metal Nanoclusters,

Elsevier, 2022, pp. 83–101.
11 K. S. Sugi, A. P. Sandra, N. Nonappa, D. Ghosh, J. S. Mohanty,

M. Paulthangam Kannan, B. S. Sooraj, P. Srikrishnarka, J. Roy,
W. A. Dar and T. Pradeep, Nanoscale, 2023, 15, 11927–11934.

12 Y. Chen, C. Zeng and R. Jin, Catalysis, 2016, 28, 51–85.
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Fig. 4 Ligand detachment energy obtained from the optimization and
without optimization (italic) of the dissociated fragments (in eV)
(a) [Ag29(BDT)12]2� and it’s one ligand loss species [Ag29(BDT)11]

2�;
(b) [PtAg24(2,4-DMBT)18]� and it’s one ligand loss species [PtAg24

(2,4-DMBT)11]
�. Atomic colour codes: gray: Ag, Blue: Pt, yellow: S, orange:

P, grey: C, Hs are omitted for clarity.
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