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ABSTRACT: Despite the significant advancements in noble metal-based nanocluster research, challenges remain in making specific
metal kernel geometries, especially protected by bulky ligand shells. Here, we synthesized and structurally characterized a neutral silver
cluster, [Ag,,(TRZ),,(TPP),], where TRZ and TPP refer to 6-(dibutylamino)-1,3,5-triazine-2,4-dithiolate and triphenylphosphine,
respectively. The cluster was synthesized under ambient conditions using a TPP-assisted, solvent-mediated structural transformation
from the [Ag,,(TRZ),,]* precursor cluster. This non-face-centered cubic (non-fcc) cluster features a central Ag; trigonal bipyramidal
core surrounded by a distinct Ag (4 5) tricapped trigonal prismatic (TTP) shell. This type of unconventional metal skeleton differs sig-
nificantly from the well-known fcc-type Ag,, cluster, which typically has an octahedral Ag, core and a cubic Agg shell. It is also the first
metal cluster to be structurally resolved with TRZ ligands. Quantum chemical calculations indicate that although the non-fcc Ag, , skel-
eton has a lower cohesive energy than the fcc Ag;, analogues, bulky TRZ ligands featuring multiple sulfide linkages and n-butyl chains
stabilize it. The as-synthesized Ag,, cluster is non-emissive, but exposure to oxygen converts it into an orange-emitting species.
Density functional theory calculations indicate that the TTP Ag, ;) shell prefers binding with oxygen. Emissive lifetime and femto-
second transient absorption showed that oxygenation provided greater stabilization of excited states than the parent Ag,, cluster. This
study presents a new approach for designing metal clusters with unique structural frameworks with unconventional ligand environ-
ments and allows for harvesting surface-sensitive electronic properties.

KEYWORDS: silver nanocluster, non-face-centered cubic, luminescence, self-assembly, oxygenation, excited-state electron dynamics
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an emerging class of functional materials with core diameters in

the range of 1-4 nm, which bridge the gap between isolated Received: June 9, 2026

atomic complexes and traditional nanoparticles.'™ These nano- Revised:  August 20, 2026

materials exhibit a transition from the molecular to the plasmonic Accepted:  August 20, 2026

materials as their atomicity is gradually increased.* Because of
their ultra-small size and electronic confinement, NCs have
distinct, closely spaced electronic energy levels.>~” Electronic tran-
sition between these discrete energy levels gives rise to structure-
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erties make them valuable for the fabrication of optoelectronic
devices,'>'® nonlinear optics,17 chemical sensors,'® and photoca-
talysts'® and for the development of contrast agents for bioima-
ging and radiosensitization.””*' Generally, clusters have an inner
metal kernel protected by a layer of ligands, such as thiols,** phos-
phines,”® carbenes,** alkynes,” carboxylic acids,*® amido-pyri-
dines,”” deoxyribonucleic acids,*® and polyoxometalates.””*
Significant advancements have occurred in the synthesis and
structural elucidation of silver NCs, particularly following the ini-
tial structural characterization of Ag,, and Ag,, clusters.’">* It
was observed that silver NCs mostly prefer octahedral, cubic, ico-
sahedral, and dodecahedral arrangements of primary inner kernel,
followed by a secondary and tertiary layer of metal atoms.*>** A
few reports also exist on silver clusters with an inner kernel con-
sisting of distorted metal atoms®® and fusion of cuboidal or icosa-
hedral units.*®*” Therefore, developing clusters with new types of
metal cores and interfacial motifs is essential, although
challenging.

Beyond the structural and compositional understanding,
attention is given to investigating their surface-sensitive optical
properties. These properties depend on surface ligands and
the interfacial motifs. Ligand-modulated surface chemistry of
clusters resulted in chiral isomers,*® polymorphs,* cocrystalline
solids,* cluster assembled framework solids,*" and supramolec-
ular nanostructures.”” These materials exhibit circularly polar-
ized luminescence, enhanced emission quantum vyield, and
multiphoton up-conversion.**** The surface sensitivity of clus-
ters plays a critical role in governing their catalytic activity and
self-assembly behavior. Recent progress of electrocatalytic
reduction of oxygen™* and carbon dioxide* using silver clusters
showed the surface-sensitive catalytic nature of these nanomole-
cules. Furthermore, ligand-mediated non-covalent interac-
tions, such as hydrogen bonding,46 electrostatic interactions,*’
-7 stackjng,48 and van der Waals interactions, resulted in
structurally and functionally distinct cluster-assembled nanoag-
gregates.*”>? Morphological evolution of these aggregates upon
controlling such interactions through solvents, counter ions,
surfactants, and stimulating agents resulted in tunable morphol-
ogies. However, the impact of short-contact interactions
between clusters and small molecules remains poorly
understood.

In view of these effects of ligands, we present a new ligand,
6-(dibutylamino)-1,3,5-triazine-2,4-dithiol with acronym TRZ-
H,, featuring two thiol groups attached to the 2 and 4 positions
of triazine, along with di-butyl amino chains linked to the 6 posi-
tions. The choice of this ligand is due to enhanced polarity of
the ring than its benzene-thiolated analogue. Earlier, we have
synthesized gold®' and silver’> clusters utilizing this ligand
and characterized them through mass spectrometric studies,
although suitable crystals were not formed due to molecular
complexity and the challenges associated with crystallization.

Overcoming such challenges, we have successfully utilized
the phosphine-induced solvent-mediated structural transforma-
tion approach to synthesize a new silver cluster, ie.,
[Ag,,(TRZ),,(TPP),] (denoted as Ag,,). Single-crystal X-ray
diffraction studies reveal a unique arrangement of the cluster
having an Ag; trigonal bipyramidal core and an Agg,)-tri-
capped trigonal prismatic shell. It may be noted that this is
the first metal cluster with a unique geometry, which is structur-
ally resolved using this ligand. This cluster shows oxygen sensi-
tivity, and the oxygenation process turns the non-emitting Ag,
cluster into an orange-emitting one. The excited-state electron

dynamics of the clusters studied using femtosecond transient
absorption (TA) reveal an enhancement in lifetime upon oxy-
genation. Theoretical investigations showed unusual structural
stability of the cluster and revealed active sites suitable for the
oxygenation processes. Ligand-centered self-assembly of the
cluster is also modified upon oxygenation, and distinctly differ-
ent cluster-assembled superstructures were formed.

B RESULTS AND DISCUSSION
Synthesis and Characterization of the Ag,, NC

We have synthesized the Ag;, NC utilizing a mixed solvent-
induced conversion method, using TRZ-protected Ag,, as the
precursor, as schematically presented in Figure la. Ag,, was
synthesized following our previous report.>> In brief, triphenyl-
phosphine (TPP)-assisted coreduction of silver TRZ-thiolates
using sodium borohydride at room temperature (25 °C)
yielded the Ag,, cluster. The formation of bluish-violet Ag.;
was confirmed by its distinctive UV—Vis absorption features
and a mass spectrometric peak at m/z 3024.41 with a 2— charge
state (Figure S1). Our previous studies revealed remarkable sta-
bility for the Ag,, cluster below 200 °C in the solid state and in
dichloromethane (DCM) solution under ambient conditions.>*
Surprisingly, we observe that the use of a DCM/methanol (1:4
v/v) solvent mixture with TPP resulted in the conversion of
Ag., to Ag,, as only cluster product. After 10-12 days, we have
observed the emergence of a greenish-yellow solution, indicat-
ing the formation of the Ag,, cluster with a synthetic yield of
30-35% in terms of Ag,, cluster (see the Experimental
Section for more details). The insets in Figure 1a show the pho-
tographs of the solutions before (Ags;,) and after the transfor-
mation (Ag,,). It is worth noting that various other solvent
mixtures, e.g, DCM/acetonitrile, DCM/toluene, DCM/hex-
ane, DCM/acetone, in a 1:4 ratio, did not lead to the formation
of the Ag,, cluster.

In an approach toward direct synthesis, we attempted the
reduction of silver TRZ-thiolate in the presence of TPP using
slow-reducing agents, such as sodium cyanoborohydride and
the tert-butyl borane-amine complex. However, the reduction
reaction resulted in a gray suspension (for sodium cyanoboro-
hydride) and a colorless solution (for the tert-butyl borane-
amine complex), respectively, devoid of any characteristic
absorption feature of the clusters (presented in Figure S2).
Time-resolved UV-Vis absorption studies revealed that the
three absorption peaks of Ag,,, centered at 402, 527, and
598 nm, got transformed into a single absorption band centered
at 417 nm with an absorption edge up to 450 nm. This new
absorption feature is characteristic of Ag;, (shown in
Figure 1b). We note that the absorption spectrum is distinctly
different from the reported Ag,, clusters.*’**>* The reproduc-
ibility of the synthesis was verified using four distinct sets of
experiments, all of which yielded Ag,, after 10 days, exhibiting
an identical absorption band at 417 nm, as illustrated in
Figure S3.

The chemical composition of the newly synthesized Ag, , was
confirmed using high-resolution electrospray ionization (ESI)
mass spectrometry (see the Supporting Information for details).
The as-prepared NC did not ionize, neither in the positive nor
in the negative ion mode of ionization, suggesting a neutral
charge state for the cluster. However, upon addition of formic
acid (50 pL of 0.1 M), we observed a sharp peak at m/z

https://doi.org/10.1021/acsami.6¢11805
ACS Appl. Mater. Interfaces XXXX, XXX, XXX=XXX

=Aoy{s5800y1S8NB Ipd"G508 | L -920Z-We/ L2/ 8./89/S081 L0 IWESOR/LZ0L 0 L/10p/pd-ajoie oiwee/B10'soe"sqnd wouy papeojumoq

920z 1990300 80 uo enedeyey ABYGNUY ‘SYHAVIN HOTL 4O LSNI NVIANI AQ 2G9Zqe68046-00€8-79PY-2€06-261€L9)d


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c11805

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a b 1.0 .
) C(Q ° ) ‘ ——[Ag34(TRZ)ol°
~—[Ag14(TRZ)1,(TPP),)
: TPP 4 jjjj 0.8 14(TRZ)15(TPP)y
) e\ DCM : Methanol Q" ‘Q ®
(1: 4 viv) [ § 0.6 402 nm 527 nm
10-12 d \@/ 5 MR
o a \ N
. 'y ys Q Q § 044 :“
! U < \ /
‘Q ] v \/
?\: J\f‘/\/ | . == G © O 0.2-
[Ags1(TRZ)40]* [Ag14(TRZ);(TPP)s] 0.0

c)

2772.27 (2+) —  [Ag1a(TRZ)1(TPP);.2H]*

[Ag1s(TRZ)3(TRZ),(TPP);.(2H)F* n=0

’ULJUU\J\W ‘ii

400 500 600 700 800
Wavelength (nm)
12 34 5 67 8 9

d)

CE 55

CE 50

1 ' ' ' '
«| L1 L1 CE4s
|

*L Ll ceao

CE 35

2766 2769 2772 2775
m/z

N |

2778 I 1k

AlLCES

T ¥ T i T T ¥
1000 2000 3000 4000 5000

m/z

6000 1500 2000 2500 3000
m/z

Figure 1. Schematic representation of the mixed solvent-induced conversion of [Ag;,(TRZ),,]*" to [Ag,,(TRZ),,(TPP),]. Inset shows the photo-
graphs of DCM solution of the respective clusters. (b) Comparison of the UV-Vis absorption spectra of both the compounds in DCM. (c) Positive
ion-mode ESI-mass spectrum of the Ag,, cluster. The inset shows an exact match between the isotopic distribution of the experimental spectrum
(black trace) and the simulated one (green trace). The second abundant peak is a TRZ loss ion. (d) Collision-energy-dependent MS-MS fragmen-
tation studies of the Ag,, cluster, indicating the systematic loss of TRZ and TPP surface ligands. The minor fragmentation series (marked as *) is

assigned in Figure S4.

2772.27 in the positive ion mode with a peak-to-peak mass sep-
aration of 0.5, indicating a 2+ charge state (Figure lc). The
total mass of the peak, 5544.54, was assigned to the composi-
tion, [Ag,,(TRZ),(TPP),-2H]**.

The triazine moieties with tertiary N atoms, present on the sur-
face of the cluster, are likely to be protonated in the presence of
formic acid and thus induce ionization. In addition to the primary
molecular ion peak at m/z 2772.27, additional peaks appeared in
the low-mass range, at m/z 263629, 2505.37, 2374.37, and
2238.97 (again with 2+ charge), presumably due to the dissocia-
tion of TRZ and TPP ligands from the parent cluster. These peaks
are assigned to the compositions [Ag,,(TRZ), 1(TPP)Z,]”,
[Agl4(TRZ)11(TPP)z]2+; [Ag14(TRZ)11(TPP)]2+; and [ 14
(TRZ),,(TPP)]**. Notably, no prominent low m/z ions (below
m/z 1000) were observed, indicating that the addition of formic
acid did not induce further degradation of the cluster. Further
structural insight of the cluster was obtained through collision
energy-dependent fragmentation studies (shown in Figure 1d).
The molecular ion peak at m/z 277227 was selected to initiate
the fragmentation studies by gradually increasing the collision
energy of ions inside the trap cell. Upon raising the collision
energy (CE) from CE S (in instrumental unit), we observed

sequential losses of ~270 mass units from the parent ion peak.
These are indicative of the loss of one TRZ ligand (mass of
270.43) in each event.

By continuous increase of the CE up to SS, we observed nine
successive TRZ losses, verifying the presence of TRZ on the
outer surface of the cluster. However, further increasing the
CE beyond SS significantly reduced the ion intensities, which
limited additional fragmentation studies. Another fragmentation
series is also found in MS-MS spectra, labeled as * in Figure 1d,
and the respective assignment is shown in Figure S4. The initial
peak appeared at m/z 2451.42 (at a CE of 15) is due to the loss
of the {Ag-TRZ-TPP-2H} fragment from the parent cluster,
and this peak is assigned with the composition,
[Ag,,(TRZ),,(TPP),]**. Upon further increasing the CE,
additional loss of two TPP ligands (mass of 262.29) and subse-
quent detachment of five TRZ ligands (mass of 270.43) were
observed (see Figure S4). Altogether, MS-MS fragmentation
studies confirm the presence of TRZ and TPP in the cluster.
A similar type of fragmentation of surface ligands was reported
for other silver clusters.>#**

The 'H NMR spectrum of a solution of Ag,, displayed broad
resonance signals at § 0.84, 1.26, 1.48, and 3.49 ppm, arising

https://doi.org/10.1021/acsami.6c11805
ACS Appl. Mater. Interfaces XXXX, XXX, XXX=XXX

920z 1990300 80 uo enedeyeN ABYgNUY ‘SYHAVIN HOTL 4O LSNI NVIANI AQ 2G9Ze68046-00€8-79PY-2E06-261€L9)d=A0Yssa00VyIsanbiipd 65081 L-9202-We/LZ /8. .89/S081 L 09" IWESOE/LZ0 L 0 L/10p/jpd-ajoiue olwee/Bi0'soe sqnd woy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c11805

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

from the n-butyl chains of the TRZ ligands and multiplets
between 7.16 and 7.66 ppm attributed to the protons from phe-
nyl groups of the TPP ligands (Figure SS). The proton-
decoupled *C NMR spectrum showed multiple resonance
peaks at 6 128-135 ppm, indicating the presence of TPP
ligands; signals at & 13.98, 20.04, 29.93, and 46.81 ppm are
due to the n-butyl chains of the TRZ ligands (Figure S6).
The *'P NMR spectrum showed a broad peak at 6.05 ppm
(Figure S7) due to TPP binding to the cluster. A similar type
of spectral broadening was observed in the literature for other
phosphine-protected silver clusters.*>>°

The FT-IR spectroscopic studies further verified the binding
of TRZ ligands (shown in Figure S8). The C-H stretching
vibrational modes at 2930 and 2955 cm™ corresponding to
n-butyl chains of the TRZ ligand on the Ag, , cluster match well
with the spectral features of the TRZ-H, ligand. The C=N
and C—N stretching vibrational modes related to the heterocy-
clic {C;N;} triazine moiety appeared at 1572, 1530, and
1127 cm™. The reduction of peak intensity is due to the bind-
ing of the ligands to the electron-rich Ag atoms. The X-ray pho-
toelectron spectroscopy (XPS) survey spectrum indicates the
presence of elements Ag, S, P, N, and C (shown in
Figure S9). Selected area scans showed the characteristic fea-
tures. Peaks at 367.8 and 373.6 eV, corresponding to 3d;,,
and 3d; ,, respectively, are due to silver atoms exhibiting mixed
oxidation states of 0 and 1+. Spectral fitting of the C 1s region
shows peaks at 284.8, 285.4, and 287.1 eV due to C-C, C-N,

and C=N bonds of the TRZ and TPP ligands. Two peaks at
398 and 399.3 eV of the N Is region are due to C-N and
C=N bonds of TRZ, respectively. The peaks at 131.3 and
132.2 eV correspond to P 2p,,, and 2p,,,, respectively, of
TPP attached to the cluster.

Molecular Structure of the Ag,, Cluster

The molecular structure of Ag,, was determined using single-
crystal X-ray diffraction studies. The single crystal was obtained
using vapor diffusion of methanol into the DCM solution,
which resulted in yellowish cuboidal single crystals (see
Figure S10). This cluster crystallizes in the monoclinic crystal
system, with the space group P2,/n (Table S1), with four mol-
ecules per unit cell (Z = 4). The Ag,, cluster features a unique
molecular structure with an inner Ag. core in a trigonal bipyra-
midal (TBP) arrangement (shown in Figure 2a) with Ag-Ag
distances ranging from 2.80 to 2.85 A (shown in Figure S11),
suggesting argentophilic interactions stabilizing the inner ker-
nel. This inner structure of the Ag,, cluster is distinctly different
than the previous reports of fcc Ag,, clusters based on octahe-
dral Ag, cores.> 135457760 T the best of our knowledge, we are
hereby reporting the smallest core structure for Ag,, clusters. In
addition to the unprecedented cluster core, the Ag,, cluster also
exhibits a unique Ag shell structure composed of a trigonal pris-
matic Ag, shell (Ag--Ag distances at 7.51-7.97 A) with three
Ag atoms capping each rectangular face of the prism.
Figures 2a and S12 illustrate the structural anatomy and

a) ‘ ’ ‘
Ax2
% - ~
Ax1 ‘ . ’ ‘ .

Ags core Ags @Agg core-shell

Ags @Ags.3) capped core-shell

Figure 2. (a) Structural anatomy of the Ag,, cluster having a trigonal bipyramidal Ag, inner core protected by a trigonal prismatic Ag shell, with the
Ag @Ag, core—shell unit being capped by three other Ag atoms. Three TPP ligands are solely connected to these capping silver atoms. (b) Silver
sulfide skeleton of the cluster possesses an overall trigonal bipyramidal shape. (c) Connectivity pattern of the two peripheral Ag atoms of the inner
TBP core. (d) Location of the twelve TRZ ligands outside the cluster. -N(n-butyl), chains are omitted for clarity. (e) Complete molecular structure
of the cluster without H atoms. (f) Packing of the clusters in the unit cell, viewed along the crystallographic a axis. (g) View of a (2 X 2 X 2) supercell
to illustrate the continuation of the packing. Atom color code: pink = silver (TBP core), green = silver (TP shell), purple = silver (capping), green =
phosphorus, yellow = sulfur, gray = carbon, blue = nitrogen and white = hydrogen.
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stepwise construction of the cluster. Notably, the structure dif-
fers from the metal—shell structure in the previous papers
reporting a cubic Ag, arrangement (see the summary in
Table S2). Hence, the new Ag,, cluster lacks an fcc core struc-
ture but instead has a (near) C,v molecular symmetry. It is
worth noting that the three TPP ligands connected to the cap-
ping Ag atoms (at Ag-P distances of 2.48 A) together form an
equilateral triangle. An average distance of the centroid of the
cluster to the capping Ag atoms is 3.9 A (Figure S13). The pres-
ence of an odd number of TPP ligands is also unprecedented in
silver NC chemistry (see the summary in Table S3). A detailed
structural analysis reveals that the Ag core is linked to the rest
of the Ag atoms via thiolate bridges (shown in Figure 2b). One
of the two axial Ag atoms of the inner TBP unit (marked as Ax1
in Figure 2c) is connected with three p-S atoms, while the other
axial Ag atom (marked as Ax2) is connected to a ;-S atom of
the thiolate ligands. The resulting bond lengths (2.6 A on aver-
age) reflect an intermediate Ag—S bond strength. The coordina-
tion environment of the capping Ag atoms is slightly distorted
due to the presence of these two coordination modes of the tri-
angularly oriented triazine rings (shown in Figure 2d). The
complete molecular framework of the NC exhibits a triangular
shape comprising fourteen silver atoms and twelve surface-
anchored TRZ and three TPP ligands (see Figure 2e).

Next, we have investigated the packing of the clusters in the
crystal (Figure 2f). According to crystal symmetry, the mole-
cules are packing in layers with the A-B---A-B sequence (shown
in Figure 2g). Each cluster is surrounded by six adjacent clus-
ters, with an average (center—to—center) distance of ~22 A
(Figure S14). Careful analysis reveals that a large number of dis-
persive C—H---H—C (distances of 2.1-2.3 A) and C-H---C (dis-
tances of 2.7-3.7 A) interactions, originating from the n-butyl
chains of the TRZ ligands, seem to contribute to the packing
of the clusters (see Figure S15). Other minor interactions, such
as C-H--S, C-H---w (TRZ) and C-H:--x (TPP) (distances of
~2.8 A), originating from the Ag—S skeleton and TRZ and
TPP ligands, add to the structure-directing interactions.

Density functional theory (DFT) calculations using the
Vienna Ab initio Simulation Package (VASP) with the
Perdew—Burke—Ernzerhof (PBE) exchange—correlation func-
tional were performed to compare the intermetallic bonding
capabilities of our Ag,, cluster with the fcc counterparts.®**
The calculated cohesive energies are —0.78 and —1.09 eV/atom
for the new Ag,, cluster and the reported fcc-Ag,, structure,
respectively (Figure 3). This suggests weaker Ag--Ag

Cohesive energy: - 0.78 eV/atom Cohesive energy: - 1.09 eV/atom

Non-fcc Agy, (this study)

fcc Ag.q4 (earlier reports)

Figure 3. Comparison between the structural stability in terms of
cohesive energy of our non-fcc Ag,, kernel and the earlier reported
fcc Ag,, kernel.

interactions in the new arrangement as compared to the fcc
cluster structure. This implies that the stability of the new
Ag,, cluster likely stems from the metal—thiolate coordination
rather than from the metal-metal interactions alone. To under-
stand the nature of the bonding within the cluster core, we have
carried out a Bader charge analysis of the metal atoms. The
atomic charges in the Ag atoms are shown in Figure S16, which
confirms the separation of the Ag, , substructure into a core and
two shells. Atoms of the capping Ag, shell feature the least pos-
itive charge, which can be attributed to their Ag---P and Ag---S;
coordination environment. The charge of the five Ag atoms
with the Ag. TBP core is lower as compared to the Ag, TP
shell, which can be ascribed to the mixture of Ag--Ag interac-
tions and Ag-S bonding, in an Ag--Ag,S, fashion or an
Ag---Ag,S, fashion, whereas the remaining six Ag atoms of the
Ag, shell are engaged in Ag—S bonding alone, as Ag---S,. The
presence of different charges in different parts of the Ag,, core
reveals that these atoms can be expected to behave differently
with reactants and contribute to various extent toward the sta-
bility of the cluster.

Theoretical Understanding of Electronic Structure of the
Ag,, Cluster

Time-dependent density functional theory (TD-DFT) calcula-
tions were performed (using the Gaussian 09 D.01 program)
to investigate the origin of the optical absorption features and
the underlying electronic structure of the Ag,, cluster. To min-
imize the computational cost, the calculations utilized a simpli-
fied structural model, substituting surface ligands PPh, (TPP)
and (n-Bu),N-C;N,-S, (TRZ) with PMe, and (Me),N-C;N,-
S,, respectively. DFT-optimized structural parameters of the
cluster are summarized in Table S4. The optical absorption
spectrum of the cluster simulated using TD-DFT is shown in
Figure 4a. The primary absorption peak appearing at 410 nm
is in reasonable agreement with the experimental data. Minor
deviation could be attributed to the structural simplification,
resolution differences, and implicit solvent consideration in
the TD-DFT simulation. The frontier molecular orbital
(FMO) analysis showed that this electronic transition is associ-
ated with the deeply occupied (HOMO-93) to the LUMO
excited state of the cluster (Figure 4b). The outer Ag g, 5) shell,
the Ag—S interface, and the aromatic parts of the ligands are pri-
marily involved in this transition. A similar distribution of elec-
tron density is also observed in the electron density maps of the
frontier orbitals, centered around the inner Ags43) region of
the cluster (shown in Figure S17a).

According to the Jellium model-based electron counting rule,
this neutral Ag,, cluster possesses 2 valence electrons (NV, —
M —Z =14 X 1-12 — 0 = 2, where N is the number of metal
atoms, V,, is the atomic valence, M is the number of electron
withdrawing ligands, and Z is the overall charge of the clus-
ter).%® This is expected to give a superatomic electronic config-
uration of 1S For analyzing this, we have carried out a
molecular orbital analysis of the Ag,, part in the optimized
geometry of the cluster (Figure S17b). It is seen that the
(HOMO-6) features a 1S nature, where the electron density
is majorly concentrated on the Ag, TBP core, which provides
electronic stability to the cluster. We have carried out an elec-
tronic structural analysis of the cluster by conducting molecular
orbital (MO) and projected density of states (PDOS) analysis.
The PDOS of the cluster in terms of the contribution of respec-
tive atomic orbitals is represented in Figure 4c.
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Figure 4. (a) Experimental (green trace) UV—Vis absorption spectrum of the cluster in comparison to the calculated (black trace) spectrum,
obtained from TD-DFT calculation of the simplified cluster. (b) Frontier molecular orbitals responsible for the primary optical absorption band, cen-
tered at ~410 nm. (c) Projected density of states (DOS) analysis showing the contributions of different atomic orbitals present in the cluster.
(d) Total density of states in the combination of the Ag; core and the Ag(6.3) shell

From the PDOS analysis, it can be understood that the
valence band was mainly consisting of N(p), S(p), and
Ag(d) states and the conduction band has major contribution
from C(p) and N(s) states. This suggests that both the silver
core and the thiolate ligands contribute to the frontier states.
To distinguish the core versus shell contributions and clarify
the physical origin of the optical absorption features, we per-
formed a Kohn—Sham (K-S) molecular orbital analysis
(Figure S18). Occupied orbitals near the valence band edge
are heavily dominated by Ag d-bands hybridized with ligand
S (p)-orbitals, with the Ag,s shell states providing the
major contribution—in good agreement with the PDOS anal-
ysis. Specifically, the occupied orbital driving the primary
410 nm transition (HOMO-93) consists predominantly of
Ag(s43)(d) (77%) and Agy(d) (15%) states. In contrast, the
unoccupied orbitals shift toward the diffused sp-hybridized
orbitals. The LUMO is composed mainly of Ag(sp) core
states (65%), with a minor contribution from Ags43)
(d) (20%) states. Consequently, the 410 nm peak is character-
ized by a dominant interband d — sp ligand-to-metal charge
transfer (LMCT) excitation, alongside weak intraband
d — d state mixing owing to the minor d-character present
in the low-lying states. Overall, the dominant sp-character of
the unoccupied states derived from the central Ag core serves
as the primary origin of these interband electronic transitions.

Effect of Oxygenation to the Ag,, Cluster

We observed that the non-emitting Ag,, cluster turns into an
orange-emitting species upon bubbling gaseous oxygen through
the solution. This transformation is schematically depicted in
Figure Sa (see the Experimental Section for details). The UV—
Vis absorption spectrum of Ag,, is characterized by a single
band centered at 417 nm, which remains unchanged for 30 days
in DCM, without oxygen supply (see Figure Sb). Surprisingly,
upon bubbling oxygen gas through this solution, the NC
exhibits a unique change in absorption and emission character-
istics. Photographic images of the Ag,, NC in solution and in
the solid state during oxygenation are given in Figure Sc, show-
ing the visible orange emission upon oxygenation. Importantly,
the effect of oxygenation was not examined in the literature for
previously reported fcc Ag,, clusters.>">***37=%" It has been
reported that fluorescent clusters show no impact by oxygen
treatment, whereas phosphorescent ones exhibit a reduction
in emission intensity when interacting with molecular
oxygen.®®” Rather surprisingly, this cluster displays distinctly
different physicochemical behavior compared to previously
reported systems.

The ESI mass spectra of the solution recorded after treat-
ment with oxygen showed a molecular ion peak at m/z
2772.23 (charge state 2+), accompanied by an additional peak
at m/z 2836.19 (charge state 2+), indicating the presence of a
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Figure 5. (a) Schematic representation of the oxygenation of Ag,, and its effect on luminescence. (b) Time-sequence of UV-Vis absorption spectra
of Ag,, in DCM solution without oxygen bubbling indicating its stability. (c) Photographs of the cluster before and after oxygen supply in solution (as
described in the Experimental Section) and in the solid state under daylight (top) and 365 nm UV light (bottom) exposure. (d) Comparison of UV—
Vis absorption spectra of Ag,, before and after oxygenation. (e) Photoluminescence excitation and emission spectra of both as-prepared and oxygen-
ated-Ag,, in their respective DCM solution. (f) PL decay profile of the oxygenated-Ag,, along with fitting of the components. (g) DFT-optimized
structures of oxygen attachments (shown in red color) at different binding sites of the Ag, , cluster with the relative energies (REs) with respect to the

most stable binding site in eV.

cluster adduct comprising four oxygen molecules (shown in
Figure S19). Based on the ion intensity of Ag,, and oxygen-
ated-Ag,, ions, we estimate that approximately 41 + 4% of
the oxygenated-Ag,, species were formed in the solution. Due
to the rapid formation and deoxygenation of oxygenated-Ag,,
clusters in solution, the actual concentration of oxygenated
Ag,, clusters may exceed the ion concentration measured by
mass spectrometry. Furthermore, higher intensity of the Ag,,
peak may result from the dissociation of oxygenated-Ag,, spe-
cies under the gas-phase conditions present during mass spec-
trometric analysis. The separation of the oxygenated-Ag,,
clusters and the growth of single crystals were not successful.
The UV-Vis absorption spectrum of the oxygenated species
shows an additional band at 475 nm, with an absorption tail
up to 540 nm, along with a band at 417 nm for the oxygen-
ated-Ag,, cluster (see Figure 5d). In the corresponding PL

spectrum, a strong emission band appears at 585 nm for the
oxygenated cluster besides a characteristic photoexcitation band
centered around 337 and 472 nm (shown in Figure Se).

We conducted time-dependent PL measurements following a
sequential oxygen bubbling interval of 6 h. Comparative PL
intensity measurements indicated that emission induced by oxy-
genation began to manifest after 18 h of bubbling and reached
its peak intensity around 48 h (Figure S20). After 48 h of oxy-
gen bubbling, the emission of the oxygenated-Ag,, cluster
remains persistent for more than two weeks, indicating its sta-
bility. Luminescence lifetime measurements of the oxygenated
Ag,, exhibit a bi-exponential emissive decay with lifetimes of
359 =+ 4, 2808 + 24 ps and an average lifetime of 677.37 ps
(Figure Sf). This extremely short lifetime suggests a fluorescent
nature for the oxygenated species, rather than phosphorescence
emission. Experimental and computational studies have shown
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that oxygen binds to silver clusters through spin pairing and
electronic shell closure; however, the effects of this binding on
their optical properties have yet to be investigated.®”*®

Next, we have investigated the oxygenation affinity of the
cluster through DFT calculations. For this, we have calculated
the binding of a single O, molecule on the simplified model
of the Ag,, cluster. Since multiple binding sites are available
for O, binding, we have considered four possible accessible
binding sites: (i) O,-Ags (core), (ii) O,-Ag 643 (shell), (iii)
0,-S (ligand), and (iv) O,-N (ligand) on the basis of molecular
symmetry. We have compared the relative stability between
these binding sites, the results of which are given in Figure Sg.

We find that O, binding is most stable in the Ag, ) shell.
This can be further understood by the PDOS analysis where
we find that the Ag 4, 3) shell contributes to the valence band
of the cluster. As a result, the Ag, +3)(d) states donate electrons
to the antibonding molecular orbitals of O,, leading to its
adsorption. To quantify the strength of adsorption, we have cal-
culated the O, binding energy according to the following
equation:

BE=E(Ag,,~0,)-[E(Ag,,) + E(O,)]

where E(Ag,,-O,) is the energy of O, bound cluster, E(Ag,,) is
the energy of the bare Ag,, cluster, and E(O,) is the energy of
the O, molecule. The calculated O, binding energy of Ag,, is —
4.78 eV, suggesting strong binding affinity of oxygens and hence
supporting the oxygenation process.

To evaluate the impact of various gaseous species on Ag,,
clusters, we performed gas bubbling experiments using argon,
nitrogen, and carbon dioxide separately. The comparative
UV-Vis absorption spectra (shown in Figure S21) indicated
no significant change in the absorption band, which has a max-
imum wavelength (A, . ) of 417 nm, following gas bubbling.
Furthermore, we did not observe any visible luminescence after
bubbling with these gases. Therefore, we conclude that the Ag, ,
clusters are not responsive toward these gases.

The self-assembly behavior of Ag,, clusters affected by oxy-
genation. Aggregates are formed by adding hexane to the
DCM solution of the respective clusters (with and without oxy-
genation). Figure 6a shows schematic illustrations of these self-
assembled superstructures in a DCM/hexane solvent mixture
with and without oxygen bubbling. High-resolution TEM imag-
ing revealed a spherical assembly of the Ag,, cluster with an
average diameter of 600 + 200 nm (Figure 6b,c), without oxy-
genation. A large area of TEM and FESEM images showed the
formation of numerous spheroids in the aggregation process
(shown in Figures S22 and $23).

On the other hand, samples of the oxygenated Ag,, form a
ring-like toroidal assembly with a thickness of 20-30 nm
(Figures 6d,e, and S24). To gain further insight into the
three-dimensional (3D) structural details of self-assembled
structures, we performed an electron tomographic (ET) recon-
struction of the structures using a series of 2D projections col-
lected from + 69° to —69° by tilting the specimen with an
increment angle of 2°. The ET reconstruction of the Ag,,
aggregate (Figure 6fg) revealed uniform distribution of
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Figure 6. (a) Schematic representation depicting self-assembled superstructures of Ag,, and its oxygenated species. High-resolution (b) TEM and
(c¢) STEM micrographs of a spheroidal assembly of Ag, ,. High-resolution (d) TEM and (e) STEM micrographs of a toroidal assembly of oxygenated-
Ag,,. Electron tomographic 3D reconstruction of (f, g) the Ag,, spheroid and (h, i) the oxygenated-Ag,, toroid from different orientations.
STEM-EDS elemental mapping of (j) Ag,, spheroid and (k) oxygenated-Ag,, toroid, indicating the presence of Ag, S, P, and N elements.
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electron density throughout the structure, implying a densely Effect of Excited-State Electron Dynamics upon
packed and homogeneous assembly of clusters. However, the Oxygenation

structure was deformed presumably owing to drying artifacts
during sample preparation and solvent evaporation, as observed
previously for self-assembled NCs. The 3D-reconstructed struc-
ture of self-assembled oxygenated-Ag,, clusters (in Figure 6h,i)
displayed a ring-like structure with a uniform rim diameter and
thickness. The EDS spectral profile demonstrates the presence
of Ag, S, N, P, and C in both the nanostructures (shown in
Figures $25 and S26), and EDS elemental mapping also verified
the presence of these elements in the nanostructures (see
Figure 6j,k).

Despite these structural insights, the mechanism leading to
the observed self-assembled structures is not well understood.
However, TRZ ligands with n-butyl chains present on the sur-
face of the cluster show a unique hydrophobic effect of self-
aggregation upon oxygenation. The aggregation observed in
our clusters seems to be driven by the non-covalent interactions
between the ligand motifs of adjacent clusters. In order to study
the formation of these superstructures, we have considered a
dimer of Ag,, clusters (Figure S27), where two monomer units
interact with each other. To quantify the role of van der Waals
interactions, we have calculated the thermodynamic feasibility
of the formation of dimers from the monomer units by two sep-
arate calculations—one without including the van der Waals
interactions and another one considering van der Waals interac-
tions via the DFT-D3 method.®” For both cases, we have
employed full ligand simulation without any simplification as
was required to accurately identify the non-covalent interac-
tions. We calculated the dimer formation energy by considering
van der Waals interactions and found it to be stable by —
0.08 eV. This indicates that the van der Waals interactions
mediated by the ligand groups between the molecular cluster
units provide essential structural stability of these specific

Next, we have studied the excited-state behavior of the cluster
upon oxygenation through femtosecond TA studies (see the
Supporting information for experimental details). In the mea-
surement, samples were excited with 120 fs pump pulses cen-
tered at 400 nm. The resulting effects of the system in the
non-equilibrium excited state were investigated using a time-
delayed probe of a white-light continuum. The obtained result
for Ag,, at a pump fluence of 200 pJ/cm” is plotted in
Figure 7a—d. We see that the main transient feature of the
excited-state system is a broad-band of photoinduced absorp-
tion. The non-appearance of ground-state bleaching is well
understandable in view of the absence of optical absorption
peaks in the investigated regime (Figure 1b). To determine
the lifetime of the excited-state absorption (ESA) feature, we
look for the temporal profiles of TA (shown in Figures 7¢,d
and S28a). It reveals a short lifetime of the excited-state carriers
with a decay constant of 13—15 ps. To see the effects of oxygen-
ation on excited-state electron dynamics, TA results of oxygen-
ated-Ag,, are plotted in Figures 7e—h and S28b. From the
contour and spectral slices, we see that the oxygenated-Ag,,
exhibits different TA features than the parent cluster. Along
with photoinduced absorption, signature of a negative TA signal
is also observed near 475 nm. It is at the position of the absorp-
tion peak in the ground-state optical absorption (Figure Sd)
and suggests the photobleaching due to a phase-space filling
effect.”” In addition, the lifetime of the excited-state absorption
feature also shows changes in the oxygenated-Ag,,, manifested
by the prolonged lifetimes, ~862 ps for 550 nm and ~141 ps
for 645 nm of the excited-state absorption carriers. Stabilizing
the excited-state carriers upon oxygenation might also be
responsible for the origin of luminescence in the oxygenated-
Ag,, cluster species.
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Figure 7. (a) Contour plot of the femtosecond-TA spectrum showing photoinduced absorption as a main feature for Ag,,. (b) Spectral profile of the
TA for the same NC at selected time delays. TA kinetics decay of the Ag,, sample upon probing at selected wavelengths of (c) 550 and (d) 645 nm.
(e) Femtosecond-TA contour plot of the oxygenated-Ag,, species. (f) Selected time evolution of the spectral profile. Kinetics decay of ESA feature of
oxygenated-Ag,, at selected wavelengths of (g) 550 and (h) 645 nm.

| https://doi.org/10.1021/acsami.6c11805
ACS Appl. Mater. Interfaces XXXX, XXX, XXX=XXX

920z 1990300 80 uo enedeyeN ABYgNUY ‘SYHAVIN HOTL 4O LSNI NVIANI AQ 2G9Ze68046-00€8-79PY-2E06-261€L9)d=A0Yssa00VyIsanbiipd 65081 L-9202-We/LZ /8. .89/S081 L 09" IWESOE/LZ0 L 0 L/10p/jpd-ajoiue olwee/Bi0'soe sqnd woy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsami.6c11805/suppl_file/am6c11805_si_001.docx
http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c11805

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Bl CONCLUSIONS

In conclusion, we demonstrated the formation of a TRZ- and
TPP-co-protected [Ag,,(TRZ),,(TPP),] cluster, synthesized
by a mixed solvent-induced conversion process, starting from
the [Ag;,(TRZ),,]> cluster. This Ag,, cluster shows a unique
core—shell structure with a trigonal bipyramidal Ag, core sur-
rounded by a tricapped trigonal prismatic Ags, ) shell. This
non-fcc core—shell structure arrangement is distinctly different
from the various reported fcc-Ag,, clusters. The presence of
an odd number of TPP ligands directly bonded to three capping
silver atoms was observed for this silver cluster. Theoretical
investigations have demonstrated that although the non-fcc
Ag,, skeleton exhibits lower structural stability compared to
its fcc analogues, the overall stability of the Ag,, cluster is signif-
icantly influenced by the arrangement of silver-sulfide motifs
and bulky TRZ ligands. High-resolution mass spectrometry,
along with other spectroscopic and microscopic studies, con-
firm the molecular composition and ligand environment of
the cluster. The Ag,, cluster manifests an interesting oxygena-
tion effect in that the non-luminescent as-prepared cluster is
converted to an orange-emitting one upon treatment with oxy-
gen. Femtosecond TA studies demonstrated the stabilization of
an extremely fast decay of excited-state absorption carriers upon
oxygenation resulting in visible luminescence. Self-assembly of
the cluster is also tuned by oxygenation. This work highlights
a new direction for exploring metal clusters with a distinctive
metal framework and a surface-sensitive ligand shell.
Additionally, the findings indicate that there are several struc-
turally diverse clusters of the same nuclearity, which enhance
the diversity within this family of precision nanomaterials.

H EXPERIMENTAL SECTION
Chemicals Used

Silver nitrate and tert-butyl borane-amine complex were purchased
from Rankem Chemicals. Sodium borohydride (98%), sodium cyano-
borohydride, and triphenylphosphine were bought from Aldrich
Chemicals. 6-(Dibutylamino)-1,3,5-triazine-2,4-dithiol was purchased
from TCI America. HPLC-grade dichloromethane, methanol, and n-
hexane solvents were purchased from Rankem Chemicals and Finar,
India. Milli-Q water was used for the synthesis and purification pur-
pose. Deuterated solvent, CDCl; (99.8 atom % D), was purchased
from Sigma-Aldrich. Commercially available gases, including 99% pure
oxygen, nitrogen, argon, and carbon dioxide (Indogases), were used for
the bubbling experiments. All the chemicals were commercially avail-
able and used as such without further purification.

Synthesis of [Ags,(TRZ),,]> NC

The [Ags,(TRZ),,]*" cluster was synthesized at room temperature
using triphenylphosphine-assisted co-reduction of silver-thiolate pre-
cursors by following our earlier report.>* In brief, 40 mg of AgNO,
(0.235 mM) was dissolved in 9 ml of methanol. After 10 min of reac-
tion, 10 ml of DCM was added. SO mg (0.183 mM) of TRZ-H, was
dissolved in 2 ml of DCM and added to the solution under stirring.
After additional 15 min of the reaction, 100 mg of TPP (0.381 mM),
dissolved in 2 ml of DCM, was added to the reaction mixture, which
leads to the formation of a colorless solution. After 10 min, 24—
25 mg of NaBH,, dissolved in 1 ml of Milli-Q water, was added. Just
after the addition of NaBH,, a dark reddish solution was formed, which
eventually got converted to a blue—violet solution after overnight reac-
tion. After 16 h of reaction, mixed solvents were removed at reduced
pressure. The crude oily product was washed multiple times using
methanol and hexane. The cluster powder was formed by drop-

casting a DCM solution of the cluster onto a glass slide after which
the sample was dried under ambient conditions at S0 °C and stored
in a vacuum closed container. The yield of the product was 75% in
terms of silver nitrate. UV—Vis absorption spectra and mass spectro-
metric studies were performed to characterize the cluster (see
Figure S1).

Synthesis of [Ag,,(TRZ),,(TPP);] NC

Ag,, was synthesized using a mixed-solvent-induced conversion
method using a previously synthesized Ag;, cluster. During the conver-
sion process, S mg of Ag,; powder and 1 mg of TPP were dissolved in
0.75 ml of DCM, followed by the addition of 3 ml of methanol. The
vial was placed under dark conditions at 4 °C. After 10-12 days, the
violet-colored Ag,; solution gradually turned greenish yellow, indicat-
ing the formation of the Ag,, cluster as the sole cluster product, along
with some silver-thiolate complexes. The solution was dried under
reduced pressure, followed by washing using an ice-cold mixture of
methanol and ethanol (1:1, v/v), which resulted in the purified cluster.
The Ag,, cluster dissolved in DCM was used for further studies. The
yield of the product was 30-35% in terms of Ag,, cluster. Greenish-
yellow cuboid crystals were formed after 30 days at 4 °C through vapor
diffusion of methanol into the DCM solution of the cluster with a con-
centration of >35 mg/ml.

Oxygenation to Ag,, NC

Oxygenation of Ag,, was performed upon bubbling with pure oxygen
gas. 5 mg of purified Ag,, cluster was dissolved in 3 ml of DCM for
oxygenation studies. After 48 h of oxygen bubbling using balloons filled
with oxygen gas, we observed a visible color change from greenish-
yellow to dark yellow. The as-prepared Ag,, did not emit any visible
light under a 365 nm UV lamp, whereas the oxygenated-Ag,, cluster
emitted visible orange luminescence both in solution and also in solid
state. Bubbling with oxygen for over 48 h did not enhance the oxygen-
ation process, as we did not observe any significant changes in lumines-
cence afterward. Oxygenated-Ag,, clusters were stable under ambient
conditions over two weeks as monitored through time-dependent
emission studies. As we were unable to completely regenerate the
Ag,, cluster from the oxygenated sample, we concluded that the oxy-
genation to Ag,, was an irreversible process.
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TPP triphenylphosphine
TRZ 6-(dibutylamino)-1,3,5-triazine-2,4-dithiolate
TTP tricapped trigonal prismatic

fcc face-centered cubic

NC nanocluster

CE collision energy

PL photoluminescence

DCM dichloromethane

NMR nuclear magnetic resonance

XPS X-ray photoelectron spectroscopy

TBP trigonal bipyramidal

DFT density functional theory

VASP Vienna AD initio Simulation Package
PBE Perdew—Burke—Ernzerhof

TD-DFT time-dependent density functional theory
FMO frontier molecular orbital

HOMO  highest occupied molecular orbital

LUMO  lowest unoccupied molecular orbital
PDOS  projected density of states

TEM transmission electron microscopy
TA transient absorption

ESA excited-state absorption
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