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Abstract: Silver cluster-based solids have garnered considerable attention owing to their tunable luminescence behavior.

While surface modification has enabled the construction of stable silver clusters, controlling interactions among clusters

at the molecular level has been challenging due to their tendency to aggregate. Judicious choice of stabilizing ligands

becomes pivotal in crafting a desired assembly. However, detailed photophysical behavior as a function of their cluster

packing remained unexplored. Here, we modulate the packing pattern of Ag12 clusters by varying the nitrogen-based

ligand. CAM-1 formed through coordination of the tritopic linker molecule and NC-1 with monodentate pyridine ligand;

established via non-covalent interactions. Both the assemblies show ligand-to-metal-metal charge transfer (LMMCT)

based cluster-centered emission band(s). Temperature-dependent photoluminescence spectra exhibit blue shifts at higher

temperatures, which is attributed to the extent of the thermal reverse population of the S1 state from the closely spaced

T1 state. The difference in the energy gap ( EST) dictated by their assemblies played a pivotal role in the way that Ag12
cluster assembly in CAM-1 manifests a wider EST and thus requires higher temperatures for reverse intersystem

crossing (RISC) than assembly of NC-1. Such assembly-defined photoluminescence properties underscore the potential

toolkit to design new cluster- assemblies with tailored optoelectronic properties.

Synthesis of hierarchical molecular architectures constructed

from atomically precise clusters as secondary building units

(SBU) is one of the propitious directions in cluster

research.[1] These cluster-assembled materials (CAMs) are

unique in structure and can lead to tunable properties as a

function of their inter-cluster and intra-cluster length

scales.[2] Therefore, the physical properties of these CAMs

can be defined in terms of the molecular structure (size and

composition) of the SBU and the interconnecting linkers.

Among the chemically robust molecular clusters that are

suitable to serve as SBU, coinage metal-based systems have

gained much attention.[3] Silver clusters are particularly

intriguing due to their chemical activity (with their low

redox potential) and their low, yet tuneable luminescent

efficiency in ambient conditions.[4] Such tunability may be

achieved through the CAM formation that also provides

structural stability and defines optoelectronic properties and

their photophysical behavior.[5]

Ligand-stabilized silver nanoclusters (AgI-NCs) give rise

to a wide range of photoluminescence (PL) involving

LMMCT, ligand-based n–π* and/or π–π* transitions, or

inter-ligand trans-metallic charge transfer (ITCT)[6] mixed

with cluster centered triplet excited state.[5a] Nevertheless,

the cluster-centered emission—involving a triplet excited

state—manifests spectral envelope and related photophys-

ical properties that commonly display temperature-depend-

ent behavior.[7] In this work, we have synthesized a two-

dimensional assembled framework CAM-1{[Ag12(C6H11S)6-

(CF3COO)6(TmPyPB)2]. (C4H8O2)3} constructed from an

Ag12 cluster as SBU interconnected through a tritopic

TmPyPB (=1,3,5-Tris(3-pyridyl-3-phenyl)benzene) linker. A

pyridine-coordinated Ag12 molecular cluster {[Ag12-

(C6H11S)6(CF3COO)6(C5H5N)6]. 4H2O}, abbreviated as NC-
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1, was also prepared, and crystallized; NC-1 was used as a

benchmark sample to establish the structural correlation to

the photophysical properties of the two-dimensional CAM-1

framework. In solid-state, NC-1 represents a supramolecular

structure that is built out of non-covalent interaction, where-

as the 2D CAM-1 is constructed by interconnecting the

cluster nodes through coordination bonds. The variable

extent of rigidity imparted by assemblies renders differences

in the cluster compression and intra-cluster Ag� Ag dis-

tances in the respective cluster units. Analyses of compre-

hensive temperature-dependent PL studies suggest that the

LMMCT-derived cluster-centered PL can be modulated by

such assemblies. In particular, the specific arrangement of

the Ag12 cluster in CAM-1 and NC-1 led to tuning the EST,

which in turn, defines the singlet-triplet (reverse) intersys-

tem crossing rate constant. The TmPyPB-separated cluster

assembly in CAM-1 was found to have larger EST

compared to that of NC-1, which required higher temper-

atures for the reverse populations of the singlet state in

CAM-1. This structure-correlated study underscores the

avenue to tune the assembly for defining the photophysical

properties to develop cluster-based optoelectronic composi-

tion operating in ambient temperature.

CAM-1 was synthesized through a one-pot method with the

addition of Ag-SC6H11 complex, AgCF3COO, and the linker

TmPyPB in a mixture of CH3CN (acetonitrile) and C4H8O2

(1,4-dioxane) solvents. CAM-1 {[Ag12(C6H11S)6(CF3COO)6-

(TmPyPB)2] (C4H8O2)3}, (Figures 1 and S1), crystallizes with

P21/n (14) space group (Table S1). The cluster core of

CAM-1 consists of 12 silver atoms arranged in an empty

cuboctahedron structure (Figure 1a). It can be visualized in

three layers: six silver atoms occupying the hexagonal center

of the cuboctahedron and further capped by six silver atoms

forming the triangular cupolas at the top and bottom

(Figure S2). The primary protecting ligand cyclohexane

thiol, bridging the six square faces of the cuboctahedron

through a μ4- 1 : 1 : 1 : 1 ligation mode, linking four neigh-

bouring silver atoms (Figure 1b). Additionally, six

CF3COO� auxiliary ligands protect the cluster core. Among

these, four CF3COO� ligands, each bind to two different

silver atoms in μ2- 2 mode, while the remaining two

CF3COO� ligands bind through 1 mode to one silver atom

each (Figure 1c). Each of the six vertices silver of the

cuboctahedron is coordinated by the nitrogen atom (dAg-N=

2.25 Å) from TmPyPB linker, connecting to six other

clusters (Figures 1d and S3). From the other perspective,

each TmPyPB linker connects to three clusters, leading to

the extension of the structure in two dimensions along the

ab plane (Figures 1e and S4). The stacked layers are

separated by 12.52 Å (Figure S5) and 1, 4-dioxane solvent

molecules reside in the void space as depicted in Figure S6.

All silver atoms are in the ‘closed-shell’ +1 oxidation state

and are held together by argentophilic interactions[8] with an

average Ag(I)� Ag(I) distance of 3.12 Å that is shorter than

the sub-van der Waals contacts (ca. 3.44 Å) between the

silver atoms. The bond lengths for Ag� S, and Ag� O vary

from 2.4 to 2.6 Å and 2.3 to 2.6 Å, respectively.

NC-1 was prepared following a similar one-pot synthesis

procedure, with the substitution of pyridine instead of

TmPyPB in the reaction mixture. The crystal of NC-1,

{[Ag12(C6H11S)6(CF3COO)6(C5H5N)6]. 4H2O} (Figures S7

and 1f, g), also crystallized with the space group P21/n (14)

(Table S2). NC-1 has a similar cluster core, with 12 Ag

atoms, protected by cyclohexane thiol and CF3COO� ligands

in a manner analogous to CAM-1 (Figures 1a–c). The

average distance between Ag� Ag is 3.16 Å. The bond

lengths for Ag� S, and Ag� O vary from 2.4–2.5 Å, and 2.3–

2.6 Å, respectively. The pyridine nitrogen atom coordina-

tively binds to the vertices silver atom of the cuboctahedron,

with an average Ag� N distance of 2.26 Å (Figure 1f).

Electrospray ionization-mass spectrometry (ESI-MS) analy-

sis of NC-1 shows an intense peak at m/z 2543.9934 in the

positive mode matching well with the simulated isotopic

pattern of the molecular fragment {Ag12(C6H11S)3-

�
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(CF3COO)8}
+ (Figure S8). Overall, both CAM-1 and NC-1

crystallized similarly, differing in their assembly pattern

(Figures 1e, g).

The phase purity of the bulk CAM-1 and NC-1 samples

was validated by matching their experimental Powder X-ray

diffraction (PXRD) patterns with their respective simulated

patterns generated from their solved crystal structure

(Figures S9 and S10). The Scanning Electron Microscope

(SEM) images provided the notion of stacked layer

morphology for two-dimensional CAM-1, whereas NC-1

displayed a block-like morphology (Figures S11a, b, and

S12a). Additionally, SEM Energy-Dispersive X-ray Spectro-

scopy (EDS) analysis confirmed the presence of all the

elements validating the chemical composition of the samples

(Figures S11c and S12b). Analysis of the X-ray Photo-

electron Spectroscopic (XPS) data (survey spectrum) con-

firmed the presence of all the elements, namely Ag, S, N, O,

and F. The binding energies of Ag 3d5/2 and Ag 3d3/2 were

observed at 368.51 and 374.51 eV, respectively for CAM-1,

while for NC-1, the values were 368.19 and 374.19 eV,

respectively.[9] These findings provide evidence for the

presence of silver in the +1 oxidation state in both

compounds. Furthermore, the S binding energy approx-

imately at 163 eV, observed for both NC-1 and CAM-1,

indicates the involvement of sulfur in bridging the silver

atoms[7a] (Figures S13 and S14).

The solid-state absorption spectrum of CAM-1 displays

broad bands with low-energy transition appearing at 360 nm

(Figure S15). A similar UV/Vis absorption spectral envelope

for NC-1 indicates the cluster-centered absorption in both

CAM-1 and NC-1 samples (Figure S16). At room temper-

ature (RT), CAM-1 exhibits two emission bands peaking at

440 nm and 575 nm. Excitation spectra probed for the

575 nm peak revealed two prominent excitation bands

appearing at 325 nm and 360 nm, whereas the excitation

spectra probed for the 440 nm peak only displayed a single

band at 325 nm (Figure S17). In contrast, the NC-1 sample

displayed emission at 605 nm (accompanied by a weak broad

emission at �450 nm) with a corresponding excitation band

appearing at 360 nm (Figure S18). Based on these data, the

low-energy bands in the PL spectra can be assigned to the

cluster-derived transitions and the one at higher energy

(440 nm) can be attributed to be a coordinated ligand-

derived band.[10] The excitation-emission mapping spectra

corroborate with this assignment as the higher-energy

excitation yielded less population to the cluster-centered

excited state (which was selectively obtained by the low-

energy excitation; Figure S21).

The intriguing feature of PL has become apparent in

temperature-dependent studies. Analyses of the PL spectra

of CAM-1 collected over the range of temperatures suggest

an unaltered 440 nm high-energy peak that intensified (up

to 5x) at low temperature (LT) (Figures 2a, b, and S22). For

the low-energy manifold, the shoulder appearing at 660 nm

(commonly observed in relevant CAM materials)[5d,6,11] also

remains unchanged. The FWHM obtained by deconvoluting

the PL spectra for both the 440 nm and 660 nm peaks are

distinct, 4850�155 cm� 1 and 1550�150 cm� 1, respectively

(see Figure S23 and Table S3).[12] The 575 nm peak (seen at

RT), however, shifted to low-energetic 625 nm at LT which

intensified up to 180 times (Figure 2a). Deconvolution of the

spectral envelop (see Supporting Information sec 11.1)

revealed that the peak shift is associated with the relative

intensity of two underlying peaks centered at 578 nm

(1600�250 cm� 1) and 620 nm (1475�125 cm� 1) stemming

from the different extent of their temperature-dependent

populations.

As shown in Figure S22, emission spectra measured at

LT are dominated by the 620 nm emission band, which, with

the rise in temperature (87–297 K), showed a gradual

decrease in its intensity with a concomitant increase in the

higher energy 578 nm emission band. Such behavior is

reminiscent of RISC from the triplet to the singlet.[13]

Analyses through spectral deconvolution suggest that at

�175 K the radiative population in the two associated

excited states were similar, and above this temperature, the

578 nm band dominates (Figure S23). Furthermore, singlet

oxygen emission, observed only at LT and not at RT

(Figure S24) corroborates this assignment.[14] For non-adia-

batic transitions between two states, the rate constant can be

expressed as[15]

k ¼ 2p=�h

� �
V2f FC (1)

For singlet

$

triplet intersystem crossing (ISC), V will be

the spin-orbit coupling (SOC) matrix element (

VSOC ¼ hyS1 jbHSOjyT1
i) and f FC is the Franck–Condon factor.

Sizable VSOC can be achieved in these Ag-clusters (through

the large Zeff [effective nuclear charge] term, defining the

heavy atom effect, incorporated within the bHSO). For such

cluster-derived lowest-energy singlet and triplet states, with-

out involving a large structural change (in their equilibrium

coordinate) the f FC is defined by the energy-gap law[16] and

can be approximately expressed as

f FC � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4lkBT

p exp � DEST þ lð Þ2
4lkBT

� �
(2)

Where EST is the energy gap between the S1 and T1

states at their equilibrium structure, is the reorganization

energy (i.e., the difference between the S1 state energy at

the T1 and S1 equilibrium geometries).[15,17] It is therefore

clear that, within such rigid assemblies, assuming a compara-

ble VSOC and , EST will be the major factor defining the

rate of the RISC. While a temperature-dependent emission

behavior was observed in certain nanoclusters and their

assembled materials,[5b,d,7a–b,13a–c] modulation of their RISC

through tuning of their EST as a function of the assembly

was not established. This was mainly due to a large variation

in chemical and intra-cluster structure among the assembled

materials.

The shift recorded in the temperature-dependent emis-

sion profile, suggests a EST �0.14 eV (1150 cm� 1; see

Table-S3), which leads to a thermally variable population

between two spin states.[18] Therefore, at LT, the triplet-

based (phosphorescence) emission (T1!S0) is dominating

and with an increase in temperature, a reverse population of
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the S1 state increases in a way that at �175 K the S1 and T1

populations are comparable, and at a higher temperature,

the S1 population (fluorescence through RISC) dominates.

Analyses of the emission decay profiles collected at the

emission maxima (Figure S25; Table 1) suggest that at 77 K,

a sizable excited-state population radiatively decayed from

the triplet state with =73 μs. While the singlet lifetime was

fast �7 ns, a small proportion (�10%) of delayed

fluorescence was observed ( =93 ns). The profile of these

timescales changed with the increase in temperature: the

triplet population decreased with a shortened lifetime (

�30 μs), whereas the contribution of the delayed emission

doubled. At room temperature, fast emission from the

singlet was dominant. From the relative timescales, it is

�
�
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evident that an efficient kRISC and kem overwhelmed the

sluggish T1!S0 recombination process.

A similar temperature-dependent emission study for

NC-1 (Figures 2c, d and see Supporting Information sec 12)

suggests triplet emission from 610 nm and fluorescence from

590 nm leading to a relatively smaller EST=0.06 eV

(545 cm� 1) compared to the CAM-1 (Figure S26 and Ta-

ble S4). Such a small gap led to an efficient RISC and,

therefore, it took a much lower temperature (�115 K) for

an equal triplet and singlet (repopulated by RISC) popula-

tion for NC-1 relative to 175 K for CAM-1. Note here that

the NC-1 manifests a small EST, mostly by virtue of its

lower S1 energy therefore a small ES1-S0 has also led to an

efficient nonradiative internal conversion (or intra-system

crossing efficiency): the emission for NC-1 was much weak

compared to CAM-1, which can be associated with the

molecular nonrigidity. The PL decay profile also suggests

that the majority of the emission for NC-1 was fast (within

the realm of our IRF) (Table 1; Figure S27). A linear plot of

emission intensity as a function of pump fluence with slope

�1 suggested that no bi-excitonic triplet-triplet annihilation

(TTA) process is involved in repopulating the singlet excited

state (Figure S29).[19]

Time-dependent density functional theory (TDDFT)

based computation was performed on a cluster model

fragment for the NC-1 structure (see Supporting Informa-

tion Figure S30 for optimized ground-state cluster model

geometry). This computation result suggests that a weak

lowest energy HOMO–LUMO derived vertical transitions at

�560 nm, where the higher energy broad absorption enve-

lope is contributed by many closely spaced (energetically)

transitions (see Supporting Information sec 14.2); among

these, an intense 350 nm transition appears to be stemming

from delocalized molecular orbitals (MOs) to three supera-

tomic P orbitals, whereas the 403 nm transition is primarily

due to the optical transition from a delocalized MO to the

superatomic S orbital of the core cluster (Figure S32). The

same conclusion can be drawn from the natural transition

orbital (NTO) analysis which is included in Figure S33.

These transitions can be ascribed to LMMCT transition (S

!Ag) mixed with the metal-centered (ds/dp) state.[6]

TDDFT computation also evinced a EST�0.07 eV which

matches reasonably well with the experimental data (Fig-

ure 3 and Table S5).

To evaluate the electronic properties of the NC-1 and

CAM-1 crystalline solids, density of state (DOS), and band

structures were computed on the respective optimized

structures (Figure S36). The result (Figure S37) suggests a

larger (2.32 eV) band gap for CAM-1 than the NC-1

(2.23 eV). This relative trend tracks with the difference in

band gap energies observed experimentally (i.e., 2.15 and

2.04 eV, respectively, measured from their emission peak).

The corresponding theoretical optical absorption spectra

(Figure S38) for both structures also show a close resem-

blance with the experimental data (see earlier sec 8.1). The

projected DOS diagram reveals that the composition of

valence band maximum (VBM) and conduction band

minimum (CBM) are similar for both structures. The band

diagrams are also similar and mostly composed of discrete

lines (see Supporting Information sec 14.3).

While a shorter Ag� Ag distance commonly leads to a

red-shifted emission,[20] CAM-1 (with �0.04 Å shorter intra-

cluster nearest Ag� Ag distance than that in NC-1; Fig-

ure S39) entailed a blue-shifted transition compared to NC-

1. The structural feature underscores a striking difference in

the extent of the cluster packing of these two assemblies

(Figure 4).[21] In CAM-1, a relatively rigid framework

construct is achieved by the interconnected assembly

through the TmPyPB coordination linkage. A compressed

cluster–defined by a ca 0.13 Å shorter opposite Ag� Ag

distance in CAM-1 (Figure S40 and Table S6) appears to

define the electronic properties of the clusters.[20c] A shorter
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nearest Ag� Ag distance and an overall compressed cluster

entailed their EST in CAM-1 relative to NC-1.

Analysis of the steady-state emission profiles provides

the relative contribution of the respective singlet and triplet

emissions at a given probe temperature, which can be

expressed in terms of equilibrium constants between S1 and

T1 states at various temperatures.[22] A van’t Hoff plot of the

ln(K) vs. 1/T data using the expression

lnK ¼ DS
R

� DH
RT

provides a slope (see Supporting Information sec 16) from

which H value of 190.7 cm� 1 for CAM-1 and 106 cm� 1 for
NC-1 can be obtained. The extent of difference in H is

similar to that observed for the trend in EST (Figure S45).

Given that for the solid system, H defines the change in

internal energy, we can infer that the extent of S1-T1

population difference in two cluster assemblies is majorly

tied to their difference in the internal energy differences

stemming from their small structural difference (see above).

We probe the photophysical behavior as a function of

difference in the assemblies of Ag12 nanoclusters. For that,

two systems were built through varying ligands; introduced

via Ag� N bonds from the TmPyPB linker in CAM-1 and

through inter-cluster interactions (non-covalent) in NC-1

using monotopic pyridine. Detailed examination of their PL

properties revealed a temperature-dependent emission be-

havior that differed by their respective structures. Defined

by a small energy gap ( EST), temperature-dependent

population shifts towards the higher energy S1 state, through

a RISC of the T1 state was observed. Notably, the rigid

compressed core in CAM-1, with Ag12 cluster distanced by

the tritopic linker, requires a higher temperature (175 K) for

RISC compared to NC-1 (115 K). Such differences in cluster

packing induced by the coordinate assembly played a crucial

role in defining intra-cluster electronic interactions and

Ag� Ag length scales, which has resulted in a difference in

EST: for CAM-1, higher S1 energy and lower T1 energy

resulted in a larger S1� T1 gap ( EST=0.14 eV), whereas NC-

1 has a smaller gap ( EST=0.06 eV). We believe, these

findings underscore the significance of nanocluster arrange-

ments in supramolecular chemistry, which provides a

synthetic toolkit for designing cluster assembly with tailored

photophysical properties for their utilities in various opto-

electronic schemes.

Details on synthesis, crystallographic information, optical

images, crystal structure details, ESI-MS, PXRD, SEM,

XPS, solid-state UV/Vis spectra, excitation and emission

spectra, temperature-dependent emission studies, TRPL

spectra, singlet oxygen emission spectra, theoretical details,

and references.
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data for this paper. These data are provided free of charge by

the joint Cambridge Crystallographic Data Centre and

Fachinformationszentrum Karlsruhe Access Structures service.
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