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SUMMARY

Low-dimensional nanomaterials with lattice confinement, including those of nanoclusters (NCs), offer
benefits for fluorescence narrowing. Compared to quantum dots of metal NCs, however, one-dimensional
structures of such NCs challenge the single-crystal synthesis. Here, we report the synthesis of a novel
fAgs(dppy)o(NO3)sl, cluster polymer through the reduction of AQNO; with NaBH, in a dark environment.
This cluster polymer incorporates the coordination and passivation of both diminished nitro groups (NO3)
and diphenyl-2-pyridylphosphine (dppy) ligands. The weak Ag-Ag metallic bonds within this cluster polymer
are governed by argentophilic interactions, with each Ags unit connected by a NO3 group. This cluster poly-
mer exhibits photoluminescence with three emission bands at 308, 352, and 620 nm, aligned with the purple
(308/352 nm) and red (620 nm) regions, respectively. We synthesized microfibers of this cluster polymer using
reprecipitation, resulting in a fluorescence bandwidth reduction to approximately one-tenth in the microfiber

samples relative to the diluted solution.

INTRODUCTION

A variety of fluorescent nanomaterials have been developed, pri-
marily comprising rare-earth complexes, inorganic quantum
dots, and small organic molecules and organic polymers. These
nanomaterials hold significant promise for applications in chem-
ical sensors, data encryption, bioimaging, drug delivery, light-
emitting diodes (LEDs), etc.”™ The evaluation of their optical
properties largely hinges on color purity, which can be assessed
by measuring the full width at half-maximum (FAHM) of the emis-
sion spectra.“‘8 Emissions with a narrow bandwidth are essential
for this evaluation. Recently, narrow-bandwidth luminophores
with high color purity have gained attention for their roles in
critical fields such as information monitoring and photoelectric
displays. However, the practical application of luminophores
is often constrained by challenges related to stability and
toxicity.?'°

Recent research to achieve narrowband luminescence has
focused on organic molecule strategies. However, -conjugated
organic fluorophores may bear limited color purity due to broad
emission spectra. It was found that the use of twisted or rigid
structures with fused aromatic backbones led to substantial
narrowband emissions.'" For example, Anthony et al.’? reported
the synthesis of a tetracene derivative of stiff structure, showing
narrowband emission suitable for hyperfluorescent organic

LEDs. Kotwica et al.”® studied the thermally activated delayed

fluorescence and found that narrowband fluorescent dopants
can attain elevated external quantum efficiency and color purity.
Park et al." developed a variety of narrow blue-emitting fluoro-
phores allowing to inhibit aggregation-caused quenching.’'®
Zhao et al.'® illustrated that the reduction of fluorescence band-
width can be influenced by four factors, including quantum
confinement effect, surface state, molecular state, and cross-
linkers."” Low-dimensional nanomaterials, including fluorescent
quantum dots and chain structures like microfibers, offer bene-
fits for fluorescence narrowing due to lattice confinement, which
is based on distinctive geometric configuration and uniform
molecule orientation.'®

While currently engaging in fewer investigations, one-dimen-
sional cluster polymers are anticipated to attract reasonable
research interest in fluorescence narrowing. Atomically precise
metal clusters have been extensively investigated,'®° and the
luminosity of some nanoclusters (NCs) could surpass that of
conventional fluorescent materials.”®** A few studies have
shown the formation of coordination oligomers from these
NCs,***" elucidating the origin of novel properties and the rela-
tionship with the multi-level cluster structures. Here, we report
the synthesis of a fluorescent cluster polymer {Ags(dppy)2
(NO3)s}, by a facile one-pot method. Based on this cluster poly-
mer, we have prepared one-dimensional microfibers via the
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Figure 1. Single-crystal parsing of the fAgs(dppy)2(NO3)s}, cluster polymer
The chemical structures of the monomer, dimer and trimer, tetramer, pentamer, hexamer, and three-dimensional packing are displayed.

reprecipitation technique, exhibiting notable fluorescence nar-
rowing features.

RESULTS

The synthesis and characterization

Single-crystal X-ray diffraction (XRD) was utilized to characterize
the {Aga(dppy)2(NOs)sl, cluster polymer. The crystallographic
analysis revealed that the single crystal exhibits an orthorhombic
syngony and is classified within the Pcca space group
(Table S1). As shown in Figure 1, the basic unit of this cluster
polymer consists of three interconnected Ag atoms forming a
triangular facet. One of the three silver atoms is passivated by
two bidentate nitrate moieties, while the other two silver atoms
are protected by two diphenyl-2-pyridylphosphine (dppy) li-
gands and each is coupled to an adjacent Agz monomer through
a nitrate linker. This cluster polymer exemplifies the mixed coor-
dination of both organic and inorganic hybrid ligands.

2 iScience 28, 111982, March 21, 2025

Asiillustrated in Figure 1, the dimer, trimer, tetramer, etc., witha
CH,Cl, solvent molecule being interspersed between each
monomer, present a regular formula of [Ags(dppy)o(NOg)sl,
(n-1)CH,Cl,. The mean Ag-Ag distance was roughly 3.12 A, which
is within twice of the van der Waals radius of Ag, indicating that
the spatial configuration of Ag atoms is influenced by argento-
philic interaction. The lattice packing demonstrates the construc-
tion of an elongated chain of the {Ags(dppy)2(NOg)s}, cluster
polymer in the (101) and (011) directions (Figure S1), signifying
the reduction of silver ions in competition with dppy
coordination and polymerization along the -Ag-Ag- chain; mean-
while, this is accompanied by another -Ag(NO3z), moiety at
the side position. Every two Ags units are linked by a NO3 group
to form the cluster polymer {Ags(dppy)2(NOs)s},. Notably, the
chain packing of cluster polymer is distinct from the cluster
assembly obtained by introducing Ag-O, Ag-S, or Ag-Cl
linkers into pre-formed NCs.*? Also, this differs from signif-
icant prior studies of phosphine- and diphosphine-protected
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Figure 2. Optical properties of the fAgs(dp-
pY)2(NOs)s}, cluster polymer

(A) UV-vis absorption spectrum of {Ags(dppy)a(-
NOg)aln-

(B and C) Emission spectra of the {Ags(dppy)a(-
NOg)s}, cluster excited at 260 nm and 500 nm,
respectively. The sample of 0.6 pL cluster was
dissolved in 1 mL dichloromethane solvent. The
light blue curves are based on Gaussian linear
fitting; the peak values and FWHM are labeled.
(D) The decay of fluorescence emission at 628 nm
of the {Ags(dppy)2(NOa)s}, clusters, with a fitting
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gold clusters having NO;~ moieties, such as Aug(PPhg)g(NOg),,”
Aug(PPh3)s(NOs)s, and  Auqs(PPha)e(NOs)s,>® as  well as
Aug(PPhg)s(NO3)> and Aug(dppp)a(NOz). (dppp = 1,3-bis(diphe-
nylphosphino)-propane).®* These gold clusters conform to the
conventional monomeric structure of metal cluster complexes,
with no detectable role of the nitrate anions as ligands. This is
attributable to the distinct local interactions, coordination, and
crystal growth mechanisms of gold and silver NCs.

Figure 2 illustrates the UV-vis and fluorescence spectra of the
{Ag3(dppy)2(NOa)sl, cluster polymers. The ultraviolet-visible (UV-
vis) absorption spectrum in CH,Cl, solution reveals a character-
istic peak in the 200 to 900 nm range, featuring a prominent band
at 262 nm and two shoulder peaks at 226 nm and 280 nm(Fig-
ure 2A). These optical absorption peaks are assigned to the elec-
tronic transition involving dominant contributions from the dppy
ligand. We measured "H-NMR of the [Ags(dppy)2(NOs)s}, cluster
in a comparison with that of the ligand dppy (Figure S2). It is
found that the presence of Agz and NOj in the cluster does not
bring forth significant changes to the NMR signal of the original
CH, groups but somewhat alters their chemical shifts. Also,
X-ray photoelectron spectroscopy (XPS) spectrum (Figure S3)
of Ag 3d display two peaks at binding energy values of 368.51
eV and 374.67 eV, corresponding to Ag 3ds,» and Ag 3das,
respectively, at the valence state of Ag(0). It is worth mentioning
that the Ag—O bond length in this cluster polymer is up to 2.59 A
(Table S2), which is significantly larger than the normal value in
the AQNO3; compound.

We then examined the photoluminescence of this cluster
polymer and observed multiple emission bands at 308/
352 nm and 620 nm (Figure 2B), corresponding to the purple
and red regions, respectively. Dual and triple emissions were
frequently reported in ligand-protected metal clusters, result-

have also analyzed the red emission

utilizing near-resonant excitation at

500 nm (Figure 2C) and observed that
the peak exhibits a redshift to 628 nm, a slight narrowing of
FWHM, likely associated with local interactions and quantum
confinement effect, as well as the balance of radiative and
non-radiative decay channels. Also observed is a substantial
increase in intensity. Notably, fluorescence lifetime measure-
ments showed that the emission at 628 nm has a dominant
decay lifetime of 64.6 ns (Figure 2D), indicative of normal fluo-
rescence emission characteristics pertaining to the deexcita-
tion of S; to Sy according to Kasha'’s rule.

Preparation of the microfibers

In addition to analyzing the fAgs(dppy)>(NOs)s}, cluster poly-
mer, we prepared microfibers by injecting its saturated aceto-
nitrile solutions into ice-cold water.®* Figures 3A and 3B
display the scanning electron microscopy (SEM) images of
the synthesized microfibers, with diameters of a few microns
and lengths up to dozens of micrometers (more details in
Figures S5—88). Figure 3C displays the XRD patterns of the
single crystals and microfibers of the cluster polymer {Ags(dp-
pY)2(NOz)sl,. The single-crystal sample exhibits distinct dual
diffraction peaks at 26 = 8.8° (102) and 8.6° (200), while the mi-
crofibers display a slightly shifted diffraction peak at 26 = 9.4°,
suggesting that the microfibers predominantly preserve the
cluster structure during the recrystallization process. {Ags(dp-
pY)2(NOg)sl, is non-planar and does not align with a (100) or
(111) direction; instead, it exhibits chain structure along the
favored (102) orientation.

Further, we have examined the photoluminescence of the
microfibers to confirm the fluorescence narrowing effect. The mi-
croscope images (Figures 4C—4E) illustrate that these microfib-
ers are luminescent, whereas the 620-nm emission displays
two peaks with fluctuations in relative intensity at different
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Figure 3. Morphology and XRD character-
ization

(A and B) SEM images of the microfibers
by injecting saturated acetonitrile solution of
fAga(dppy)2(NOs)s}, clusters into cold water.

(C) XRD patterns of the cluster single crystals and
as-prepared microfibers.
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ysis,®®¢” endeavoring to better under-
stand the electronic excitations and
unique optical property. The calculated
absorption spectra reveal multiple
distinct peaks, including 227, 262, and
279 nm, which are consistent with the

)
ﬁ"’ o experimental results although the rela-
Ao hox vl tive absorbance intensities show signifi-
e cant variance likely due to the solvent

measurement sites. This is in contrast with the single-crystal so-
lution sample (Figure S4), which exhibits a peak at 628 nm by
both a conventional spectrofluorometer and confocal micro-
scopy. Notably, the microfibers of this cluster polymer cause
fluorescence narrowing, showing FWHM values of 6 and 7 nm
at the 598-nm and 614-nm emissions, respectively. Significant
fluorescence narrowing phenomenon from {Ags(dppy)2(NOs)s},
cluster polymer microfibers increases their applicability in lumi-
nescent devices and chemosensing.

The fundamental mechanism of unique emissions from this
cluster polymer may be adjacent to the aggregation-induced
emission effect typically due to the restriction of intramolecular
motions.®® Here, the cluster polymer states may inhibit intraclus-
ter vibrations and rotations, diminishing -7 interactions of the
ligands and reducing non-radiative decay consequently. The
electronic orbital energy levels in small NCs are discrete, with
reasonable quantum confinement, and metal-metal bonding in-
teractions sustain excited states and facilitate specific emission
channels.

DFT calculations and hole-electron analysis

To clarify the origin of distinctive optical property of the
fAgs(dppy)o(NO3)s}, cluster polymer, we simulated the optical
properties of the monomer and dimer via time-dependent den-
sity functional theory (TD-DFT) calculations. Figures 5A and 5B
present the Kohn-Sham orbital energy level diagrams of an
Ags(dppy)2(NO3); monomer and its dimer, where the electronic
transitions near the frontier orbitals are labeled (gray lines).
Notably, the highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) gap of the dimer is
apparently smaller, indicating its first excitation state at a rela-
tively lower energy. Considering that the orbital energy gap is
not a direct correspondence of the excitation energy due to
the missing Coulomb and exchange integrals between the
occupied and virtual orbitals, we employed the Multiwfn soft-
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effect or ambient conditions. Notably,
the calculated UV-vis spectrum of an
Ags(dppy)2(NO3z)s monomer (Figure 5C)
exhibits several peaks between 350
and 500 nm, whereas the spectrum of the dimer (Figure 5D)
shows weakened intensity with minor redshifts in the low-en-
ergy region. These peaks are anticipated to diminish progres-
sively as the Agsz unit elongates into a long chain, aligning
with the experimental spectrum illustrated in Figure 2A.

A comparison of the calculated absorption spectra of the
Ags(dppy)2(NO3)s monomer and its dimer is also conducted by
the hole-electron analysis. It is shown that the ligand redistribu-
tion (red curves) constitutes the predominant contribution to the
overall electronic spectra, succeeded by charge transfer from
the ligand to the metal (Tables S4 and S5). This suggests that
UV-vis absorption of this cluster polymer is governed by inherent
characteristics of the ligands. The electron distribution in the
dppy ligand resides on the aromatic rings, while the hole distribu-
tion predominantly occurs on the oxygen atoms of the nitrate
ligand. This signifies that electrons are transported from the elec-
tron-rich nitrate ligand to the dppy ligand. The charge transfer
spectra of the monomer and dimer are significantly similar, sug-
gesting that the fundamental Ags unit remains unchanged during
polymer formation. This is consistent with the analysis of the
infrared absorption spectra, which show that the microfibers
retain the intrinsic structure of the nascent clusters (Figure S9;
Table S3).

A minor alteration in the hole-electron analysis suggests that
the fixed bridging nitrate ligand acts as an electron acceptor
and exhibits distinct excitation properties relative to other
free nitrate ligands (as electron donor). Conversely, the dppy
ligand acts as an electron acceptor, allowing the bridging ni-
trate ligand to donate electrons and obtain a hole during exci-
tation. The consistent charge transfer within the {Ags(dppy)2
(NOg)sl, cluster polymer contributes to its distinctive excitation
state features. Notably, the first, second, and third excitation
states of the dimer are exclusively contributed by HOMO —
LUMO (99.0%), HOMO —LUMO+1 (96.2%), and HOMO-1—
LUMO (96.3%), which is in sharp contrast to that of the
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Figure 4. Confocal microfluorescence

(A and B) Fluorescence spectra of the microfiber samples of {Ags(dppy)2(NOa)s}, clusters excited by a 559 nm laser.
(C-E) Photomicrographs of the microfibers. The red rectangles correspond to the different regions of the fluorescence measurements.

monomer where all the excitation states involve a mixture of
multiple transitions (Table S4). It is thus inferred that, apart
from the general principle within quantum confinement effect
and ordered packing, the fluorescence narrowing of the micro-
fibers is also associated with the chain structure of the cluster
polymer.

DISCUSSION

We have synthesized a one-dimensional cluster polymer,
{Ag3(dppy)2(NOa)st,, which exhibits triple emissions at 308 nm,
352 nm, and 620 nm. This finding demonstrates that the reduc-
tion of silver ions could compete with -Ag-Ag- chain polymeriza-
tion within argentophilic interactions and dppy coordination, al-
lowing the third Ag atom at the side position to be passivated
by two NO3; groups. Every two Ags units are linked by a NO3
group, yielding the fAgs(dppy)2(NO3)s}, cluster polymer. Utilizing
TD-DFT calculations and hole-electron analysis, we elucidated
the reasonable stability and unique property of electronic states
of the monomer and dimer. The distinctive -Ag-NO3-Ag- linker,
along with organic-inorganic ligand engineering, is essential in
the formation of {Ags(dppy)2(NOs)s}, polymer and contribute to
the distinct emissions. By employing this cluster polymer, we
produced microfibers using a precipitation method, resulting in

notable reduction of fluorescence emission bandwidth. The
one-pot strategy for this cluster polymer and microfibers is avail-
able for macroscale preparation.

Limitations of the study

This work demonstrates that the one-pot strategy for this cluster
polymer and microfibers is available for macroscale preparation.
However, we have not attained macroscale synthesis of this
{Ags(dppy)o(NO3)s}, cluster polymer for applications.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Zhixun Luo (zxluo@iccas.ac.cn).

Materials availability
All materials generated in this study are available from the lead contact without
restriction.

Data and code availability
o The single-crystal structure reported in this article has been deposited in
the Cambridge Crystallographic Data Center under accession number
CCDC: 2383737. The NMR spectra in this study (Figure S2) has been
deposited in Zenodo.org (https://doi.org/10.5281/zenodo.14791608).
o No code was generated in this study.
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Figure 5. Molecular mechanism

(A and B) Kohn-Sham molecular orbital energy
level diagrams of an Ags(dppy)2(NO3s)s monomer
and its dimer. Each orbital is drawn to indicate the
relative contributions (given by the lengths of
horizontal lines with color labels) of the atomic s
(red), p (blue), and d (green) orbitals of Ag and s
(yellow) and p (orange) orbitals of ligands. Vertical
arrows indicate the electronic transitions near the

A B, +9 frontier orbitals.
1 g : em— i } § (C and D) TD-DFT computed UV-vis absorption
o ) 0= LU!M 5 by spectra (black curves) of an Ags(dppy)2(NOs)s
» monomer and its dimer, along with hole-electron
—~ -1 —~ analysis showing the electronic excitation relating
E 2 11 2| 3| 4 E 2 23 4 to redistribution of ligand (red curve), redistribution
TR w — of metal (blue curves), electron transfer from metal
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‘5 = @ -4 ' ‘g the hole-electron distribution (yellow-red pattern)
-9 < 9 of corresponding excited states for the dominant
-6 -5 peak in the UV-vis spectra.
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o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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METHOD DETAILS

Materials

All of the chemicals and reagents were purchased from commercial sources and utilized without additional purification. These
included silver nitrate (AgNO3, 99.999%, Alfa Aesar), 2-(diphenylphosphine)pyridine (dppy, C17H14NP, 98%, innochem), Phenylacety-
lene (PhC=C, CgHg, 98%, Innochem), sodium borohydride (NaBH,4, >98.0%, Sigma Aldrich), sodium chloride (NaCl), dichlorome-
thane (DCM, CH,Cl,), acetonitrile (CH3CN), and ethanol (EtOH, >99.8% Sigma-Aldrich).

Synthesis of [Ags(dppy)2(NOs)sl,

The synthesis of {Ags(dppy)2(NOs)s}, was conducted by the following procedures. Initially, 28 mg solid silver nitrate (AgNO3) was dis-
solved in 2 mL volume of ethanol with 5 min of sonication. The dppy ligand dissolved in dichloromethane (CH,Cl,, DCM) was incor-
porated into this solution and agitated for 30 min. Subsequently, 8 uL of phenylacetylene additive, 3.5 mg of NaOH in 0.5 mL of
ethanol, and 10 mg of NaBH, reductant in 0.5 mL of ethanol were well mixed, and 70 pL of this mixture was applied to each
sample. The reaction was sustained for 7 h with agitation under darkness. A greyish solution was obtained, indicating the formation
of JAgs(dppy)2(NOs3)s}, cluster polymers. The solvent was then removed using rotary evaporation, and the resulting products were
centrifuged at 1000 rpm and washed twice with methanol to remove excess ligands. Greyish crystals were grown in CH,Cl, and
n-hexane at 4°C for 14 days.

Synthesis of the microfibers

We prepared microfibers of the {Ags(dppy)2(NOa)s}, cluster polymer by injecting its saturated acetonitrile solutions into ice-cold
water.®* Specifically, 1 mL acetonitrile solution of the cluster sample underwent sonication at 80°C in a water bath for 30 min, and
was then then rapidly injected into test tube racks placed in ice-cold water. The sample was subsequently placed in a refrigerator
at —4°C for 3 to 5 days to promote the growth into microfibers.®* We tried diverse injection speed (c.a., 100 to 1000 pL/s) and con-
centrations to achieve uniform microfibers.

Characterization

The cluster structure was determined using single-crystal X-ray diffraction on an XtaLAB AFC10, analyzed with Olex2, refined by full-
matrix least squares minimization, and anisotropically polished with all hydrogen atoms positioned geometrically. The morphology of
microfibers was evaluated using various techniques, including field-emission scanning electron microscopy, high-resolution trans-
mission electron microscopy, and X-ray photoelectron spectroscopy. The UV-Visible spectra of the cluster were acquired in the
range of 200-800 nm using a Shimadzu UV-3600 spectrophotometer. Infrared spectra were acquired with an Avatar 330 FT-IR spec-
trometer, spanning the range of 4000—400 cm~", with KBr pellets. Fluorescence spectra were acquired using a Horiba Scientific
Fluoromax-4 spectrofluorometer, by dissolving single crystals in DCM solvent. NMR spectra were acquired at ambient condition
with a Bruker Magnet System functioning at 400 MHz/54 mm (Ultra Shield Plus), with chloroform as the solvent and tetramethylsilane
as the internal standard. A laser scanning confocal microscope, Olympus Fluoview 1 x 81-FV 1000, was employed to get high-res-
olution images of the microfibers. The microscope employed 559 nm laser to excite the the microfibers.

Computational methods

The DFT calculations of the monomer and dimer were performed using the Gaussian 16 software,°® employing the LANL2DZ basis
set for Ag and the STO-3G basis set for nonmetal atoms (H, C, N, O, and P). The PBEO hybrid functional was employed to predict the
electronic structure and absorption spectrum of several ligand-protected Ag clusters by integrating 200-600 potential transitions.°

QUANTIFICATION AND STATISTICAL ANALYSIS

There are no quantification or statistical analyses to include in this study.
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