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Hybrid coordination polimers based on AgX (with X = Cl, Br) and 2-, 3-, 4-picolylamine ligands, obtained
by means of solvent-free methods, show peculiar luminescence properties that are strongly influenced
by their structural motif, which in turn is defined by the adopted isomer of the ligand. A comprehensive
study, combining photophysical methods and DFT calculations, allowed to rationalize the emissive behav-
iour of such hybrid coordination polymers in relation to their crystal structures and electronic properties.
By means of luminescence measurements at variable temperatures, the nature of the emissive excited
states and their deactivation dynamics was interpreted, revealing XMLCT transitions in the [(AgX)(2-pica)l,
compounds, a TADF behaviour in the case of 3-pica derivatives, and a dual emission at room temperature
for the [(AgX)(4-pica)l, family. The presence of low energy CC states, permitted by argentophilic inter-
actions, is also considered in [(AgX)(2-pica)l,, whose structures are characterized by single/double in-
organic chains, and in [(AgX)(4-pica)l,, where discrete dimeric Ag,X, units are present. These findings
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Introduction

The luminescence of d'® metal complexes has been intensely
explored in the past decades, showing interesting character-
istics that depend on the different excited states that can be
involved in the radiative process and on the possibility of
tuning these states not only by different ligand selection," ™
but also taking advantage of thermo- and/or mechano-
chromism.”** The study of Cu(i)-halide containing complexes,
in particular, has been seminal, leading to unveil characteristic
halide-to-ligand charge transfer (XLCT) and cluster-centred
(CC) emissive states, the latter related to transitions localized
on the Cu,l, core and possible only in the presence of metallo-
philic interactions.">° Recently, several copper(1) compounds
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open new avenues for the design and application of luminescent AgX-based hybrid materials.

were also found to show the so-called thermally activated
delayed fluorescence.”’>*

In this context, however, the luminescence properties of
coordination compounds based on silver(i)-halide have not
been extensively investigated, if compared to those of parent
copper(1)- and gold(1)-based analogues. This could be mainly
due to their higher photosensitivity, which makes their charac-
terization difficult.”® As for CuX-based coordination
polymers,>*>* also in the case of AgX-based materials the
photoluminescence properties have been studied principally
for polymeric structures.***° The nature of the emission dis-
played by these compounds has been found difficult to ration-
alize and, considering that there are only few studies on silver
halide-based coordination polymers, the exploration of new
systems and the careful investigation of their photophysical
properties remain an important challenge.

From the structural point of view, AgX-based compounds
mainly present a tetrahedrally coordinated silver atom but the
possibility of the halogen to act as p (bridging) ligand"~ allows
a great variability of structures.® The nuclearity of the in-
organic units can be used to pinpoint two different families:
(i) discrete inorganic fragments, where the presence of an
organic ligand (acting as a bridge) allows the creation of
coordination polymers or/fand MOFs,*" and (ii) infinite in-
organic units, where the polymeric expansion is due to the in-
organic part and the presence of bridging organic ligands can
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increase the dimensionality. We refer to these latter com-
pounds as hybrid coordination polymers (HCP).>**?

We have recently reported the synthesis and the structural
characterization of AgX-based (X = I, Br) coordination polymers
containing n-picolylamine (n-pica) ligands, finding indications
that the AgBr derivatives were emissive.*® Following this study,
we focused our interest on the synthesis and characterization of
coordination polymers derived from AgCl, in order to examine
the influence of the halide on the crystal structure and on the
luminescence properties of the final material. In the present
work, we thus deepen the knowledge on compounds based on
AgX and n-picolylamine (n-pica) as organic ligand, by including
the newly prepared [(AgCl)(n-pica)], products and by implement-
ing the photophysical study on the whole class of AgCl and AgBr
compounds (the Agl derivatives were previously found to be
non-emissive and thus not considered in the present work).

The new AgCl-based coordination polymers have been
obtained reacting AgCl with the three isomers of the picolyla-
mine: 2-, 3- and 4-pica. To overcome the poor solubility of the
silver(1) halides we carried out the reactions by mechanochem-
istry, by slurry or by a simple contact between the two reagents
(AgCl is solid, while the isomers of pica are all liquid).

Hereafter, we thus report on a complete structural, photo-
physical and theoretical study of a series of silver halide com-
pounds ([(AgX)(n-pica)],, with X = Cl and Br), where the pro-
perties of the materials have been investigated in terms of
emission spectra at variable temperatures, excited-state life-
times and emission quantum yields. A comprehensive density-
functional-theory (DFT) investigation, coupled with periodic
boundary conditions, allowed to support and interpret the
experimental results.

Overall, the reported investigation provides important
knowledge on the composition-structure-electronic relation-
ships of luminescent silver halide complexes. In particular,
our findings evidence the important role of the picolylamine
isomer used as ligand in affecting the final luminescence pro-
perties of the materials. Noteworthy, for the first time in a
class of AgX-based materials ([(AgX)(4-pica)],), emission from
CC states, allowed by the occurrence of argentophilic inter-
actions, has been detected. These data are of particular impor-
tance in the current context of limited reports on the photo-
physical characterization of Ag(1)-based coordination polymers.

Results and discussion

Due to the low solubility of silver halide salts in almost every
solvent, solution-based synthesis of related coordination poly-
mers is prohibited. To overcome this problem, we directly
ground the halide salt with the liquid ligand, i.e. the n-picoly-
lamine, obtaining the coordination polymer with a high
degree of crystallinity. The desired product could be also
obtained by solvothermal synthesis, or slurry, or simply
embedding the halide salt with the liquid ligand. These
different methods were explored to obtain single crystals suit-
able for structure determination.
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A recent datamining study®® on AgXL structures (X = halide
and L = organic ligand with N, P, As, O, S or Se) in the
Cambridge structural database (CSD)** highlighted that the
flexible coordination sphere of the silver ions is reduced to tet-
racoordinated Ag(1) in 81% of the structures. Further examin-
ation revealed that, in the AgCl subset, the chloride atom has a
high tendency to form inorganic discrete units (88%), which
can be observed in complexes as well in coordination poly-
mers. In the small subset of HCP, chloride does not show any
preference in the coordination number, and it is almost
equally distributed as p? (single chain), p* (double chain) and
1. The structures obtained in the present study by reaction of
AgCl with the isomers of the picolylamine are characterized by
p>-Cl, which forms single chains, hence HCPs, in ([(AgCl)(2-
pica)], and [(AgCl)(3-pica)],), while in ([(AgCl)(4-pica)],) it
forms a discrete dimeric inorganic core and hence a classical
coordination polymer.

For sake of clarity, the results are presented and discussed
by grouping the compounds based on the n-pica ligand they
contain and, within these sub-classes, the materials obtained
with AgCl are compared to the ones based on bromide. This
description allowed us to investigate the role of the organic
ligand and the halogen on both structural and photophysical
properties.

[(AgX)(2-pica)], with X = CI, Br

The crystalline structure of [(AgCl)(2-pica)], was determined by
SCXRD on a colourless, plate-like crystal obtained through
solvothermal reaction. The structure is formed by infinite in-
organic single chains of alternating silver(1) and chloride ions,
running parallel to the a axis of the crystal cell (Fig. 1, left).

Within each chain, 2-pica molecules act as chelating
ligands binding individual Ag(1) centres, which therefore
display a distorted tetrahedral coordination. As a result, an
independent 1-D network is found, and the single 1-D wires
interact to each other through amino NH---Cl or CH:--Cl inter-
molecular interactions. It is worth stating that such 1-D wires
are helixes, leading to a chiral cell belonging to the ortho-
rhombic P2,2,2, space group.

Fig. 1 Crystal structures of [(AgCl)(2-pica)l, (left) and [(AgBr)(2-pica)l,
(right) showing their inorganic single- and double-chain, respectively,
running parallel to the a-axis of their crystal cell (a-axis in red, b-axis in
green, c-axis in blue).

This journal is © The Royal Society of Chemistry 2025
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[(AgBr)(2-pica)], is not isomorphic or isostructural to
[(AgCl)(2-pica)], since it is characterized by an inorganic
double chain, running parallel to the a axis of the crystal
(Fig. 1, right). Moreover, the 2-pica ligands now bind silver(i)
ions only through their amino group, while the pyridine moi-
eties are uncoordinated. Notably, short Ag-Ag distances of
3.1989(9) and 3.2986(9) A are found in the double chain of
[(AgBr)(2-pica)],, allowing argentophilic interactions.

Periodic DFT calculations, at the Perdew-Burke-Ernzerhof
(PBE) level, have been carried out to investigate the structural
and electronic properties of both crystals. Starting from the
experimental X-ray structures, both the atoms and the cell
parameters were fully relaxed preserving just the crystal space
group and the cell symmetry. The obtained theoretical struc-
tures are compared to the experimental ones in Fig. S6,}
showing a good agreement between them. As commonly found
in literature,** the DFT-optimized structures display contracted
unit cells due to the lack of thermal effects.

As far as the band structure of [(AgCl)(2-pica)], is con-
cerned, the highest envelope of valence bands, spanning
between —1.1 and —1.3 eV vs. the Fermi level, is predominantly
constituted by o* orbitals involving the 4d orbitals of silver(i)
ions and the nitrogen lone pairs of the chelating 2-pica
ligands, with minor contribution from chloride 3p orbitals
(Fig. S7t). Such attribution can also be qualitatively inferred by
comparing the band diagram and the partial density of states
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(DOS) reported in Fig. 2 bottom. The group velocity for these
bands is very low in all reciprocal-space dimensions, confirm-
ing the strong localization of such orbitals. On the other hand,
all lower-energy conduction bands are localized on the n* orbi-
tals of the 2-pica ligands (Fig. S7t). Notably, the dispersion of
such conduction bands is wider along a* and b* reciprocal
directions, while it remains virtually zero along c*, showing
that the 1-D wires of [(AgCl)(2-pica)], are isolated along real-
space c¢ axis and display non-covalent interactions in the other
two directions due to their herringbone packing (Fig. S87).

In the case of [(AgBr)(2-pica)],, all frontier valence bands
are centred on the AgBr double chains and indeed display
non-zero band widths only along k-paths having a* com-
ponents, since such chains run parallel to the a axis (Fig. 2
bottom and Fig. S9t). Frontier conduction bands are again
centred on the n* orbitals of the 2-pica ligands; anyway, in the
case of band #71 a non-negligible contribution from the in-
organic double chain is observed (Fig. 2 bottom and Fig. S9¥).

If compared to X-ray diffraction data, computed Ag-Ag dis-
tances in the inorganic double chain of [(AgBr)(2-pica)], are
just slightly underestimated (i.e., 2.889 and 2.968 A vs. 3.199
and 3.299 A). The presence of argentophilic interactions is
further confirmed by the analysis of the mapped reduced
density gradient (see Fig. S10f for further details).
Furthermore, argentophilic interactions can be identified
through the analysis of Raman spectra. Studies in literature
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Fig. 2 (Top) Temperature-dependent emission spectra of [(AgCl)(2-pica)l, (left) and [(AgBr)(2-pica)l, (right), measured in the range between 78 and

338 K; the change in the emission intensity and mean-photon energy is also reported in the graph inset. (Bottom) Band-structure diagram and
density-of-states (DOS) plot with relative orbital contributions; the band-structure path in the reciprocal space is also depicted.
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indicate that, in the presence of such interactions, the v(Ag-
Ag) stretching frequency is typically observed within the range
of 75-125 cm™'.**7% Specifically, we attribute the peak at
81 cm™" in the spectrum of [(AgBr)(2-pica)], (Fig. S20,1 black
line) to the stretching of Ag-Ag, confirming the presence of
argentophilic interactions in this structure.

At room temperature, both crystals display the higher
energy bands in their UV-vis absorption spectrum around
265 nm and a contribution at lower energy (Fig. S30,t left);
Furthermore, they show an extremely weak and unstructured
emission band, with maxima at 430 and 498 nm for [(AgCl)(2-
pica)], and [(AgBr)(2-pica)],, respectively (Table 1). The tran-
sition is expected to originate from a charge-transfer excited
state of XMLCT nature, as suggested by DFT data. The emis-
sion intensity increases upon cooling to 78 K, but virtually no
other spectral changes are observed (Fig. 2, top). Such a scen-
ario is compatible with the presence of thermally activated
non-radiative processes. Indeed, by monitoring the tempera-
ture-dependent emission intensity (insets of Fig. 2, top), it is
possible to estimate the energy barrier that should be over-
come to activate such processes; for [(AgCl)(2-pica)], a barrier
of (0.38 + 0.02) eV is estimated, while for [(AgBr)(2-pica)], a
quenching is readily observed also at T > 100 K since the
associated barrier is just (0.10 + 0.01) eV (Fig. 2, top). Such
effective quenching in [(AgBr)(2-pica)], can be tentatively
explained considering the presence of easily accessible poorly
radiative cluster-centred (CC) states, close to the XMLCT ones.
Indeed, as indicated by the DOS plot (see above), a contri-
bution from the empty AgBr-cluster orbitals is present at just
0.6 €V above the onset of the conduction bands.

[(AgX)(3-pica)], with X = CI, Br

The structure of [(AgCl)(3-pica)],, was solved by SCXRD on a col-
ourless, plate-like crystal synthetized via contact reaction. The
crystal belongs to the chiral monoclinic P2, space group and is
characterized by single chains of alternating silver(i) and chlor-
ide ions, running parallel to the b axis of the crystal cell
forming inorganic helixes (Fig. 3, left). This motif resembles the
one already observed for [(AgCl)(2-pica)], but, in the present
case, 3-pica binds two different inorganic chains generating a
2-D network. Due to the chiral group, the inorganic chains are
all parallel and with the same direction of rotation.

Table 1 Photoluminescence data of the coordination polymers [(AgX)

(2-pica)l,, [(AgX)(3-pica)l, and [(AgX)(4-pica)l, (with X = Cl, Br) as
powder at room temperature and at 78 K

298 K 78 K

Aem/NM D (%) /ps Jdem/DM  7/MS
[(AgCl)(2-pica)], 430 0.1 — 426 68
[(AgBr)(2-pica)], 498 <0.1 — 506 42
[(AgCl)(3-pica)], 426 2.7 10.5 478 148
[(AgBr)(3-pica)ln 436 1.2 9.2 482 108
[(AgCl)(4-pica)],  450°",520 1.6 10.1 480 287
[(AgBr)(4-pica)], 425,530 5.3 9.6,13.2 484 425
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Also [(AgBr)(3-pica)], shows a AgBr single chain generated
by the screw axis and the 3-pica binding the inorganic chains
forming the 2-D network. However, [(AgBr)(3-pica)], crystallizes
as P24/c space group and the parallel 2-D network is generated
by the inversion centre, hence inorganic AgBr helixes of oppo-
site chirality are present in the unit cell. Basically, both struc-
tures display equivalent 2-D networks stacked parallel to the
ab crystal plane but, in the case of [(AgCl)(3-pica)],, such 2-D
layers are identical and created by a mere translation of the
unit cell in ¢ direction, while in [(AgBr)(3-pica)], nearby planes
are enantiomeric and generated by inversion symmetry
(Fig. 3).

The presence of the inversion centre slightly modifies the
packing of the organic ligands, as show in Fig. 3 bottom: while
in [(AgCl)(3-pica)], the ligands present only herringbone
packing (Fig. 3, bottom left), in [(AgBr)(3-pica)], the interdigi-
tated 3-pica ligands present herringbone and parallel arrange-
ment (Fig. 3, bottom right). Someway, these two crystals can
be considered as different polytypes of the more general [(AgX)
(3-pica)], structure, considering its broadest definition.’">?
Indeed, the similarity of the two structures, assessed by the
isostructurality value (Is),”* is 80% (see Experimental section
for further details).*"*

To allow an easier comparison between the DFT computed
structural and electronic properties of [(AgCl)(3-pica)], and
[(AgBr)(3-pica)],, a 1 x 1 x 2 supercell was considered for the
former crystal. The fully optimized structures of both com-
pounds are superimposed in Fig. S11,7 clearly showing the
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Fig. 3 (Top) Packing along c-axis of [(AgCl)(3-pica)l, (left) and [(AgBr)
(3-pica)l,, (right).>® The directional arrows indicate the orientation of the
“inorganic helices” (highlighted as black stripes in the middle). (Middle)
packing along a-axis (the ligand is omitted for sake of clarity), which
reveals the different direction of the chains. Cell axis color: a is red, b is
green, and c is blue. (Bottom) the packing of 3-pica in the bc plane is
illustrated for both [(AgCl)(3-picall, (left) and [(AgBr)(3-pica)l, (right). For
clarity, hydrogen atoms are not shown.

This journal is © The Royal Society of Chemistry 2025
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presence of an inversion centre in the [(AgBr)(3-pica)], cell. As
for the [(AgX)(2-pica)], series, the highest valence bands
display the predominant contribution from the silver(i) 4d
orbitals; however, the p orbitals of the halogen atoms always
contribute to the valence bands in both [(AgX)(3-pica)], com-
pounds. Not surprisingly, also in the present series, the lowest
conduction bands are all centred on the n* orbitals of the
organic ligands.

Anyhow, for a proper comprehension of the band diagrams
of these compounds it is useful to start discussing the spa-
ghetti diagram of the smaller [(AgCl)(3-pica)], primitive cell
(Fig. S127), which already includes two equivalent [(AgCl)(3-
pica)] units due to its C, point-group symmetry. Accordingly,
all bands come in pairs, differing only for a phase change on
equivalent orbitals. Since all the highest valence bands involve
orbitals on the AgCl single helixes (running in the direction of
the b axis) and two AgCl units are present in the cell, a huge
energy change is expected if they are in phase or not.
Consequently, within each pair, bands are well energy-separ-
ated in I', while they become degenerate when spanning the
face of the first Brillouin zone having b*/2 component (as in Z,
D, E or C, k-points and related paths, see Fig. S121). On the
contrary, any change in the band momentum along a* does
not significantly perturb the bands because the inorganic
wires are isolated by interdigitated 3-pica ligands (see I'-Y, or
Z-C, k-paths in Fig. S12%); the same is also observed for
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momentum changes with ¢* components, albeit to a less
extent, since the helixes (even if covalently separated) are more
closely packed in that direction (see I'-B or Z-D k-paths). A
similar scenario is also observed for the lowest couple of con-
duction bands, ranging from 1.10 to 1.74 eV, since such bands
are a linear combination of the two equivalent 7* orbitals on
the 3-pica ligands (i.e., the 3-pica LUMO); accordingly, their
interactions are merely non-covalent (see Fig. S13t for a more
complete discussion). The band diagram of [(AgCl)(3-pica)],,
depicted in Fig. 4, can be interpreted by analogy to the spa-
ghetti diagram just discussed, simply considering that it refers
toa1x1x 2 supercell.

As shown in Fig. 4 bottom, the band structure diagrams of
[(AgCl)(3-pica)], and [(AgBr)(3-pica)], are very similar, if not for
(i) the wider bandgap observed in the AgCl-based crystal and
(ii) the removed fourfold degeneracy (along Z-D and E-Z-C,
k-paths) in the conduction bands of [(AgBr)(3-pica)l,, which
become a pair of two degenerate bands. Such a behavior is
rationalized in Fig. S14f1 and can be understood considering
the presence of different non-covalent interactions between
the 3-pica ligands, coordinated to nearby AgBr helixes with
different chirality (Fig. S157).

Both compounds absorb in the spectral range 200-400 nm,
with a maximum around 265 nm (Fig. $30,7 middle), and are
emissive at room temperature, displaying broad and unstruc-
tured profiles, as typical for XMLCT transitions (Fig. 4, top).
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(Top) Temperature-dependent emission spectra of [(AgCl)(3-pica)l, (left) and [(AgBr)(3-pica)l, (right), measured in the range between 78 and

338 K; the change in the emission intensity and mean-photon energy is also reported in the graph inset. (Bottom) Band-structure diagram and

density-of-states (DOS) plot with relative orbital contributions; the band-

structure path in the reciprocal space is also depicted. To allow the direct

comparison of the two DFT-computed structures, a 1 x 1 x 2 supercell of [(AgCl)(3-pica)l, is considered.
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Photoluminescence quantum yields at 298 K are 2.7% and 1.2%
for [(AgCl)(3-pica)],, and [(AgBr)(3-pica)],, respectively (Table 1).
Remarkably, the emission band of [(AgCl)(3-pica)], is 10 nm
blue shifted (Amax = 426 vs. 436 nm for AgCl- vs. AgBr-derivative,
Table 1). Such finding is in line with the band gap estimated by
DFT calculations, which is 0.20 eV wider for [(AgCl)(3-pica)],
(Fig. 4, bottom). On the contrary, at 78 K, the emission bands of
both compounds are virtually superimposable, peaking at ca.
480 nm (Table 1) and preserving the same broad and unstruc-
tured profile as at room temperature. As shown in the inset of
Fig. 4 top, the photon energy increase upon heating (i.e. the
experimentally observed red shift upon cooling) can be taken as
an indication of thermally activated delayed fluorescence
(TADF), as typically reported for similar coordination
structures.”>*”> The estimated singlet-triplet energy gap calcu-
lated by fitting the temperature-dependent emission intensity of
both compounds (Fig. 4 top) is (0.22 + 0.02) eV for [(AgCl)(3-
pica)], and (0.30 + 0.02) eV for [(AgBr)(3-pica)],, which is com-
parable to the difference between the mean-photon energy at
78 K and the one at room temperature (approx. 0.25 and 0.23
eV, respectively; see insets of Fig. 4, top).

[(AgX)(4-pica)], with X = CI, Br

The crystalline structure of [(AgCl)(4-pica)],, was determined by
simulated annealing on a XRPD pattern collected on a crystal-
line powder obtained by ball milling. The structure is isomor-
phous to the already reported [(AgBr)(4-pica)],,>® indeed, the
two crystals show an index of cell similarity close to zero and
the isostructurality index close to 100% (i.e., ® = 0.019 and Is =
98%, see Table S37). Silver atoms display the typical tetra-
hedral coordination of Ag(1), binding two halogen atoms and
two 4-pica ligands. Both structures present Ag,X, units display-
ing short Ag-Ag distances (i.e., 3.215 and 3.205 A for Cl and Br
compounds, respectively), suggesting argentophilic inter-
actions. Such hypothesis is confirmed by Raman spectroscopy,
showing peaks within the range between 75 and 125 cm™*
(Fig. S227). Such Ag,X, units are bridged together by the 4-pica
ligands, which are linking one unit through their pyridine
moiety and the other through the amino group (Fig. 5).

DFT calculations are in line with the experimental structural
data obtained by X-ray diffraction, as demonstrated by the
low RSMD values reported in Fig. S16.1 Notably, the computed
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Ag-Ag distance in the Ag,X, units is 3.158 and 2.995 A for Cl
and Br compounds, respectively. Moreover, the presence of an
argentophilic interaction is further confirmed by reduced-
density-gradient plot, as reported in Fig. S17.7

The similarity between the crystal structures of [(AgCl)(4-
pica)], and [(AgBr)(4-pica)], is reflected in their similar band
structures and in their virtually identical direct bandgap of
2.32 eV. As shown in the DOS plots of Fig. 6 bottom, the
highest valence bands are mainly located on the Ag,X, units,
involving the 4d orbitals of the silver(i) ions and the valence p
orbitals of the halogen atoms. As in previous cases, the lowest
conduction bands are all centered on the n* orbitals of the
picolylamine ligands. These theoretical findings suggest that
XMLCT transitions are estimated for both systems and, due to
their identical direct bandgap, a bright emission at a similar
wavelength is also expected.

The scenario predicted by DFT calculations is confirmed by
experimental spectroscopic data at 78 K, where a broad and
intense emission band centered at 480 and 484 nm is observed
for [(AgCl)(4-pica)], and [(AgBr)(4-pica)],, respectively (Fig. 6
top and Table 1); notably, such values correlate well with the
calculated bandgap of 2.32 eV, corresponding to a transition at
534 nm. The photoluminescence quantum yields at 78 K are
roughly estimated to be 27% for both compounds, as inferred
by comparing the emission intensities at 78 K with the ones at
298 K (Fig. 6 top). The absorption spectrum of both com-
pounds falls in the 200-500 nm spectral region with an envel-
ope of bands between 250 and 350 nm and a low energy tail
(Fig. S30,7 right).

Temperature-dependent emission studies reveal a much
more complicated picture as the temperature increases from
78 to 338 K (Fig. 6 top). For simplicity, the spectral evolution
upon heating can be divided in two regions. In the tempera-
ture range between 78 and roughly 200 K only a broad emis-
sion band is present, corresponding to the XMLCT transition,
which is gradually blue shifted upon increasing the tempera-
ture as typically observed in thermally activated delayed fluo-
rescence (TADF) systems. Such a shift is more pronounced in
the bromide than in the chloride HCP, as also indicated in the
mean-photon energy graph (inset of Fig. 6 top). At 200 K the
mean-photon energy drastically decreases because of the
appearance of the second broad band at lower energy, peaking

mg mﬂ/\
%v VW

»m ?\ M M

Fig. 5 Packing along a-axis of [(AgCl)(4-pica)l, (left) and [(AgBr)(4-pica)l, (right).

2804 | Dalton Trans., 2025, 54, 2799-2811

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03003f

Open Access Article. Published on 03 January 2025. Downloaded on 3/16/2026 7:22:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Dalton Transactions Paper
= = = —
5 2.8 5 -
g — 78K g 28
5 = £ — 98K o E
3 s 26 — 118K 3 s 26
© @ — 138K © / 2
~ @2 ~ 4
> | € 24 158K > / € 24
£ o 178K 2 / // w
s T T T T T > 198K s / TT T T T T T T 1T | >
£ 100 150 200 250 300 | © 218K £ / 100 150 200 250 300 | ©
c - Temperature / K = 238K c 4 / /l Temperature / K =
§ 5 /
5 3 258K 9 / B
17} o 4 [
- 7 £ — 278K £ / / E
& 7/ ; — 298K § i 2
/ g — 318K / g
// 2 — 338K 2
T L B e T Syl =3 T T T T T Saaaavadl
350 400 450 500 550 600 650 700 = 350 400 450 500 550 600 650 700 =
Wavelength / nm Wavelength / nm
2.0 J# 2.0 F 20
1.5 15 L 15
=1 | [ A~ — | I B e g o _—
> | | rf’j e " T | §?; T
) #137 ¢ c 8
T 104 DIRECT Ag (45) Agiap) 1.0 DIRECT Ag (45) Agup) 10 @
8 103 [ a6 U8 Fao Y- Bhe Bem F10 =
A || - :
154 ] \\/\ F-1.5 — ™ F-15
I~ |17 T~ A
204~ T —— — (2.0 #127 L-2.0
T I T
zZD B E c: Y. r zo B

Sampling path
of the first Brillouin zone

Sampling path
of the first Brillouin zone

Fig. 6 (Top) Temperature-dependent emission spectra of [(AgCl)(4-pica)l, (left) and [(AgBr)(4-pica)l, (right), measured in the range between 78 and
338 K; the change in the emission intensity and mean-photon energy is also reported in the graph inset. (Bottom) Band-structure diagram and
density-of-states (DOS) plot with relative orbital contributions; the band-structure path in the reciprocal space is also depicted.

around 530 nm for both systems. Such emission can be tenta-
tively attributed to cluster-centered (CC) states located on the
Ag,X, units (Fig. S311). Emissive CC states have been exten-
sively documented for CuX based structures where short Cu-
Cu distances interactions among the metal
centers,”””**” but, to the best of our knowledge, they have
never been reported for Ag(i) halide based materials. In the
present [(AgX)(4-pica)], compounds, CC emission is permitted
by the presence of argentophilic interactions within the Ag,X,
discrete units of the structures.

The abovementioned interpretation of the temperature-
dependent emission spectra is also corroborated by time-
resolved measurements, since a sharp drop in excited-state life-
times is clearly observed in [(AgCl)(4-pica)], and [(AgBr)(4-
pica)],, when passing from 78 K to 298 K (Table 1). Such a
decrease in the emission lifetimes can be attributable to
additional deactivation pathways: (i) the population of singlet
excited states from long-living triplet ones, and (ii) the thermal
activation of upper lying cluster-centered states, which typically
display fast non-radiative deactivation to the ground state.>®>°

allows

Conclusions

We synthesized and characterized a series of three [(AgCl)(n-
pica)], compounds and compared their photophysical pro-

This journal is © The Royal Society of Chemistry 2025

perties with those of analogous compounds based on AgBr.
The obtained structures are primarily HCP, which represent a
minority family compared to the structures deposited in the
CSD. We believe that our synthetic procedures (grinding or
slurries) favour the HCP since they do not require the dis-
solution of the silver salt.

The obtained structures are compared in pairs containing
the same organic ligand and different halogen atom.

The [(AgX)(2-pica)], compounds present very different struc-
tures depending on the halogen, while the similarities
increase in the 3-pica compounds and with the 4-pica ligand
the structures are isomorphic. The formation of an inorganic
single chain promotes the presence of a chiral helix, which
ends up in a chiral structure in [(AgCl)(3-pica)], and in 2-D
chiral layers in [(AgBr)(3-pica)],. The two latter structures differ
only by the presence of the inversion centre in the bromide
compound, which slightly changes the packing of the organic
ligand. [(AgX)(4-pica)], (X = Cl, Br) are isomorphous and are
characterized by discrete dimeric Ag,X, units which favour the
presence of short Ag-Ag distances.

The luminescence properties of these materials have been
found to be mainly dependent on the isomer of the picolyla-
mine ligand used, which also affects the final crystal structure.
[(AgX)(2-pica)], compounds are the less emissive of the series
at room temperature, while they display a bright emission at
77 K, in both cases attributed to XMLCT states. Such emissive
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states are quenched, upon increasing the temperature, by ther-
mally activated non-radiative processes.

The [(AgX)(3-pica)], complexes share the same 2-D network,
despite the slight difference in their crystal structure, and
indeed present a similar band diagram and comparable
luminescence properties. These HCPs display higher quantum
yields at RT compared to the [(AgX)(2-pica)], series and show a
temperature-dependent red shift with increased emission
intensity upon cooling. This behaviour has been rationalized
in terms of a TADF process involving closely lying XMLCT
states of singlet and triplet spin multiplicity.

Interestingly, the isomorphic [(AgX)(4-pica)], compounds
show a dual emission at RT, while only one band at 78 K.
Temperature-dependent investigations evidence a TADF
process from 78 to 200 K involving XMLCT states and the
population of CC emissive states above 200 K. The nature of
the emissive state is clearly influenced by the presence of the
chloride or bromide halogen. At 78 K the bromide promotes
longer lifetimes and a more pronounced blue shift upon
heating, which is almost negligible in [(AgCl)(4-pica)],,.

This comprehensive investigation combines structural,
photophysical, and theoretical approaches to reveal structure-
property relationships in hybrid coordination polymers based
on silver(1) halides. As expected, the crystal structure of the
HCP plays a crucial a role in the photophysical properties.
Indeed, the presence of bromide favour argentophilic inter-
actions, allowing accessible CC states. Our results suggest that
these compounds, previously underexplored due to synthetic
challenges now addressed through solvent-free processes, hold
significant potential as luminescent materials for lighting and
sensing applications.

Experimental section
Knowledge discovery on database

The probability of obtaining AgX-based hybrid coordination
polymers was checked using the ConQuest software.”® We
examined the role of the halide in compounds AgXL - where
X =Cl, Br, orI and L is an organic ligand with the atom binding
directly to silver being N, P, As, O, S, or Se — deposited in the
Cambridge structural database (CSD),** version 5.43 released
in November 2021. In this way we selected the subset AgXL
that includes about 800 structures. For details on the selection
procedure see the ESL

Synthesis

All the reagents were purchased from Tokyo Chemical Industry
(TCI) and employed without additional purification, except for
AgCl which was synthesized from an aqueous solution of
AgNO; and a saturated aqueous solution of NaCl. AgCl is solid
and all the ligands (2-, 3- and 4-picolylamine, here called 2-, 3-
and 4-pica) are in liquid form. All the reactions have been per-
formed in a vessel covered with aluminum foil to prevent
degradation, since both the silver halide reagent and the
obtained products were found to be photosensitive.

2806 | Dalton Trans., 2025, 54, 2799-28T1
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Synthesis of [(AgCl)(n-pica)],

Contact reaction. 1 mmol of AgCl (0.143 g) was covered with
1 mmol of n-pica (0.1 mL) in a glass vessel, mixed a little with
a spatula and left still in the dark for at least 14 days. We
obtained plate-shape single crystals of [(AgCl)(2-pica)], and
[(AgCl)(3-pica)], and a crystalline powder of [(AgCl)(4-pica)],,
the latter non-suitable for SCXRD analysis.

Mechanochemical reaction. 1 mmol of AgCl (0.143 g) and
1 mmol of n-pica (0.1 mL) were placed in a 5 mL agate ball-
milling jar with one agate sphere (5 mm diameter) and milled
at 20 Hz for 60 minutes with Retsch MM200 vibratory mill
equipped with horizontally oscillating arms. The obtained
crystalline powders were washed with acetonitrile to elimi-
nated unreacted n-pica and analysed with XRPD.

Slurry. 1 mmol of AgCl (0.143 g) and 1 mmol of n-pica
(0.1 mL) were placed in a glass vessel with 1.5 mL of aceto-
nitrile and the slurry was stirred in the dark (by covering the
vessel with aluminium foil) for 24 hours. Crystalline powders
were washed with acetonitrile. The XRPD patterns did not
show unreacted AgCl.

Solvothermal reaction. 1 mmol of AgCl (0.143 g), 1 mmol of
n-pica (0.1 mL) and 2 mL of acetonitrile or THF were placed in
a 5 mL vial. Everything was put in a metal autoclave and
placed in the stove at 90 °C for 24 hours. After that, the temp-
erature has been diminished 9 °C h™" until the room tempera-
ture was reached. We obtained crystals suitable for SCXRD ana-
lysis of the desired structures [(AgCl)(2-pica)], and [(AgCl)(3-
pica)],. In the case of the solvothermal reaction between AgCl
and 4-pica, single crystals of [Ag(H-4-pica)Cl,],, were obtained,
as detailed in the ESL{ The structure is reported (see ESIY)
without further investigation.

Structure determination by X-ray diffraction

The single crystal data of [(AgCl)(2-pica)], and [(AgCl)(3-pica)],
were collected at room temperature on an Oxford Xcalibur
using Mo-ka radiation, equipped with graphite monochroma-
tor and CCD Sapphire detector. Crystal data details are sum-
marized in Tables S1 and S2 in ESL} The SHELXT®' and
SHELXL® algorithms were used for the solution and refine-
ment of the structures based on F?. All the atoms, excluding
the hydrogens, were refined anisotropically. Hydrogen atoms
have been added to the theoretical positions. The structure of
[(AgCl)(4-pica)],, was solved by X-ray powder diffraction. The
powder data were obtained on a Panalytical X’Pert PRO using
Cu-ka radiation, endowed with a focusing mirror, Pixcel
Detector, and capillary holder. The sample was loaded in a
0.5 mm glass capillary. The analysis was carried out in trans-
mission and collected in the range 260 5-70°, with 0.02 rad
soller, 1° divergence slit and 1° antiscatter slit, step size
0.0131° and counting time of 168.045 s. Six consecutive rep-
etitions of the same measurement were collected and merged
to obtain an optimal ratio between the signal and the noise.
The analysis of the powder data was performed by the software
TOPAS 6, and a Chebyshev function and a pseudo-Voigt
(TCHZ type) were used to fit the background and the peak

This journal is © The Royal Society of Chemistry 2025
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shape, respectively. The powders were indexed with the cell
reported in Table S2.1 The structure was determined by simu-
lated annealing and refined by the Rietveld method. All the
hydrogen atoms were fixed in calculated position. CCDC
2362555-23625581 contains the supplementary crystallo-
graphic data for this paper.®*

Isostructurality calculation

We used the software MERCURY® to superimpose the
similar structures in order to calculate the isostructurality
geometric descriptors. The parameters used in this work are
n and Is, the indexes of cell similarity and isostructurality,
respectively:

a+b+c
a+b+c

Is() = HZ(A;?,)Zrl

where a, b, ¢ and a', b, ¢’ are the orthogonalized lattice para-
meters of the two compared structures; n is the number of the
considered atoms, excluding hydrogens; and AR; are the dis-
tance differences between their atomic coordinates. If two
structures are greatly similar, = is almost zero and the Is value
must be close to 100%. The RMSD (the root mean square of
the distance differences of the corresponding atoms) and the
maximum distance difference between the compared atoms
(max D) have been calculated through the superimposition of
the asymmetric units in Mercury. More information about
these numbers is reported by Croitor et al.’® To calculate the &
parameter we used the Lodwin orthogonalization of the cell
parameters.®>°°

x 100%

Thermogravimetric analysis (TGA)

Thermogravimetric analyses performed using a
PerkinElmer TGA7. The measurements were carried out under
nitrogen flow in a temperature range of 30-350 °C with a 5 °C
min~" gradient. The results are presented and discussed in the
ESI (Fig. S24-526).

were

Differential scanning calorimetry (DSC)

DSC measurements were performed using a PerkinElmer
Diamond DSC-7 equipped with a PII intracooler. The tempera-
ture and enthalpy calibrations were performed with high
purity standards (n-decane, benzene and indium). The
samples in aluminum open pans were heated at 5 °C min™*
unless otherwise indicated. The results are presented and dis-
cussed in the ESI (Fig. S27-S297).

Raman spectroscopy

The Raman spectra of powder samples were measured with a
WITec’s Raman microscope aplha300 R excited by a 532 nm PS
laser. The Raman spectra of three random spots were collected
for each sample.

This journal is © The Royal Society of Chemistry 2025
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Photophysical measurements

Absorption and emission determinations were performed on
powder samples placed inside two quartz slides. Reflectance
spectra were recorded using a PerkinElmer Lambda 950 UV/
Vis/NIR spectrophotometer equipped with a 100 mm integrat-
ing sphere and converted into absorption spectra using the
Kubelka-Munk function.®”®® Uncorrected emission spectra
were obtained with an Edinburgh Instruments FLS920 spectro-
meter equipped with a Peltier-cooled Hamamatsu R928 photo-
multiplier tube (spectral window: 185-850 nm). An Osram
XBO xenon arc lamp (450 W) was used as the excitation light
source. The corrected spectra were acquired by means of a cali-
bration curve, obtained by using an Ocean Optics deuterium-
halogen calibrated lamp (DH-3plus-CAL-EXT). For tempera-
ture-dependent measurements, the sample was mechanically
dispersed on a quartz slide and placed inside an Oxford
Optistat DN variable-temperature liquid-nitrogen cryostat
(operating range: 77-500 K) equipped with an ITC5035 temp-
erature controller and interfaced with the same Edinburgh
FLS920 fluorimeter. The emission lifetimes (z) were measured
through the time-correlated single photon counting (TCSPC)
technique using a HORIBA Jobin Yvon IBH FluoroHub control-
ling a spectrometer equipped with a pulsed NanoLED and/or
SpectraLED excitation sources (A = 283/331 and 370 nm,
respectively) and a red-sensitive Hamamatsu R-3237-01 PMT
detector (spectral window: 185-850 nm). The analysis of the
luminescence decay profiles was accomplished with the DAS6
Decay Analysis Software provided by the manufacturer, and the
quality of the fit was assessed with the y* value close to unity
and with the residuals regularly distributed along the time
axis. Absolute photoluminescence quantum yields were calcu-
lated using corrected emission spectra obtained from the
Edinburgh FLS920 spectrometer, equipped with a barium
sulfate coated integrating sphere (inner diameter: 4 in.), fol-
lowing the procedure described by Wiirth et al.®® Estimated
errors are 10% on exponential lifetimes, 20% on quantum
yields, 20% on molar absorption coefficients and 3 nm on
emission and absorption peaks.

DFT calculations

DFT calculations on all crystals were carried out using Quantum
ESPRESSO 7.0, the open-source suite for quantum simulation of
materials.”>”> The PBEsol GGA exchange-correlation func-
tional”®> was chosen in combination with the semiempirical
Grimme’s DFT-D3 dispersion corrections with zero damping,”
to take into account possible non-covalent interactions. The
pseudopotentials were directly taken from the SSSP Efficiency
PBEsol pseudopotential library (version 1.1.2);”>’® the kinetic
energy cut-off of the wave function was set to 60 Ry and the one
for charge density to 480 Ry, according to the adopted pseudopo-
tential requirements. For all SCF calculations, the convergence
threshold for self-consistency was set to 2.0 x 107'° Ry times the
number of atoms in the cell. The initial guess for the structure
of each compound was based on the experimental single-crystal
X-ray diffraction data (directly taken from CIF files). All struc-
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tures were fully relaxed using a variable-cell approach, using the
BFGS (Broyden-Fletcher-Goldfarb-Shanno) algorithm. During
the optimization, the only imposed constraint was to keep the
crystal space group consistent with the experimental one, but
both the cell parameters and ions were adjusted to obtain the
minimum-energy structure; convergence threshold on total
energy was set to 1.0 X 107> Ry times the number of atoms in
the cell, with forces acting on atoms below 1.0 x 10~* Ry Bohr .
For optimizations, the values for the K-point grid were selected
so that the k-point distance in the reciprocal space was 0.3 A™,
as implemented in the materials cloud platform.”” The k-point
grid sampling was increased to 0.2 A" for a higher-quality
single-point SCF (self-consistent field) calculation on the opti-
mized structure. For density-of-state (DOS) calculations, an even
denser k-point grid was adopted in the corresponding NSCF
(non-self-consistent field) calculation, imposing a k-point dis-
tance of 0.1 A™". In order to obtain the band-structure diagrams,
the first Brillouin zone was mapped along specific paths con-
necting both high-symmetry points and points related to impor-
tant n—n planes in the direct lattice; k-points along the paths
were sampled with a resolution of 0.025 A~ using a home-made
Python script. For all compounds, the Fermi level was placed in
the middle of the bandgap and all energies were referred to it.
Visualization of selected wavefunction contributions to the
pseudo-charge density at specific K-points was accomplished by
VESTA (version 3.5.8).”%
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