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THE BIGGERPICTURE Assemblies containing atomically defined clusters of silver(l) ions have proven useful,
but they are challenging to synthesize in a predictable and precise manner.

Metal-organic cages that integrate these clusters as the vertices of polyhedra have been reported. Metal-
organic cages have been shown to encapsulate and report on the binding of specific guests, catalyze reac-
tions, and stabilize reactive species. The combination of functions deriving from silver clusters with guest-
binding ability could enable new applications if such cages could be made predictably.

In this work, we report two cages that each contain Ag'sl clusters as vertices. We also elaborate on a hypoth-
esis as to the design rules for using silver clusters to build cages.

SUMMARY

Here, we report two (Ag'sl)sL, metal-organic cages that each contain a previously unobserved trisilver(l)
iodide cluster at their vertices. Clusters containing fewer than 10 Ag' ions are challenging to synthesize in
an atomically precise manner. Previous work has demonstrated the potential of the approach of generating
such clusters during the formation of higher-order metal-organic cage superstructures, but too few examples
were known for design principles to be deciphered. Through analysis of the set of such cages reported herein

and previously, we elaborate a set of design principles for their synthesis.

INTRODUCTION
Metal-organic cages'® with metal-cluster or polymetallic
vertices">"~'? have found applications in catalysis,’*™'" selec-
tive gas adsorption,'® and sensing'?*° and have displayed ferro-
magnetic properties.?’?® Many of these polymetallic vertices
contain carboxylate bridging motifs®* ¢ across early transition
metals. > 1827

Atomically precise silver clusters comprise a discrete number of
silver atoms (from three to hundreds) bound together with the help
of argentophilic interactions,?® where the Ag- - -Ag distances are
smaller than the sum of their van der Waals radii (<3.44 A).?%
These silver clusters®>>’ possess useful photophysical®***" and
catalytic properties*?; however, synthetic strategies often produce
a dispersion of species with similar structures and nuclear-
ities.*>® Metal-organic superstructures provide useful scaffolds

to template the assembly of monodisperse silver clusters with
well-defined geometry.>"*°=>° Building on reports of (1,8-naph-
thyridyl),Ad',>*°° and carboxylate-bridged (1,8-naphthyridyl),Ag',
complexes,®® we have synthesized trigonal prisms and octahedra
with Ag' vertices,®”°® double-walled tetrahedra with Ag'X cluster
vertices (X = Cl, Br, 1),°° and six-stranded helicates with Ag',Br,
Adll, and Ag's(SO.), termini.®®

Here, we report two tetrahedral metal-organic cages, where
convex ligands containing 1,8-naphthyridyl donors stabilize Ag'sl
cluster vertices through a combination of N-Ag coordination
bonds, argentophilic interactions, and silver(l)-iodide ionic bonds.
The relationships between ligand approach angle at the vertex and
ligand convexity help to explain the emergence of the Agsl cluster
type observed in this work. Employing new metal cluster types
may help to design new architectures to address more ambitious
challenges,®'* where greater structural diversity is required.
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Figure 1. Synthesis and structural charac-
terization of cage 1

(A) Preparation of cage 1 and its X-ray crystal
structure, hydrogen atoms, anions, and solvent
molecules are omitted for clarity.

(B) DOSY NMR spectrum of 1, showing a single
species with a diffusion coefficient corresponding
to a solvodynamic radius of 13.0 A

(C) Two views of the Ag'sl?* cluster forming the
vertices of 1, taken from the crystal structure.

contradicting the principle of maximum
site occupancy. This principle favors the
formation of structures in which all metal
ions are coordinatively saturated, and all
ligand donor atoms are bound to metal
ions.®®

In this work, 2-formyl-1,8-naphthyridine
A (Figure 1A) reacted with tritopic pararos-
aniline B, silver(l) bis(trifluoromethanesul-
fonyl)imide (NTf,, triflimide), and tetra-n-
butylammonium iodide (TBAI) to produce
[(A'3N4L4](NTE.)s 1 in 96% isolated yield.
The "H NMR diffusion-ordered spectrum
(DOSY) of 1 showed peaks corresponding

o
Coefficient (cm2s)

-1
10.510.0 95 9.0 85 80 75 7.0 6.5 6.0

Chemical Shift (ppm)

The two (Ag'sl)4Ls cages reported herein incorporate an equi-
lateral triangular Ag'sl cluster, adding to the diversity of cage
vertices observed so far. The discovery of this vertex class en-
ables us to offer a preliminary taxonomy of silver-cluster cages,
which may offer some predictive power for the preparation of
new cages that contain vertices with a predefined number of
silver(l) ions.

RESULTS

All of our silver-cluster structures reported to date contain
ligands in which some imine nitrogens are not bound to silver(l),

2 Chem 11, 102456, July 10, 2025

c
7‘(_3 to a species with a solvodynamic radius of
07a 13.0 A (Figure 1B; Section S2).
] , . . .
$= Single-crystal X-ray diffraction using
O synchrotron  radiation at Diamond

Light Source revealed the structure of 1
to be a [(Ag'sl)4L4](NTf,)s metal-organic
tetrahedron (Figure 1A; Section S3)
with tritopic naphthyridine-imine ligands
covering its faces. The vertices of 1
consist of Ag'sl clusters (Figure 1C), a sil-
ver-cluster geometry that has not previ-
ously been observed to the best of our
knowledge. The vertices are separated
by 11.6 A, measured between the centers
of each triad of Ag atoms, consistent with
the solvodynamic radius observed by
DOSY NMR. The equally spaced Ag'
ions are 2.89 A apart. Three naphthyri-
dine-imine ligands are brought together
at each vertex, with each naphthyridine
bridging two silver ions. Each imine chelates a silver ion together
with the closest naphthyridine nitrogen atom.

The synthetic procedure for 1 was repeated with fluoride,
chloride, and bromide in place of iodide, and also with no halide
template. Although partial imine condensation was observed, 'H
NMR signals were broad, suggesting that no well-defined spe-
cies were formed. This conclusion was supported by DOSY
NMR, which showed the absence of any large well-defined
species in solution (Section S4).

The mass spectrum of cage 1 was dominated by fragmentation,
even under mild ionization conditions (Figures S9-S11); however,
the 2+ and 3+ isotope patterns could be seen at low intensities
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Preparation of cage 2, shown as the X-ray crystal structure, from subcomponents A and C with TBAI and AgNTf,. Views of the structure are shown down C, (left)
and Cj3 (right) axes. Hydrogen atoms, anions, and solvent molecules are omitted for clarity.

(Figures S12 and S13). The high degree of fragmentation of cage 1
could be due to the fragility of the Ag'sl cluster. The Ag'sl cluster
may favor fragmentation to a greater degree than for higher-nucle-
arity clusters,*® which require more cooperative binding interac-
tions to be broken during fragmentation.

Cage 2 was prepared through the reaction of cationic triamine
C, formylnaphthyridine A, Ag(NTf,) and TBAI (Figure 2). DOSY
NMR results (Figure S28) indicated a product having a solvody-
namic radius of 18.4 A. Mass spectra were again dominated by
fragmentation (Figures S29 and S30), but signals were observed
for the 3+ charge state, corresponding to a product with the
expected [(Agsl)4L4](NTfs)1o composition (Figure S30).

Single crystals of cage 2 were grown by vapor diffusion of
either benzene or diisopropyl ether into an acetonitrile solution
of cage 2 with hexafluorophosphate or tetrafluoroborate coun-
terions, respectively. X-ray data confirmed the formation of tetra-
hedral 2 (Section S6), containing an Ag's| cluster isomorphous to
the one found in 1. The ligand centers, measured from the central
nitrogen atoms in the C residues within 2, are separated by
17.6 ,&, consistent with the solvodynamic radius obtained via
DOSY NMR.

The synthesis of 2 was repeated with tetra-n-butylammonium
fluoride, chloride, bromide, and no added halide in place of the
iodide, and the results analyzed by H and DOSY NMR (Sections
S7 and S8). Although these products showed similar diffusion
coefficients to 2 by DOSY, their '"H NMR peaks were broader,
and shifted from those observed in iodide-templated 2. The ob-
servations of single DOSY diffusion peaks suggested that
comparably sized species to 2 formed in the absence of iodide.
Raman spectroscopy provided evidence in all cases for the
complete consumption of the aldehyde subcomponent A, and
the presence of new species with analogous Raman signatures
to cage 2, as discussed below.

Attempts to crystallize the different species formed in the
absence of iodide were unsuccessful, following over 800 attempts.
Mass spectrometry also showed only putative cage fragments,
with no peaks with a greater than 2+ charge observed (Figure S34).
These results suggested that products similar to 2 were formed in
the absence of iodide, but that these species were less stable.
Taken alongside the observation that no isolable analogs of 1
were formed in the absence of iodide, we infer that the softer,
more polarizable iodide ion forms stronger Ag- - -l interactions sta-

bilizing the Ag'sl cluster vertices of cages 1 and 2, making cages
robust enough to isolate and characterize fully. Cage 2 displayed
evidence of decomposition in the 'H NMR spectrum at 323 K (Fig-
ure S40), further signaling the fragility of the new Ag'sl cluster
vertex.

Raman spectroscopy was used to probe cage structure in the
solid state and in solution. This technique allows the identification
of overtones® associated with d'°-d'® argentophilic interac-
tions.”® Visible Raman spectra were acquired from dried thin films
of cages 1 and 2 dissolved in acetonitrile, as well as the solid cages
in powder form. In both cases, peaks associated with metal
coordination to the ligands within cages were found in the region
1,550-1,650 cm ™' (Figures 3A and 3B) when iodide was used as
template.®® Based on the crystallographic Ag---Ag distances in
the vertices of 1, an empirical Herschbach-Laurie relationship®®°°
predicts a silver-silver stretch frequency of 92 cm ™~ (supplemental
information, Section S9). Although this frequency was not directly
observable in solid-state Raman due to broad Rayleigh scattering
in the low-frequency region of the spectra, we observed peaks for
cage 1 at 317 and 408 cm™" (Figure 3A) that are consistent with
combinations or overtones modes of a fundamental band at
91 cm™', in excellent agreement with the solid-state structure.
These signals are redshifted by 3 cm ™" relative to those described
by Bosnick for ligand-free Ags, and, together with an additional
band at 538 cm™~", they are ascribed to the Raman signature of
the Ag trimer.®® No signals were detected corresponding to the
free subcomponents A (aldehyde, 1,703 cm™" attributable to the
C=0 stretching) and B (aniline, 1,611 cm™"), confirming cage
integrity and lack of hydrolysis (Figure 3A).

Analogous investigations were undertaken for cage 2, along-
side its congeners formed using F~, Cl~, Br~, and no halide (Fig-
ure 3B), as discussed above. The crystallographic Ag---Ag dis-
tance of 2.89 A for 2 corresponds to a silver-silver stretch of
94 cm~'. This distance is consistent with the observation of
Raman bands at 313 and 407 cm~" in the spectrum of the bro-
mide analog of 2 (brown trace in Figure 3B). Similar overtones
or combination bands were found in the spectra of cage 2 with
iodide or without a halide template, albeit at a frequency of
97 cm™'. Signals in the same range for samples obtained with
chloride and fluoride were too broad for accurate frequency
assignment, suggestive of the presence of greater disorder rela-
tive to the crystalline state. Nevertheless, in all cases with or
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Visible Raman spectra (A) for cage 1 with iodide as template, and its subcomponents A and B, and (B) for cage 2 and its congeners with different halide templates,
as well as its aldehyde subcomponent. UV resonance Raman spectra for (C) cage 1 and (D) cage 2, together with their subcomponents.

without a halide template, the typical cage signals in the range
1,550-1,650 cm~' and the absence of the aldehyde peak at
1,703 cm™" (black trace in Figure 3B; Section S9) were indicative
of the presence of a cage framework.

UV resonance Raman (UVRR) was then employed to directly
analyze cages 1 and 2 dissolved in acetonitrile, taking advan-
tage of the higher detection limit associated with the use of
an excitation wavelength in the deep UV range. As expected,
the UVRR spectra of cage 1 and its subcomponents (Figure 3C)
are dominated by Raman signals attributable to their aromatic
moieties, whose electronic transitions are close to resonance
with the excitation wavelength. The spectrum of cage 1 resem-
bles that of subcomponent A with a blue-shift of the intense sig-
nals around 1,370 and 1,610 cm~". The presence of a shoulder
at about 1,590 cm ™' marks the appearance of a new spectral
component for cage 1, which we infer to derive from the pres-
ence of non-covalent interactions. Similar spectra were
observed for cage 2 and its subcomponents (Figure 3D).

Both 1 and 2 were screened for their guest-binding abilities
(Sections S10 and S11). MoloVol”® gave an interior volume of
100 A3 for 1; however, no significant volume was found in the
compact interior of 2. We inferred that 2 might nonetheless be
able to bind guests; a Fe',L, cage incorporating azaphospha-
trane-centered subcomponent C demonstrated the ability to

4 Chem 11, 102456, July 10, 2025

flex in order to bind guests, with volumes from 35-219 A3.7" A
set of prospective guests for 2 was thus selected to include inor-
ganic anions and aromatic and aliphatic compounds.

Changes in the 'TH NMR spectrum of cage 1 were observed
following the addition of small organic guests (toluene, cis-dec-
alin) or small anions (ReO,~ and CIO,"). Although the mode of
binding for anionic guests could not be definitively assigned,
analysis of X-ray data gathered from a sample of 1 containing
toluene showed toluene at the edges of the cage in a 1:6 binding
stoichiometry (Section S10).

Anionic guests (ClO,~, ReO, , BF,7, and PFg") were
observed to bind to cage 2; however, no binding was observed
for aromatic guests (Section S11). X-ray structures of the BF,~
and PFg~ salts of 2, and shifts in 'H NMR peaks, suggested
that this binding occurred within a binding pocket formed be-
tween ligands close to the cationic vertices, leading to both elec-
trostatic and dispersion as driving forces for binding. Despite the
flexibility of C,”" we thus infer that the closed form of 2 observed
in the crystal may persist in solution.

DISCUSSION

The Ag'3l clusters that form the vertices of 1 and 2 constitute the
fourth distinct silver cluster structure type synthesized through
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the subcomponent self-assembly of formylnaphthyridine A and
multitopic amine ligands around silver(l). Comparison of these
clusters and the superstructures that they form allows for the
construction of a preliminary taxonomy, which may be of use
to guide the synthesis of targeted structure types containing
different vertices (Figure 5B).

Five structural motifs were found in the Cambridge Structural
Database’® that incorporate multiple silver(l) ions and 1,8-naph-
thyridine ligands (Table S6). The most frequently observed of
these is an Ag'> dimer, formed in eight of the twelve structures.
This motif formed the vertices of a trigonal prismatic cage,®’
appearing to correlate with the presence of weakly coordinating
anions such as perchlorate,”® hexafluorophosphate,”* and tri-
fluoromethanesulfonate.>® More strongly coordinating polyatomic
anions that are capable of bridging metal cations are observed to
template larger clusters, with carboxylates forming Ag'4(O-CR),
rhombic clusters®® and sulfates generating Ag's(SO.)- clusters.®°

The relationship between two angles helps elucidate the for-
mation of the Ag'sl cluster vertices of cages 1 and 2. Variation
of the approach angle (0)"° between the chelate plane of the
ligand and the principal C; symmetry axis of the cluster
(Figure 4A) provides insight as to the formation of previously re-
ported Ag'sX clusters®®° versus the new Ag'sl cluster vertex.
The bridging role of naphthyridine in the Ag'sl clusters is only
possible for larger approach angles (0cage 1 = 52°, Ocage 2 =
56°, Figure 4A), which are greater than those observed in the
case of a six-stranded helicate® (16°) or the inner (34°) and outer
(33°) ligands of a double-walled tetrahedron®® (right, Figure 4A).

The convexity of the ligands assembled from subcomponents B
and C compensates for the increase in 0 for the Ag'3l cluster
vertices (Figure 4B). The ligand convexity is defined as the apex
angle ¢ of a cone, with a base consisting of the plane defined by
the three aniline-derived imine nitrogen atoms and the cone
apex at the closest junction point of the three ligand arms (Fig-
ure 4B). The ligand of cage 1 has a cone angle of ¢cage 1 = 135°,
and the ligand of cage 2 is more convex, with ¢cage 2 = 64°.
Compared with our previously published double-walled tetrahe-
dron, containing a rigid, flat ligand (dbpwt = 171"),59 we infer that
the increased ligand convexity of 1 and 2 stabilizes this new Ag'sl
cluster vertex type, with its larger approach angle 6.

The angle compensation is similar to mathematical descrip-
tions of heterocubes published by O’Keeffe and Yaghi,”* which
also apply here (Section S12). Measuring the angles between
the center of the ligand (n4, red sphere Figure 5A) and the center
of the cluster (15, pink sphere Figure 5A) provides further insight
into how the convexity of the ligand affects the approach angle,
governing the cross-over point from an Ag'sl cluster to an Ag'sl
cluster. Using the heterocube rules explaining the relationship
between ny and n4,”> we can characterize the double-walled
tetrahedron (n4 = 110°, n» = 65°) as close to an ideal tetrahedron.
Decreasing m; and increasing m, to 90°, in the case of a face-
capped tetrahedron, approaches the geometry of an ideal
heterocube. Cage 1 lies just beyond this limit, with n; = 87°
and 1, = 93°. A more convex ligand further decreases n; and in-
creases 1, as in cage 2 (n4 = 52°, n, = 117°), favoring the Ag'sl
cluster.

The crossover point from an Ag'sl cluster with a smaller
approach angle (Figure 5A, left) to an Ag'sl cluster with a larger
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approach angle (Figure 5A, right) lies between 110° > 14 >
87°, with ligand convexity key to this cluster transition. Cages
1 and 2 both lie on the same side of this transition, with n; <
87°. Ligands with greater convexity can compensate for the
associated increase in approach angle by integrating the new
Ag'sl vertex cluster reported in this work.

From these parameters and the observations noted above, we
outline a preliminary taxonomy of the known silver-naphthyridine
architectures in the form of a flow chart (Figure 5B). When iodide
is present, the use of a ligand with greater convexity and a
shallower approach angle, as in 1 and 2, is observed to favor
the formation of the Ag'sl cluster (Figure 5B). These parameters
allow the naphthyridine moieties on each ligand to bridge Ag,
pairs in the cluster plane. In contrast, planar ligands require a
smaller approach angle, precluding naphthyridine from perform-
ing the same bridging role. The presence of the apical silver atom
in the Ag'sl cluster allows the ligand in these cases to bind via
both naphthyridine nitrogen donors. In the previously reported
(Ag'al)sLs six-stranded helicate,®® the limited flexibility of the
2,2'-dimethylbenzidine ligand core again favors the Ag'l cluster
structure.

Conclusions

In summary, we present two cage scaffolds capable of stabiliz-
ing a new Ag'sl vertex type. The fragility of these Ag'sl cluster-ca-
ges was reflected in their high temperature NMR spectra and
significant MS fragmentation. This work thus builds upon and ex-
tends prior studies involving cluster vertices that incorporate
early transition metals®°'®2” and bridging carboxyl ligands.?*~2°
The vertex type reported in this work shows how tuning ligand
convexity and ligand approach angle can allow access to new
silver clusters.

The taxonomy of vertices presented in Figure 5B may thus
serve to elucidate design rules for the integration of silver clus-
ters into the vertices of cages prepared through subcomponent
self-assembly using formylnaphthyridine A. In the absence of a
coordinating anionic template, such as iodide, sulfate, or a
carboxylate, disilver vertices might be expected to form. When
iodide is present, more convex ligands are anticipated to
generate the Ag'sl vertex structure expressed by cages 1 and 2
herein, whereas flat and rigid ligands should instead favor Ag'sl
vertices. Such ligands might also generate Ag'G(SO4)2 vertices
with sulfate, whereas carboxylates may bridge pairs of silver(l)
ions to generate Ag'4(O-CR), rhombuses.

Following and extending the principles of ligand design
described here may enable the preparation of cages with
further new cluster vertices. In particular, the ability to generate
vertices that incorporate larger approach angles than is
currently possible with single metals may enable the prepara-
tion of larger polyhedral cage structures, beyond dodeca-
hedra,”® where the sum of angles around trigonal vertices
approaches 360°.

METHODS
Synthetic procedures

Further details regarding the synthetic procedures and charac-
terization can be found in the supplemental information.

Chem 11, 102456, July 10, 2025 5
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Figure 4. Parameters defining cluster formation
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(A) The approach angle, 0: the angle between the chelate plane of the ligand (represented by the black arrows) and the principal symmetry axis (blue line) of the

silver cluster vertex.””

(B) The convexity, ¢: the angle at the apex of a cone with a base defined by the three ligand imine nitrogen atoms and an apex at the junction point of the ligand.

Visible and UVRR spectroscopy
Samples were analyzed in powder form and deposited on quartz
slides. Raman spectra were acquired on an Invia Renishaw
spectrometer (50) using a 785 nm laser (1% laser power, 10 ac-
cumulations). Spectra were recorded on different areas of the
sample, and average spectra are shown.

UVRR spectra were obtained using the experimental setup
available at the BL10.2-lUVS beamline of Elettra Sincrotrone

6 Chem 11, 102456, July 10, 2025

Trieste (Italy). The excitation wavelength at 213 nm was provided
by a passively Q-switched laser (FQSS 213-Q, Crylas, 0.9 mW on
the sample). The UVRR spectra were recorded on liquid samples
(diluted in MeCN) placed in suprasil quartz cuvettes by keeping
the temperature fixed at 298 K. The Raman signal was collected
in back-scattered geometry and analyzed through a single-pass
Czerny-Turner spectrometer (Trivista 557, Princeton Instru-
ments, 750 mm of focal length), equipped with a holographic
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Figure 5. A taxonomy of silver-naphthyridine clusters that form cage vertices

(A) Application of the O’Keeffe and Yaghi analysis’? for the relationship of angles inside a heterocube to our series of silver cluster tetrahedra, explaining the two
distinct silver cluster regimes. The red spheres indicate the junction point of the three arms of a tritopic ligand, and the pink spheres indicate the apical silver(l) of
an Ag'4l cluster or the centroid of a flat Ag's cluster.

(B) Flow chart to determine vertex cluster structure among the known silver-naphthyridine assemblies.
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grating at 3,600 g/mm and detected using a UV-enhanced CCD
camera. The resolution was set at about 0.9 cm™'/pixel. All the
UVRR spectra have been subtracted from the spectral contribu-
tion coming from the solvent MeCN, which is practically negli-
gible in the wavenumber range of interest.
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