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Non-covalent interactions in silver(i)-lutidine and
silver(1)-halopyridine complexes: insights from
crystallographic and computational studiesy

Tristan K. Theunissen and Susan A. Bourne (&*

Enzo La Gorcé,
Discrete silver() coordination complexes with pyridyl derivatives were investigated to determine the
prominent non-covalent interactions (NCls) that stabilize the complexes. Four dimethylpyridines (or
lutidines) were used to prepare [Ag(2,3-Lut)>(NO3)] (1), [Ag(2,6-Lut)o(NO3)] (1), [Ag(3,4-Lut)>(NOs)(H,O)] (1),
and [Ag(3,5-Lut)3(NOs)] (IV). Another series of complexes were prepared from 3-chloropyridine and
3-bromopyridine: [Ag(3-Clpy)sNOs] (V), [Ag(3-Brpy)s(NO=)] (VI) and [Ag(3-Brpy)>(NOs)]l (VII). Spectroscopic
and structural studies revealed a range of NCls in each structure, including hydrogen bonding, halogen
bonding, Ag---H agostic interactions, and Ag---m and n---n interactions. The AglL, complexes adopted an
almost linear coordination geometry, except for VII, which exhibited a bent geometry. The AgLs complexes
adopted a propeller conformation and were packed in a tail-and-groove arrangement. Computational
studies were used to confirm the metal-ligand charge transfer (MLCT) characteristics of the electronic
transitions observed in the UV spectra. A potential energy surface scan of compound | revealed two distinct
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Introduction

The use of low oxidation state metal compounds is becoming
a fundamental part in modern-day chemistry. Silver(i)
complexes have long been known to have medicinal and
other useful physical properties, which have led to a great
deal of interest in characterising a wide range of coordination
compounds.

In addition to antibacterial properties,' silver compounds
have shown promise in cancer therapy due to their ability to
balance low toxicity with high efficacy against cancer cells,
whereas other metal-based drugs—such as those containing
platinum, gold, or copper—demonstrate potent anticancer
activity but at the cost of harmful side effects.> Silver(1)
complexes have demonstrated the potential to minimize
these drawbacks, with recent studies showing their capability
to outperform cisplatin in terms of cytotoxic activity.
Silver(1)-based coordination polymers (CPs) have shown
promise as anticancer agents due to their strong binding
affinity to DNA in cancer cells, leading to DNA cleavage and
cell apoptosis. For example, Feng et al. synthesized an Ag-
based CP that demonstrated high potency against HeLa and
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conformations with a low rotational energy barrier.

MCF-7 cells, with cytotoxicity comparable to those of
established agents like 5-fluorouracil and cisplatin.
Fluorescence studies indicated a higher binding affinity of
this CP to DNA, as evidenced by photoluminescence
quenching.’

Given the interest in silver(i) coordination compounds, a
comprehensive understanding of the interactions between
silver(1) ions and the building units of these frameworks is
essential. Silver(i) has a d' electron configuration, which
allows for potential luminescent activity if coordinated to a
ligand with an empty n*-orbital that aligns with the filled d-
orbital, making it feasible for photochemistry and sensing
applications.®” As a soft Lewis acid, silver can adopt a range
of coordination geometries, which allows for the adoption of
diverse coordination numbers and the formation of various
inorganic building units with flexible geometries.>*°

Non-covalent interactions (NCIs) play a significant role in
chemistry, contributing to the structural integrity and
functionality of many biological and synthetic systems. For
instance, the three-dimensional (3-D) structure of DNA is
maintained through several NCIs, such as n-n stacking and
hydrogen bonding, which stabilize the interactions between
both its building blocks and the surrounding environment,
directing and guiding its overall structure.'® Unlike
traditional covalent or ionic bonds, where electrons are
shared or donated between atoms, NCIs involve long-range
interactions between different molecules (intermolecular) or
within  different parts of the same molecule
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(intramolecular)." NCIs come in various forms, including
hydrogen  bonding, halogen bonding, hydrophobic
interaction, electrostatic forces, and =n-m stacking, often
involving a combination of multiple interactions in a
system.">™*?

Previous studies by some of us aimed to better understand
silver(1) pyridyl complexes and their NCIs, focusing on the silver
metal centre in these interactions.'® In this investigation,
halogens were employed to strengthen NCIs through
uncommon semi-coordination bonds (sXBs). Grouping pyridyl
ligands, such as halogenated pyridyls, picolines, and lutidines,
allowed for a detailed analysis of how varying the substituents
and their positions on the nitroaromatic ring affected these
interactions. In that study, the [Ag,(OBn),] (where OBn is
benzoate) core was coordinated to the ligands 3-chloropyridine,
2-bromopyridine, 2-iodopyridine, and 2-picoline. Fig. 1 shows
the [Ag,(OBn),] core structure and those of the silver(i)-
halopyridyl compounds.

In this study, discrete silver(i) coordination complexes
to investigate the prominent non-covalent
interactions (NCIs) present within the crystal structures. By
employing commonly used pyridyl ligands, the aim was to
establish foundational principles that could guide the design
of coordination compounds or metal-organic frameworks
(MOFs) in future research. Here, we report silver(i)
coordination compounds with two series of ligands (Fig. S1).
First, the dimethylpyridines (or lutidines) were used to
prepare [Ag(213'LUt)2[NO3)] (I)r [Ag(2’6'LUt)2(N03)] (H)’ [Ag(3’4'
Lut),(NO;)(H,0)] (1), and [Ag(3,5-Lut);(NO;)] (IV). Then, we
used 3-chloropyridine and 3-bromopyridine to prepare a
series [Ag(3-Clpy)sNOs] (V), [Ag(3-Brpy)s(NOs)] (VI) and [Ag(3-

were used
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revealed a number of NCIs present in each, and
computational studies were used to quantify these further.

Experimental
Materials and instrumentation

All reagents and solvents were purchased from Merck and
Sigma-Aldrich (=99% purity). Fourier-transform infrared (FT-
IR) spectra were recorded on Perkin Elmer UATR Two (4000-
400 cm™'). Emission spectra were obtained using a Cary
Varian Eclipse Fluorescence spectrophotometer at room
temperature, with a scanning range of 270-600 nm.
Ultraviolet visible (UV-vis) spectra were measured using a
Cary 60 UV-vis spectrophotometer with a 200-800 nm scan
and a xenon flash lamp (80 Hz). Powder X-ray diffraction
(PXRD) patterns were recorded using a Bruker D8 PXRD
diffractometer with Cu Ko radiation scanned over the 20
range of 4-40°.

Synthesis of silver(i)-lutidine complexes (I-IV)

1.00 mL (1 mmol) of a silver nitrate (AgNO;) solution was
mixed with the appropriate volume of the relevant lutidine
ligands based on the desired ratios, and 1.00 mL of a 0.25
mol dm™ solution of sodium benzoate (NaOBn) was added
to each vial. For the 1:1:1 ratio, the following volumes of
lutidine were added to their respective vials: 113 pL of
2,3-Lut, 116 pL of 2,6-Lut, 112 uL of 3,4-Lut, and 114 uL of
3,5-Lut. The mixtures were then stirred for 15-20 minutes,
with 1-4 mL of acetonitrile gradually added to each vial until
a clear solution was obtained. Once fully dissolved, the vials
were covered in aluminium foil and stored in a dark space,

Brpy),(NO;3)] (VII). Spectroscopic and structural studies  allowing for crystallisation, with I, II, III and IV crystallizing
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Fig. 1 Core structures of (top) [Ag>(OBn),] and (bottom) silver())-halopyridyl compounds.
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after several days. Since no benzoate was included in the
compounds, we repeated the synthesis using a 2:1 ratio of
lutidine : metal. 1.00 mL (1 mmol) of AgNO; solution was
added to volumes of 227 pL, 233 uL, 225 pL and 228 uL of
the respective lutidines. The mixtures were stirred for 15-20
minutes, and 1-4 mL of acetonitrile was gradually added to
each vial until a clear solution was obtained. Once fully
dissolved, the vials were covered in aluminium foil and
stored in a dark space, allowing for crystallisation. The same
compounds were crystallized using this method. FT-IR
(DMSO, cm™): T - 3081 (w), 1594 (w), 1442 (m), 1321 (s), 1189
(m), 1131 (m), 789 (m), 718 (m). IT - 2917 (W), 2335 (w), 1579
(m), 1469 (m), 1314 (s), 1160 (m), 1040 (m), 789 (s). III - 2973
(w), 1612 (m), 1442(m), 1315 (s), 1203 (m), 1083 (m), 826 (s),
721 (w). IV - 2923 (w), 1598 (w), 1456 (W), 1313 (s), 1241 (s),
1147 (m), 870 (m), 708 (s). UV-vis (DMSO, nm): I - 265. II -
267. III - 264. IV - 271. Emission (DMSO, nm): I - 361. II -
374. 1II - 360. IV - 359.

Synthesis of silver(1)-halogenated pyridyl complexes (V-VII)

A 2:1 ratio of ligand: metal was used initially. 2 mmol of
3-chloropyridine (3-Clpy, 190 pL) or 3-bromopyridine (3-Brpy,
193 pL) was added to 1.00 mL of silver nitrate (AgNO3)
solution (1 mmol), followed by the addition of acetonitrile in
minimal amounts until a clear solution was obtained. The
solution was stirred for 15 minutes, covered in aluminium
foil and left to crystallise, forming compounds V and VI. The
synthesis was repeated using a 4:1 ratio of ligand : metal, viz.
380 uL (4 mmol) of 3-Clpy or 385 pL (4 mmol) of 3-Brpy was
added to 1 mmol of AgNO;. The solution was stirred for 15
minutes, covered in aluminium foil and left to crystallise,
forming compounds V and VII. FT-IR (DMSO, cm-1): V - 3058
(w), 1583 (w), 1469 (m), 1349 (s), 1194 (w), 796 (s). VI - 3087
(w), 1584 (w), 1423 (m), 1301 (s), 694 (s). VII - 3055 (w), 1582
(w), 1466 (m), 1345 (s), 693 (m). UV-vis (DMSO, nm): V - 268.
VI - 268. VII - 270. Fluorescence (DMSO, nm): V - 363. VI -
362. VII - 359.

X-ray structure determination

Single crystal X-ray diffraction (SCXRD) data were collected at
173(2) K using a Bruker Kappa Apex DUO II diffractometer
with monochromated Mo Ko radiation. APEX II software was
used to control the data selection and unit cell
determination; the intensity data were reduced using SAINT-
Plus'” with the w scan technique. Absorption corrections
were performed using SADABS.'® XPREP' was used to
prepare the input files for SHELXT. OLEX2 (ref. 20) was used
as a graphical interface for the crystal structure solution and
refinement, which was performed using the SHELX>" suite of
programs. Non-hydrogen atoms were refined anisotropically
before adding the hydrogen atoms, which were refined using
a riding model with isotropic thermal parameters linked to
their parent atoms. Mercury>* was used to generate diagrams
and analyse close contacts. Crystallographic parameters are
given in Tables S1 and S2.

This journal is © The Royal Society of Chemistry 2025
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Computational methodology

Density functional theory (DFT) computations were
performed on the Ag(1) complexes using the Gaussian 16
software package.”> Geometry optimisations and time-
dependent density-functional theory (TDDFT) calculations of
[Ag(3-Brpy)s(NO;)] and [Ag(2,3-Lut),(NO;)] (compounds I and
VI) were carried out using the B3LYP functional,>**® in
conjunction with the cc-pVDZ*® basis set for all atoms except
silver, for which the cc-pDVZ-PP pseudopotential’’ was
employed. Grimme's D3 empirical dispersion correction was
applied to account for long-range interactions.*®*° Input
coordinates for the complexes were generated using
Chemcraft.’® The nature and energies of the Kohn-Sham
molecular orbitals (MOs) were obtained from the DFT output
files and visualized using Chemcraft for analysis. A relaxed
potential energy surface (PES) scan was performed on
compound I at the B3LYP/gen level of the theory. The
dihedral rotation of the pyridyl ring was explored in thirty
steps of 10° increments, spanning 0-240°. Hirshfeld surface
(HS) analysis was performed using the CrystalExplorer 17
program package.’’

Results and discussion

Crystallographic analysis was performed on two groups of
complexes, which were categorized by the ligands used:
lutidines and halogenated pyridines. This analysis includes
single crystal X-ray diffraction (SCXRD), powder X-ray
diffraction (PXRD), and Hirshfeld surface analysis, where
applicable. Computational studies were conducted on
selected compounds to further understand the nature of the
NCIs present.

Structural analyses of [Ag(2,3-Lut),(NO3)] (1), [Ag(2,6-
Lut),NO;] (II) and [Ag(3,4-Lut),(NO;)(H,0)] (III)

Although not isostructural, these three compounds display
the same coordination geometry and thus are discussed as
a collective. I crystallizes in the orthorhombic space group
Pbcn. The asymmetric unit (ASU) contains one silver(r) ion
located on a 2-fold rotation axis, one 2,3-lutidine (2,3-Lut)
ligand, and a nitrate (NO; ) counterion (Fig. 2). The
complete molecule is symmetry-generated by the operator
1 - x,, 1/2 - z, resulting in a two-coordinate, near-linear
coordination geometry.

II and II crystallize in space groups P2,/n and P,
respectively, and their ASUs consist of a silver(i) ion, two
lutidine ligands and a nitrate counterion. III also includes a
guest water molecule (Fig. 2).

All three structures have a linear coordination geometry at
the silver ion with N-Ag-N bond angles of 173.16(6)°,
170.72(9)° and 170.0(4)° for I, II and III, respectively (Tables
S3a-c). Their silver-nitrogen bond distances are 2.15(12),
2.18(3) and 2.14(6) A, respectively (Tables S3a-c).

The packing arrangement in I consists of three alternating
layers (Fig. 3a and b). Each lutidine methyl group forms weak

CrystEngComm, 2025, 27, 7333-7347 | 7335
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Fig. 2 Asymmetric units in the crystal structures of I-IV showing the atom numbering schemes. All displacement ellipsoids are drawn at 50%
probability. The complete molecule of | is generated by the symmetry operator 1 - x, y, i — z.

C-H---O hydrogen bonds with two nitrate ions, forming
diamond-shaped short contacts (Fig. 3c). Weak hydrogen
bonds are also observed involving the aromatic hydrogens,

(a (b)
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forming a network of interactions that further stabilise
the packing arrangement (Fig. S2 and S3). Other notable
interactions that reinforce the packing of I are the silver-
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Fig. 3 (a) Packing in | viewed along the c-axis and (b) molecules arranged in alternating layers. Hydrogen atoms are omitted for clarity. (c) Weak

hydrogen bonding in .
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oxygen (nitrate) contact (Ag---O = 2.823(12) A) and the silver-
pyridyl = interaction (Ag:--centroid = 3.609(1) A).

Compound II packs in layers that are separated by nitrate
molecules along all axes (Fig. 4a). These nitrate molecules
facilitate packing through weak hydrogen bonding. Although
there are no centroid-centroid interactions from the
overlapping aromatic ring systems, the nitrate ions form
weak C-H---O hydrogen bonds with both methyl and
aromatic hydrogens. These are detailed in Table S3 and
shown in Fig. 4b and S4. In III, layers of the silver complexes
are interspersed among the nitrate and guest water
molecules. The pyridyl rings centroid-to-centroid distances of
3.58(3) A and 3.56(3) A suggest the presence of weak m--'n
stacking (Fig. 5a). There are also silver-oxygen (water)
interactions with a distance d(H,O---Ag) = 2.66(7) A as well as
interactions between the silver ion and oxygen from the
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Fig. 5

This journal is © The Royal Society of Chemistry 2025

nitrate, d(N-O---Ag) = 3.07(8) A. Both distances are
significantly lower than the sum of van der Waals radii for
oxygen and silver (Ro + Rag = 3.24 A), indicating stabilising
effects from orbital interactions. This is illustrated in Fig. 5b
and S5, showing the zig-zag O---Ag interactions.

The experimental powder X-ray diffraction patterns (SI)
closely match the calculated patterns for I-III, with all major
peaks from the calculated pattern present in the
experimental data, indicating bulk purity for the complexes.

Structural analysis of [Ag(3,5-Lut);(NOs)] (IV)

The ASU for complex IV consists of one silver(i) ion, three
3,5-lutidine (3,5-Lut) ligands and a nitrate (NO; ) counterion
(Fig. 2), crystallizing in space group P2,/n. The silver ion has
a three-coordinate geometry in which the ligands adopt a

(b) ) | 1
-’_ﬁ/.J—' ‘/If’
v 1
/J—f IV /v

(a) Packing in Il with =---x interactions between the layers. (b) Silver-oxygen interactions in Ill. Hydrogen atoms are omitted for clarity.
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propeller-like arrangement. This geometry facilitates crystal
packing, with adjacent molecules aligning such that the “tail”
of one propeller fits into the “groove” of a neighbouring
molecule, Fig. 6. This difference in coordination geometry
compared to the other lutidine ligands is possible because of
the steric effects of the lutidine ligand, in which the methyl
groups symmetrically face away from the coordinating
nitrogen, allowing for more space around the silver(r) centre.
The angles about the silver(i) ion deviated slightly from an
ideal trigonal planar geometry as the ‘propeller’ forces the
molecule out of planarity. The angles between the ligands are
105.29(7)° for <(N1A-Ag-N1B), 131.38(7)° for /(N1A-Ag-
N1C), and 106.74(7)° for #(N1B-Ag-N1C). Further parameters
are presented in Table S3d.

Fig. 6 also shows some of the NCIs in the packing of IV. Each
silver(r) ion is involved in an agostic interaction with methyl
hydrogen on an adjacent molecule. The distance between the
silver centres and the hydrogens d(Ag---H) is 2.89(2) A, which is
approximately equal to the sum of the van der Waals radii for
silver and hydrogen, (Ragy + Ry) = 2.92 A, indicating molecular
orbital interactions for these atoms. Fig. 6 shows how these
agostic interactions (shown as black dashed lines) link
adjacent molecules to form dimers. Hydrogen-n interactions
(d(H---Cg) = 2.7(10)-2.94(10) A) involving the other two lutidine
arms on each molecule link these dimers in a staggered ladder
arrangement (shown as light blue dashed lines in Fig. 6). These
two interactions act simultaneously and reinforce each other
by alternating along the b-axis.

Structural analyses of [Ag(3-Clpy)s;NO;] (V), [Ag(3-Brpy)sNO;]
(VI) and [Ag(3-Brpy),(NO)] (VII)

In order to expand the range of NCIs possible in this series
of compounds, we used a similar process to prepare silver(r)

View Article Online
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complexes with the halogenated pyridines, 3-chloropyridine
(3-Clpy) and 3-bromopyridine (3-Brpy). 3-Clpy formed [Ag(3-
Clpy);NO;] (V) from both the 2:1 and 4:1 reaction mixtures.
Using a 2:1 reaction mixture with 3-Brpy resulted in the
crystallization of [Ag(3-Brpy);NOs] (VI), while a 4:1 reaction
mixture gave [Ag(3-Brpy),(NO3)] (VII). This result is counter-
intuitive but serves to illustrate the fine balance of energies
in crystallization experiments. The three halogenated
pyridine complexes described here are shown in Fig. 7 and 8,
and further details are presented in Table S4. The
experimental powder X-ray diffraction patterns (SI) closely
match the calculated patterns for V-VII, confirming the bulk
purity of the compounds.

The asymmetric units of V (Fig. S6) and VI (Fig. 7a) consist
of one silver(r) ion, three X-py (Cl and Br, respectively) ligands
and a nitrate anion. These compounds are isostructural, so
only VI is described. Details for V are available in the SI
material. The complexes have a three-coordinate geometry
about the silver ion, where the ligands adopt a propeller-like
arrangement. This geometry facilitates crystal packing, with
adjacent molecules aligning such that the “tail” of one
propeller fits into the “groove” of a neighbouring molecule,
Fig. 7b. The angles between the silver ion and the pyridyl
ligands for VI are 109.51(7)°, 132.44(5)° and 115.49(9)°,
indicating a slight distortion from the ideal trigonal planar
geometry.

The primary non-covalent interaction in the crystal
structure of VI is m-m stacking between the aromatic pyridyl
rings (i.e., m-systems) positioned one above the other. As
depicted in Fig. 7b, distances between the centroids of
pyridyl rings are indicated with red dashed lines. The
centroid-to-centroid distance between rings Cgl and Cg2
d(Cg1---Cg2) is 3.600(1) A and that between Cg3 and Cg4, d
d(Cg3---Cg4) is 3.710(2) A. These are suggestive of a weak
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Fig. 6 Packing of complex IV, viewed down the a-axis, showing the ‘tail and groove’ packing of the molecules and illustrating the agostic (black)

and hydrogen-centroid (light blue) interactions.
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Fig. 7 (a) X-ray structure of ASU for complex VI, showing the Ag() metal centre with three 3-Brpy ligands and an NOs  counterion. Thermal
ellipsoids are drawn at 50% probability. (b) Packing arrangement of complex VI viewed along the a-axis, illustrating the n-n stacking interactions
(red dashed lines) and hydrogen-silver (agostic) interactions (orange dashed lines). Hydrogen atoms are omitted for clarity.
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Fig. 8 (a) X-ray ASU of complex VII; symmetry-generated ligand labelled with (i) superscripts. i = 1 - x, y, 1/2 - z. Thermal ellipsoids are drawn at
50% probability. (b) Oxygen-silver interactions (black dashed lines) viewed along the b-axis. Packing is shown on the left side, with an enlarged and
focused image on the right side, showing interactions with red dashed lines. Hydrogen atoms are omitted for clarity.

molecular orbital overlap between these rings. Hydrogen-
silver agostic interactions have distances d(Agl---H1(C2A))
and d(Ag2---H2(C3A)) of 3.009(4) A, which is slightly longer
than the sum of the van de Waals radii for Ag---H (2.92 A). As
mentioned earlier in the ASU description, the nitrate anion
(NO3) is responsible for the charge balance. Further analysis
reveals that the NO; anion also influences packing. The
silver() metal centre is positively charged, whereas the
nitrates are negatively charged, leading to a preferred
alternating stacking of charges [Ag'--0,-N-O---Ag'] (as
illustrated in Fig. S7). The larger atomic radii of the halogens
may lead to steric strain, which is alleviated by offset tail-
and-groove packing in V and VI. There are bromine-bromine
molecular interactions due to the closest Br-Br distance

This journal is © The Royal Society of Chemistry 2025

being 3.773(4) A, which is approximately equal to the sum of
van de Waals radii for bromine, 3.7 A. Like the agostic
interactions, the halogen interaction acts as reinforcement
towards overall crystal packing stability.

In V, a similar set of electrostatic interactions directs the
packing (Fig. S8). The closest Cl-to-Cl distance is 3.793(9) A,
which is longer than the sum of the van der Waals radii for
chlorine (Rg + Re = 3.5 A), suggesting minimal direct
interactions between chlorine atoms in this complex. In
addition, hydrogen-silver (agostic) interactions are observed
within the packing of complex V. The sum of van der Waals
radii for Ag---H is (Rag + Ry = 2.92 A), which is comparable to
the observed distance d(Ag---H) (2.987(4) A). The nitrate ion
is also involved in the packing of the complex through

CrystEngComm, 2025, 27, 7333-7347 | 7339
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(a) Hydrogen bonding paths present in complex VII viewed along the c-axis with interactions shown as dashed lines. Hydrogen atoms are

omitted for clarity. (b) Illustration of weak n-rn stacking interactions viewed down the c-axis, shown as red dashed lines. Hydrogen atoms are

omitted for clarity.

interactions with the Ag" ion. This analysis of short contacts
reveals that various NCIs can work cooperatively to influence
crystal packing.

Similar to complex I, the asymmetric unit of VII consists
of one silver(r) metal centre, one 3-bromopyridine (3-Brpy)
ligand and a nitrate (NO;") (Fig. 8a), with the second ligand
being symmetry generated by the centre of inversion at 1 — x,
¥, 1/2 - z in space group C2/c (Table S2). The ligands are
equidistant from the metal centre with d(Ag1-N1A) = d(Ag1-
N1A) = 2.211(3) A, resulting in a two-coordinate complex. VII
adopts a bent geometry in which £(N1A-Ag-N1A) =
153.17(13)°. Multiple interactions are present in complex VII:
weak n-n stacking (from aromatic rings), hydrogen bonding
between the pyridyl rings and nitrate molecules, silver-
oxygen interaction from the nitrates and bromine-carbon
interactions (Fig. 8b).

VII is influenced by a very weak n-m stacking interaction
and various nitrate interactions. Analysing n-n stacking,
overlapping centroids have a distance of 3.572(2) A, Fig. 9b,
indicating weak molecular orbital effects. This interaction
minimally influences packing along the b-axis. The nitrate

(d)

molecules maintain a crucial role in the packing of VII, with
involvement in both hydrogen bonding between oxygen and
aromatic hydrogens as well as oxygen-silver interactions.
Hydrogen bonding occurs via the oxygen that faces away
from its ASU and the nearest diagonal hydrogens from
adjacent molecules (Fig. 9a). The sum of van der Waals radii
for hydrogen-oxygen is (Rgy + Ro = 2.72 A), and VII has
distances of d(H:--O) = 2.380(18) A, which indicates a strong
molecular orbital interaction that significantly influences the
packing along the b-axis. Silver-oxygen interactions occur
along the c-axis to guide packing along this direction. The
nitrate molecules are angled such that two of the oxygens
interact with silver(r) metal centres, Fig. 9b. The distance
between the oxygen and silver d(O---Ag) = 2.766(3) A, which is
significantly less than the sum of the van de Waals radii for
oxygen-silver interactions (Ro + Rag = 3.24 A), is highly
suggestive of molecular orbital interactions. The large
difference in distance demonstrates a strong influence on
packing in this direction.

A survey of the Cambridge Structural Database®” found 775
structures containing a silver(r) ion with two pyridyl ligands

(9)

Fig. 10 Hirshfeld surfaces of V: (a) HS coverage (dnorm). (b) C---C contacts, and (c) C---H contacts [blue and white patches]; VI: (d) HS coverage

(dnorm): (e) Br---

7340 | CrystEngComm, 2025, 27, 7333-7347

Br contacts, and (f) C---C contacts; and VII: (g) HS coverage (dnorm). (h) H---Ag contacts, and (i) Br---

C contacts.
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and 2-coordinate geometry. The average Ag-N bond distance
for these is 2.17(6) A, which compares well to the values
reported for compounds I, II, IIT and VII. Most adopt an almost
linear geometry with an average N-Ag-N bond angle of
171(10)°. We found that VII adopted a bent geometry, which is
well represented in the structures reported in the CSD, 233 of
which have a bond angle less than 170°.

Most of the 65 propeller (3-coordinate) structures surveyed
adopt near trigonal planar coordination geometry. Of the
remainder, there is a cluster of twelve structures that adopt a

View Article Online

Paper

similar geometry to the 3-coordinate structures reported here,
with Ag-N bond distances of 2.29(8) A and N-Ag-N bond
angles of 105(3), 115(5) and 137(7)°. These values compare
well with those reported here for IV, V and VI.

Hirshfeld surface (HS) analysis

Hirshfeld surfaces (HSs) were calculated for compounds V, VI
and VII to provide a visualisation of relevant non-covalent
interactions present in the halogenated complexes.

di
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18 20 22

24 26 28 10 12 14 16 1.8 20 22 24 26 28
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Fig. 11 Fingerprint plots for V-VII, translated and filtered by element contacts. V: (a) Ag---H/H---Ag contacts (0.5% of HS area); (b) C:--H/H---C
contacts (10.8%); and (c) C---C/C---C contacts (5.5%). The grey area represents the entire surface. VI: (d) Br---C/C---Br contacts (9.2%); (e) Br---Br
contacts (5.7% of HS area); and (f) C---C contacts (5.9%). VII: (g) Br---C/C:---Br contacts (13.5% of HS area); (h) C---C/C---C contacts (5.3%); and (i)
Ag---H/H---Ag contacts (2.0%).
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Fig. 12 Absorption (black) and emission (purple) spectra of (a) | [Ag(2,3-Lut)>(NOs)] and (b) VI [Ag(3-Brpy)s(NO3)].

Fig. 10 shows the mapping of the HS using the parameters
dnorm, di and d.. Intermolecular contacts were further
investigated using translated fingerprint plots (FP), providing
2D representations of the data (Fig. 11).

In V, the notable feature is the n---n interaction suggested
by the Cg1---Cg2 distance of 3.585(16) A. HS analysis supports
this being a weak molecular orbital interaction, as shown in
Fig. 10b, with highlighted blue and white patches. Carbon-
hydrogen interactions are also observed to have a notable
influence on crystal packing (as shown in Fig. 10c). As
suggested by the crystal structure analysis, chlorine-chlorine
interactions are minimal. To quantify the contribution of
these interactions to crystal packing, fingerprint plots were
analysed. The n---7 interaction forms a conical shape at (de +
d;) = 3.6 A (Fig. 11c), contributing 5.5% to the total Hirshfeld
surface area. In comparison, carbon-hydrogen interactions,
represented by a plier-shaped feature depicted in Fig. 11b at
(de + d;) = 3.2 A, contribute a more substantial 10.8% to the
surface area. Silver-hydrogen interactions are minimal,
accounting for only 0.5% of the surface area, Fig. 11a.

Hirshfeld surface analysis confirms the presence of
Br---Br contacts (Fig. 10e) and =n---n interactions (Fig. 10f) in
VI. The fingerprint plots indicate that the main contribution

(a)

0.8 4

g
£

oS
>

Absorbance/
Oscillation strength

0.2 4

0 A\ —

240 250 260 270 280 290

Wavelength (nm)

is from the bromine-carbon interactions at 9.2%, while
bromine-bromine interactions (5.7%) and carbon-carbon
interactions from the n stacking (5.9%) make almost equal
contributions (Fig. 11d-f).

The Hirshfeld surface of VII is shown in Fig. 10g, which
confirms the presence of silver-oxygen interactions, as well
as hydrogen-silver interactions (Fig. 10h) and bromine-
carbon interactions (Fig. 10i). The fingerprint plots show that
the main contribution to the surface area comes from the
bromine-carbon interactions at 13.5%. This is shown as two
sharp peaks with (d. + d;) = 3.7 A in Fig. 11g and corresponds
well to the distance from the bromine to an aromatic
centroid measured in the crystal structure as 3.688(2) A. The
carbon-carbon interactions (primarily in the weak n stacking)
are illustrated in Fig. 11h, where the conical shape with (d. +
d) = 3.4 A contributes 5.3% towards the HS. The silver-
hydrogen interactions observed in the crystal structure
account for 2.0% of the HS (Fig. 11i).

UV-vis and emission spectra

Spectroscopic analysis was performed on complex I-VII by
means of ultraviolet-visible (UV-vis) spectroscopy, emission

(b)
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Fig. 13 B3LYP TDDFT-computed oscillators (bars) using MeCN and DMSO as solvents, overlaid with Gaussian broadening curves (black) and the
experimental UV-visible spectra (magenta) of Ag(2,3-Lut),(NOs) in MeCN (a) and Ag(3-Brpy)s(NOs) in DMSO (b).

7342 | CrystEngComm, 2025, 27, 7333-7347

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ce00879d

CrystEngComm

Table 1 DFT-calculated absorbance maximum wavelengths (Aaps. max)

and maximum wavelengths (1n.) compared with experimental
wavelengths in nm

DFT-calculated Experimental data
Complex j'Abs. max (nm) )“max (nm) /lAbs. max (nm) j'max (nm)
I 284 292 266 272
VI 279 284 270 275

spectroscopy (ES), and Fourier-transform infrared (FTIR)
spectroscopy. FTIR analysis confirmed the presence of
expected functional groups, such as C-N (=1300 cm),
aromatic C-H (=3100 cm '), and halogenated peaks (650-750
em ™). Each series exhibited comparable graphical
characteristics, allowing for the selection of a representative
complex from each series for further analysis. Complexes I
and VI were chosen as representative samples of the lutidine

-
e Tat
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and halopyridine series and are described here. Data for the
remaining complexes can be found in the SI. UV-vis analysis
of these complexes revealed maximum absorption peaks at
Aabs. max = 265 nm for I and Apps. max = 270 nm for VI
(Fig. 12). Peaks in this wavelength range indicate metal-to-
ligand-charge-transfer (MLCT) transitions from the metal
orbitals to low-lying 7* orbitals on the ligands.*® Similar
phenomena have been reported for coordination complexes
with m-acceptor ligands.** ¢

Emission spectra were also collected, showing emission
maxima at Agm max = 361 nm for I and Agm. max = 359 nm
for VI (Fig. 12). The difference between the absorption and
emission maxima, known as the Stokes shift, was calculated
to be 96 nm for I and 89 nm for VI, indicating a significant
shift in energy between the excitation and emission
processes. This large Stokes shift reflects energy dissipation
during excited-state relaxation, which further supports the

HOMO (-5.260 eV)
MO 83

LUMO+4 (-0.008 eV)
MO 88

MO 122

MO 123

LUMO (-1.723 eV)
MO 125

LUMO#1 (-1.687 eV)
MO 126

Fig. 14 Selected MOs for | and VI, with energies (in eV) indicated in brackets. The orbital plots were generated using a contour value of 0.05 e
A~3. Atoms are colour-coded as follows: Ag (grey), Br (brown), C (white), H (cyan), N (blue), and O (red).
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Fig. 15 Two conformations (A and B) of 2,3-Lut ligands in complex .

MLCT nature of the transitions and highlights the potential
fluorescent properties of these complexes. A weak shoulder
band is observed around 315 nm in the emission spectra of
I and VI (Fig. 12). This feature arises from intraligand
charge transfer (1 — =*) transitions, which are slightly
perturbed by coordination with the silver(i) center. Such
ligand-dominated emissions have been reported for a
variety of silver(r) complexes, where they often appear as
higher-energy shoulders separate from the main MLCT
emission band.*”*°

Computational results

UV-visible spectroscopy and TDDFT calculations.
Compounds I and VI were selected for computational
studies as representative samples of the lutidine and
halopyridyl series, as well as of the linear and propeller
geometries. The simulated UV-visible spectra of compounds
I and VI were obtained using time-dependent density-
functional theory (TDDFT) at the B3LYP/cc-pVDZ level of
theory (cc-PVDZ-PP for Ag). The experimental spectra display
Amax bands above 260 nm (Fig. 13), consistent with metal-to-
ligand charge transfer (MLCT) transitions, and the
calculated spectra show good agreement with these
observations. The largest deviation between the
experimental and theoretical A, values is 17 nm (Table 1).
The calculations thus provide strong support for the
experimental assignments.
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To probe the electronic nature of the main absorptions,
the molecular orbitals (MOs) contributing to the Aaps. max and
Jmax transitions were analysed (Table S5 and Fig. 14). The
dominant excitations arise from the metal-centred HOMO
and HOMO-1 orbitals (Ag d-orbitals) to the ligand-centred
LUMO and LUMO+1 orbitals (n*). These results confirm the
MLCT character of the absorptions, specifically involving
electron density transfer from the Ag-d to the ligand-n*
orbitals, in line with Ag(1)-pyridyl
coordination complexes.

Potential energy surface (PES) scan. Compound I was
selected to explore the conformational landscape of the
[Ag(2,3-Lut),] moiety, which can adopt two distinct
conformations (A and B, Fig. 15).

A potential energy surface (PES) scan was performed by
varying dihedral angle D1 (O1-Ag1-N1-C2) in 30 steps of
10° increments. Scanning to 240° was sufficient to capture
a unique space, as further rotation
reproduces equivalent geometries by symmetry. The
resulting energy profile (Fig. 16) was referenced to the
global minimum (set to 0.00 kcal mol™) and revealed four
minima at 0°, 50°, 130°, and 180°, separated by barriers of
approximately 1.5 and 2.5 kcal mol™. These correspond to
the syn and anti-geometries of the pyridyl rings. Fig. 16
further shows that the experimental crystal structure aligns
with the lowest-energy conformer, validating the
computational model.

The small energy differences among conformers (<2.5
kcal mol™") indicate ligand flexibility. Such flexibility,
although observed here for a discrete Ag-N complex, could
be beneficial in the design of functionalized MOFs (FL-
MOFs), where adaptable ligands enable reversible
framework transformations during guest accommodation.
This study highlights the potential of Ag-N coordination
to support ligand flexibility, an important consideration
for future FL-MOF design.
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Fig. 16 Potential energy surface scan for the dihedral angle D1 (O1-Ag1-N1-C2).
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Conclusions

In this study, we describe two series of silver(i)-pyridyl
complexes. Four lutidine derivatives afforded structures of
[Ag(2,3Lut),(NO,)] (1), [Ag(2,6-Lut),(NO,)] (1), [Ag(34-
Lut),(NO3)(H,0)] (1), and [Ag(3,5-Lut);(NO3)] (IV), while
halogenated pyridyl complexes are represented by [Ag(3-
Clpy);(NO3)]  (V), [Ag(3-Brpy)s(NOz)]  (VI), and [Ag(3-
Brpy),(NO;)] (VII).

Three-coordinate, propeller-like geometry was observed in
IV, V and VI, while the two-coordinate geometry was linear
for I, II and III but bent for VII. The halogenated pyridyl
complexes (V-VII) favoured m-n stacking between aromatic
rings (m-systems), with opposite-facing halogens on adjacent
rings. This stacking likely results from steric and electrostatic
effects. Large atomic radii of halogens may lead to steric
strain, while electrostatic interactions between the halogens
and aromatic rings guide positioning. A selective Hirshfeld
surface analysis of complex VII revealed a noteworthy
aromatic ring-bromine interaction.

Other NCIs observed in the halogenated complexes
included Ag---H (agostic) interactions, electrostatic
interactions between the silver centre and nitrate oxygen
[Ag"---0,-N-O---Ag'] in V, Ag--H agostic and Br---Br
interactions in VI, and weak hydrogen bonding [O---H-C] along
with Ag---O interactions in VII.

The lutidine complexes (I-IV) displayed different types of
n-interactions. Although I lacked n-m interactions and was
primarily stabilised by oxygen-involved interactions, complexes
II-IV exhibited aromatic-hydrogen (Cg---H) interactions
involving methyl groups. The electron-donating nature of the
methyl groups enhanced the electron density in the ring, which
attracted the slightly positive hydrogen atoms towards the
electron-rich aromatic ring, facilitating Cg---H interactions
rather than n-7 interactions. Additional NCIs included Ag---O
and C-H---O interactions in I, C-H---O interactions in II, weak
hydrogen bonding (H:--O), C---H interactions, Ag:-O
interactions in III, and Ag---H agostic interactions in IV.

Ultraviolet-visible (UV-vis) spectroscopy and emission
spectroscopy (ES) revealed fluorescence properties for all
complexes, with absorbance peaks around 260-280 nm and
emissions in the range of 360-375 nm. The observed
excitations are consistent with metal-to-ligand charge transfer
(MLCT) from the Ag(1) d-orbitals to the ligand m* orbitals.
The TDDFT calculations correlated with the experimental UV-
vis data. Molecular orbital (MO) analysis indicated that the
transitions were primarily from the metal-based HOMO and
HOMO-1 to the ligand-based LUMO and LUMO+1,
supporting the MLCT character.

A potential energy surface (PES) scan of complex I revealed
low energy barriers (1.5 kcal mol™ and 2.5 kcal mol™)
between the syn- and anti-geometries of the 2,3-Lut ligands,
indicating a high degree of flexibility with minimal energy
cost. This flexibility could be advantageous for the design of
MOFs that require conformational adaptability during guest
accommodation.

This journal is © The Royal Society of Chemistry 2025
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This investigation gives an overview of how various
substituents affect overall crystal stability and packing
arrangements and provides a foundation for the further
exploration of silver() complexes in design and other
applications.
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