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ABSTRACT: A new structural form of the already reported silver- Inorganic Polymeric Co-Crystal
based 1D coordination polymer (CP) [(bpy)Ag (OTf)],, (bpy = : g
2,2'-bipyridine; OTf = trifluoromethanesulfonate) has been Agll)
synthesized and fully characterized through single-crystal and C°gg‘|’?‘/’r‘§§r°”
powder XRD, DSC, and FTIR analysis. The reaction of both

structural forms of the Ag(I) CP with curcumin (curc) afforded the —{ /\
formation of a new solid form, specifically an inorganic polymeric L -
co-crystal between curc and [(bpy)Ag (OTf)] in a 1: 4 molar ratio, [ NG

respectively. The co-crystal has been characterized both in solution ; P <.
and in the solid state through 'H NMR, PXRD, DSC, IR, and
UV—vis spectroscopies. In addition, a thorough computational \ j
study has been carried out to reveal the possible interaction modes

between the co-crystal components. The Ag(I) compounds here

presented have been preliminarily tested for antimicrobial activity against Staphylococcus aureus and Escherichia coli strains, all
showing promising results.

1. INTRODUCTION considered the least structurally interesting, have received
increasing attention due to the ease of synthesis and tunability
of the resulting frameworks when compared to 3D CP
structures.”> Moreover, 1D CPs have shown a rich range of
applications depending on the metal ions and the simple
coordinating organic ligands, working as luminescent probes,
dye adsorbers, and drug delivery systems.'°™"® In the case of
silver-based CPs, the modulation of the dimensionality is well
related to the variable coordination number and flexible
geometries reached by this metal ion. Silver coordination
compounds have received great attention owing to their
appealing g)roperties, in particular, their interesting biological
activities."” Low toxicity, antimicrobial, anticancer, anti-
inflammatory, antifungal, and antiplasmodial properties have
been reported for many Ag(I) complexes.”** In addition, the
bacterial resistance to silver is rare and transitory;* thus, Ag(I)
complexes could be considered as an alternative to common
antibiotics against which resistant bacterial strains have
developed. Moreover, the reaction between Ag(I) salts and

Metallopolymers or metal-containing polymers (MPs) repre-
sent an innovative approach for the design of multifunctional
macromolecular materials. Typically obtained by incorporating
various metal centers (main-group metals, transition metals,
and lanthanides) into an organic polymer backbone, MPs
benefit from the properties of the polymeric frameworks and
the functionalities of the metal centers, showing a notable
range of applications in the field of material science, catalysis
and bio-catalysis, environmental, and biomedicine." ™ Con-
textually, the field of MPs profited from the development of
metal-mediated self-assembly as a tool to reach supramolecular
metallopolymers.”® The versatility of the strength and the
number of metal—ligand interactions by varying the metal
binding sites and the simple organic ligands has allowed the
generation of one, two, or three-dimensional supramolecular
metallopolymers, generally referred as coordination polymers
(CPs), in particular, metal—organic frameworks (MOFs) or
porous coordination polymers (PCPs) when porosity is
present in the supramolecular network.”'® This new class of
inorganic—organic hybrid materials has been recognized to
possess a potential significant range of applications in
antimicrobials, gas absorption and separation, luminescent
materials, and drug delivery based on their different topologies
and structures."'~'* One-dimensional CPs, the simplest
topological type of coordination arrangement, despite being
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bridging bidentate ligands frequently affords the formation of
ID Ag(I) polymers, which can be considered excellent
candidates as antibacterial agents.”>™>°

Recently, much attention has been focused on the
preparation of co-crystals, which find application in the
pharmaceutical and food sectors’** as well as in the design
of the next-generation electro-optical systems.”” > Generally,
co-crystals are multicomponent crystalline materials composed
of two or three small organic molecules. In addition, new
categories of multicomponent crystals are currently under
development. In particular, the rare polymeric co-crystals in
which at least one component is a polymer are promising
materials since the choice of a polymeric drug and/or co-
former could represent an ingenious pharmaceutical strategy to
modulate the stability, the solubility, and the release of poorly
soluble drugs.**™** However, polymeric co-crystals as well as
inorganic co-crystals have been infrequently obtained due to
the fact that, in order to obtain a co-crystal, the starting
materials should possess structural similarity, comparable
potential energies, and almost identical crystallization
kinetics.>”** Indeed, although a great number of organic co-
crystals are known,*' few examples of co-crystals including a
metal complex have been reported so far.”>”*® Metal
complexes with their precise geometries hardly exhibit lattice
packing forces and crystallization kinetics similar to small
organic compounds. Many examples of inorganic co-crystals
are actually composed of two parent metal complexes*™* or
geometrical isomers of the same coordination compound.*’

In the past, we have been strongly involved in investigations
concerning the formation of silver-based coordination
compounds obtained through the interaction between the
Ag(I) ion and 4,4'-disubstituted-2,2'-bipyridines where the
careful choice of the substituents on the bipyridyl ligand and
the nature of the counterions played a fundamental role in the
modulation of the desired properties, such as liquid
crystallinity.”>>° Moreover, the use of 2,2"-bipyridine (bpy)
in combination with silver salts in a 1:1 molar ratio has
highlighted that the anion drove the coordination mode of the
nitrogen ligand, givin% rise to structures ranging from a discrete
molecule to 1D CPs.””*" Continuing to explore the ability of
bpy to generate 1D silver-based CPs as a ligand less
investigated when compared with typical bipyridinium-bearing
ligands used in the synthesis of CPs,”* herein, we report the
synthesis and the characterization of a new structural form
({[(bpy)Ag][OTf]}.,, hereafter referred to as the f-form) of
the chiral silver-based coordination polymer of formula
[(bpy)Ag(OTf)], (hereafter referred to as the a-form)
previously reported.”” The two forms, namely, @ and f3, are
characterized by the same building blocks but display a
different arrangement of them, thus representing two structural
isomers.

Both isomeric forms of the Ag(I) polymer have been used to
explore their ability to accommodate organic molecules
through non-covalent interactions, co-crystallizing, in partic-
ular, curcumin (curc), which is a fascinating molecule showing
several beneficial properties to human health®™>° and, most
importantly, a very low tendency to coordinate the Ag(I) ion.
This polyphenol for which in the solid state three different
polymorphs (forms I, II, and III) are known*® is characterized
by poor bioavailability and low stability in solution, which are
aspects that can both be overcome with the formation of co-
crystals.”” " The best reaction conditions for the preparation
of a binary [(bpy)Ag(OTf)],-curc co-crystal have been
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searched and found considering the difficulties related to
both the formation of Ag(0) as a side event in the reaction
between the Ag(I) polymer and curc polyphenol and the
limited number of intermolecular sites on the Ag(I) polymer.
The new [(bpy)Ag(OTf)]-curc species has been charac-
terized through powder X-ray diffraction (PXRD), differential
scanning calorimetry (DSC), FTIR, and UV—vis spectros-
copies, while theoretical investigation has been performed to
determine the possible interaction modes between the co-
crystal components. Moreover, both Ag(I) polymeric forms
and the [(bpy)Ag(OTI)],-curc co-crystal have been prelimi-
narily tested for antimicrobial activity against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) strains as models
for Gram-positive and Gram-negative bacteria, respectively,
with all showing promising results.

2. EXPERIMENTAL SECTION

2.1. Materials. All commercially available starting materials were
used as received without further purification. Silver trifluoromethan-
sulfonate (>99%; AgOT(), 2,2'-bypiridine (>99%; bpy), and
ethylcellulose (EC; degree of substitution equal to 48.0—49.5% w/
w) were purchased from Sigma-Aldrich. Curcumin (98%; curc, 1,7-
bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dion) was pur-
chased from Carbosynth. '"H NMR spectra were acquired on a Bruker
Advance 300 MHz spectrometer in CDCl; solution (with TMS as the
internal standard). FTIR spectra (KBr) in the range of 4000—400
cm™ were recorded with a Spectrum One FT-IR PerkinElmer
spectrometer. Elemental analyses were performed with a PerkinElmer
2400 microanalyzer. Powder X-ray diffraction patterns of the powder
samples were acquired on a Bruker D2 Phaser equipped with Cu Ka
radiation (4 = 1.5418 A) and a Lynxeye detector at 30 kV and 10 mA
with a step size of 0.01° (26). The obtained diffractograms were
analyzed with DIFFRAC.EVA diffraction software. DSC analysis was
performed on a DSC Q2000 TA instrument. The samples were
accurately weighed (1.5-2 mg) and crimped in non-hermetic
aluminum pans. The samples were heated at a heating rate of 5 °C
min~" under a dry nitrogen atmosphere (flow rate of 50 mL min™")
using an empty non-hermetic aluminum pan as reference.

2.2. X-ray Crystallographic Analysis. Single crystal X-ray
diffraction data of the f-form of {[(bpy)Ag][OTf]},, were collected
at room temperature with a Bruker-Nonius X8APEXII CCD area
detector system equipped with a graphite monochromator with
radiation Mo Ka (4 = 0.71073 A). Data were processed through
SAINT reduction and SADABS absorption software.®®> The
structure was solved by direct methods and refined by full-matrix
least squares based on F? through the SHELX and SHELXTL
software package.***

The carbon, sulfur, and oxygen atoms of the OTf anion are found
to be disordered (named as C11A, S1A, F1A, F2A, F3A, and O3A).
The relative occupancies of the two disordered components were
refined freely while constraining their sum to unity,’> and they
reached values of approximately 0.77 and 0.23 at convergence. All
non-hydrogen atoms were refined anisotropically and hydrogen atoms
were included as idealized riding atoms. All graphical representations
have been obtained using Olex2®® and CCDC Mercury 4.3.0.”
Details of data and structure refinements are reported in Table SI.

2.3. Synthesis of a-[(bpy)Ag(OTf)],,. The a-form of the Ag(I)
polymer was synthesized according to the procedure reported.”
Specifically, bpy (150 mg, 0.96 mmol) was added to a degassed
CHCl, solution of AgOTf (246.7 mg, 0.96 mmol). The resulting
solution was stirred in the dark at room temperature and under an
inert atmosphere (N,). After 12 h, a white solid was recovered
through filtration and recrystallized from CH,Cl,/diethyl ether. Yield:
68%, 270 mg; m.p. 168 °C. Anal. calcd for [C,;H;AgF;N,0,S] (MW
413.12 g mol™): C 31.98, H 1.95, N 6.78%. Found: C 31.83, H 1.75,
N 6.67%. '"H NMR (300 MHz, CDCl; TMS), 5 (ppm): 8.69 (d, ] =
5.0 Hz, 2 H); 825 (d, ] = 7.9 Hz, 2H); 8.06 (td, ] = 7.6 Hz; 1.8 Hz, 2
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H); 7.57 (m, 2 H). FTIR (KBr cm™): 3066, 1590, 1472, 1438, 1254,
1168, 1032.

2.4. Synthesis of p-{[(bpy)Agl[OTfl},. To ca. 30 mL of a
degassed CHC; solution of bpy (150 mg, 0.96 mmol) was added
AgOTf (246.7 mg, 0.96 mmol). The reaction mixture was stirred at
room temperature under an inert atmosphere (N,) and protected
from light. After 12 h, a white solid was recovered through filtration
and recrystallized from CH,Cl,/diethyl ether. Yield: 80%, 316 mg;
m.p. 155 °C. Anal. caled for [C;;HgAgF;N,0,S] (MW 413.12 ¢
mol™): C 31.98, H 1.95, N 6.78%. Found: C 31.87, H 1.82, N 6.82%.
'H NMR (300 MHz, CDCl,, TMS), & (ppm): 8.80 (d, ] = 4.8, 2H),
8.18 (d, ] = 8.0 Hz, 2H), 8.04 (td, J = 7.8; 1.6 Hz, 2H), 7.59 (td, ] =
6.7; 1.7, 2H). FTIR (KBr cm™"): 3067, 1589, 1469, 1259, 1244, 1155,
1028. Single crystals were obtained by dissolving a few milligrams of
the powder in hot CHCI; and letting the solution rest at room
temperature for several days.

2.5. Preparation of 1a. A degassed MeOH solution of curc (142
mg, 0.39 mmol), protected from light was added to a degassed (N,)
MeOH solution of the Ag(I) polymer (a- or f-form; 160 mg, 0.39
mmol) in MeOH, protected from light. The resulting mixture was
stired at room temperature in the dark and under an inert
atmosphere for 2 h. After this time, the reaction mixture was filtered
through celite and concentrated through a rotavapor. A dark yellow
precipitate (40 mg) obtained upon the addition of diethyl ether was
recovered through filtration.

2.6. Preparation of 1. To a solution of curc (136 mg, 0.37 mmol)
in MeOH was rapidly added KOH (20.7 mg, 0.37 mmol) under an
inert atmosphere (N,), keeping the reaction vessel protected from
light. After a few minutes, this solution was added to a degassed (N,)
solution of the Ag(I) polymer (a- or f-form; 152 mg, 0.37 mmol) in
MeOH, protected from light. The resulting mixture was stirred at
room temperature in the dark and under an inert atmosphere for 2 h.
After this time, the reaction mixture was filtered through celite and
concentrated through a rotavapor. A red precipitate obtained upon
the addition of diethyl ether was recovered through filtration. Yield:
80%, 150 mg; m.p. 142 °C. 'H NMR (300 MHz, CDCl,, TMS), §
(ppm): 8.67 (d, ] = 6.8, 8H), 8.34 (d, ] = 8.0 Hz, 8H), 8.03 (td, ] = 6;
1.7 Hz, 8H), 7.55 (m, 10H), 7.14 (dd, ] = 6.4; 1.7 Hz, 2H), 7.05 (m,
2H), 6.94 (d, ] = 8 Hz, 2H), 6.48 (d, ] = 15 Hz, 2H), 5.89 (s, 2H),
5.80 (s, 1H), 3.95 (s, 6H). IR (KBr cm™): 3420, 2916, 1626, 1592,
1514, 1263, 1229, 1169, 1033.

2.7. UV-Vis Characterization. Spectrofluorimetric grade
CH,Cl, was used for the photophysical investigations in solution.
As previously reported,”® a PerkinElmer Lambda 900 spectropho-
tometer was employed to obtain the UV—vis absorption spectra, a
PerkinElmer LS S0B spectrofluorometer was used to obtain the
emission spectra in solution, and in both cases, quartz cuvettes of a 1
cm path length were used.

Solid-state emission spectra were recorded on a Horiba Jobin Yvon
Fluorolog 3 spectrofluorometer equipped with a Hamamatsu R-928
photomultiplier tube, and samples were prepared by placing a given
amount of powder between two quartz slides and standardizing the
layer.

2.8. Antibacterial Activity. The antibacterial activity of the two
structural forms of the Ag(I) polymer, the co-crystal [(bpy)Ag]OTf,,-
curc, and curc was tested against two bacterial strains, namely, S.
aureus (DSM 346) as a model for Gram-positive bacteria and E. coli
(DSM 1576) as a model for Gram-negative bacteria from DSMZ
(German Collection of Microorganisms and Cell Cultures,
Braunschweig). The lyophilized microorganisms were pre-cultured
aerobically in S0 mL of DSM Medium 1 for E. coli and DSM Medium
92 for S. aureus for 18/24 h at 37 °C. The bacteria were maintained
on a slant of nutrient agar (0.5% beef extract, 1% peptone, 0.5% NaCl,
and 1.5% agar) at 4 °C and subcultured at regular intervals of 30 days
to maintain the cell viability. For the preparation of microorganism
suspensions, each bacterium was transferred from a stored slant to 10
mL of nutrient broth (meat extract, peptone, and NaCl) and
cultivated overnight at 37 °C. The bacterial cultures were then diluted
in sterile saline solution (0.9% NaCl) and adjusted to a cell
suspension of 10° cells mL™" using a UV spectrophotometer. The
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concentrations of bacteria were determined by measuring the optical
density (OD) at 600 nm. Typically, for E. coli, an ODgyg p of 0.1
corresponds to a concentration of 10° cells mL™".

Two milligrams of each sample (curc, a-[(bpy)Ag(OTf)]., f-
{[(bpy)Ag][OTf]}, and [(bpy)Ag]OTf,-curc) were mixed and
finely ground with 100 mg of EC used as a diluting agent then pressed
into pellets. A pellet containing only EC (ECO) was also prepared and
used as the negative control.

The antibacterial activity of each sample was evaluated using the
growth inhibition assay. The inhibitory effect of each compound on
the growth of S. aureus and E. coli over 24 h of contact was evaluated
by determining the number of viable bacteria for each specimen
(CFU mL™"). The pellets were placed in Petri dishes and immersed in
10 mL of a nutrient broth diluted 1:500 with the addition of the
microorganism suspension at 10° cells mL™" and incubated for 24 h at
35 °C in a humid environment. After this time, the inoculum was
recovered and the dishes were washed with 10 mL of SCDLP broth, a
neutralizer. The solutions were collected, and the microbial
concentrations were determined by plating 100 uL of the appropriate
dilution over the surface of the nutritive agar using a sterile bent
plastic rod. All agar plates were incubated at 35 °C for 24 h with 95%
humidity, and then, for each test specimen, the number of viable
bacteria recovered after 24 h was determined. Each experiment was
performed in duplicate and repeated four times for each test strain.
The inhibitory effect was calculated using the following formula:

percent inhibition = 1 — T/C X 100

where T is the CFU per milliliter of the test sample after 24 h, and C
is the CFU per milliliter of the control (ECO) after 24 h. Generally,
the bactericidal effect is obtained with a lethality percentage of 90%
for 6 h, which is equivalent to 99% of lethality for 24 h.

2.9. Release Test for the Specific Migration of Ag(l) from
the EC Tablet. The release of silver from tablets was measured by
inductively coupled plasma—mass spectrometry (ICP-MS) analysis.
The determinations were carried out utilizing an Elan DRC-e ICP-MS
instrument (PerkinElmer SCIEX, Canada), and the sample delivery
system consisted of a PerkinElmer autosampler model AS-93 Plus
with a peristaltic pump and a cross-flow nebulizer with a Scott-type
spray chamber. The ICP torch was a standard torch (Fassel-type
torch) with a platinum injector. A solution containing Rh, Mg, Pb, Ba,
and Ce (10 ug L™', Merck) was used to optimize the instrument in
terms of sensitivity, resolution, and mass calibration. A multi-element
solution containing Ag (100 mg/L, Merck) was used for the
preparation of aqueous calibration standard solutions after appro-
priate dilution.

To evaluate the release of silver in physiological conditions, a tablet
of a-[(bpy)Ag(OTf)]s, A-{[(bpy)Agl[OTf]}s, and [(bpy)Ag-
(OTf)]-curc was immersed in 10 mL of 0.9% NaCl solution at 37
°C. The release from each tablet was tested two times on contact: 6
and 24 h. After the time has elapsed, the tablet was removed, 100 yL
of HNO; 65% was added to the solution, and ICP-MS analysis was
carried out. Each experiment was performed in duplicate.

2.10. Computational Methods. Gaussian 09, version D01,%” was
used for the structure optimizations of adducts between curcumin and
Ag(I)-containing coordination units. A preliminary screening of all
the possible adducts were performed with the use of the B3LYP xc
functional”® and def2-SVP basis set on all the atoms plus the related
ECP on Ag only.”" Such a survey of possible adducts is reported in the
Supporting Information; in it, model systems were used in place of the
real [(bpy)Ag(OTf)]s polymer: [(py),Agl" and [(py),Ag][OTf]
were placed in proximity of possible coordinating atoms of curcumin
and full optimizations were performed starting from these choices.
Adducts sketched in Figure 10 were found to be the most stable in
which curc is in its EK and KK forms; they were refined by the means
of full-structure optimizations with the same B3LYP xc functional and
the more extended def2-TZP basis set and related ECP on Ag.’'
Default thresholds were used for structure optimizations and SCF
computations. Integration grids were enhanced with the “int
ultrafine” keyword. The reported energies in Figure 10 are relative
energies of the sketched structures with respect to their relaxed

https://doi.org/10.1021/acs.cgd.3c00042
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fragments, that is, relaxed curc and [(py),Ag]* for EK-2, EK-3, and
KK-2 and relaxed curc and [(py),Ag(OTf)] for EK-4 and KK-3. By
“relaxed curc”, we mean the fully optimized EK-1 tautomer. In all the
cases of full-structure optimization, an analytical evaluation of the
Hessian was performed to ensure that minima points of the PES were
reached.

The Amsterdam density functional (ADF) program, version
2019,7*77* was used for the decomposition of the binding energy in
EK-2 and EK-4 (values in Table 4). In these computations, relativistic
effects were included though the zero-order regular approximation
(ZORA).”>”® The B3LYP xc functional and the ZORA/TZP basis set
included in the software were chosen for consistency with the
methods used in the other computations. The decomposition scheme
implemented in the program resulted from the modification of Ziegler
and Rauk”” of the original Morokuma and Kitaura scheme.”®
According to this approach, the bonding energy between two
fragments is decomposed in terms of the Pauli repulsion energy
between fragments, electrostatic interaction energy, and finally, orbital
interaction. The last one takes into account all the stabilizing
modifications of the electron density when passing from isolated
fragments to their adduct. As a result, it includes both charge-transfer
effects from one fragment to the second one and changes inside each
fragment (polarization) due to the interaction between fragments.
The preparation energy is the energy loss due to fragment
deformation from their relaxed structures (isolated molecules) to
the structures they assume in the adduct. This destabilizing energy
term (positive energy) is summed to the favorable bonding energy
between interacting fragments (negative energy) for obtaining the
total interaction energy (negative in stable adducts). This analysis was
performed on the structure computed with Gaussian 09 software as
presented above without any modification.

Interactions between couples of curc molecules in their crystals
(forms I, II, and III) were obtained after partial optimizations in
which the C and O atoms were frozen in their experimental structure
(polymorph I in ref 56) and only the H atoms were fully optimized in
their positions. In this respect, the interaction energies in Figure 11
(AE;) are the energy difference between the whole adduct
(“couple” in the figure) and the sum of the energies of the two
isolated molecules, each frozen in the structure of the same adduct.
An initial study aimed to the choice of the best xc functional was
performed; results of this study are reported in the Supporting
Information. The MP2 (second order Moller—Plesset correlation-
corrected energy) and def2-TZP basis sets were used as reference for
computing the interaction energies in couples 1, 2, and 4 (Figure 11).
The B3LYP and M06’° xc functionals demonstrated to be not
sufficiently accurate. On the contrary, adding empirical dispersion in
the D3 Grimme’s approximation® (B3LYP-D3 and M06-D3; the
standard “empiricaldispesion = gd3” keyword was used) strongly
improved their performances. The B3LYP-D3 xc functional was
chosen as the DFT method in these studies, and the def2-TZP basis
set was combined to it. Anharmonic OH stretching wavenumbers in
Figure 11 and Table 5 were obtained through numerical differ-
entiation along selected harmonic normal modes: the keyword “freq =
(anharmonic, select anharmonic modes)” was used, and the OH
stretching mode of interest was selected. Inclusion of additional
modes (stretching and bending modes) of all the OH and CO bonds
involved in each couple of Figure 11 did not produce significant
changes (a few units of cm™) with respect to selecting the single
stretching mode reported in the figure.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of {[(bpy)Ag]-
[OTfl},, (B-Form). Considering the coordination versatility of
the NAN ligand bpy with respect to the Ag(l) ion in the
presence of trifluoromethanesulfonate (OTf) as a counterion,
the synthesis of Ag(I) CPs is a delicate procedure since, as
already demonstrated by Klausmeyer et al., a modification of
the stoichiometric ratio between the NAN ligand and the silver
precursor could lead to the formation of a discrete compound
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rather than a polymer.”' Moreover, polymorphism is frequently
encountered in Ag(I) coordination polymers®'~** as a result of
the structural flexibility of the polymeric chains. It is known
that, in a given reaction, the addition sequence of the reagents
can influence the formation of different polymorphs™~*
probably as a consequence of different solubilization rates of
the reagents. On this basis, to test the formation of possible
different structural forms of (bpy-Ag(I)-OTf) CPs, the
synthetic procedure previously reported for the preparation
of the a derivative” has been modified by reversing the order
of the reagents’ addition, keeping unchanged the stoichio-
metric ratio between the precursors. In particular, the a-form
of the Ag(I) polymer was originally prepared through the
addition of the bpy ligand to a AgOTf chloroform solution.
This synthetic method afforded the formation of a Ag(I)
coordination polymer with an empirical formula [(bpy)Ag-
(OTf)] in the asymmetric unit crystallized in the P3,21 space
group.” In this structural form, all metal centers are
coordinated to the OTf anions. The a-form was thus re-
prepared and obtained as white crystalline powder, whose
identity has been confirmed by comparison between its PXRD
pattern and that calculated from single-crystal data deposited at
the Cambridge Crystallographic Data Centre (CCDC; Figure
Sla). Moreover, all the characterizations are consistent with
those previously reported.”

By inverting the addition sequence of the reagents with
respect to the synthesis of the a-form, a white crystalline
powder has been isolated, whose characterization in solution
by "H NMR spectroscopy has highlighted the formation of a
different structural form. Indeed, the different chemical shifts
of the bpy proton signals of this new form of the Ag(I)
polymer, that is, the f-form (see the Experimental Section),
with respect to that reported in the literature for the a-form*®
is an indication of the different chemical environments
experienced by Ag(I) ions.

The PXRD pattern of the new Ag(I) polymer has been
found to be different than that recorded from the a-form
(Figure 1).

Furthermore, the FTIR spectrum of the f-form (Figure 2,
black line) exhibits significant differences with respect to that
of the a-form (Figure 2, red line), particularly in the frequency
region in which the OTf vibration bands occur. As already
reported for Ag(I) coordination polymers bearing OTf as a
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20
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Figure 1. Comparison between the PXRD patterns of the a- (red)
and f-form (black) of the Ag(I) polymer.
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Figure 2. FTIR spectra of the a- (red) and f-form (black) of the Ag(I) polymer.

counterion,” the FTIR absorption bands of the OTf group
could appear at different wavenumber values depending on
whether or not the anion is coordinated to the metal ion. In
the FTIR spectrum of the a-form, the bands attributed to the
symmetric and asymmetric stretching of —SO; and —CF;
groups, respectively, occur at 1032 and at 1168 cm™'. These
two vibration bands move to lower wavenumbers (1027 and
1155 cm™’, respectively) in the FTIR spectrum of the f-form,
suggesting the different interaction mode of OTf with the
metal ion.

The thermal behavior of the f-form of the Ag(I) polymer
was investigated through DSC and compared to that of the a-
form. The DSC curve of the f-form (Figure 3, black line)
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Figure 3. DSC curves of the a- (red) and f-form (black) of the Ag(I)
polymer.

shows two thermal events: a solid—solid transition observed at
128 °C followed by the compound melting at 155 °C. The
DSC trace of the a-form (Figure 3, red line) exhibits similar
transitions to the f-form but at different temperature values; in
particular, for the a-form, two very close solid—solid
transitions occur at 144 °C ca. and 151 °C with the first
appearing as a shoulder. The a-form melting is observed at 168
°C, revealing its higher thermal stability with respect to the f-
form, probably deriving from greater lattice packing forces.
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A molecular insight of the f-form was given by single crystal
X-ray diffraction analysis performed on suitable single crystals
grown from slow evaporation of a CHCI; solution of the
powder sample. The f-form exhibits a polymeric structure but,
differently from the a-form, presents an empirical formula
[(bpy)Ag][OTf] in the asymmetric unit and crystallized in the
P2,/c space group (Figure 4a). In the f-form, every Ag(I) ion
is coordinated to the nitrogen atoms of two half bpy ligands,
adopting a slightly distorted linear geometry (N(1)—Ag(1)—
N(2) of 173.4(2)°). Bpy acts exclusively as a bridging ligand
with a dihedral angle between the two aromatic rings of
52.2(2)°. As suggested by FTIR analysis, the OTf anions
experience a different chemical environment with respect to
the a-form; indeed, in the f-form, the OTf anions confined
between the polymeric strands do not coordinate the silver
centers (Figure 4a). The O(1) and O(2) atoms of each OTf
anion weakly interact with two neighboring Ag(I) ions at
distances of 2.951(6) and 2.798(5) A, respectively, acting as a
pincer-like anion and forcing the polymeric chains to adopt a
zigzag conformation. As a consequence of this structural
conformation, the O(3) atom of the OTf anion is found to be
weakly interacting with the metal ion (distance of 3.12(1) A).
In the f-form, differently than what is observed in the a-form,
no 7m—n stacking between bpy ligands and no argentophilic
interactions are present since the Ag:--Ag distances are found
to be of 5.320(1) A. The additional intermolecular interactions
found in the a-form whose structure is reported in Figure 4b
could reflect the increased temperature values of the thermal
events associated to the a-form.

The monophasic nature of the powder sample of f-
{[(bpy)Ag][OTI]} was confirmed by a comparison between
the PXRD pattern measured on the powder sample and the
simulated one derived from the single-crystal X-ray structure
(Figure S1b).

3.2. Preparation and Characterization of the [(bpy)-
Ag(OTf)]-curc Co-crystal. Recently, it has been reported
that organic linear polymers can co-crystallize with small
organic molecules by adjusting their conformation to
accommodate a portion of the organic molecules.”® Hence,
both structural forms, a- and f-, of the Ag(I) polymer were
used for the preparation of co-crystals with curc by virtue of
their one-dimensional conformations, potentially capable of
hosting the polyphenol. This approach is based on the idea to
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Figure 4. Perspective view of the - (a) and a-form (b) of the Ag(I) polymer.

enhance the curc chemical stability and eventually bioavail-
ability without its metalation to the Ag(I) centers, knowing
that O,0-chelation to Ag(I) ions is highly improbable as
testified by the presence of only one curc—Ag(I) complex in
the literature.*

Considering that curc is generally prone to the formation of
co-crystals through its keto-enolic and phenolic
groups,57’58’90’91 the formation of a Ag(I) polymer—curc co-
crystal based on metal-to-oxygen intermolecular interactions
could be expectable. However, since curc displays a certain
tendency to reduce Ag(I) to Ag(0),”””” the formation of
Ag(0) could happen as a side event in the reaction between the
Ag(I) polymer and the polyphenol. Therefore, the preparation
of [(bpy)Ag(OTf)]-curc co-crystals was attempted following
two experimental conditions, namely, a neutral and an alkaline
medium, in the search for the minimal reduction of Ag(I) to
Ag(0). The basic conditions have been tried taking into
account that (i) the reducing properties of curc are generally
ascribed to its phenolic groups deprotonated in alkaline
medium” ™ and (ii) curc undergoes degradation much faster
than under acidic/neutral conditions.”””

The reactions between a-[(bpy)Ag(OTf)],, and g-{[(bpy)-
Ag][OTf]}, polymers and the form I of curc were first
performed in the absence of a base. Both these reactions
resulted in the formation of a significant amount of a dark-grey
powder whose PXRD pattern is unequivocally attributable to
the formation of zero-valence silver (Figure S2). Moreover, the
same dark-yellow solid was recovered in a low yield from the
filtrate of both reactions and analyzed through PXRD. The
diffractogram of the yellow solid, referred as product 1a, is
characterized by a large and poorly resolved band in the 260
range of 15—30° and a few diffraction peaks in the low-
medium angle region, which are absent in the PXRD patterns
of the precursors, which is thus diagnostic of the formation of a
new product (Figure S3). However, this product has not been
found to be a single species as evidenced by its DSC profile
(Figure S4), which shows several thermal events. It is
reasonable to assume that the poorly resolved PXRD pattern
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of product 1a in addition to a new solid form also includes the
diffraction peaks from other species.

The reactions between a-[ (bpy)Ag(OTf)],, and S-{[(bpy)-
Ag][OTf]},, polymers and curc were subsequently performed
in basic conditions. In this case, from both reactions, only a
small amount of Ag(0) was formed and a pure red solid was
recovered (see below DSC for purity). Both reactions yield the
same solid, hereafter referred to as product 1, as confirmed by
PXRD analysis (Figure SS). This product was then
characterized both in solution and in the solid-state. In
particular, the '"H NMR spectrum in solution (Figure S6)
shows signals attributable to the free uncoordinated and fully
protonated curc and the [(bpy)Ag(OTf)] repetition unit of
the Ag(I) polymer in a 1:4 ratio, respectively. This finding
excludes the possibility of curc chelation to the metal center
since the typical chan%es in the '"H NMR chemical shifts of
curc are not observed.'®”'%" Moreover, in the 'H NMR spectra
of the new species, the bpy proton signals are observed at
slightly different frequency values with respect to both the
structural isomers of the Ag(I) polymer, indicating a possible
structural change in the polymer. The full protonation of curc
is also proved by SEM—EDX performed on product 1, showing
the complete absence of the potassium element. The PXRD
analysis provided clear evidence of the formation of a new solid
species. Indeed, the PXRD pattern of the new product is
different from that of the pristine materials, curc, a-
[(bpy)Ag(OTf)], and S-{[(bpy)Ag][OTf]}, as evidenced
in Figure S. The diffractogram of product 1 (Figure S, blue
line) is characterized by the presence of new diffraction peaks,
which are absent in the PXRD profiles of individual
constituents (Figure S, red, pink, and black lines) and, at the
same time, by the absence of the distinctive reflections of the
starting materials, pointing out the formation of a binary solid
that is the [(bpy)Ag(OTf)]-curc co-crystal.

The formation of a new pure solid product was highlighted
also by DSC analysis. Indeed, as shown in Figure 6, the
thermal profile of product 1 ([(bpy)Ag(OTf)]s-curc co-
crystal, blue line) presents a single endothermic peak at 141.9
°C, thus at a temperature value different from the thermal
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Figure 5. PXRD patterns of curc (red line), product 1 (blue line), a-
[(bpy)Ag(OTf)],, (pink line), and S-{[(bpy)Agl[OTf]},, (black

line).
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Figure 6. DSC curves of curc (red line), [(bpy)Ag(OTf)],-curc co-

crystal (blue line), a-[(bpy)Ag(OTf)],, (pink line), and S-{[(bpy)-
Ag][OTf]} (black line).

transitions of curc (red line), a-[(bpy)Ag(OTf)]., and -
{[(bpy)Ag][OTf]}, precursors (pink and black line, respec-
tively). Hence, the peak at 141.9 °C, corresponding to the
compound melting, is indicative of a homogeneous crystalline
phase.

A careful comparison between product 1 and product la
highlighted the formation of the [(bpy)Ag(OTf)]-curc co-
crystal even if in a low yield and not pure, also from the
reaction carried out in the absence of a base. Indeed, in the
PXRD pattern of product la, the most intense reflections of
the co-crystal are recognizable (Figure S7). In addition, in the
DSC curve of product 1a (Figure S3), the endothermic peak at
142 °C ca., which is attributable to the melting of the co-
crystal, can be detected. However, in the absence of a base, the
reaction between curc and the Ag(I) polymer mainly proceeds
toward the formation of Ag(0). It can be hypothesized that the
alkaline medium increases the speed of the process of curc
degradation”®”*'%* particularly in the absence of stabilization
through metalation of any deprotonated curc form, decreasing
then the amount of curc available for the reduction of the
Ag(I) ion in the polymeric system [(bpy)Ag(OTf)],.

Moreover, it should be noted that, whether starting from the
a- or the f-form of the Ag(I) polymer, the same product is
attained. This finding indicates that, when the Ag(I) polymer is
mixed in solution with curc, a structural rearrangement occurs,
allowing the formation of the same product despite the starting
structural form of the Ag(I) polymer. FTIR analysis was
performed to investigate the possible structural rearrangement
of the Ag(I) polymer within the co-crystal. The FTIR
spectrum of the co-crystal was thereby compared to the
FTIR spectra of a-[(bpy)Ag(OTf)], S-{[(bpy)Ag][OTf]},,
and curc precursors (Figure 7). In the co-crystal spectrum
(Figure 7, blue line), some bands of the starting precursors
appear shifted (Table 1). In particular, in the FTIR spectrum
of [(bpy)Ag(OTf)].-curc, the absorption bands resulting
from the OTf vibrations (v,, SO;, v SO3, v, CF3, and v, CF;)
all appear at higher frequency values with respect to the
spectrum of the S-{[ (bpy)Ag][OTf]}, form, while only the v,
SO; and v, CF; bands are displaced with respect to the bands
in the a-[(bpy)Ag(OTf)],, form (Table 1). This observation
points out that, after the interaction with curc in the formation
of the co-crystal, the structure of the Ag(I) polymer is more
like the a-form than the S-form. Furthermore, differences
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Figure 7. FTIR spectra of curc (red line), the [(bpy)Ag(OTf)]-curc

{[(bpy)Ag][OTf]},, (black line).
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Table 1. FTIR Spectrum Data of curc, [(bpy)Ag(OTf)]-curc, and the Ag(I) Polymer (a- and f-Forms)

vibration curc [(bpy)Ag(OTf)
vOH 3507, 3360 ca. 3440 ca.
mixed vC=C/vC=0 1628 1626
mixed vC=0/6C—-C 1509 1514
v, SO; 1263
v, CF, 1229
v, CF, 1169
v, SO, 1033

Joo-cure a-[(bpy)Ag(OTH) ] B-{[(bpy)Ag][OTf]}
1254 1259
1233 (shoulder) 1224
1168 1155
1032 1027

emerge from the comparison between the FTIR spectra of curc
and the co-crystal. In particular, the curc spectrum is
characterized by a sharp peak at 3507 cm™ and a broad
band centered at 3360 cm™' ca. with both arising from the
stretching vibration of the hydroxyl groups.'”> Conversely, in
the co-crystal spectrum, the O—H vibration generates a single
broad band centered at 3440 cm™" ca. The very large band at
2500 cm ™! ca. that is barely visible in the curc spectrum, which
is attributable to the strong intramolecular hydrogen bonds of
the enolic O—H,'**™'% disappears in the co-crystal spectrum.
Moreover, the band at 1628 cm™!, which is attributable to
mixed vC=C/ vC=0 vibrations of curc,m3 slightly shifts to a
lower wavenumber (1626 cm™) in the FTIR spectrum of the
co-crystal, whereas the band at 1509 cm™, due to mixed v C=
0/8 C—C vibrations of curc,'®” moves to higher wavenumber
(1514 cm™) in the co-crystal spectrum. These findings
indicate that both the keto-enolic function and the phenolic
groups of curc could be involved in weak interactions with the
Ag(I) polymer.

3.3. Photophysical Analysis. The photophysical analysis
of the [(bpy)Ag(OTf)]-curc co-crystal was carried out both
in the solid state and in CH,CI, dilute solution. The emission
and excitation spectra of [(bpy)Ag(OTf)],-curc powder are
reported in Figure 8. In the solid state [(bpy)Ag(OTf)]-curc
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Figure 8. Emission (red line) and excitation (black line) spectra of
the [(bpy)Ag(OTIf)],-curc powder sample.

shows a single emission band centered at 655 nm with a
shoulder at 730 nm. A comparison with emission and
excitation spectra of the Ag(I) polymer (a- and f-form) and
curc powders (Figures S8 and S9, respectively) confirms that a
new chemical species that is different from its precursors is
formed. Moreover, spectra reported in Figure S8 shows that a-
and f-forms of the Ag(I) polymer have identical electronic
transitions.
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The absorption spectrum of [(bpy)Ag(OTf)]-curc in
CH,Cl, dilute solution (Figure 9, magenta line) shows a
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Figure 9. Absorption, emission, and excitation spectra of [(bpy)Ag-
(OTf)],-curc in CH,Cl, dilute solution.

large band in the visible region of the electromagnetic
spectrum with a maximum centered at 419 nm and two
shoulders at 397 and 438 nm, respectively. Two further bands
are visible in the UV region: a band centered at 290 nm with a
shoulder at 302 nm and a band with a maximum at 247 nm
and a shoulder at 256 nm. The comparison of this spectrum
with the absorption spectra of curc (Figure S10, black line) and
a/p-forms of the Ag(I) polymer (Figure S11, cyano and
magenta lines, respectively) shows that the spectrum of the co-
crystal in CH,Cl, is exactly the sum of the absorption spectra
of its constituents.

The emission and excitation spectra further confirm this
statement. Exciting the co-crystal solution at 290 nm, two
emission bands centered at 329 and 490 nm are obtained
(Figure 9, red line). The blue-shifted emission and its
corresponding excitation spectrum (Figure 9, cyano dot line)
are like the absorption and emission features of the Ag(I)
polymer (a- and f-form) (Figure S11), while the red-shifted
one and its excitation spectrum (Figure 9, blue dot line) are
similar to the absorption and emission spectra of curc (Figure
S10).

Thus, while, in the solid state, the [(bpy)Ag(OTf)]-curc
co-crystal maintains its integrity and only one emission signal is
detected, in solution, a cleavage of the co-crystal superstructure
takes place, resulting in the release of curc and [(bpy)Ag-
(OTf)], and two different emission bands are detected.

3.4. Preliminary Antimicrobial Activity and Ag(l)
Migration Test. Silver and its coordination compounds are
known to show antimicrobial properties. In the case of Ag(I)
complexes, different biological behaviors are related to
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Table 2. Antibacterial Activity (CFU Values) of a- and f-Forms of the Ag(I) Polymer, [(bpy)Ag(OTf)],,-curc, curc, and ECO
and Relative Percentage of Growth Inhibition (%) against S. aureus and E. coli

sample S. aureus CFU mL™" after 24 h  percentage of growth inhibition  E. coli CFU mL™" after 24 h  percentage of growth inhibition
ECO 32 x 10° 0% 32 x 10° 0%
a-[(bpy)Ag(OTH) ]« <1 100% <1 100%
B-{[(bpy)Ag][OT]}os <1 100% <1 100%
[(bpy)Ag(OTf)]-curc 4% 10° 99.9% <1 100%
curc 6.8 X 10 78% 13 x 107 60%

Table 3. Ag(I) Migration Expressed in Terms of Ag in Micrograms in 10 mL of Release from Pellets

time a-[(bpy)Ag(OTH) ]
6h 2.8 + 02
24h 52407

B-{[(bpy)Ag][OTf]}, [(bpy)Ag(OTf)]-curc
2.9 + 02 3.6 + 0.6
49 + 09 5.1 +0.7

different Ag(I)—ligand combinations, pointing out that the
mere presence of silver is not sufficient for inducing
antimicrobial activity.'”® Several works have been dedicated
to explain that the bactericidal action of silver-based materials
arises from the release of biocidal Ag(I) ions into the
surrounding environment.””'” In an attempt to combine in
one system the antimicrobial properties mainly expected from
the silver polymer and the several biological activities carried
by curc, here, the antibacterial performances of pellets
containing the two structural forms a-[(bpy)Ag(OTf)],, and
B-{[(bpy)Ag][OTf]}, the co-crystal [(bpy)Ag(OTf)],.-curc,
and curc were evaluated against S. aureus and E. coli
microorganisms. Pellets were prepared using ethylcellulose
(EC) powder as an inert diluting agent. Moreover, a pellet
containing only EC (ECO0) was tested as the negative control.
The antibacterial activity of each compound was measured
using the growth inhibition assay to count the colony forming
units (CFUs) after 24 h of contact of the two microorganisms
with the studied compounds. The results obtained by the
growth inhibition assay are reported in Table 2.

The two structural forms a-[(bpy)Ag(OTf)], and p-
{[(bpy)Ag][OTf]}, display excellent bactericidal activity
since, after 24 h of incubation, a total inhibition effect
(100%) against both S. aureus and E. coli was registered. The
same inhibition effect was measured for the co-crystal
[(bpy)Ag(OTf)]-curc. Clearly, the high amount of the
Ag(I) polymer used in the preparation of the samples does
not allow either to differentiate the bactericidal activity against
the two different microbial agents or to give a precise
percentage of growth inhibition due to experimental limitation.
However, the curc-containing pellets, although prepared with
the same experimental condition used for the silver pellets,
show only moderate antibacterial performance with respect to
both S. aureus and E. coli microorganisms. Therefore, the high
bactericidal effect observed for the co-crystal containing pellets
could be only attributable to the presence of the Ag(I)
polymer.

Moreover, to test the amount of silver ions released by each
metal-charged EC pellet, Ag(I) migration has been tested in
physiological conditions. In particular, the Ag(I) release was
measured after 6 and 24 h of contact with a 0.9% NaCl
solution at 37 °C. The overall Ag(I) migration values
expressed in terms of micrograms per 10 mL of solution are
reported in Table 3. Although after 6 h of contact, the release
of Ag(I) is slightly greater from the tablet containing the co-
crystal with respect to the ones containing the two isomers,
while no relevant differences are observed between the three
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Ag(I) compounds after 24 h of contact. In all the tested tablets,
despite the high quantity of Ag(I) compounds present (2 mg
for each tablet), the Ag(I) release is very low with values of
approximately 0.25% (w/w) after 24 h of contacts for all the
tablets. These preliminarily results are encouraging for the
possible use of these Ag(I) compounds as additives in
antimicrobial polymeric carrier materials with a low metal
release.

4. COMPUTATIONAL STUDY

In the absence of structural information on the co-crystal
[(bpy)Ag(OTf)]-curc, a computational study in which
several adducts between curc and [(bpy)Ag(OTf)], were
modeled was performed, aiming to suggest how the two
components interact in setting up the co-crystal. The
computational study was restricted at the interaction energy
between the Ag(I) ion and curc with the silver centers in their
low coordination number being the best interaction sites for
the oxygen atoms of curc molecules. As a model system, the
simpler [(py),Ag]* unit was used in the calculations in which
two pyridine ligands coordinated to Ag(I) model the
coordination of the two bridging bipyridines of the real
polymer. The formation energy between curc and the Ag(I)-
containing unit was calculated, as detailed in the Computa-
tional Methods. Some adducts are shown in Figure 10 together
with their energies and other computed properties. Indeed,
many further structures were optimized in which different curc
conformations were considered and the OTf position was
varied along with the Ag(I) coordination site. Many of the
found structures are reported in the Supporting Information,
while, herein, the most stable adducts and the most relevant
ones are discussed. curc was considered both in its keto-enolic
form (EK was used to label the different adducts associated
with this curc tautomer) and diketonic form (named as KK).
The KK tautomer was taken into consideration due to both
experimental and computational evidence according to which
the weak interaction between curc and external molecules
(such as water) can make the KK form competitive with the
EK ones.''” In this sense, a coordination interaction with
Ag(I) could impart a similar effect, potentially allowing the KK
form to be present in the solid phase.

The energy difference between EK-1 and KK-1 (reported in
Figure 10) is a measure of the stability gap between the two
tautomers, which intrinsically originates in the single curc
molecule. The calculated gap of 26.2 kJ/mol, in line with that
reported in similar computational studies (24.6 kJ/mol''® and
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EK-1

Energy: 0.0 kJ/mol

EK-2 EK-3
Energy: -58.3 kJ/mol Energy:
Ag-O: 2.636A Ag-O:

KK-1

Energy: +26.2 kJ/mol

KK-2

Energy: -46.5 kJ/mol
-24.3 kJ/mol Ag-01: 2.722
2.999 A Ag-02: 2.675

KK-3
Energy: -43.1 kJ/mol
Ag-O 2.707A

EK-4

Energy:-27.8 kd/mol
Ag-O:
O...H:

KK-4

Energy: -13.7 kJ/mol
Ag-0: 2.812 A
0...H: 2.602A

2.897A
2.774 A

Figure 10. EK-land KK-1 are the computed structures of curc in vacuum in its keto-enol and diketo forms, respectively. Their relative energies are
reported (EK-1 is more stable); EK-2-3 and KK-2-3 are computed adducts between curc and [(py),Ag]*. The reported energies are formation
energies with respect to relaxed curc (EK-1 in all the four cases) and relaxed [(py),Ag]*; EK-4 and KK-4 are the most stable adducts found
between curc and [(py),Ag][OTf]. The reported energies are formation energies with respect to relaxed curc (EK-1) and relaxed [(py),Ag][OTf].

~20 kJ/mol''"), confirms the largely accepted higher stability
of the EK form.

Considering all the computed adducts between
[(py),Ag]*and curc in its EK and KK forms (EK-2-3 and
KK-2-3 in Figure 10), it is evident that the EK form still results
as the most favored. EK-2 results indeed as the most stable
adduct in which the Ag(I) ion interacts with the ketonic
function of the EK curc moiety. Ag(l) interactions with the
phenolic —OH and —OMe groups are much less effective as
evidenced by the energy value of EK-3 in comparison with EK-
2. The KK forms are not able to compete with the EK ones in
terms of stability; KK-2 is the most stable structure found with
curc in the KK form.

With the aim to include the possible effects due to the
presence of the OTf counterion in the solid phase, adducts
between curc and [(py),Ag][OTf] were investigated. EK-4
and KK-4 were found to be the most stable structures (Figure
10) for the two curc tautomers. Evidently, the picture
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described above is not substantially changed. Likewise, the
presence of a couple of [(py),Ag]* was additionally
investigated and is described in the Supporting Information.
In this case, in all the calculations, the EK form is found to be
more stable with respect to the KK ones.

The Ag(I)—curc interaction was further investigated by
means of the bonding energy decomposition scheme as
implemented in the used ADF software, which is based on
the Ziegler and Rauk modification of the Morokuma and
Kitaura analysis of the bonding energy between interacting
fragments (see the Computational Methods for details and
references).

Table 4 collects the results of EK-2 and EK-4. In the first
case, while curc and [(py),Ag]* are the two interacting
fragments, in the EK-4 analysis, [(py),Ag][OTf] is used as a
metal-containing fragment. From the reported values, it
appears evident that the orbital interaction term is important
in establishing the bonding energy. However, it includes
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Table 4. Decomposition of the Bonding Energy between
curc and [(Py),Ag]*in EK-2 and between curc and
[(py).Ag][OTf] in EK-3"

energy term EK-2 EK-4
preparation Energy +14.1 +23.0
steric repulsion (AEp,.;) +72.8 +50.2
electrostatic interaction (AE,,.) —96.3 —74.0
total steric repulsion —23.5 —23.8
(AEpyy + AEq,.)
orbital interaction —47.8 —26.7
total —=57.1 -27.0

Mulliken: +0.06 Mulliken: +0.03
Hirshfeld: +0.08 Hirshfeld: +0.02

“The ZORA/B3LYP/TZP approach was used. Values are in kJ/mol.

curc charge

polarization effects inside the linked fragments and not only
the charge transfer between them. Judging from the computed
curc charge in the adduct, only a small amount of charge
transfer is described from curc to the Ag(I)-containing
fragment (0.06 and 0.03 electrons in EK-2 and EK-4 as
estimated through the Mulliken scheme and 0.08 and 0.02
electrons estimated through the Hirshfeld charges, respec-
tively). The lowering of charge transfer passing from EK-2 to
EK-4 can be associated to the elongation of the Ag--O distance
reported in Figure 10 and also to a reduction of curc
polarization passing from the charged [(py),Ag]" to neutral
[(py),Ag]OTf. Moreover, such a lower polarization seems to
be mainly responsible for the smaller orbital interaction energy
in EK-4 with respect to EK-2. This further supports the
hypothesis of a general weak energy gain associated to a charge
donation from curc to Ag(l).

From above, curc interacts with the Ag(I) ion mostly
through an electrostatic interaction enhanced by polarization
effects.

It is possible to summarize the data in Figure 10 and the
discussion above with the following statements:

(a) curc is expected to maintain the EK form also following
the coordination interaction with one or two Ag(I) ions.

(b) The EK-2 adduct (and the related EK-4) spots the more
favorable curc interaction site for Ag(I); hence, it is the
more worthy to be further investigated. In other words,
curc first employs its keto-enolic function when
interacting with the [(bpy)Ag(OTf)],, polymer.

With the aim to find experimental evidence of the second

statement, FTIR spectra underwent a deeper investigation. In
Section 3.2, the changes in the OH stretching bands were

discussed (see Figure 7, Table 1, and related discussion). The
very broad keto-enol OH stretching band is visible in the curc
FTIR spectrum around 2500 cm™' and disappears in the co-
crystal. This evidence is a clue in favor of changes in the
environment surrounding the curc EK core. In this sense, it
could be ascribed to the establishment of the interaction with
the Ag(I) center in the co-crystal. However, more insights were
gathered from changes in the phenolic OH stretching bands.

As already discussed in Section 3.2, in the curc experimental
FTIR spectrum, two bands were detected for the phenolic OH
stretching mode at 3507 and ~3360 cm™". The band at 3360
cm™' is more intense and broader. This finding allows
assigning the solid phase of curc under investigation to the
polymorph I, which is the most stable crystalline phase
reported to date.’® The reported and less stable polymorph II
shows two phenolic —OH peaks stretching bands as well,
wheéreas form III only presents a single broad OH band (Table
5).°

The presence of two bands in the experimental FTIR
spectrum of curc was also reported in KBr pellets''" and is
common in FTIR spectra of solid curc due to the higher
stability of form I. On the contrary, in solution, a single
phenolic OH band is visible: in CCl; and CDCl,, sharp bands
were reported at 3545 and 3536 cm™’, respectively, which is
considered diagnostic of the phenolic groups undergoing weak
intramolecular H-bonds. Differently, in acetonitrile, a broader
and more intense band at 3374 cm™! was recorded, which is
explained as a consequence of a strong H-bond with the
solvent.''" On this basis, we can infer that the two phenol rings
of curc are differently involved in H-bonds and/or other
interactions with neighboring molecules at least in the two
polymorphs I and II

With the aim to achieve a deeper comprehension, the
interactions between adjacent molecules of curc in its
polymorph I have been considered. Figure 11 shows couples
of curc molecules, which are in contact in the crystal, resulting
from the crystallographic analysis.’® The computed interaction
energies of each couple are shown in Figure 11 along with
selected structural and spectroscopic data (see the Computa-
tional Methods for details about the used methods in the
applied structure optimization). Inside the crystal, each curc
molecule assumes a non-planar structure in its EK tautomeric
form, differently from what is computed in the gas phase in this
work and also computed in solution in previous reports.’'”'"!

One of the two phenolic groups is clearly rotated with
respect to the remaining structure (the keto-enolic central part
and the co-planar second phenol ring; see Table S for further

Table S. Experimental and Computed Phenolic OH Stretching Modes and curc Structural Distortion in the Three Polymorphs

of Solid curc

crystal curc distortion (degrees)” experimental phenol vOH (cm™)
form I 46.8“ two bands: 3507; 3360°

two bands: 3511; 33997
form 11 17.0; 12.1° two bands: 3254; 3401¢
form III 12.6" one band: 34417

computed phenol VOH (cm™) and their assignment

3392, phenol—EK core H-bond*
3527-3533, phenol—phenol H-bond
3197, phenol—EK core H-bond®
3406, phenol—phenol H-bond*

3383, phenol—EK core H-bond®
3432, phenol—phenol H-bond®

“Dihedral angle between the average plane of the distorted phenol ring (only the ring) and the average plane of the remaining of curc structure;
only C and O atoms are used, methyl is fully excluded; experimental values are taken from ref 56. *Dihedral angle between the average plane of the
distorted phenol ring plus the CHCH group directly connected to it and the average plane of the remaining of curc structure; only C and O atoms
are used, methyl is fully excluded. “This work. “Ref 56. “Couple 1 in Figure 11.7¢ Couple 3 in Figure 11. #See the Supporting Information for details.

https://doi.org/10.1021/acs.cgd.3c00042
Cryst. Growth Des. 2023, 23, 3518—3534


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.3c00042/suppl_file/cg3c00042_si_001.pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.3c00042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

0...0(exp.)= 2.874 A
OH...O(calc.)= 1.954 A
AEinter=-40.5kJ/mol

| ( * Couple 2 /L%

0...0(exp.)=3.060 A  v(OH)=3511lcm™
OH...O(calc.)=2.340 A
AEinter=-32.2kJ/mol

w Couple 3

0...0(exp.)= 3.273 A
OH...O(calc.)= 2.582A
AEinter=-28.8 kd/mol

v(OH)=3383cm*

Couple 1

V(OHasymm)= 3527 cm™*
V(OHgymm)= 3533 cm™

5

( - y Couple 4
. M (AEinter=-100.5 kd/mol)
]» N
5O

I e )' {3_‘) Couple 5
Figure 11. Couples of curc molecules found in contact in the form I
crystal. Couples 1—3 model the H-bond contacts. Couples 4—5
alternate themselves to form an infinite monodimensional stack. Two
views of a four-molecule part of the stack are sketched in bottom-right
and left corners. See the Computational Methods for details on the
listed interaction energies (AE..); v(OH) is the stretching
wavenumbers in the anharmonic approximations. In the case of

couple 3, symmetric and asymmetric double-OH stretching modes are
distinguished.

Couple 4

details). This distortion is to maximize the interaction between
the phenolic OH group and the EK central moiety of the
adjacent curc molecule. Such a contact is modeled by couple 1
in Figure 11, which shows the shorter of the experimental O---
O distances, the shorter of the computed OH:-O distances
between all the H-bond-forming couples of adjacent molecules
(couples 1—3 in Figure 11), and the stronger H-bond (AE
in Figure 11).

Couples 2 and 3 show longer O---O and OH---O distances in
comparison to couple 1. They involve the phenolic group
coplanar with the keto-enolic central part of the curc structure.
Thus, the “distorted” phenol gives rise to the strongest H-bond
(couple 1) and the consequently lower computed OH
stretching wavelength with respect to couples 2 and 3 (Figure
11 and Table 5). The computed stretching frequency corrected
for anharmonicity (¥,p.m) amounts to 3392 cm™. In couples
2 and 3, the same anharmonic wavelengths are calculated to be
equal to 3511 and in the 3527—3533 cm™"' range, respectively,
which is in line with calculations performed on a single curc
molecule in vacuum (3538 and 3540 cm™'; the two phenol

inter
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rings are not symmetry-related) where only the intramolecular
phenolic H-bond is present.

From above, our computations clearly assign the red-shifted
IR band at ~3360 cm™ to the rotated phenol ring, which is the
one undergoing the stronger H-bond with the EK core of the
adjacent curcumin. The sharper and weaker band at 3507 cm™
is assigned to the planar phenol ring, which is not interested in
strong H-bond interactions (apart from the intramolecular H-
bond). This is in perfect agreement with the previously
discussed results on the IR spectra in solutions with different
abilities to form H-bonds.

Interestingly, the stronger interactions between curc
molecules in the crystal are not H-bonds; rather, they are
associated to stacks of almost parallel curc molecules described
by couples 3 and 4 in Figure 11. Their interaction energies are
largely superior to the ones in couples 1—3, and, in this light,
the fact that similar stacks are also present in curc forms II and
III can be easily explained. In forms II and III, H-bonds are
also present, and they were studied by applying similar
computational methods to form I. These results are discussed
in the Supporting Information, here, we summarize some
findings in Table S and in the short discussion below. In both
the forms, a lower (but still present) distortion from planarity
is present in the curc structure (Table 5). In form II, distorted
(17.0°) curc molecules form H-bonds with the EK core of
adjacent molecules in a similar way to couple 1 in form I. The
resulting phenol OH-stretching mode is computed at 3197
cm™!, which is very close to the experimental peak at 3254
cm™ (Table S). The other computed OH-stretching modes
are associated to weaker phenol H-bonds and to the
experimental band at 3401 cm™. In form III, curc shows a
lower distortion from planarity (12.6°) and a weaker H-bond
with the EK core of a second molecule. As a result, the related
OH stretching mode shifts at 3383 cm™" and overlaps with the
OH-stretching bands of the other phenol rings (computation-
ally estimated at 3432 cm™") to produce a single experimental
band at 3441 cm ™.

To summarize the discussion above, a clear correspondence
is highlighted between the involvement of the phenol ring in
H-bonds with the EK core of a second molecule and the
presence of red-shifted bands in the zone of the phenol OH
stretching. The point is that, as shown in Figure 7, passing
from polymorph I of curc to the co-crystal, a single absorption
band at ~3440 cm™" (blue spectrum) replaces the two peaks
(red spectrum) of form I This finding further confirms the
change in the environment surrounding the EK function of
curc, which can be easily referred to the interaction of the EK
site with the Ag(I) ion. Comparing the computed formation
energies of EK-2 and EK-4 (Figure 10) with the interaction
energies of couple 1 (Figure 11), it appears evident that the
Ag(I) interaction can replace the H-bond between adjacent
molecules. On the contrary, the stacks of curc (couples 4 and
S) are expected to be preserved in the formation of the co-
crystal owing to their strong interaction.

From above, it is possible to propose tentatively some basic
structural characteristics of the [(bpy)Ag(OTf)].-curc co-
crystal: during co-crystallization, the curc crystal packing is
likely preserved in terms of the stack of parallel molecules
(couples 4 and S in Figure 11, evolving in a similar pattern).
The strong H-bond described by couple 1 in Figure 11 is
replaced by the Ag(I) coordination interaction. Hence, curc
loses the energetic drive for distorting itself from planarity and
the two phenolic rings become more symmetric, giving rise to
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b)

Figure 12. Proposed model for the curc-[(bpy)Ag(OTf)],, co-crystal pictured from two different viewpoints, showing (a) the proximity between
curc and the [(bpy)Ag]* cationic chain and (b) the dimensionality ratio between curc and four [(bpy)Ag]" repeating units.

a single FTIR OH-stretching band. The co-crystal would result
in a repetition of two domains: the curc domains (stacks) and
adjacent [(bpy)Ag(OTf)],, domains (chains), interacting via
coordination interactions between the curc EK moiety and one
Ag(I) ion for every four in the crystal. Figure 12, which is
obtained by extracting a part of the curc stack in its form I
crystal®® and a small part of the [Ag(bpy)]*s chain from a-
[(bpy)Ag(OTf)],, shows the proposed model for the
[(bpy)Ag(OTf)]-curc co-crystal addressed to give a possible
description of its crystal structure. Considering that the length
of a single curc molecule of approximately 17 A from the
crystal structure in its polymorph I is comparable with the
length of four [(bpy)Ag]* repeating units, it is reasonable to
propose that not all the Ag(I) ions are involved in the curc
coordination interactions and each curc molecule is
surrounded by four Ag(I) metal ions, which is in agreement
with the 1:4 ratio between curc and [(bpy)Ag(OTf)] unit as
evidenced by NMR measures in this work.

5. CONCLUSIONS

A new structural isomer (f-form) of the already reported
Ag(I)-CP [(bpy)Ag(OTf)],, (a-form) has been synthetized
and fully characterized. In particular, the f-form was obtained
by inverting the sequence of the reagent’s addition with respect
to the synthesis of the a-form. Hence, the Ag(I) coordination
versatility of the bpy ligand is demonstrated when a slight
modification of the known synthetic procedure is sufficient to
significantly modify the resulting coordination polymer,
removing the spontaneous chiral resolution process occurring
during crystallization observed in the a-form.

Both isomers of the Ag(I)-CP, a- and fS-forms, by virtue of
their flexible conformations and silver ions in a low
coordination number were used in the preparation of co-
crystals with curc (polymorph I). However, curc displays a
certain tendency to reduce Ag(I) to Ag(0), which is reasonably
ascribed to the reducing properties of the phenolic groups of
the polyphenol. Hence, in the attempt to find the best
conditions minimizing the formation of Ag(0), the reaction
between the a- and f-forms of the Ag(I)-CP and curc was
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performed in the absence and presence of KOH. In both
experimental conditions, a new solid form as evidenced by
PXRD analysis was formed; however, in the absence of the
base, the new solid form was obtained in a low yield and was
not pure since the reaction between curc and the Ag(I)
polymer mainly proceeds toward the formation of Ag(0).
Therefore, the deprotonation of the phenolic moieties in KOH
decreases the reactivity of curc toward the reduction of Ag(I)
in the polymeric system [(bpy)Ag(OTf)],. The presence of
protonated curc within the binary co-crystal even if obtained in
alkaline conditions as well as the decreased reduction of Ag(I)
to Ag(0) point out that the lack of chelation or any type of
metal coordination of the anionic forms of curc allows for their
fast degradation process toward degradation products less
powerful as reducing agents. Indeed, the characterization of
this new product highlighted the formation of a co-crystal
composed of [(bpy)Ag(OTf)], and curc, meaning a
homogeneous crystalline phase in which there is no evidence
of a proper metal coordination of curc. Moreover, as proven by
the photophysical studies, in the solid state, the [(bpy)Ag-
(OTH)]-curc co-crystal maintains its integrity, showing
distinctive emission and excitation spectra, whereas, in
solution, a cleavage of the co-crystal superstructure takes
place, resulting in the release of curc and [(bpy)Ag(OTf)]. A
comprehensive computational study was performed to unveil
the possible interaction modes between the co-crystal
components. The theoretical analysis suggested that, within
the co-crystal, curc maintains the EK form and the strong H-
bond between the ketonic function and a phenolic group of
curc observed in the crystal structure of polymorph I is
replaced by a coordination interaction between the keto-enol
moiety and Ag(I) ions. Finally, preliminary antimicrobial and
release tests performed on EC pellets containing the Ag(I)-CP
(a- or f-form), the co-crystal, and curc indicate the high
antibacterial activity of the Ag(I)-based compounds with a low
Ag(I) release. Although curc exhibits much lower antibacterial
activity with respect to the Ag(I)-CPs, the co-crystal retains the
high antimicrobial performance of the Ag(I) species. On this
basis, the co-crystal could be considered to be a multifunc-
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tional system, potentially displaying the multiple properties of
curc besides the antimicrobial activity typical of Ag
compounds.
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