
rsc.li/dalton

 Dalton
  Transactions
An international journal of inorganic chemistry

rsc.li/dalton

ISSN 0306-0012

COMMUNICATION
Douglas W. Stephen et al. 
N-Heterocyclic carbene stabilized parent sulfenyl, selenenyl, 
and tellurenyl cations (XH+, X = S, Se, Te) 

Volume 46
Number 10
14 March 2017
Pages 3073-3412 Dalton

  Transactions
An international journal of inorganic chemistry

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  C. J. Carrasco, F.

Montilla, E. Alvarez González, A. Galindo, M. Pérez-Aranda, E. Pajuelo and A. Alcudia, Dalton Trans., 2022,

DOI: 10.1039/D1DT04213K.

http://rsc.li/dalton
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/D1DT04213K
https://pubs.rsc.org/en/journals/journal/DT
http://crossmark.crossref.org/dialog/?doi=10.1039/D1DT04213K&domain=pdf&date_stamp=2022-03-10


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Homochiral imidazolium-based dicarboxylate silver(I) compounds: 
synthesis, characterisation and antimicrobial properties.
Carlos J. Carrasco,a Francisco Montilla,*a Eleuterio Álvarez,b Agustín Galindo,a María Pérez-
Aranda,c,d Eloísa Pajuelo,d and Ana Alcudia*c

Complexes [Ag(LR)], 2 (LR = 2,2'-(imidazolium-1,3-diyl)di(2-alkylacetate)), were prepared by treatment of compounds HLR, 1, 
with Ag2O. They were characterised by analytical, spectroscopic (IR, 1H and 13C NMR and polarimetry) and X-ray methods 
(2c, 2c’ and 2e). In the solid state, these compounds are novel one-dimensional or two-dimensional coordination polymers 
in which silver(I) cations are connected via chiral [LR]- anion with unprecedented coordination modes. The antimicrobial 
properties of these complexes were evaluated. 2a and 2b’ showed the best antimicrobial properties (minimal inhibitory 
concentrations and minimal bactericidal concentration) for Pseudomonas aeruginosa and Escherichia coli pathogens. 
Eutomers 2b’ and 2c’ showed slightly better antimicrobial properties than their respective enantiomers 2b and 2c. 

Introduction
In the last decades, interest in chiral imidazolium-based 
dicarboxylate compounds has increased markedly.1–3 They are 
synthesised easily from amino acids and are convenient starting 
precursors for the preparation of enantiopure substrates, such 
as ionic liquids4 and N-heterocyclic carbene (NHC) ligands.5–8 
Additionally, they have been used as useful bridging ligands, 
acting as linkers, in the construction of homochiral coordination 
polymers or metal-organic frameworks,9–11 and as chirality 
inductors in asymmetric catalysis.12,13 

Recently we described the synthesis and characterization of 
chiral 2,2′-(imidazolium-1,3-diyl)bis(3-methylbutanoate) 
compounds of lithium, sodium and ammonium, {M[(S,S)-LiPr]}n 
(M+ = Na+, Li+ and NH4

+), which included the first reported 
structural data for the chiral basic form [LR]−.14 Following our 
interest in these ligands, we decided to investigate the 
analogous complexes of silver(I) and their antimicrobial 
properties. Due to the emerging problem of antibiotic 
resistance, looking for new compounds to inhibit the growth of 
bacterial pathogens has become indispensable.15–20 The 
antimicrobial properties of silver complexes containing 
dicarboxylate,21 amino acids,22–25 chiral carboxylate26–29 and 
N-heterocyclic carbene30–38 coordinated ligands are well 
recognised, although precise action mechanisms have not yet 

been elucidated and are in research. Furthermore, these results 
suggest that antimicrobial properties depend on the nature of 
the ligand37 and even a direct relationship between chirality and 
the antimicrobial effect has been observed.39 

Here, we described the synthesis and characterization of 
new silver complexes 2. Their antimicrobial properties were 
evaluated performing microbiological assays to determine 
minimal inhibitory concentrations (MIC) and minimal 
bactericidal concentration (MBC) as well as their mechanisms of 
action and their effect on biofilm formation, as a very important 
role in antimicrobial resistance development.40 

Results and discussion
Synthesis and characterization of [Ag(LR)] compounds 

Complexes [Ag(LR)], 2, were prepared by reaction of compounds 
HLR, 1, with Ag2O in dried methanol and obtained as colourless 
or pale yellow crystals (Scheme 1). The 1:1 composition Ag:LR 
was confirmed by analytical data. HR-MS spectra showed 
fragmentation patterns that were consistent with the formation 
of [Ag(LR)] species. The molecular ion displayed the appropriate 
isotopic ratio with the base peak at m/z 318.9850, 375.0474, 
403.0787, 403.0787 and 403.0788 for complexes 2b-2f, 
respectively. IR spectra of compounds 2 (Figs. S1-S6 at ESI) are 
characterised by a broad band in the 1620-1590 cm-1 range, 
which was assigned to the antisymmetric COO vibrations of 
carboxylate groups. Additionally, symmetric COO vibrations 
appeared within the 1390-1370 cm-1 range. NMR spectra (1H 
and 13C{1H}, Figs. S1- S6) show, in addition to the characteristic 
signals of the alkyl R group, a common pattern due to the 
imidazolium ring. Signals at ca. 7.5 and 122 ppm (1H and 13C 
NMR, respectively) are due to the CH groups at the 4 and 5 
positions, while signals at ca. 8.9 and 135 ppm (1H and 13C NMR,
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R = Me, 2b'; iPr, 2c'.

R = H, 1a.

(S,S)-HLR

R = Me, 1b; iPr, 1c; iBu,
1d; sBu, 1e; tBu, 1f.

(R,R)-HLR

R = Me, 1b'; iPr, 1c'.

Scheme 1 Synthesis of compounds 2.

respectively) are assigned to the CH group of imidazolium at 
position 2. Additionally, carbon atoms of carboxylate groups 
resonate in the 172-176 ppm range. The specific chirality of the 
synthesized silver complexes was determined using 
polarimetry. Furthermore, the optical purity of the 
enantiomeric pairs 2b-2b’ and 2c-2c’ was also proven by 
electronic circular dichroism (CD) (Fig. S16).

Structural characterization of compounds [Ag(LiPr)], 2c and 2c’, and 
[Ag(LsBu)], 2e

Compounds 2c, 2c’ and 2e were analysed by single-crystal XRD 
methods. Selected bond distances and angles of these 
compounds are collected in Table S3 (ESI). Complex {Ag[(S,S)-
LiPr]}n, 2c, crystallises in the tetragonal system, P41 space group, 
and its asymmetric unit is constituted by the silver(I) and [LiPr]- 
pair of ions (Fig. 1). The torsion angle Ccarboxy-Cchiral-C’chiral-C’carboxy 
of ca. 35° allows the simultaneous interaction of both 
carboxylate groups with up to four silver cations. The resulting 
coordination mode, 4-2O1,1O3,1O4 (Scheme 2), is different 
from that reported for related sodium or ammonium 
compounds, {M[(S,S)-LiPr]}n (M+ = Na+, NH4

+),14 and it is novel for 
this type of ligands. This specific bonding mode of [LiPr]- anion 
arranges silver cations in an approximately linear disposition 
(Ag…Ag separations of 3.447(1) Å and a Ag…Ag…Ag angles of 
138.4(1)° for 2c, Fig. S7 at ESI) creating a polymeric one-
dimensional (1D) chain. Compound {Ag[(R,R)-LiPr]}n, 2c’, also 
crystallises in the tetragonal system, but in the P43 space group. 
Structural parameters (Table S3) and the overall geometry of 2c’ 
(Fig. S8) are obviously comparable to those of 2c. In both 
compounds, the 1D polymer grows along c axis and follows a 
four-fold screw axis, within the P41 or P43 space groups. 
Therefore, the enantiomeric relationship between 2c and 2c’ is 
clearly noticed when the 1D coordination polymer is viewed 
along this axis (Fig. 2). The supramolecular 3D arrangement in 
both complexes is attained by non-covalent interactions41 
between the hydrophobic parts (iPr groups) of the homochiral 
1D-coordination polymers that afford a dense crystal packing 
(see Fig. S9). Compound {Ag[(S,S)-LsBu]}n, 2e, crystallises in the 
monoclinic system, P43 space group, and again silver(I) and 
[LsBu]- pair of ions appeared in its asymmetric unit (Fig. 3). The 
torsion angle Ccarboxy-Cchiral-C’chiral-C’carboxy of ca. 78° is higher 
than that observed in 2c, but also permits the simultaneous

Fig. 1 Asymmetric unit of compound {Ag[(S,S)-LiPr]}n (2c), hydrogen atoms were omitted 
for clarity. 
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N
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Ag
Ag

Ag

Ag

Scheme 2 Coordination mode of [LiPr]- anion in compound 2c. 

Fig. 2 Comparison of the crystal packing in {Ag[(S,S)-LiPr]}n, 2c (up), and {Ag[(R,R)-LiPr]}n, 
2c’ (bottom), viewed along the c axis (three 1D coordination polymers). Hydrogen atoms 
omitted for clarity. Colour codes: C, dark grey; O, red; N, blue; Ag, light grey. 

coordination of both carboxylate groups with up to four silver 
cations. The coordination mode 4-2O1, 1O2,1O3,1O4 
(Scheme 3) is also new for chiral imidazolium-dicarboxylate 
ligands. The subtle difference in the torsion angle, probably due 
to the different steric pressure of the alkyl R group, produces a 
growing of the coordination polymer in two dimensions. Fig. 4 
shows the 2D coordination polymer viewed along c axis. 
Precisely, along this axis is encountered the nearly linear 
disposition of silver cations across the unit cell boundary with 
two distinct Ag…Ag separations of 3.956 and 4.047 Å and a 
Ag…Ag…Ag angle of 167.6°. For other structural parameters see 
Table S3. 

Solution behaviour of [Ag(LR)] compounds 

NMR spectra of 2 are similar to that reported for the parent 
compounds HLR, 1, with only small differences in chemical 
shifts, suggesting that the solid-state polymeric structure is not 
retained in solution. Additionally, 1H and 13C{1H} NMR spectra 
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of compounds 2c are almost identical to those of related M(LiPr) 
(M+ = Na+, Li+, NH4

+) compounds.14 This fact suggests a total 
dissociation of the M+ and [LR]- ions in solution and a relatively 
minor influence of the cation type in the spectral pattern. To 
have a more precise information of this dissociation process, 
several conductivity measurements were carried out (see ESI). 
Compounds {Ag[(S,S)-LiPr]}n, 2c, and {Na[(S,S)-LiPr]}n show similar 
conductivities (around 80 µS/cm), but they are considerably 
lower than that determined for AgNO3 or NaCl under the same 
experimental conditions (Table S1). Moreover, Diffusion 
Ordered NMR Spectroscopy (DOSY) experiments were done for 
precursor 1a, silver complex {Ag[LH]}n, 2a, and the sodium 
compound {Na[LH]}n (Fig. S17). From these experiments, the 
diffusion coefficient of 2a was calculated as D = 5.5 × 10-10 m2/s, 
which was exactly the same than that observer for both 
precursor 1a and compound {Na[LH]}n, respectively. These data 
agree with the rupture in solution of the polymeric nature of 2 
and total dissociation of silver(I) cations occurred.

A variance in the 1H NMR spectra of 2 with respect to 1, HLR, 
is the reduced intensity of the resonance corresponding to the 
C2-H group of imidazolium (at ca. 8.9 ppm). This suggests a fast 
H-D exchange with D2O at room temperature and was also 
reported by us in related M(LiPr) (M+ = Na+, Li+, NH4

+) 
compounds.14 This observation was similarly noted in related 
imidazolium-dicarboxylate compounds and was explained on 
the basis of the acidity of this C-H moiety between the two N 
atoms.42 However, when the 1H spectrum of HLiPr was recorded 
after one month in D2O solution at room temperature any 
indication of deuteration at this position was observed.14 
Therefore, the presence of the cation favours the H-D exchange, 
as similarly was evidenced for silver compounds 2. A mechanism 
of the whole H-D exchange process was investigated by DFT 
methods for Na(LiPr) compound.14 To compare the behaviour of 
the analogous silver(I) cation, DFT calculations were also carried 
out at the B3LYP/LANL2DZ/6-311++G** level for 2c. Essentially, 
the proposed mechanism was the formation of a transient 
carbene intermediate that then is deuterated and has been 
discussed in detail for sodium cation.14 For this reason, to avoid 
duplicity, most of the results are collected at ESI (profiles in Figs. 
S10-S12 and optimised structures) and here we highlight only 
major differences. Compounds (S,S)-HLiPr and 2c and their 
isomeric carbene structures were optimised. While carbene of 
(S,S)-HLiPr lies 26.5 kcal·mol-1 higher in energy than (S,S)-HLiPr, by 
contrast carbene 2c is stabilised by 3.0 kcal·mol-1 (Fig. 5). The 
stabilization of these carbene intermediates come from the 
interaction of the silver(I) with the Ccarbene atom. The computed 
distance Ag-C = 2.202 Å is consistent with the values found in 
structurally characterised silver carbene complexes (from CSD 
search:43 mean value for Ag-C of 2.12 Å). These results 
prompted us to study the possible isolation of this silver 
carbene species and these studies are now in progress.44 

Fig. 3 Asymmetric unit of compound {Ag[(S,S)-LsBu]}n (2e), hydrogen atoms were omitted 
for clarity.

O

O

N

sBu

N

sBu

O

O

Ag

Ag
Ag

Ag

Scheme 3 Coordination mode of [LsBu]- anion in compound 2e. 

Fig. 4 Crystal packing of three 2D coordination polymers of complex 2e, viewed along c 
axis. Hydrogen atoms omitted for clarity. 

 Erel = 26.5

 Erel = -3.0
Fig. 5 Optimised structure of carbene compounds, isomers of [(S,S)-HLiPr] and 2c, and 
their relative energies (kcal·mol-1) with respect these compounds. Colour codes: C, grey; 
H, white; O, red; N, blue; Ag, light blue. 
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Antimicrobial studies 

Determination of minimal inhibitory growth concentrations 
(MIC) and minimal bactericidal concentrations (MBC)

Antimicrobial activities of compounds 2 were evaluated by MIC 
and MBC measurements. They did not show significant activity 
against Gram-positive strains S. aureus and S. pseudintermedius 
(not shown) and the study was focused on Gram-negative E. coli 
and P. aeruginosa. Results are shown in Table 1, where the MIC 
and MBC values for AgNO3, a well-known antiseptic against 
Gram-negative bacteria,45–47 are also included for an 
appropriate comparison under the same experimental 
conditions. Several MIC and MBC values of complexes 2 are 
lower than that of silver cation from AgNO3 confirming that the 
activity is not only due to the dissociated Ag+ ion, but a 
synergetic effect between the ionic pairs formed by the Ag+ 
cation and the corresponding imidazolium-dicarboxilate anion, 
[LR]-. Interestingly, antimicrobial activities of ligand precursors 1 
were also evaluated and they did not show activity towards 
Gram-negative (E. coli and P. aeruginosa) or Gram-positive 
strains (S. pseudintermedius and S. aureus). 

Table 1 Antimicrobial activities of complexes 2 and AgNO3 evaluated by MIC and MBC 
(mg·L-1). 

E. coli P. aeruginosa
Complex MIC MBC MIC MBC

2a 16 64 8 32
2b 32 128 16 128
2b’ 32 64 4 32

2b-rac 32 64 4 32
2c 64 128 32 64
2c’ 32 128 16 32

2c-rac 32 128 16 32
2d 64 256 32 256
2e 32 256 64 128
2f 64 512 16 256

AgNO3 16 32 8 16

2a showed the best MIC and MBC values of all silver complexes. In 
particular, MIC concentrations are comparable in both E. coli and P. 
aeruginosa pathogens than those obtained for AgNO3, while a 
slightly higher MBC value was observed for E. coli. In P. aeruginosa 
assays. 2b’ has comparable antimicrobial activity as 2a. Therefore, 
for E. coli, complex 2a is the most effective antimicrobial agent, while 
for P. aeruginosa both 2a and 2b’ show the best antimicrobial 
properties. Interestingly, these results evidence slight differences in 

antimicrobial activity between enantiomeric pairs of complexes 2b 
and 2b’ and 2c and 2c’, which could be related to the mechanism of 
action of these compounds. The eutomers for both bacteria are 
complexes 2b’ and 2c’, which were prepared with the precursor 
ligands 1b’ and 1c’ from the non-proteinaceous amino acids D-
alanine and D-valine, respectively. Comparable results were 
obtained in the antimicrobial study of amino acid-based ionic liquids 
and poly(ionic liquid) membranes in which those based on 
D-enantiomeric amino acid showed higher antibacterial activities 
compared to those of the corresponding L-enantiomers.39 From all 2 
compounds, 2a demonstrates to be an effective antimicrobial agent 
for both bacteria and could be considered a possible alternative to 
classical drugs. 

Determination of antioxidant enzymes and thiobarbituric 
acid reactive substances (TBARs)

The determination of antioxidant enzymes and thiobarbituric 
acid reactive substances (TBARs) of complex 2c´ towards both 
E. coli and P. aeruginosa, as well as its stereoisomer 2c, was 
performed to elucidate the antimicrobial mechanism. Results 
are presented in Table 2 and they show that the detoxification 
mechanisms against oxidative stress (ROS) manifested in both 
E. coli and P. aeruginosa are different. While in E. coli this 
detoxification is mediated by catalase enzyme, in P. aeruginosa 
is mainly mediated by Superoxide dismutase, which evidences 
strong activity of 6 to 20-fold the control. The malondialdehyde 
(MDA) quantification, one of thiobarbituric acid reactive 
substances (TBARs), considered as an indication of membrane 
damage due to ROS,48 showed that for complex 2c, MDA levels 
both at MIC and MBC were lower than the control in both E. coli 
and P. aeruginosa assays (Fig. S13). By contrast, MDA levels for 
complex 2c´ were higher than control at MBC in both E. coli and 
at MIC in P. aeruginosa assays (Fig. S14). 

Effects on biofilm formation: evaluation by colorimetric 
technique and by Scanning Electron Microscopy (SEM)
Due to the different antimicrobial activity of complex 2c’, 
towards both E. coli and P. aeruginosa, with respect to its 
stereoisomer 2c, the determination of the effect of these 
complexes on biofilm formation, a very important virulence 
factor in bacteria, was evaluated by two different techniques: 
colorimetric method49 and SEM. Experiments showed that both 
complexes 2c and 2c’ were capable of inhibit biofilm formation 
at lower concentrations than MIC in E. coli assays. However, in 
P. aeruginosa biofilm formation was affected when MIC was 
reached (Table 3). 

Table 2 Antioxidant enzyme activity (mU·mg-1 protein) of complexes 2c and 2c´ in E. coli and P. aeruginosa assays.a

E. coli P. aeruginosa
Complex Enzyme Control MIC MBC Control MIC MBC

2c Catalase NDb 1.2 x 10-5± 0.1 x 10-5 5.7 x 10-5± 0.7 x 10-5 ND ND ND
2c´ Catalase ND ND 6.0 x 10-5± 0.9 x 10-5 ND ND ND
2c Peroxidases 0.49 ± 0.05 1.1 ± 0.2 0.88 ± 0.02 0.38 ± 0.03 0.9± 0.1 2.3 ± 0.3
2c´ Peroxidases 0.49 ± 0.05 1.0 ± 0.1 1.3 ± 0.2 0.38 ± 0.03 1.0 ± 0.1 0.66± 0.06
2c Superoxide dismutase 3.33 ± 0.01 2.60 ± 0.01 3.44 ± 0.01 3.40 ± 0.06 9. 6 ± 0.2 22.3 ± 0.3
2c´ Superoxide dismutase 3.33 ± 0.01 2.46 ± 0.01 3.06 ± 0.01 3.40 ± 0.06 2.98 ± 0.03 3.47± 0.05

a Data are means ± standard deviations of three independent determinations. b ND = not detected. 
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Table 3 Determination of the onset inhibitory concentration (mg·L-1) of biofilm formation 
for complexes 2c and 2c´ in comparison to MIC (mg·L-1). 

E. coli P. aeruginosa

Complex MIC
Onset inhibitory 
concentration of 

biofilm
MIC

Onset inhibitory 
concentration of 

biofilm
2c 64 32 64 64
2c´ 32 16 32 32

The formation of biofilms onto a glass surface was 
additionally evaluated by SEM. As can be observed in Fig. 6 for 
2c’ and Fig. S15 for 2c, both complexes were very effective in 
inhibiting bacterial growth and biofilm formation. Moreover, 
deformation and damage to the bacterial walls were clearly 
appreciated at MIC and MBC values.

Experimental
All synthetic preparations were carried out under nitrogen 
atmosphere, while other operations were carried out under 
aerobic conditions. Solvents were purified and dried 
appropriately prior to use, using standard procedures. 
Chemicals were obtained from commercial sources and used as 
supplied. Compounds HLR were prepared according to the 
literature procedures.1,13 Infrared spectra were recorded on 
Perkin-Elmer FT-IR Spectrum Two spectrophotometer, in 
pressed KBr pellets or using the ATR technique. NMR spectra 
were recorded on Bruker AMX-300 or Avance III spectrometers 
at the Centro de Investigaciones, Tecnología e Innovación 
(CITIUS) of the University of Sevilla by using Avance III 
spectrometers with 1H and 13C{1H} NMR shifts referenced to the 
residual signals of deuterated solvents. All data are reported in 
ppm downfield from Si(CH3)4. Polarimetry was carried out using 
a JASCO P-2000 Digital Polarimeter and the measurements 
were made at room temperature (concentration of ca. 1-3 
mg/mL). Conductivities of freshly prepared 1.0·10-3 M water 
solutions at ca. 25 °C were measured for the substrates using a 
Crison Basic 30 conductivity meter, calibrated with KCl Crison 
standard solutions of concentrations 147 μS/cm, 1413 μS/cm 
and 12.88 mS/cm, respectively. Elemental analyses (C, H, N) and 
high-resolution mass spectra were conducted by the CITIUS of 
the University of Sevilla on an Elemental LECO CHNS 93 analyser 
and on a QExactive Hybrid Quadrupole-Orbitrap Mass 
Spectrometer from Thermo Scientific, respectively. 

Syntheses of silver compounds. The following synthetic procedure is 
general and specific details appear for each complex. Over a solution 
of HLR (1.00 mmol) in dried MeOH (8-10 mL) Ag2O (0.116 g, 0.50 

mmol) was added. The mixture was stirred for 16h at room 
temperature in the dark. Then, the mixture was filtered and the 
resulting solid was dissolved in water. Slow evaporation of this 
solution at room temperature, in a dark box to avoid photolysis 
decomposition, resulted in the formation of colourless or pale-yellow 
crystals of the silver compound. 

Silver 2,2'-(imidazolium-1,3-diyl)diacetate, [Ag(LH)]n (2a). 
Colorless crystals of 2a. Yield: 0.220 g, 76 %. IR (cm-1): 3142 (w), 
3098 (m), 3056 (m), 2986 (w), 1603 (vs), 1586 (vs), 1562 (s), 
1427 (w), 1386 (vs), 1346 (s), 1307 (s), 1286 (s), 1214 (s), 1196 
(w), 1172 (s), 1107 (w), 1030 (w), 967 (w), 921 (m), 876 (m), 788 
(m), 768 (s), 701 (m), 684 (vs), 627 (s), 576 (s), 448 (m). 1H NMR 
(D2O, 300 Hz): δ 4.83 (s, 4H, CH2), 7.44 (s, 2H, CH, H4/H5), 8.74 
(s, 1H, CH, H2). 13C{1H} NMR (D2O, 75.47 Hz): δ 52.0 (s, CH2), 
123.2 (s, CH, C4/C5), 137.2 (s, CH, C2), 172.3 (s, COO). Elemental 
Anal. Calc. for C7H7N2O4Ag: C, 28.89; H, 2.42; N, 9.63. Found: C, 
29.34; H, 2.66; N, 9.73 %. 
Silver 2,2'-(imidazolium-1,3-diyl)dipropionate, [Ag(LMe)]n (2b 
and 2b’). Colourless crystals of {Ag[(S,S)-LMe]}n (2b). Yield: 0.160 
g, 47 %. IR (cm-1): 3089 (w), 3016 (w), 1642 (m), 1593 (vs), 1548 
(s), 1456 (m), 1413 (m), 1382 (s), 1358 (s), 1334 (s), 1259 (s), 
1166 (s), 1122 (w), 1085 (w), 1073 (w), 1036 (w), 972 (w), 909 
(w), 877 (m), 817 (w), 782 (m), 742 (w), 705 (w), 686 (s), 655 (m), 
579 (w), 526 (w), 481 (w), 443 (m). 1H NMR (D2O, 300 Hz): δ 1.76 
(d, 3JHH = 7.4 Hz, 6H, CHCH3), 4.99 (c, 3JHH = 7.4 Hz, 2H, CHCH3), 
7.51 (s, 2H, CH, H4/H5), 8.85 (s, 1H, CH, H2). The latter signal is 
partially deuterated. 13C{1H} NMR (D2O, 75.47 Hz): δ 17.6 (s, 
CHCH3), 60.3 (s, CHCH3), 121.5 (s, CH, C4/C5), 134.8 (s, CH, C2), 
175.5 (s, COO). [α]D

25 = +37.4° ± 1.3° (H2O). HR-MS (negative 
mode), found: m/z = 318.9850, calculated for C9H12N2O4Ag+, 
318.9843. Elemental Anal. Calc. for C9H13N2O5Ag (2b·H2O): C, 
32.07; H, 3.89; N, 8.31. Found: C, 32.14; H, 3.88; N, 8.29 %. 
Colourless crystals of {Ag[(R,R)-LMe]}n (2b’). Yield: 0.180 g, 48 %. 
IR and 1H and 13C{1H} NMR spectra were identical to those of its 
enantiomer 2b. [α]D

25 = -30.7° ± 0.6° (H2O). HR-MS (negative 
mode), found: m/z = 318.9850, calculated for C9H12N2O4Ag+, 
318.9843. Elemental Anal. Calc. for C9H13N2O5Ag (2b’·H2O): C, 
32.07; H, 3.89; N, 8.31. Found: C, 31.89; H, 3.61; N, 8.25 %. 
Silver 2,2'-(imidazolium-1,3-diyl)bis(3-methylbutanoate), 
[Ag(LiPr)]n (2c and 2c’). Colourless crystals of compound 
{Ag[(S,S)-LiPr]}n (2c). Yield: 0.160 g, 43 %. IR (cm-1): 3127 (m), 
3080 (m), 2964 (m), 1620 (vs), 1595 (vs), 1546 (s), 1471 (m), 
1462 (m), 1371 (vs), 1352 (s), 1260 (s), 1238 (s), 1159 (s), 1123 
(w), 1105 (w), 1028 (w), 959 (w), 933 (w), 919 (w), 844 (w), 813 
(m), 776 (s), 748 (s), 723 (s), 704(m), 636 (m), 475 (w), 449 (w). 
1H NMR (D2O, 300 Hz): δ 0.78 (d, 3JHH = 7 Hz, 6H, CHCH3), 0.89 
(d, 3JHH = 7 Hz, 6H, CHCH3), 2.39 (o, 3JHH = 7 Hz, 2H, CHCH3), 4.52
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Fig. 6 Evaluation of biofilm formation of E. coli (top) and P. aeruginosa (bottom) exposed to complex 2c’ (A: control, B: MIC, C: MBC).

 (d, 3JHH = 7.8 Hz, 2H, CHCH(CH3)2, 7.51 (s, 2H, CH, H4/H5), 8.89 
(s, 1H, CH, H2). The latter signal is partially deuterated. 13C{1H} 
NMR (D2O, 75.47 Hz): δ 17.5 (s, CHCH3), 18.6 (s, CHCH3), 31.1 (s, 
CHCH3), 71.5 (s, CHCH(CH3)2), 121.9 (s, CH, C4/C5), 135.7 (s, CH, 
C2), 173.8 (s, COO). [α]D

25 = +84.9° ± 0.7° (H2O). HR-MS (negative 
mode), found: m/z = 375,0474, calculated for C13H20N2O4Ag+, 
375.0469. Elemental Anal. Calc. for C13H19N2O4Ag: C, 41.62; H, 
5.10; N, 7.47. Found: C, 41.30; H, 5.02; N, 7.51 %. Colourless 
crystals of compound {Ag[(R,R)-LiPr]}n (2c’). Yield: 0.112 g, 30 %. 
IR and 1H and 13C{1H} NMR spectra were identical to its 
enantiomer 2c’. [α]D

25 = -87.0° ± 0.3° (H2O). HR-MS (negative 
mode), found: m/z = 375.0474, calculated for C13H20N2O4Ag+, 
375.0469. Elemental Anal. Calc. for C13H19N2O4Ag: C, 41.62; H, 
5.10; N, 7.47. Found: C, 41.14; H, 5.05; N, 7.46 %. 
Silver 2,2'-(imidazolium-1,3-diyl)bis(4-methylpentanoate), 
{Ag[(S,S)-LiBu]}n (2d). In this case, the reaction mixture was 
centrifugated under N2 atmosphere, filtered and the filtrate was 
concentrated to dryness obtaining a yellow-brownish 
microcrystalline solid of 2d. Yield: 0.246 g, 61 %. IR (cm-1): 3134 
(w), 3095 (w), 2966 (m), 2956 (m), 2870 (m), 1594 (vs), 1467 
(m), 1366 (vs), 1281 (m), 1238 (w), 1163 (s), 1123 (m), 1047 (w), 
1009 (w), 962 (w), 922 (w), 895 (w), 838 (w), 736 (s), 695 (s), 641 
(m), 537 (w), 498 (m), 442 (w), 427 (w), 419 (w). 1H NMR (D2O, 
500 Hz): δ 0.83 (t, 3JHH = 7.0 Hz, 12H, CH2CH(CH3)2), 1,26 (m, 3JHH 
= 7.0 Hz, 2H, CH2CH(CH3)2), 1.96 (m, 3JHH = 7.0 Hz, 4H, 

CH2CH(CH3)2), 4.86 (dd, 3JHH = 10.9 Hz, 2H, CHiBu), 7.50 (s, 2H, 
CH, H4/H5), 8.92 (s, 1H, CH, H2). 13C{1H} NMR (D2O, 125,78 Hz): δ 
20.2 (s, CH2CH(CH3)2), 22.0 (s, CH2CH(CH3)2), 24.5 (s, 
CH2CH(CH3)2), 40.6 (s, CH2CH(CH3)2), 63.6 (s, CHiBu), 121.7 (s, 
CH, C4/C5), 135.4 (s, CH, C2), 175.0 (s, COO). [α]D

25 = +39.2° ± 0.1° 
(H2O). HR-MS (negative mode), found: m/z = 403.0787, 
calculated for C15H24N2O4Ag, 403.0782. Elemental Anal. Calc. for 
C15H25N2O5Ag (2d·H2O): C, 42.77; H, 5.98; N, 6.65. Found: C, 
42.89; H, 5.73; N, 6.69 %. 
Silver 2,2'-(imidazolium-1,3-diyl)bis(3-methylpentanoate), 
{Ag[(S,S)-Lsec-Bu]}n (2e). Colourless crystals of 2e. Yield: 0.259 g, 
64 %. IR (cm-1): 3424 (w), 3130 (w), 2966 (m), 2928 (w), 2873 
(w), 1591 (vs), 1564 (m), 1544 (m), 1461 (w), 1454 (w), 1421 (w), 
1379 (vs), 1329 (w), 1306 (w), 1253 (w), 1221 (w), 1177 (w), 
1159 (m), 1125 (w), 1093 (w), 1033 (w), 1019 (w), 980 (w), 959 
(w), 926 (w), 908 (w), 844 (w), 813 (m), 776 (s), 742 (s), 653 (w), 
570 (w), 520 (w), 415 (w). 1H NMR (D2O, 500 Hz): δ 0.82 (t, 3JHH 
= 7.0 Hz, 6H, CH3CHCH2CH3), 0.92 (d, 3JHH = 7.0 Hz, 6H, 
CH3CHCH2CH3), 1,01 (m, 3JHH = 7.0 Hz, 2H, CH3CHCH2CH3), 1,27 
(m, 3JHH = 7.0 Hz, 2H, CH3CHCH2CH3), 2.19 (m, 3JHH = 7.0 Hz, 2H, 
CH3CHCH2CH3), 4.60 (d, 3JHH = 8,1 Hz, 2H, CHsec-Bu), 7.54 (s, 2H, 
CH, H4/H5), 8.91 (s, 1H, CH, H2). 13C{1H} NMR (D2O, 125,78 Hz): δ 
10.3 (s, CH3CHCH2CH3), 15.1 (s, CH3CHCH2CH3), 24.6 (s, 
CH3CHCH2CH3), 37.3 (s, CH3CHCH2CH3), 70.6 (s, CHsec-Bu), 122.0 
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(s, CH, C4/C5), 135.7 (s, CH, C2), 173.9 (s, COO). [α]D
25 = +30.4° ± 

0.2° (H2O). HR-MS (negative mode), found: m/z = 403.0787, 
calculated for C15H24N2O4Ag, 403.0782. Elemental Anal. Calc. for 
C15H27N2O6Ag (2e·2H2O): C, 41.02; H, 6.20; N, 6.38. Found: C, 
41.05; H, 5.96; N, 6.39 %. 
Silver 2,2'-(imidazolium-1,3-diyl)bis(3,3-dimethylbutanoate), 
{Ag[(S,S)-Lt-Bu]}n (2f). In this case, the reaction mixture was 
centrifuged under N2 atmosphere, filtered and the filtrate was 
concentrated to dryness obtaining a yellow microcrystalline 
solid of 2f. Yield: 0.236 g, 59 %. IR (cm-1): 3737 (w), 3134 (w), 
3082 (w), 2958 (w), 2912 (w), 2873 (w), 1604 (vs), 1579 (s), 1558 
(m), 1539 (m), 1479 (m), 1401 (w), 1367 (s), 1260 (m), 1229 (m), 
1211 (m), 1181 (m), 1147 (m), 1104 (m), 1034 (m), 961 (w), 934 
(w), 824 (w), 746 (s), 701 (w), 652 (m), 491 (w), 457 (w), 440 (w), 
432 (w), 414 (w). 1H NMR (D2O, 500 Hz): δ 0.74 (s, 18H, C(CH3)3), 
4.48 (s, 2H, CHtBu), 7.35 (s, 2H, CH, H4/H5), 8.94 (s, 1H, CH, H2). 
13C{1H} NMR (D2O, 125,78 Hz): δ 26.4 (s, C(CH3)3), 34.3 (s, 
C(CH3)3), 74.2 (s, CHtBu), 122.3 (s, CH, C4/C5), 136.4 (s, CH, C2), 
172.7 (s, COO). [α]D

25 = +109.1° ± 0.1° (H2O). HR-MS (negative 
mode), found: m/z = 403.0788, calculated for C15H24N2O4Ag, 
403.0782. Elemental Anal. Calc. for C15H25N2O5Ag (2f·H2O): C, 
42.77; H, 5.98; N, 6.65. Found: C, 43.03; H, 5.98; N, 6.70 %. 

Single-Crystal X-ray Crystallography. A summary of the 
crystallographic data and structure refinement results for 
compounds 2c, 2c’ and 2e is given in Table S2 (ESI). Crystals of 
suitable size for X-ray diffraction analysis were coated with dry 
perfluoropolyether and mounted on glass fibres and fixed in a 
cold nitrogen stream (T = 213 K) to the goniometer head. Data 
collection was performed on a Bruker-Nonius X8Apex-II CCD 
(2c) and on a Bruker-AXS, D8 QUEST ECO, PHOTON II area 
detector (2c’ and 2e) diffractometers, using monochromatic 
radiation λ(Mo Kα) = 0.71073 Å, by means of ω and φ scans with 
a width of 0.50 degree. The data were reduced (SAINT50) and 
corrected for absorption effects by the multi-scan method 
(SADABS).51 The structures were solved by direct methods (SIR-
200252) and refined against all F2 data by full-matrix least-
squares techniques (SHELXTL-2018/353) minimizing w[Fo

2-Fc
2]2. 

All non-hydrogen atoms were refined anisotropically. The 
hydrogen atoms were included from calculated positions and 
refined riding on their respective carbon atoms with isotropic 
displacement parameters. CCDC 1991478 (2c), 2114428 (2c’) 
and 2114429 (2e) contain the supplementary crystallographic 
data for this paper. The data can be obtained free of charge via: 
https://www.ccdc.cam.ac.uk/structures/. 

Computational details. The electronic structure and geometries of 
transition states and intermediates of the H-D exchange mechanism 
were investigated by using density functional theory at the B3LYP 
level54,55 with the 6-311++G** basis set. Frequency calculations were 
carried out at the same level of theory to identify all stationary points 
as transition states (one imaginary frequency) or as minima (zero 
imaginary frequencies) and to provide the thermal correction to free 
energies at 298.15 K and 1 atm. Molecular geometries were 

optimised without symmetry restrictions. Coordinates of optimised 
compounds are reported in Table S4. The DFT calculations were 
performed using the Gaussian 09 suite of programs.56 

Antimicrobial studies and microbiological assays

Bacterial strains and culture conditions. As Gram-positive 
bacteria two staphylococcal species were used: Staphylococcus 
pseudintermedius LMG 22219 was retrieved from the Belgium 
Coordinate Collection of Microorganisms, whereas 
Sthapylococcus aureus CECT 5190 was retrieved from the 
Spanish Culture Collection (University of Valencia). On the other 
hand, as Gram-negative species both Escherichia coli CECT 434 
and Pseudomonas aeruginosa CECT 110 were retrieved from 
the Spanish Culture Collection. All the strains were streaked out 
on plates of tryptone soy agar (TSA) to obtain individual 
colonies. For conservation, liquid cultures were prepared in 
tryptone soy broth (TSB). Glycerol was added to aliquots of the 
cultures up to 15% (v:v) and the cultures were stored frozen at 
-76 °C. All microbiological experiments were performed in 
aerobiosis and absence of light.
Determination of minimal inhibitory growth concentrations 
(MIC) and minimal bactericidal concentrations (MBC). For the 
realization of quantitative test to determine the MIC, stock 
solutions of complexes 2 were prepared at a concentration of 
10 mg·mL-1. The MIC was performed in 96-well microtiter 
plates. Serial dilutions (base two logarithmic dilutions from 
1024 to 1 mg·L-1) of 2 were prepared in Müeller-Hinton broth. 
Two hundred microliters of each solution were placed in the 
wells (in triplicate for each concentration) together with a 
control well with Müeller-Hinton broth as control of non-
inoculated wells. The previous day, cultures of S. 
pseudintermedius or S. aureus as well as E. coli and P. 
aeruginosa were grown overnight at 37°C and 200 rpm in 
tryptone soy broth (TSB). The initial optical density of the 
cultures at 600 nm was determined and adjusted to 1.0 with 
sterile TSB. The wells of the microtiter plates were inoculated 
with 5 μL of the cultures of each of the strains, keeping a control 
row without inoculation. The plates were sealed and incubated 
at 37°C for 24 h. The MIC for each bacterium towards both 
compounds was determined after visual observation of 
turbidity and also by measuring the optical density at 600 nm in 
a microtiter plate reader ASYS UVM340.57 

The MBC was determined after spreading 100 μL of the 
wells in the absence of turbidity on tryptone soy agar (TSA) 
plates. After that, they were incubated for 24 h at 37°C. The 
concentration of the wells whose corresponding plates did not 
show colonies growth was considered as the MBC.57 

A comparative study between bacterial sensitivity ranges 
towards AgNO3, considered as the compound of reference for 
its antimicrobial properties, and the dicarboxylate silver 
compounds was performed using the determination of MIC and 
MBC techniques described above for 2. 
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To determine whether the ligands 1, used in the synthesis of 
compounds 2, had antimicrobial activity per se, MIC assays were 
also performed. 
Determination of antioxidant enzymes and thiobarbituric acid 
reactive substances (TBARs). Bacterial strains were cultivated 
in 50 mL of TSB medium for 24 h at 37 °C and 200 rpm. The 
cultures were separated in five aliquots of 10 mL each, the first 
one was maintained in TSB and the other four were 
supplemented with silver 2 compounds at 1x MIC and 1x MBC 
for each strain respectively and were cultivated for additional 
24 h at 37°C and 200 rpm. After that, the cultures were 
centrifuged at 8000 rpm for 5 min., the supernatants were 
discarded and the bacterial pellets were resuspended in 2.5 mL 
of extraction buffer (50 mM potassium phosphate, pH 7.0 
containing 2 mM EDTA). The bacterial suspensions were 
sonicated for 3 periods of 30 s (separated by periods of 1 min 
between bursts to cold the crude extract) using a sonicator 
Ultrasonic Processor (Hielscher) with amplitude 100% and cycle 
0.8. All the procedure was performed in an ice bath. After that, 
the homogenates were centrifuged at 10,000 g for 10 min at 4°C 
and the supernatants were transferred to clean tubes to be 
used for enzyme determinations. All the enzymatic assays were 
performed at room temperature. Catalase (CAT) activity was 
measured by following the disappearance of H2O2 at 240 nm (ε 
= 39.4 mM-1·cm-1) using a Perkin Elmer Lambda 25 UV/Vis 
spectrophotometer (Shelton, Connecticut, USA).58 The reaction 
mixture was performed in a quartz cuvette containing 800 μL of 
50 mM sodium phosphate buffer (pH 7.6), 0.1 mM EDTA and 
100 μL of 3% H2O2. The reaction started with the addition of 100 
μL of crude extract and the decrease of the OD at 240 nm was 
registered for 2 min. 

The activity of total peroxidases was analysed by following 
the oxidation of pyrogallol to purpurogallin by H2O2 at 420 nm.59 
The reaction was performed in 3 mL spectrophotometer 
cuvettes and contained in a final volume of 2 ml: 1.5 mL of 10 
mM potassium phosphate buffer pH 6.0; 0.1 mL of freshly made 
0.4M pyrogallol and 0.1-0.2 mL enzyme extract. The reaction 
was started by addition of 0.15 mL of freshly made 0.3% (v/v) 
H2O2. The mix was incubated at room temperature for 5 min 
and the absorbance at 420 nm was measured. For the 
calculation of the activity, a control without enzyme extract was 
prepared and the basal oxidation of pyrogallol was followed by 
5 min. The increase of absorbance due to basal oxidation of 
pyrogallol was detracted from the increase of absorbance of the 
samples. The activity was calculated using a molar extinction 
coefficient of ε = 12 mM- 1 cm- 1. 

Additionally, superoxide dismutase (SOD) activity was 
evaluated spectrophotometrically at 560 nm using the assay 
based on the photoreduction of nitroblue tetrazolium (NBT) in 
the presence of riboflavine.60 A stock solution of 30 mL was 
prepared containing: 27.5 mL potassium phosphate buffer (pH 
7.6), 1 mL of 0.2 M EDTA, 1 mL of freshly prepared 1.5 mM NBT 
and 0.5 mL Triton X-100. The reaction cuvettes contained, in a 
total of 3 mL volume, 2.88 mL of stock solution and 20 μL of 

crude extract. The blank reaction was prepared without crude 
extract in order to follow the basal photoreduction of NBT. The 
reaction was started by addition of 0.1 mL of 0.12 mM 
riboflavin. The cuvettes were exposed to white light 
(commercial fluorescent lights) for 5 min. After this period, the 
absorbance at 560 nm was determined. One unit of SOD activity 
was considered as the amount of enzyme able to inhibit 50% of 
NBT photoreduction by riboflavin.60 

For the determination of thiobarbituric acid reactive 
substances (TBARS) such as malondialdehyde (MDA), bacterial 
strains were cultivated as described before in the presence of 1 
x MIC or 1 x MBC for each strain. Cultures were centrifuged at 
8000 rpm for 5 min and pellets were homogenized in 3 mL of 
20% trichloroacetic acid, containing 0.5% thiobarbituric acid.61 
The homogenate was extracted at 95°C for 30 min followed by 
rapid chilling on ice and centrifuged at 8000 g for 5 min. The 
concentration of TBARS was calculated from the value of the 
absorbance at 532 nm measured with a PerkinElmer Lambda 25 
UV/Vis spectrophotometer (Shelton, Connecticut, USA), using 
the molar extinction coefficient ε = 155 mM-1·cm-1. Moreover, 
protein content of crude extracts was determined using the 
method of Bradford,62 according to a calibration curve using 
bovine serum albumin (fraction V, Sigma) as standard. 
Effects on biofilm formation: evaluation by colorimetric 
technique and by Scanning Electron Microscopy (SEM). The 
effect on biofilm formation by the bacterial strains was 
evaluated using 96-well microtiter plates. Aliquots of 200 μL TSB 
medium (controls) or TSB medium supplemented with 
complexes 2 in a concentration range from 1024 to 1 mg·L-1 
were added in triplicate to the wells of the plate. After that, the 
wells were inoculated with 5 μL of overnight cultures of the 
bacterial cultures, whose optical density at 600 nm was 
previously determined and adjusted to 1.0 with sterile TSB. 
Control rows containing increasing concentration of either of 
the products were kept without inoculation. The microtiter 
plate was sealed and incubated at 28 °C for 24 h. For biofilm 
staining after incubation, the plate was emptied, and the wells 
were washed thrice with 200 μL of distilled water. Then, the 
plate was allowed to dry at room temperature and 200 μL of 
crystal violet (1% w:v) were added to each well and staining was 
performed for 15 min. After washing the plate three times with 
water, 200 μL of a solution of acetic acid:ethanol (33%:67% v:v) 
were added to each well and the plate was incubated at room 
temperature for 30 min. Finally, the absorbance at 570 nm was 
measured in comparison to those of wells containing the 
corresponding media without bacteria.49 

The formation of biofilms onto a glass surface was evaluated 
by SEM. Circular glass slides of 1 cm diameter were placed at 
the fund of the wells of 24-wells polystyrene plates. Aliquots of 
2 mL of TSB medium (controls) or TSB medium supplemented 
with silver 2 compounds at 1 x MIC and 1 x MBC for each 
bacterium were added to the bottom of the wells (sufficient 
volume to cover the glass slide). Then, the wells were inoculated 
with 100 μL of overnight grown cultures of each bacterial strain 
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(optical density adjusted to 1.0). The plates were sealed and 
incubated at 28 °C for 4 days to allow the biofilm formation. 
After this time, the glass slides were carefully replaced to a 
clean plate, washed three times with sterile distilled water and 
allowed to dry at room temperature. Bacteria on the slides were 
fixed with 5 mL 2.5 % glutaraldehyde prepared in 0.2 M 
cacodilate buffer pH 7.2 for 3 h at room temperature. After 
washing three times with 5 mL 0.2 M cacodilate buffer pH 7.2, 
samples were dehydrated in acetone series (50% to 100%) and 
dried using a critical point drier Leica EM CPD300 at 31°C and 
73.8 bar. Dried samples were sputtered with Au-Pd (10 nm) and 
observed with a scanning electron microscope Zeiss EVO LS15. 

Conclusions
Complexes [Ag(LR)], 2 (LR = 2,2'-(imidazolium-1,3-diyl)di(2-
alkylacetate)), were obtained by reaction between Ag2O and 
HLR, 1, compounds. They were structurally characterised as 
homochiral 1D ({Ag[(S,S)-LiPr]}n, 2c, and {Ag[(R,R)-LiPr]}n, 2c’) or 
2D ({Ag[(S,S)-LsBu]}n, 2e) coordination polymers, in which the 
silver cation acts as a bridging linker displaying novel 
coordination modes. The antimicrobial behaviour of these silver 
complexes was investigated versus Gram-negative bacteria E. 
coli and P. aeruginosa. In general, the antimicrobial activity of 
these compounds is similar to related silver carboxylate 
derivatives and, in some cases, greater than that of the well-
known anti-bactericidal AgNO3, suggesting the major 
contribution of the coordinated ligand to this effect. From the 
observed MIC and MBC values, complexes 2b’ and 2c’ showed 
slightly better antimicrobial properties than those of their 
enantiomeric derivatives 2b and 2c. This fact reveals a possible 
chirality-antimicrobial tendency. In particular, 2b’ had a wider 
applicability as an antimicrobial agent than 2c’ and the 
behaviour of the latter as a eutomer was confirmed by the 
effect on the biofilm formation, both by colorimetric method 
and by SEM. These results indicate that 2a and 2b’ had 
interesting properties to be considered as effective 
antimicrobial agents and alternative to classical drugs. Further 
studies are in progress in order to analyse the action mechanism 
of these complexes and to evaluate the activity of chemically 
related silver complexes.
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