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The reaction in alkaline aqueous solution between sulfamethoxazole (SMX) and manganese (II) chloride
produces colorless crystals with formula [Mn(H2O)6]0.5[Mn(SMX)3], which was characterized by UV–Vis,
IR and Raman spectroscopy and thermal analysis. The crystal structure of [Mn(H2O)6]0.5[Mn(SMX)3] com-
plex has been solved by X-ray diffraction methods. It crystallizes in the cubic Pa-3 space group with
a = 19.5476(1) Å, and Z = 8 molecules per unit cell. [Mn(SMX)3]� complex is at a crystallographic special
position of C3 symmetry with the Mn(II) ion cis-coordinated to three equivalent sulfamethoxazole mole-
cules acting as bidentate ligands in a propeller-like conformation. [Mn(H2O)6]2+ hydrate ion is at crystal
special position of S6 symmetry with the metal in an almost perfect octahedral coordination with six
water molecules. At 100 lg/mL Mn(H2O)6]0.5[Mn(SMX)3] and SMX, inhibited the Staphylococcus aureus
biofilm formation by 92% and 54%, respectively. However, at the same concentration
Mn(H2O)6]0.5[Mn(SMX)3] and SMX inhibited the planktonic bacterial growth by 52% and 81%, respec-
tively. The Mn(II) complex inhibited the biofilm formation in values higher than 35% at the concentration
0.5 lg/mL. These results suggest that the metal complex [Mn(H2O)6]0.5[Mn(SMX)3] is a good candidate
for the development of new antimicrobial agent acting in part as bactericidal but mainly as antipatho-
genic agent.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Sulfonamides were the first effective chemoterapeutic agents
employed systematically for the prevention and cure of bacterial
infections in humans. They are the drugs of choice for the treat-
ment of chancroid, nocardiosis and acute urinary tract infections
caused by several microorganisms including Escherichia coli and
Proteus mirabilis. These substances can be used combined with
other drugs in the treatment of otitis, meningitis, toxoplasmosis,
recurrent and chronic urinary tract infections and in diarrhea,
among other diseases [1–3]. Sulfonamides were also used in a vari-
ety of applications including antitumor agents [4], diuretics [5],
carbonic anhydrase inhibitors [6], hypoglycaemic agents [7], and
thyroid and protease inhibitors [8,9]. Recently, it was reported
the presence of pathogens with sulfonamide-resistance genes in
drinking water [10].

However, all the above-mentioned studies were carried out
considering the bacteria as unicellular life forms. Direct observa-
tion of a wide variety of natural habitats has established that the
99% of microbes persist attached to surfaces within a structured
biofilm ecosystem and not as free-floating organisms [11]. Today
it is well-known the prevalence of biofilms in chronic infections
and on medical implants. Bacteria that form biofilms can with-
stand host immune responses and are much more resistant to
antibiotics than their counterpart planktonic bacteria. This effect
is due to protective features of the film such as impedance against
diffusion and favorable environment within the film [12].
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Therefore, infections with biofilm forming bacteria are persistent
and difficult to treat with antibiotics. Bacteria in biofilms survive
exposure to concentrations of antibiotics 1000-fold greater than
the one that are lethal when the free cells are in suspension [12].
For this reason, the development of anti-infective compounds,
which are active not only against planktonic microorganisms but
mainly also against biofilms represents an imperative goal [13].

The chemistry of metal complexes with heterocyclic com-
pounds containing nitrogen, sulfur, and/or oxygen as ligand atoms
has attracted increasing attention. It is well-known that metal-
based therapeutics for treatment of many ailments have gained
much attention during the past decade. The ability of metal ions
to bind in vivo with proteins and peptides is an important feature
of metal-based drugs. Simple and N-substituted sulfonamides have
attracted much attention in this context. The development of new
metal complexes with sulfonamides is an important field of
research, considering that one can combine the specific antibacte-
rial activities of the sulfonamides and the multi-targeting antimi-
crobial activities of the metal ions. In many cases, the metal
complex exhibits a better activity than the free ligand at the same
experimental conditions [14]. In particular, silver sulfonamides
compounds have proved to be effective topical antimicrobial
agents, especially Ag-Sulfadiazine (Ag-SDZ) used in burn therapy
[15]. Ag-SDZ has shown to be insoluble in water and in other com-
mon organic solvents, which limits its application in medicine.

Sulfamethoxazole (SMX) was part of the second generation of
sulfonamides (see Scheme 1) and it is used in a synergistic combi-
nation with trimethropim. SMX is the drug most used to treat
infections produced by Pneumocystis pneumonia, which is a form
of pneumonia caused by a yeast-like fungus that affects patients
with HIV [16]. There are also some metal complexes of sul-
famethoxazole reported in the literature [17–26]. Two Cd(II) com-
plexes of sulfamethoxazole were obtained and their crystal
structures were reported [19,20]. In [Cd(SMX)2(CH3OH)2], the
Cd(II) centers are linked through sulfamethoxazolate anions which
alternate in their coordination with the isoxazolic N-atoms and the
aromatic amino groups [19]. A similar structure was obtained for
[Cd(SMX)2(L)2] complexes (L = Dimethylformamide, dimethyl sul-
foxide and pyridine) [20]. Mondelli et al. have reported the synthe-
sis and structural characterization of [Co(SMX)2(H2O)2]�H2O
complex, where Co(II) is in a slightly tetragonally distorted octahe-
dron where the SMX molecules act as a head-to-tail bridges
between two Co atoms forming polymeric chains [23]. Marques
et al. have synthesized Au(I) and Ag(I) complexes with SMX as
ligand. Both complexes present a linear geometry and the SMX
bind to Au and Ag through the N of the sulfonamide group [22].
The antibacterial activities of both complexes were determined
and the gold complex showed greater activity against E. coli and
Staphylococcus aureus than the silver one [22]. However, there
are not information about the effect of sulfamethoxazole complex
against bacterial biofilm.

In the present contribution we report the synthesis and spectro-
scopic characterization of a new Mn(II) complex with sulfamethox-
azole as ligand with formula [Mn(H2O)6]0.5[Mn(SMX)3]. The crystal
structure was determined by single-crystal X-ray diffraction meth-
ods. To the best of our knowledge, no previous study on the anti-
biofilm activity of sulfamethoxazole complex against S. aureus.
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Scheme 1. Structure of sulfamethoxazole.
2. Experimental

2.1. Synthesis of [Mn(H2O)6]0.5[Mn(SMX)3] complex

The Mn(II) complex with sulfamethoxazole was synthesized by
mixing together aqueous solutions of the appropriate MnCl2�4H2O
(1 mmol) and sodium sulfamethoxazole (2 mmol) under continu-
ous stirring at room temperature (RT). The precipitate formed
was separated by filtration and the slow evaporation of the
remaining solution gave suitable crystals for structural X-ray
diffraction. The complex was soluble and stable in water, dimethyl-
sulfoxide (DMSO) and dimethylformamide (DMF).

2.2. Crystallographic data and structure determination

The X-ray measurements were performed on an Oxford
Xcalibur, Eos, Gemini CCD diffractometer with graphite-monochro-
mated CuKa (k = 1.54184 Å) radiation. X-ray diffraction intensities
were collected (x scans with h and j-offsets), integrated and
scaled with CrysAlisPro [27] suite of programs. The unit cell
parameters were obtained by least-squares refinement (based on
the angular settings for all collected reflections with intensities lar-
ger than seven times the standard deviation of measurement
errors) using CrysAlisPro. Data were corrected empirically for
absorption employing the multi-scan method implemented in
CrysAlisPro. The structure was solved by direct methods with

SHELXS-97 program of the SHELX package [28] and the corresponding
molecular model developed by alternated cycles of Fourier meth-
ods and full-matrix least-squares refinement with the program

SHELXL-97 of the same package. All H-atoms were located in a
Fourier difference map phased on the heavier atoms and refined
at their found positions with isotropic displacement parameters.
The methyl group converged to a staggered conformation. Crystal
data, data collection procedure, structure determination methods
and refinement results are summarized in Table 1.
Crystallographic structural data have been deposited at the
Cambridge Crystallographic Data Centre (CCDC). Any request to
the CCDC for this material should quote the full literature citation
and the reference number CCDC 1057060.

2.3. Physical measurements

The FTIR absorption spectrum of the solid state compound was
recorded from KBr pellets in the 4000–400 cm�1 frequency range
with a Perkin–Elmer GX1 Fourier Transform infrared instrument.
The corresponding Raman dispersive spectrum was measured in
the 3500–50 cm�1 interval with a Thermoscientific DXR Raman
microscope. The Raman data were collected (at 5 cm�1 spectral
resolution) using a diode-pump solid state laser of 532 nm wave-
length, a con-focal aperture of 25 lm pinhole and 10x objective.
The sample was placed on gold-coated sample slides. To achieve
a sufficient signal to noise ratio, 30 spectral scans of 2 s each were
accumulated during the measurements with the laser power main-
tained at 10 mW. UV–Vis measurements were recorded using
quartz cells (10 mm optical path length) on a Beckman/DU 7500
spectrophotometer. For this purpose, a solution of 10�4 mol/L of
the complex in DMSO was prepared. The spectrum was recorded
between 800 and 200 nm. Calorimetric measurements were per-
formed using a differential scanning calorimeter Perkin Elmer
Pyris DSC 6. The experiments were carried out using 3.980 mg of
powdered sample sealed in aluminum pans with a mechanical
crimp. Temperature and heat flow calibrations were made with
standard samples of indium by using its melting transition.
Enthalpy changes associated with the dehydration of the sample
in study (DH) was directly obtained from the DSC data by



Table 1
Crystal data and structure refinement results for [Mn(H2O)6]0.5 [Mn(SMX)3].

Empirical formula C30 H36 Mn1.50 N9 O12 S3

Formula weight 893.27
T (K) 293(2)
k (Å) 1.54184
Crystal system cubic
Space group Pa-3
Unit cell dimensions
a (Å) 19.5476(1)
V (Å3) 7469.31(7)
Z 8
Dcalc (Mg/m3) 1.589
Absorption coefficient (mm�1) 6.398
F(000) 3684
Crystal shape/color Fragment/colorless
Crystal size (mm) 0.135 � 0.152 � 0.182
h-range for data collection (�) 3.92–72.38
Index ranges �8 6 h 6 21, �11 6 k 6 21,

�21 6 l 6 24
Reflections collected 7074
Independent reflections (Rint) 2441 (0.026)
Observed reflections [I > 2r(I)] 2185
Completeness to h = 72.38� 98.8%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 2441/0/216
Goodness-of-fit (GOF) on F2 1.070
Final R indicesa [I > 2r(I)] R1 = 0.0297, wR2 = 0.0757
R indices (all data) R1 = 0.0346, wR2 = 0.0791
Largest difference peak and hole (e Å�3) 0.306 and �0.332

a R1 = R||Fo| � |Fc||/R|Fo|, wR2 = [Rw(|Fo|2 � |Fc|2)2/Rw(|Fo|2)2]1/2.
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integrating the anomalous peak in the baseline-subtracted curve.
Thermo-gravimetric (TGA) and differential thermal analysis
(DTA) measurements were performed with a Shimadzu DTG-60
thermo-balance in the temperature range from 25 to 800 �C at a
heating rate of 5 �C/min under air flow (90 mL/min). Powder X-
ray Diffraction (PXRD) pattern for the residue obtained by thermal
decomposition of [Mn(H2O)6]0.5[Mn(SMX)3] was recorded at RT on
a PANanalitycal X’Pert PRO diffractometer in Bragg–Brentano
geometry with Cu Ka radiation.

2.4. Bacterial growth

Overnight cultures of S. aureus ATCC 6538 were diluted to reach
an OD (0.125 ± 0.02) at 560 nm in Müeller Hilton (MH) medium.
The diluted culture (190 lL) was then placed in each of the 96
wells of a microtitre polystyrene plate. Solutions containing 2, 1,
0.5, 0.2, 0.1, 0.02 and 0.01 mg/mL of SMX and Mn(II)-SMX
DMSO/distilled water (1:1) were prepared separately and 10 lL
of each was pipetted into the plastic microtitre plate wells individ-
ually (8 replicates). Control wells (8 replicates) contained the
diluted culture (190 lL) and 10 lL of a solution of DMSO/water
(1:1) in which the final concentration of DMSO is 2.5%. Medium
control was prepared using sterile LB. Bacteria grew in LB medium
at 37 �C and growth was detected as turbidity (560 nm) using a
microtitre plate reader (Power Wave XS2, Biotek, VT, USA). The
maximum level of DMSO to which the cells were exposed was
2.5%.

2.5. Biofilm formation assay

For biofilm quantification, a micro method based on a protocol
previously reported was employed [29]. Biofilms formed after 24 h
incubation of bacterial cultures prepared as described in the previ-
ous paragraph, were stained with 20 lL of an aqueous solution of
crystal violet (0.1%, w/v) for 20 min. After washing with water,
the liquid was discarded from the wells and the material that
remained fixed to the polystyrene (containing bio-film) was
washed with PBS (thrice). Crystal violet bound to biofilm was
removed from each well employing 200 lL absolute ethanol during
30 min at 37 �C with shaking. Absorbance (560 nm) of ethanol
solutions of crystal violet was determined using a microtitre plate
reader (Power Wave XS2, Biotek, VT, USA).
3. Results and discussion

3.1. Crystal structure

The complex [Mn(H2O)6]0.5[Mn(SMX)3] crystallizes in the cubic
crystal system, space group Pa-3 (#205) with cell parameters
a = b = c = 19.5476(1) Å and V = 7469.31(7) Å3. The unit cell accom-
modates eight formula units (Z = 8). Table 1 summarizes details for
the crystal structure determination and refinement results. An
ORTEP [30] plot of the title complex is shown in Fig. 1 and bond
distances and angles around the Mn(II) ions are listed in Table 2.
The [Mn(SMX)3]� complex and the [Mn(H2O)6]2+ hydrate ion are
at crystal special positions of C3 (3) and S6 ð�3Þ site symmetries,
respectively. In the complex [Mn(SMX)3]� the manganese ion is
in a distorted octahedral environment, cis-coordinated to a sul-
famethoxazolate molecule acting as bidentate ligand through its
oxazolyl ring N-atom [d(Mn–N) = 2.225(2) Å] and one sulfoxide
oxygen atom [d(Mn–O) = 2.244(1) Å] in a three blades propeller-
like conformation. The ligand is folded such as to optimize the
p–p interaction between the 4-amino benzene ring and the oxa-
zolyl ring of a neighbor, symmetry related, ligand [ring planes sep-
aration of about 3.5 Å]. The metal in [Mn(H2O)6]2+ is in an almost
perfect octahedral coordination with water molecules nearly along
the oxygen lone pair [d(Mn–Ow) = 2.171(2) Å].

Bond distances within the benzene ring of [Mn(SMX)3]� com-
plex are in the range 1.376(3)–1.395(3) Å, as expected for a reso-
nant-bond structure. In the oxazolyl ring (see Fig. 1), C7–C8
distances [1.337(3) Å] is considerable shorter [in 0.077(3) Å] than
C8–C9 length hence indicating formally double and single bonds
for these links. The C(9)–N(2)–S(1) angle is 119.64� hence suggest-
ing a sp2 hybridization in accordance with the deprotonation of the
sulfonamidic N atom. S1–N2, N2–C9, and C9–N3 bond lengths
[1.568(2), 1.373(2), and 1.327(2)–Å] suggest p-delocalization along
these bonds that promotes the near co-planarity observed for these
links [S1–N2–C9–N3 torsion angle of 12.7(3)�]. As expected due to
Mn–O1 ligand interaction, the sulfoxide S1@O1 bond distance
[1.474(1) Å] is significant longer [in 0.027(1) Å] than S1@O2 length
of the unbounded-to-metal group.

Neighboring complexes in the lattice are bridged by the
water molecule through relatively strong and linear O1w–
H1� � �N20 and O1w–H2w� � �O200 bonds [d(H1w� � �N20) = 1.976 Å,
\(O1w-H1w� � �N20) = 174.3�; d(H2w� � �O2000) = 2.120 Å, \(O1w–
H2w� � �O200) = 171.3�]. The complexes are also directly linked to
each other through a weak and bent N1–H. . .O1 bonds
[d(H1A� � �O10) = 2.330 Å, \(N1–H1A\O10) = 138.6�; d(H1B� � �O100) =
2.604 Å, \(N1–H1B� � �O100) = 126.3�]. Further details of the H-bond-
ing structure is provides as a Supplementary material (Table S5).

The coordination behavior of the sulfamethoxazolate anion in
the complex differs from that exhibited in [Zn(SMX)2(py)2(H2O)2]
where the sulfamethoxazolate anion only acts as monodentate
ligand through the isoxazole N-atom [24]. The sulfamethoxazolate
complexes with general formula [M(SMX)2(H2O)2]�H2O (M = Co,
Ni) are isostructural and they crystallize in the monoclinic system.
In their crystal structure, the M(II) ions are six coordinated by two
oxygen atoms from two coordinated water molecules, two N atoms
from N-arylamine and two N atoms from N-sulfonamide [23,31]. A
similar mode of coordination was found for [Cd(SMX)2(CH3OH)2]n

where the Cd atoms are coordinated by two isoxazole and two ani-
line N atoms (of four sulfamethoxazolate anions) besides two
methanol molecules [19]. In the structure, the metal centers are



Fig. 1. Drawing of [Mn(H2O)6]½[Mn(SMX)3] complex showing the labeling of the non-H atoms and their displacement ellipsoids at the 30% probability level. Metal–ligand
interactions are indicated by open bonds.

Table 2
Bond lengths [Å] and angles [�] around the metals in [Mn(H2O)6]0.5 [Mn(SMX)3].

Mn(1)–N(3) 2.225(2)
Mn(1)–O(1) 2.244(1)
Mn(2)–O(1W) 2.171(2)

N(3)–Mn(1)–N(3)#1 96.13(5)
N(3)–Mn(1)–O(1)#2 157.60(5)
N(3)–Mn(1)–O(1) 77.24(5)
O(1)#2–Mn(1)–O(1) 83.96(5)
N(3)–Mn(1)–O(1)#1 105.78(5)
O(1W)–Mn(2)–O(1W)#3 88.21(7)
O(1W)–Mn(2)–O(1W)#4 91.79(7)

Symmetry transformations used to generate equivalent atoms: (#1) y, z, x; (#2) z, x,
y; (#3) y + 1/2, z, �x + 1/2; (#4) �y + 1/2, �z, x � 1/2.

Fig. 2. IR spectra of: (a) Sulfamethoxazole ligand; (b) [Mn(H2O)6]0.5[Mn(SMX)3].
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linked to each other through sulfamethozaxolate bridges forming a
polymeric array. The polymeric structure observed for
[Cd(SMX)2(CH3OH)2]n is not usual in sulfonamides complexes.

3.2. Characterization of [Mn(H2O)6]0.5[Mn(SMX)3]

A comparative study of the IR and Raman spectra of the com-
plex with that of the free ligand and those of the complexes of
related ligands gives some positive information regarding the
binding sites of sulfamethoxazole [25]. The IR spectrum of the
metal complex [Mn(H2O)6]0.5[Mn(SMX)3] taken in the 4000–
400 cm�1 region are compared with those of the free ligand in
Fig. 2. Fig. 3 shows the Raman spectra of Sulfamethoxazole and
[Mn(H2O)6]0.5[Mn(SMX)3] complex. The characteristic IR and
Raman bands of the spectra and their corresponding assignment
are shown in Table 3. The bands that appear between 3500 and
3400 cm�1 due to the NH2 antisymmetric and symmetric vibra-
tions are modified with respect to those of the free ligand. These
modifications are most probably due to the hydrogen bonding
between complexes involving the NH2 and SO2 groups (see
Section 3.1). The weak band located at 3473 cm�1 and the med-
ium-intensity band located at 3451 cm�1 in the IR spectrum of
the complex are assigned to the NH2 antisymmetric stretching
vibration. This band appears at 3068 cm�1 in the IR spectrum of
the free ligand. The band located at 3381 cm�1 in the IR spectrum
(3365 cm�1 in Raman) is assigned to the symmetric stretching
mode of the NH2 group. The IR band for the sulfonamidic N–H
group in the free ligand is located at 3299 cm�1 and is absent in
the spectrum of the complexes, a fact that confirms the deprotona-
tion of the –SO2NH– moiety. The very strong band located at
1623 cm�1 in the IR spectrum of the complex (1624 cm�1 in
Raman) is assigned to the NH2 bending mode. The four typical
vibrational modes of the sulfonyl group are detected in the free
SMX and also in the complex. For SMX, the strong IR bands located
at 1314 and 1305 cm�1 (1313 and 1304 cm�1 in Raman) are
assigned to the SO2 antisymmetric stretching mode. The IR bands
at 1157 and 1145 cm�1 are assigned to the SO2 symmetric stretch-
ing mode. Both bands show significant changes upon complexation
as a consequence of coordination to the metal (see Fig. 1 and



Fig. 3. Raman spectra of: (a) Sulfamethoxazole ligand; (b) [Mn(H2O)6]0.5-
[Mn(SMX)3].
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discussion in Section 3). In the complex, the IR bands associated to
the ma (SO2) appear at 1222 and 1214 cm�1 and the bands corre-
sponding to the ms (SO2) are located at 1117 and 1109 cm�1. The
IR band corresponding to the SO2 bending mode in the complex
appears as a medium-intensity band at 550 cm�1. The S-N stretch-
ing vibration of the complex is observed as a medium-intensity
band in the IR spectrum at 940 cm�1 (938 cm�1 in Raman), while
in the ligand this IR band appears at 928 cm�1 (926 cm�1 in
Raman). The observed blue shift is in accordance with the shorten-
ing of the S–N bond length as observed in the solid state structure
of the complex (see Table S1). The vibrational spectrum of isoxa-
zole ring has been described by several authors [32,33]. Because
of the rigidity of the five-membered ring, the spectrum cannot be
interpreted in terms of localized vibrations. Similar to other
Table 3
Characteristic IR and Raman bands (cm�1) in the spectra of sulfamethozaxole and [Mn(H2

Sulfamethoxazole [Mn(H2O)6]0.5[Mn

IR (solid)a Raman (solid) IR (solid)

3068 m – 3473 w
– – 3451 m
3378 s 3380 3381 m
3299 s 3300 –
– – 3156 w
3144 m 3146 –
1622 vs 1620 1623 vs
1597 vs 1592 1597 m
1502 s 1507 1503 s
1471 m 1469 1479 sh
– – 1475 m
1314 s 1313 1222 m
1305 s 1304 1214 m
1267 m 1267 1262 m
1157 vs 1156 1117 sh
1145 vs 1143 1111 m
1093 s 1093 1089
928 m 926 940 m
885 m 886 881 m
829 m 830 833 m
686 s 688 686 m
570 m – 568 s
548 s 545 550 m
509 w 501 –
– – 445 vw
– – 413 w
– – –

a sh, shoulder; s, strong; w, weak; m, medium; v, very.
b m: stretching, d: in-plane deformation, c: out-of-plane deformation, q: rocking, x: w
complexes with isoxazole, in [Mn(H2O)6]0.5[Mn(SMX)3] only three
isoxazole bands showed significant shifts. The bands of unbonded
SMX ligand at 3144, 1502 and 885 cm�1 shift to 3156, 1514 and
881 cm�1, respectively, upon coordination. Most of the other shifts
were small. The very weak band located at 445 cm�1 in the IR and
Raman spectra and the weak IR band at 413 cm�1 are assigned to
the Mn–O stretching mode. The band located at 398 cm�1 in the
Raman spectrum is assigned to the Mn–Nisozaxole stretching mode.

The UV–Vis spectrum of the complex in DMSO solution presents
a maximum absorption attributable to the SMX ligand. The band
located at around 250–260 nm is assigned to p ? p⁄ transitions
within the organic molecule while an intraligand band at 280–
290 nm is related to the p ? p⁄ transitions within the heterocyclic
moieties. The band located at 410 nm is assigned to metal–ligand
charge transfer. No d–d transition is expected for Mn(II)
complexes.

The thermal behavior of [Mn(H2O)6]0.5[Mn(SMX)3] has been
studied using thermogravimetric (TG) and differential thermal
(DTA) analysis from RT to 800 �C in air. TG and DTA curves for
the thermal decomposition of the complex are shown in Fig. 4.
The thermal decomposition of the complex takes place in three
steps. The first one finishes at 216 �C and corresponds to the loss
of the water molecules coordinated to the Mn(II) atom with a mass
loss of 5.78% (theoretical value 6.05%). The DTA curve shows two
endothermic peaks located at 170 and 202 �C assigned to the dehy-
dration process. After the release of water, a complex degradation
process of the remaining material is observed. As shown in Fig. 5,
two consecutive TG steps are observed: the first one between
216 and 473 �C (with two weak exothermic peaks located at 270
and 458 �C in DTA) and the second one between 473 and 565 �C.
For the last step, a very strong exothermic peak located at 528 �C
is observed in the DTA curve. These peaks are attributed to the
combustion of the organic ligand to produce Mn3O4 as final prod-
uct. This substance was identified by PXRD measurements (See
Fig. S1). The mass loss observed at 565 �C was 84.75% and it was
O)6]0.5[Mn(SMX)3] complex.

(SMX)3] Assignmentb

Raman (solid)

– ma NH2

–
3365 ms NH2

– m N–H (isoxazole ring)
3157 m C–H (isoxazole ring)
3143
1624 d NH2 + m C–C (isoxazole ring)
1595 m C@C (aromatic)
1514 m C–C (isoxazole ring)
– m C–C (isoxazole ring)
1470
– ma SO2

–
1263 m C–N
1116 ms SO2

1109
1095 d C–H (aromatic)
938 m S–N
881 c C–H (isoxazole ring)
837 d C–H
– m C–S
– x SO2

551 d SO2

480 q SO2

445 m Mn–O
– m Mn–O
398 m Mn–N (isoxazole ring)

agging, sx: twisting modes.



Fig. 4. TGA and DTA curves for the thermal decomposition of
[Mn(H2O)6]0.5[Mn(SMX)3] in air.

Fig. 5. Effect of different concentrations of SMX and [Mn(H2O)6]0.5[Mn(SMX)3] on S.
aureus ATCC 6738 growth. The error bars indicate standard deviation (SD).
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in agreement with the theoretical value (81.14%) calculated for the
formation of Mn3O4 from the complex. Fig. S2 shows the DSC curve
for [Mn(H2O)6]0.5[Mn(SMX)3]. This study was performed to look for
possible structural transitions and to evaluate the thermodynamic
parameters associated to the dehydration process of the com-
pound. The DSC scan clearly shows an endothermic peak located
at 174 �C. This transition is attributed to the loss of water mole-
cules coordinated to Mn(II). It is in agreement with the results
observed by TG and DT analyses. The estimated enthalpy variation
(DH) for the dehydration process is 39.97 kJ mol�1. As shown in
Fig. S2, the decomposition of the sample takes place at around
250 �C, in accord with the thermogravimetric analysis.
Fig. 6. Effect of different concentrations of SMX and [Mn(H2O)6]0.5[Mn(SMX)3] on S.
aureus ATCC 6738 biofilm formation. The error bars indicate standard deviation
(SD).
3.3. Antibacterial effect

The results of antibacterial activities of the ligand and metal
complex are shown in Fig. 5. SMX and Mn(II)-SMX complexes
caused considerable bacterial growth inhibition compared to the
control. At 100 lg/mL the inhibition was 81 and 52%, respectively.
The decreased on the bacterial growth was directly proportional to
complex concentration. At 1 lg/mL the bacterial growth inhibition
was 7% and 5% by SMX and Mn(II)-SMX, respectively.
Manganese (II) is a required cofactor for metabolic processes
that facilitate staphylococcal growth [34]. On the other hand, the
use of Mn(II) complexes by bacteria, to provide a basal level of pro-
tection against reactive oxygen species, as well as the existence of
Mn(II) permeases, has been confirmed in S. aureus [35]. The pres-
ence of Mn appears to diminish the growth inhibitory power of
SMX against free-living cells. Our results are in agreement with
previous studies that found a higher S. aureus bacterial growth
inhibition with complexes of coumarin without Mn as compared
with the same complexes with Mn [36]. In contrast, the antibacte-
rial effect of Mn(II)-Tetraphenyl porphyrin (TPP), ebselen–por-
phyrin conjugate, and its Mn(II) complex towards S. aureus
growth indicates a higher inhibition in presence of Mn. However,
the concentration that inhibited 50% the bacterial growth was
100 lg/mL [37]. This values were similar to those obtained at the
same concentration in presence of Mn(II), but lower than the
obtained with the complex without Mn(II). The enhancement in
antibacterial activity of the metal complexes can be explained
based on the chelation theory [38]. Upon chelation to a metal
ion, the ligand polarity will be reduced largely due to the overlap
of ligand orbital and the partial sharing of positive charge of the
metal ion with donor groups. Futhermore, the chelation process
increases the delocalization of the p electrons over the whole che-
late ring, which results in an increase in the lipophilicity of the
metal complexes. Consequently, these complexes can easily pene-
trate into the lipid membranes and block the metal binding sites of
microorganism enzymes [39]. These metal complexes also affect
the cell respiration process hence blocking the synthesis of pro-
teins, which in turn further restrict the growth of the organism
[39]. Apart from this, other factors such as solubility, conductivity
and dipole moment, as influenced by the presence of metal ions,
may also be among the possible reasons causing enhancement of
the antibacterial activity of the metal complexes as compared to
the un-complexed compounds [40].
3.4. Biofilm formation

The experimental results for the biofilm formation in presence
of SMX and Mn(II)–SMX at different concentrations is presented
in Fig. 6. The biofilm formed after 24 h incubation was inhibited
to 54% and 92% levels, by the presence of 100 lg/mL of SMX and
Mn(II)–SMX, respectively. To inhibits 50% of biofilm formation
(IC50) with Mn(II)–SMX it is necessary a concentration of only
7.83 lM. Since one of the strongest biofilm inhibition (two small
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synthesized compound CCG_203592 and CCG-205363) cause 50%
inhibition at 2.42 and 6.96 lM, the effects of Mn(II)–SMX might
be considered as a good inhibitor [41]. This result suggests an
effect on the mechanism involved in biofilm formation, quorum
sensing, more than an antibiotic property. Our results indicate that
Mn(II)–SMX is a good candidate for the development of new anti-
biofilm agent.

In the results published by Wunder et al., it was evaluated the
sorption of antibiotics to biofilm, including sulfamethoxazole
(SMX), ciprofloxacin (CIP), and erythromycin (ERY). CIP and ERY
compounds have the greatest biofilm partition coefficient. It
appears that speciation (i.e. charge) and antibiotic molecular size
are important factors in explaining their sorption to typically neg-
atively charged biofilm. SMX is neutral to negatively charged at cir-
cumneutral pH while CIP and ERY are both positively charged [42].
The higher activity of Mn(II) complex could be explained in terms
the metal positive charge. On the other hand, for S. aureus biofilm
formation is necessary the expression of collagen adhesin, a colla-
gen-binding protein, from the cell surface of S. aureus [43]. For
these adhesions low Mn concentration are required [44].

4. Conclusions

The metal complex [Mn(H2O)6]0.5[Mn(SMX)3] was synthesized
and characterized by IR, Raman, UV–Vis and thermal analysis.
The solid state structure of the complex was solved by single-crys-
tal X-ray diffraction methods. In [Mn(SMX)3]� complex, the
manganese(II) ion is coordinated by three SMX molecules acting
as bidentate ligand in a propeller-like conformation. The
[Mn(H2O)6]2+ hydrated ion, the Mn(II) metal is an almost perfect
octahedral coordination with water molecules. Vibrational IR and
Raman spectroscopic data reveal that the SMX ligand coordinate
through its oxazolyl ring N-atom and one sulfoxide oxygen atom.

The thermal decomposition of the complex takes place in three
steps. The first one corresponds to the loss of water molecules of
the [Mn(H2O)6]2+ ion. The decomposition of the complex proceeds
in two consecutive steps related to the combustion of the organic
ligand to produce Mn3O4 as final product.

The antibiofilm property of SMX against of the human pathogen
S. aureus increased significantly due to addition of Mn to the com-
plex. Taken into account the importance of biofilm in microbial
resistance to antibiotics and disinfectants, the new complex is a
good candidate for the development of new antimicrobial agent
acting in part as bactericidal but mainly as anti-pathogenic
pharmaceutical.
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