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a b s t r a c t 

Novel bi- and trinuclear palladium(II)-sodium complexes, {[P d L]Na(NO 3 )(EtOH)} ( 1 ) and {[P d L] 2 Na}Cl ( 2 ) 

based on salophen-type Schiff base N,N’-(1,2-phenylene)-bis(3-methoxysalicylideneimine) (H 2 L) were syn- 

thesized under ambient and sonochemical conditions. Ultrasonication proved to be a more effective

method for the rapid synthesis of these bi- and trinuclear complexes under mild conditions. On the ba- 

sis of the molecular structure of complexes 1 and 2 , each palladium atom is placed in the “inner” N 2 O 2 

compartment, and the sodium atoms are located in the “outer” O 2 O’ 2 compartment of the twofold de- 

protonated bis -Schiff base ligand. In both complexes, each Pd(II) ion is four coordinated showing square

planar geometry, whereas the Na(I) ions in complexes 1 and 2 adopt two different geometries, namely

hepta and octa coordination, respectively. In addition, the solventless thermolysis of both complexes at

500 °C was also studied by thermal gravimetric analysis (TGA). EDX and powder XRD data pointed out 

the presence of highly pure nanoscaled materials. Furthermore, the anticancer and antibacterial activi- 

ties of bi- and trinuclear complexes were examined towards MCF-7 human breast cancer cell line and

evaluated against one gram-negative strain ( Escherichia coli ATCC 25922) and one gram-positive strain

( Staphylococcus aureus ATCC 6538). The in vitro studies revealed that complex 2 exhibited higher anti- 

cancer activity against MCF-7 cell line as well as better antibacterial effect on the examined bacteria

strains than complex 1 .
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. Introduction

Schiff bases (SB) form a large group of organic compounds with 

t least one azomethine group (R 1 HC 

= N-R 2 ) in their structure, 

hich can be obtained from the condensation reaction of a pri- 

ary amine with a compound containing a carbonyl functional 

roup under various reaction conditions. Since their introduction 

or the first time by Hugo Schiff in 1864 [ 1 , 2 ], it has been sug-

ested that the donor property of iminic nitrogen atom as a Lewis 

ase (presence of lone pair electrons on sp 

2 hybridized nitrogen 

rbital) is responsible for the coordination to a variety of metal 

ons in different oxidation states producing stable metal complexes 

3] . Moreover, the presence of electrophilic carbon and nucleophilic
∗ Corresponding author.
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itrogen atoms in the azomethine moiety induces the capability to 

nteract with biological entities such as RNA, DNA, proteins, and 

ipids [4] . Schiff bases and their metal complexes have not only 

roved to be useful compounds in medicinal chemistry, but also 

n other areas of science due to their stability and structural di- 

ersity. Indeed, they have found a large number of applications in 

hemistry, physics, biomedicine, and industry. Some of their spe- 

ific applications are as followings: i) agents for the qualitative, 

nd quantitative determination of the metal ions [5–7] , ii) organic 

ight-emitting diodes (OLEDs) [ 8 , 9 ], iii) electrochemical sensors for 

etermination of anions and cations [ 5 , 10 ], iv) non-linear optical 

evices [ 11 , 12 ], v) antibacterial, anticancer and antifungal agents in 

edicinal chemistry [13–18] , vi) antitumor agent in clinical as well 

s experimental tumor chemotherapy [ 16 , 19 , 20 ], vii) catalyst for 

ing opening polymerization (ROP), epoxide-ring opening reactions, 

xidation, hydroxylation, and hetero-Diels–Alder reactions [21–28] , 

mailto:mghassemzadeh@ccerci.ac.ir
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Fig. 1. Representation of a binuclear (a) and trinuclear (b) complex based on a bi-compartmental bis -Schiff base ligand showing the locations of its “inner” N 2 O 2 (red) and

“outer” O 2 X’ 2 (blue) compartments (M and M’ are metals having small and large ionic radii, respectively; X = donor atom / group containing O, N, S, etc . atoms). 
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iii) building blocks for the preparation of covalent organic frame- 

orks (COF), nanocomposites, and nanoparticles [29–32] , ix) cor- 

osion inhibitor for mild steel [ 33 , 34 ], and x) polymeric conductor

35–37] .

One of the most important advantages of the Schiff’s base re- 

ction is the opening up of the possibility to produce the “multi- 

zomethine functionalized compounds” from the correspond- 

ng multi-carbonyl and/or amine derivatives. Among the “multi- 

zomethine functionalized compounds”, salen and salophen-type 

is -Schiff bases are extensively studied compounds [38–47] . Over 

he years, numerous reviews and publications prove the interest- 

ng physicochemical properties and potential applications of these 

ompounds and their metal complexes [ 19 , 36 , 43 , 48-55 ]. Salen and

alophen are prepared by the condensation reaction of one equiv- 

lent of 1,2-ethylene/1,2-phenylendiamine with two equivalents of 

alicylaldehyde derivatives. 

From the point view of coordination chemistry, salen and sa- 

ophen have been recognized as suitable dibasic tetradentate N 2 O 2 

onor ligands (N 2 O 2 -compartmental Schiff bases) for the prepa- 

ation of mononuclear complexes with the transition as well as 

ain group metal ions and are able to stabilize the metal ions in 

heir various oxidation states [ 53 , 56-60 ]. In addition to mononu- 

lear complexes, salens and salophens have also been used to cre- 

te multinuclear coordination complexes [ 47 , 61-66 ]. Indeed, the 

uclearity of the salen and salophen metal complexes can be in- 

reased by using macrocyclic- or bi-compartmental N 2 O 2 –O 2 ×2 

alen and salophen derivatives bearing additional meta -positioned 

onor atoms/groups on their salicylic aromatic ring system ( X = N , 

 or S) [ 59 , 67-73 ]. The determined molecular structures of multi-

eteronuclear complexes show that the metal ion M (with smaller 

onic radius) accommodates in the inner N 2 O 2 pocket of the ligand, 

hereas the other metal ion M’ coordinates to the O 2 X’ 2 moiety 

 Fig. 1 ). 

Amongst bi-compartmental N 2 O 2 –O 2 ×2 Schiff bases, those 

ased on o -vanilline (3–methoxy salicylaldehyde) are the most 

tudied ones incorporating a O 2 O’ 2 cavity. There are a num- 

er of reports dealing with synthesis of complexes based 

n bi-compartmental N 2 O 2 –O 2 O’ 2 salen and salophen deriva- 

ives involving multi-homonuclear 3d-3d [ 47 , 74-78 ] and 4d- 

d metals [79] and multi-heteronuclear 3d-4d [ 79 , 80 ], 3d-4f 

 36 , 47 , 76 , 81-83 ], and 4d-4f metals [ 84 , 85 ]. In addition to the

fore-mentioned metal combinations, the behavior of some com- 

on mononuclear 3d or 4d complexes containing N 2 O 2 –O 2 O’ 2 bi- 

ompartmental Schiff bases, namely cobalt(II) [ 77 , 86 ], copper(II) 

87–89] , nickel(II) [87–92] , palladium(II) [67] and platinum(II) [93] , 

owards alkali metal ions has already been investigated. These 

etal combinations have resulted in multi-heteronuclear com- 

lexes with diverse molecular structures. Amongst these com- 

lexes, the biological activity of few complexes, i.e., copper- 

i

odium and nickel-sodium bearing N,N’-(1,2-phenylene)-bis(3- 

ethoxysalicylideneimine) (H 2 L) as Schiff base has been reported 

 87 , 91 ]. Indeed, the presence of ortho -positioned methoxy groups 

n the phenolic ring of the ligand may enhance its cell membrane 

ermeability and its lipophilicity, resulting in better antiprolifera- 

ive activity [94] . 

In recent years, sonochemistry has proved to be an efficient, 

nvironmentally friendly, simple, time- and energy-saving method 

or green and sustainable chemical processes. The benefits of this 

echnique in the synthesis of organic or inorganic compounds 

re shorter reaction times under mild reaction conditions, higher 

ields, and cost-effectiveness [95] . A literature survey disclosed 

hat this method has already been used for the successful synthe- 

is of numerous applied chemicals and materials, i.e., fabrication of 

norganic nanoparticles for applications in catalysis [96] , synthesis 

f organic compounds, pharmaceuticals, and biomaterials [97–101] , 

nd preparation of nanostructured materials [102–106] . Indeed, the 

ncreasing interest of researchers to use sonochemistry indicates 

hat the sonochemical synthesis is now regarded as a sustainable 

ool to fabricate applied materials. 

During the last decade, novel Pd(II) complexes (as promis- 

ng metallodrug candidates) have been designed and synthesized. 

hese complexes exhibit greater in vitro as well as in vivo cytotoxi- 

ity with respect to a range of cisplatin-resistant cancer cells [107] . 

hey appear to be less toxic and cause lower side effects than 

onventional anticancer drugs [ 108 , 109 ]. They also display other 

iological activities such as antiviral, antifungal, antimicrobial, 

nd some of them have already been subjected to clinical trials 

110–113] . 

In our ongoing interest in designing new biologically ac- 

ive Pd(II) complexes (as suitable alternatives to the com- 

only used Pt(II) complexes) [ 112 , 113 ], we attempted to synthe- 

ize two Pd(II)-Na complexes bearing N,N 

′ -(1,2-phenylene)- bis (3- 

ethoxysalicylideneimine) ligand. The syntheses of these novel bi- 

eteronuclear (Pd-Na) and triheteronuclear (Pd-Na-Pd) complexes 

ere successfully achieved via a facile, expeditious, and green 

onochemical method [ 95 , 114 ]. First, the molecular structure and 

hermal behavior of both complexes were determined and, subse- 

uently, their in vitro anticancer and antibacterial activities were 

valuated. Since sodium is a nontoxic and essential alkali metal ion 

or human life, it was chosen as the second metal ion in this work. 

. Experimental

.1. Materials and instruments 

The chemicals were purchased from Merck and Fluka and used 

ithout further purification. Compound H 2 L was prepared accord- 

ng to the literature [115] and was characterized by 1 H NMR spec- 
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roscopy (Fig. SF1). Melting points were recorded on a Büchi B545 

elting point apparatus and are uncorrected. Elemental analyses 

ere carried out on a PerkinElmer 2400 CHN Elemental Analyzer. 

he infrared spectra (Nujol mulls, KBr (40 0 0–40 0 cm 

−1 ), and CsI

500–250 cm 

−1 )) were recorded on a Perkin–Elmer 400 spectrom- 

ter. 1 H NMR spectra were acquired on a Bruker AQS AVANCE in- 

trument (500 MHz) using Me 4 Si ( δ = 0 ppm) as internal standard. 

hermal gravimetric analyses (TGA) were recorded on a Netzsch 

G 209F1 apparatus and on a Mettler-Toledo TGA/SDTA851e ther- 

al analyzer in the temperature range 25–900 °C and 25–800 °C, 

espectively, with a heating rate of 10 °C/min under air atmo- 

phere. The UV–vis spectra were performed on a Perkin-Elmer 

ambda 35 double beam spectrophotometer. The powder X-ray 

iffraction (PXRD) measurements were carried out using a X’PERT- 

RO diffractometer with a Cu anode ( λ = 1.5406 Å). LC/MS-API 

nalyses were recorded on an Alliance 2695 system. All sonication 

rocesses were accomplished using an ultrasonic probe apparatus 

Bandelin Sonoplus HD 3100, Bandelin electronic GmbH & Co. KG, 

erlin, Germany, microtip MS 72 with a frequency of 20 kHz and 

mplitude control of 80%). 

The microorganisms ( Staphylococcus aureus (ATCC 6538, PTCC 

112) and Escherichia coli (ATCC 25,922, PTCC 1399) used in this 

tudy were obtained from the microorganism bank of the Iranian 

iological Resource Center. The human breast cancer cell lines, 

CF-7, were obtained from the cell bank of Pasteur Institute in 

ehran (Iran). 

.2. Synthesis of complexes 1 and 2 

Both complexes 1 , i.e. {Na[P d L](EtOH)(NO 3 )}, and 2 , i.e. 

Na[P d L] 2 }Cl, were synthesized under ambient (method A) and ul- 

rasonic (method B) conditions. 

Method A: A suspension of H 2 L (0.088 g, 0.23 mmol) and pal- 

adium(II) acetate (0.051 g, 0.23 mmol) in acetonitrile (10 mL) 

as stirred thoroughly for two hours at room temperature and 

hen treated with a solution of corresponding sodium salt (NaNO 3 : 

.02 g, 0.23 mmol or NaCl: 0.006 g, 0.11 mmol) in absolute ethanol 

5 mL), and the mixture was stirred for further 24 h at room 

emperature. The obtained dark orange precipitate was filtered off, 

ashed with cold ethanol (5 mL), dried in air, and used for analy- 

es. 1 : Yield: 0.072 g (60%) and 2 : Yield: 0.14 g (65%). 

Method B: An acetonitrile/ethanolic mixture of similar amounts 

f the reactants as used in method A was sonicated using a mi- 

rotip sonicator MS 72 at 60 W (80% of maximum power) for 5 

nd 4 min in order to synthesize complexes 1 and 2 . An orange

olid precipitated, which was filtered off and analyzed after simi- 

ar work-up as described in method A. 1 : Yield: 0.10 g (85%) and

 : Yield: 0.17 g (80%). 

The results of the analyses revealed that the products from both 

ethods A and B were found to be identical. 

1: m.p.: > 300 °C (dec.), elemental analysis calculated for 

 22 H 18 N 3 NaO 7 Pd (565.80) calcd. C, 46.70; H, 3.21; N, 7.43, found

, 47.00; H, 3.05; N, 7.50%. FT-IR (KBr, cm 

−1 ): 2919 (s), 2852 (s),

606 (s, νC = N ), 1548 (s), 1543 (s), 1464 (s, νC = C ), 1371 (m), 1333 

m), 1243 (s, νC = O ), 1191 (s, νC –O ), 1115 (m), 989 (m), 858 (m), 759

s), 737 (s), 721 (s), 532 (m). Far-IR (CsI, nujol mulls, cm 

−1 ): 532

w, νNa–O ), 456, 442 (w, δO- Pd–O ), 402 (w, νPd–O ), 300 (w, νPd–N ); 

SI-MS m/z : 606 [ M 

+ + NH 4 
+ + Na + ], 588 [ M 

+ + NH 4 
+ ], 482 [PdL],

76 [L]; 1 H NMR (500 MHz, DMSO–d 6 , ppm) δ 3.78 (s, 6H, OCH 3 ),

.61–8.27 (m, 10H, Ar-H), 9.07 (s, 2H, HC 

= N). 

2: m.p.: > 300 °C (dec.), elemental analysis calculated for 

 44 H 36 ClN 4 NaO 8 Pd (1020.06) calcd. C, 51.81; H, 3.56; N, 5.49, 

ound C, 50.90; H, 3.42; N, 5.60%. IR (KBr, cm 

−1 ): 2919 (s), 2854

s), 1607 (s, νC = N ), 1519 (m), 1541 (m), 1462 (s, νC = C ), 1377 (s), 

28 (m), 1242 (m, νC –O ), 1190 (s, νC –O ), 1109 (m), 982 (m), 856 

w), 735 (m); Far-IR (CsI, nujol mulls, cm 

−1 ): 530 (w, ν ), 
Na–O 
38 (w, δO-Pd–O ), 398 (w, νPd–O ), 300 (w, νPd–N ); ESI-MS m/z : 

061 [ M 

+ + NH 4 
+ + Na + ], 983 [ M 

+ + Na + ], 482 [PdL]; 1 H NMR

500 MHz, DMSO–d 6 , ppm) δ 3.79 (s, 12H, OCH 3 ), 6.62–8.31 

m, 10H, Ar-H), 9.12 (s, 4H, HC 

= N). 

Suitable crystals of 1 and 2 for X-ray diffraction studies were 

rown by slow evaporation of their filtrates at room temperature 

fter a few weeks. 

.3. Crystal structure analysis of complexes 1 and 2 

The selected crystal of 1 and 2 was covered with perfluorinated 

il and mounted on a STOE StadiVari single-crystal diffractometer 

GaK α radiation with λ= 1.34143 Å). The crystallographic data of 

he complexes are summarized in Table 1 . The orientation matrix 

nd the unit cell dimensions were determined from 21484 for 1 

nd 21449 for 2 . The crystals of 1 and 2 were kept at 180 K during

ata collection. Using Olex2 [116] , the structure was solved with 

he SHELXT [117] structure solution program using intrinsic phas- 

ng and refined with the SHELX [118] refinement package using 

east squares minimization. All non-hydrogen atoms were refined 

ith anisotropic displacement parameters; hydrogen atoms could 

e localized and were freely refined. 

The crystallographic data have been deposited with the Cam- 

ridge Crystallographic Data centre (CCDC) as supplementary pub- 

ication numbers CCDC-2178864 ( 1 ) and −2178865 ( 2 ). Copies 

f the data can be obtained, free of charge, by application to 

CDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: + 44 1223 

36033; Email: data_request@ccdc.cam.ac.uk or via the internet: 

ttp://www.ccdc.cam.ac.uk/products/csd/request 

.4. In vitro cytotoxic assay 

.4.1. MTT assay 

MTT assay was performed on human breast cancer cell lines, 

CF-7, for evaluation of cell viability of complexes 1 and 2 . For 

his purpose, plates of 96 wells were filled with 100 μL culture 

edium containing 5 × 10 3 seeded cells and incubated at 37 °C for 

4 h. After medium removal, the cells were treated with the above 

ompounds in the range of 0–4 mM. After an incubation time of 

4 h, 10 μL of MTT solution (5 mg/mL in RPMI-1640 without phe- 

ol red) was added to each well and incubated in darkness at 37 

C for further 4 h to formazan crystal formation. Finally, the media 

ere removed, and the formazan crystals were dissolved by the 

ddition of DMSO (100 μL). The absorbance of the supernatant so- 

ution was recorded after 20 min at 570 nm by a Microplate reader 

Biotek, BioTec US). Cell viability percentage was determined as fol- 

ows: 

ell viability = ( OD treated / O D control ) × 100% 

here, OD treated and OD control were the optical density of the 

reated cells and untreated cells, respectively. 

.5. In vitro antibacterial assay 

The antibacterial behavior of complexes 1 and 2 against two 

acterial strains was evaluated using the plate colony-counting 

ethod. In order to determine the rate of bacterial growth, bac- 

erial suspensions of S. aureus ( ATCC 6538, PTCC 1112 ) and E. 

oli ( ATCC 25922, PTCC 1399 ) were prepared by the direct colony 

ethod, where the colonies were taken directly from the plate 

f fresh-cultivated bacteria and were suspended in sterile 0.9% 

ormal saline. Then, these initial suspensions were adjusted to 

atch the turbidity of a 0.5 McFarland’s standard (corresponding 

o 1.5 × 10 8 colony forming units (CFU)/mL using 0.05 mL 1.175% 

/v BaCl 2 
·2H 2 O + 99.5 mL 1% w/v H 2 SO 4 ). The initial suspensions

ere then 10-fold serially diluted (up to 10 −2 ) in saline (0.9%). The 

http://www.ccdc.cam.ac.uk/products/csd/request
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Table 1

Crystal data and structure refinement for complexes 1 and 2 .

1 2

Emp. Formula C 24 H 24 N 3 NaO 8 Pd C 44 H 36 ClN 4 NaO 8 Pd 2
Formula mass 611.85 1020.01

Crystal size[mm] 0.14 × 0.03 × 0.02 0.05 × 0.04 × 0.01 

Crystal system triclinic tetragonal

Space group P-1 I 4 1 / acd

a [ ̊A]

b [ ̊A]

c [ ̊A]

α [ °]
β [ °]
γ [ °]

8.2248(2)

11.5511(3)

14.5302(4)

112.713(2)

96.424(2)

90.301(2)

19.102(1)

19.102(1)

51.582(5)

90

90

90

Volume [ ̊A3] 1263.63(6) 18821(3)

Z 2 16

D calcd. [g . cm 

−3 ] 1.608 1.440

Absorp. Correct. multi-scan multi-scan

μ [cm 

−1 ] 4.362 4.800

F(000) 620.0 8192.0

Temp.[K] 180 180

2 � range for data

collection/ °
5.78 to 124.994 6.426 to 100

Index range

h

k

l

−10 → 10

−5 → 15

−19 → 17

−21 → 20

−31 → 21

−58 → 58

Reflect. Collected 15830 73747

Radiation Ga K α ( λ= 1.34143) Ga K α ( λ= 1.34143)

Independent Reflect. (R int,

R sigma )

5950 (0.0211, 0.0282) 3676 (0.1664, 0.0732)

Reflect. with I ≥ 2 σ (I) 5068 2168

Parameters 338 277

Goodness-of-fit on F 2 1.011 0.849

Final R indexes [I ≥ 2 σ (I)] R 1 = 0.0310, 

w R 2 = 0.0800 

R 1 = 0.0383, 

w R 2 = 0.0878 

Final R indexes [all data] R 1 = 0.0369, 

w R 2 = 0.0813 a 
R 1 = 0.0690, 

w R 2 = 0.0919 b 

Largest diff. peak/hole / e

Å−3

0.45/ −1.23 0.62/ −0.28 

CCDC number 2178864 2178865

a w = 1/[ σ 2 (F o 
2 ) + (0.0567 . P) 2 ]; P = [max(F o 

2 , 0) + 2 . F c 
2 ]/3 and b w = 1/[ σ 2 (F o 

2 ) + (0.1281 P) 2 ]; P = [max(F o 
2 , 0) + 2 . F c 

2 ]/3. 
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oncentration of the resulting suspension was 1.5 × 10 6 CFU/mL, 

hich was also used as the control sample (blank samples). On 

he other hand, the solutions of the complexes in dimethyl sulfox- 

de (5 mM) were prepared by dissolving 10 mmol each of the sub- 

tances ( 1 : 5.65 mg and 2 : 10.20 mg) in DMSO (2 mL) and used as

est substances. The bacterial suspensions (2 mL) were next spread 

ver the surface of nutrient agar plates containing the test sub- 

tances (0.5 mL). The plates were allowed at ambient temperature 

or 24 h and incubated for 24 h at 37 °C. The samples were 10-

old serially diluted in saline (up to 10 −5 ), and 1 mL of each dilu-

ion was transferred to agar plates. The number of survived bacte- 

ial colonies (measured in CFUs) was quantitated after cultivation 

t ambient temperature for 24 h and subsequent incubation of the 

lates at 37 °C for 24 h. The rates of colony-forming units (R) were

alculated considering the dilution factor by the following equa- 

ion: 

 = [ ( N control − −N sample ) / N control ] ×100 % 

here, N control and N sample are the average numbers of the 

acterial colony of the control sample (containing no antibacterial 

gent) and complex test samples, respectively. All tests were per- 

ormed in triplicate. 

. Results and discussion

.1. Synthesis and characterization 

The treatment of a mixture of H 2 L and palladium(II) ac- 

tate with NaNO in a molar ratio of 1:1:1 and NaCl in a mo-
3 
ar ratio of 2:2:1 in ethanol leads to the formation of bin- 

clear complex{Na[P d L](EtOH)(NO 3 )} ( 1 ) and trinuclear complex 

Na[P d L] 2 }Cl ( 2 ), respectively, at room temperature and under ul- 

rasonic condition ( Scheme 1 ). Amongst the employed methods, 

ltrasonics proved to be the most effective one resulting in high 

o excellent yields ( 1 = 85%, and 2 = 80%). The orange-colored com- 

lexes 1 and 2 are found to be air-stable solids. 

In 

1 H NMR spectra of H 2 L recorded in DMSO–d 6 at room tem- 

erature (Fig. SF1), the peaks of the benzene rings are observed 

t δ = 6.90 – 7.46 ppm having an integral of 10H. Furthermore, 

he observed peaks at δ = 3.82, 8.93, and 13.01 ppm can be at- 

ributed to the protons of meta -positioned methoxy groups, pro- 

ons of the azomethine moieties, and ortho -positioned hydroxyl 

roups, respectively (assigned protons a and c in Scheme 1 ). The 

eaks of the ortho -positioned hydroxyl groups were not observed 

n the 1 H NMR spectra of complexes 1 and 2 indicating the twofold 

eprotonation of the ligand upon coordination to the palladium 

on (Figs. SF2 ( 1 ) and SF3 ( 2 )). In 

1 H NMR spectra of complexes

 and 2 , the peak of protons of azomethine groups were observed 

t δ = 9.07 ppm ( 2 ), and 9.12 ppm ( 3 ), and the corresponding peaks

f the benzene rings were observed at δ = 6.60 – 8.27 ppm ( 1 ) 

nd 6.60 – 8.31 ppm ( 2 ). Interestingly, the peak of the protons of 

zomethine groups and the peak of one proton of the salophen 

ing of both complexes (assigned protons a and b, respectively, 

cheme 1 ) underwent a downfield shift with respect to the free 

igand as a consequence of the coordination to the metal center. 

his phenomenon has also been observed in UV spectra of the lig- 

nd and both complexes ( Fig. 2 ). The UV spectra of the ligand show

wo electronic transitions (ETs) at 291 nm and 341 nm, which may 
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Fig. 2. UV–visible spectra of ligand H 2 L and complexes 1 and 2 .
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e assigned to the intra-ligand charge transfers ( π → π ∗ or n → π ∗

ransitions). In UV spectra of both complexes, the intra-ligand tran- 

itions observed at 334 nm and 358 nm show redshift and lower 

ntensities with respect to the free ligand. Furthermore, the appear- 

nce of an additional new ET at 374 nm in the UV spectra of com-

lexes 1 and 2 indicates another arrangement of π-electrons ( π- 

lectronic conjugation) in the twofold deprotonated ligand in both 

f them relative to the free ligand. The latter can be assigned to the 

igand-to-metal charge transfer (LMCT). Moreover, the presence of 

 further new transition at 490 nm in the UV spectra of both com- 

lexes, which can be assigned to the metal-to-ligand charge trans- 

er (MLCT), confirms the formation of the complexes. 

In FT-IR spectra of multinuclear complexes, the absorption 

ands due to aromatic C = C, C = N, C 

–O phenolic and C 

–O methoxy 

tretching modes were observed at 1464, 1606, 1243, and 

191 cm 

−1 for 1 , and 1462, 1607, 1242, and 1190 cm 

−1 for 2

Figs. SF4 and SF5). The shift of C = N, C 

–O phenolic , and C 

–O methoxy 

tretching vibrations of the free ligand (1608, 1251, and 1203 cm 

−1 , 

espectively) to lower wavenumbers indicates the coordination 

f ligand to metal center through these moieties. Similar C = N, 

 

–O phenolic , and C 

–O methoxy stretching vibrations were also reported 

or palladium(II) complex based on o -vanilline Schiff base (1603, 

245, and 1201, respectively) [119] . 

Additionally, in complexes 1 and 2 , azomethine, phenolic, and 

ethoxy moieties are involved in the coordination with metal cen- 

ers. Indeed, upon complexation, new vibration bands appear in 

he Far-IR spectra of 1 (at 532, 402, 300, and 442 cm 

−1 ) and

 (at 530, 398, 300, and 438 cm 

−1 ), which can be attributed 

o the Na-O, Pd-O, Pd-N stretching vibrations and O-Pd-O defor- 

ation vibrations, respectively (Figs. SF6 and SF7) [ 112 , 120 , 121 ].

lectrospray-ionization mass spectra (ESI-MS) of complexes 1 and 

 registered in methanol show the mass peaks at m/z = 606 and 

061, respectively, corresponding to their [ M 

+ + Na + + NH 4 
+ ] frag- 

ents. In addition, other fragments corresponding to the princi- 

al scissions of each complex are assigned in Figs. SF8 ( 1 ) and

F9 ( 2 ). 
.2. Crystal structure description of complexes 1 and 2 

Selected bond lengths and bond angles of complexes 1 and 2 

re listed in Table ST1. 

The yellowish single crystals of 1 (needles) and 2 (plates) were 

rown from their mother liquids using slow evaporation method. 

The molecular structure determination of complexes 1 and 2 

evealed that the former crystallizes in the triclinic space group 

-1 with two {Na[P d L](NO 3 )(EtOH)} molecules, whereas the lat- 

er crystallizes in tetragonal space group I 4 1 /acd containing 16

Na[P d L] 2 }Cl molecules per unit cell. Both complexes are based on

PdL]-units. The molecular structure of the neutral complex 1 can

e described as an adduct of this unit with [Na(NO 3 )(EtOH)] moi- 

ty ( Fig. 3 ), whereas that of the ionic complex 2 consists of two

ver one sodium ion connected [PdL] units as cation and one chlo- 

ine anion ( Fig. 4 ). 

According to the determined molecular structures of both com- 

lexes, Pd(II) ion in the [PdL] unit, showing essentially identi- 

al metal coordination environment, is located in the N 2 O 2 -inner 

phere of the twofold deprotonated Schiff base (L). It is coordi- 

ated to two iminic nitrogen atoms and two phenolate oxygen 

toms in a very slightly distorted square planar geometry (the O- 

d-N trans angles are found to be 178.95(5) ° and 179.68(3) ° for 1 

nd 177.4(2) and 179.6(2) ° for 2 ). The mean Pd-N and Pd-O bond 

engths are 1.948 and 1.972 Å for 1 and 1.935 and 1.967 Å for 2 ,

espectively. They are similar to those found in other structurally 

haracterized palladium(II) salophen-type complexes [ 119 , 122 ]. 

In neutral complex 1 , the sodium atom is hosted in the outer 

 2 O’ 2 compartment of the twofold deprotonated Schiff base (L) 

nteracting with its all four oxygen atoms (Na-O bond distances 

f mean 2.379 Å and Na-O’ bond lengths of mean 2.664 Å). The 

bserved Na-O bond distances are analogous to those reported 

y Cunningham and coworkers [123] for [Na(NO 3 )MeOH] . NiL4 ( 3 , 

ean Na-O: 2.358 Å) and [Na(NO 3 )MeOH] . CuL1 ( 4, mean Na- 

: 2.347 Å) containing similar salen type Schiff base ligands. 

hese bond lengths are significantly shorter than those found 
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Fig. 3. Representation of molecular structure of complex 1 (thermal ellipsoids are

depicted at the 50% probability level).
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y Asakawa and coworkers [67] for Pd-Na-binuclear complexes 

Pd 2 Na 2 L1 2 ( μ-OH 2 ) 2 ](ClO 4 ) 2 (CH 2 Cl 2 ) 3 ( 5 , mean Na-O: 2.594 Å) and

Pd 2 Na 2 (L1) 2 ]-(CH 3 CN) 2 (C 3 H 6 O) 2 ( 6 , mean Na-O: 2.974 Å) incorpo-

ating a salophen crown ether macrocyclic ligand H 2 L1. The Na- 

’ bond lengths in 1 (mean 2.664 Å) are longer than those of 

omplexes 3 (mean Na-O’: 238.2 Å) and 4 (mean Na-O’: 2.593 Å) 

ut shorter than those of 5 (mean Na-O’: 2.758 Å). The sodium 
Fig. 4. Representation of molecular structure of complex 2 (the
tom is further involved in interactions with two oxygen atoms of 

he nitrate moiety (Na1-O5: 2.487(2) Å and Na1-O6: 2.489(2) Å) 

nd an ethanol oxygen atom, trans to the nitrate moiety (Na1-O8: 

.331(2) Å). These arrangements result in seven-coordination ge- 

metry about the sodium. 

In the trinuclear {[P d L] 2 Na} + - cation of 2 , the sodium 

on is coordinated to two phenolate and two methoxy oxy- 

en atoms of each [PdL] unit exhibiting similar mean Na- 

 and Na-O’ bond lengths (2.391 Å and 2.677 Å, respec- 

ively) as observed in complex 1 . Therefore, the Na + ion is 

ight-coordinated in a trigonal-dodecahedron geometry and is 

n an approximately linear arrangement with the two palla- 

ium(II) centers (Pd-Na-Pd: 172.94(8) °). Similar arrangements 

f sodium and 3d metal ion have been observed in the 

i 2 Na-trinuclear-Schiff base complex [Ni(vanen)Na(vanen)Ni]BF 4 ] 

nd [(NiL’)Na(NiL’)]ClO 4 , where [H 2 vanen = N , N’-ethylene- bis (3- 

ethoxysalicylideneimine) and H 2 L’ = N , N 

′ -(1,2-phenylene)- bis (3- 

ethoxysalicylidene-imine), respectively] [ 124 , 125 ]. Furthermore, 

he chloride anion in this complex is disordered over two positions 

ith an occupancy factor of 0.5. 

In complex 2 , the observed dihedral angle between the “best 

lanes” through NaOPdO units is 80.00(5) ° indicating the orthogo- 

al orientation of the [PdL] moieties in the complex. 

In both complexes 1 and 2 , the Pd 

…Na intermetallic dis- 

ances are 3.451(1) Å (Pd1 …Na1) and 3.439(1) Å (Pd1 …Na1 and 

d1’ …Na1), respectively, which are slightly shorter than the sum 

f van der Waals radii of “Pd 

…Na” (3.90 Å) [126] . They are sig- 

ificantly shorter than the Pd 

…Na distances reported for Pd-Na- 

ultinuclear complexes 5 (Pd 

…Na: 3.599(3) Å) and 3.669(3) Å) and 

 (Pd 

…Na (3.939(2) Å) [67] . 

.3. Thermal gravimetric analysis 

The thermal property of complexes 1 and 2 was studied using 

he thermal gravimetric analysis technique (TGA). The investiga- 

ions were carried out in the temperature range of 25 °C to 900 
rmal ellipsoids are depicted at the 50% probability level).
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Fig. 5. TGA curve of complex 1 .

Fig. 6. TGA curve of complex 2 .
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C for complex 1 ( Fig. 5 ) and from ambient temperature to 800 °C
or complex 2 ( Fig. 6 ) with a heating rate of about 10 °C/min in an

ir atmosphere. 

The TG curve of complex 1 undergoes a decomposition process 

ver three stages. The initial weight loss from ambient tempera- 

ure to 110 °C is associated with the removal of ethanol molecule 

found: 3.50%; calcd.: 3.02%). The observed weight loss in the tem- 

erature region of 260 – 450 °C is related to the decomposition of 

igand along with one nitric oxide ( L + NO; found: 68.94%, calcd.: 

7.89%). The TG analysis of complex 1 revealed that the final prod- 

ct of the thermal decomposition of the complex at 900 °C is a 

omposition of 2Pd + Na + 2O (found: 24.74%, calcd.: 24.50%). 

The TGA spectra of {[P d L] 2 Na}Cl ( 2 ) demonstrate the removal

f an ethanol molecule below 280 °C (found: 3.6%, calcd.:3.1%) fol- 

owed by the loss of the ligand in the range of 300–360 °C (found:

3.33%, calcd.: 72.25%). The TG analysis of complex 2 displays that 

he final product of its thermal decomposition at 800 °C consists 

f a composition of two palladium, one sodium, one chlorine atom, 

nd one oxygen atom (2Pd + Na + Cl + O; found: 27.02%, calc: 26.51%).

In order to find out the chemical composition of compounds 

ccurring after the decomposition of the ligand, pyrolysis of the 

m

omplexes was carried out at 500 °C. The chemical composition of 

he post-pyrolysis samples P1 , and P2 was determined by energy- 

ispersive X-ray spectroscopy (EDX) and X-ray powder diffraction 

XRD). 

EDX analyses of P1 , and P2 (Figs. SF10 and SF11, respectively) 

how the presence of the palladium, sodium and oxygen elements 

n sample P1 and palladium, sodium, oxygen, and chlorine ele- 

ents in sample P2 . 

The X-ray diffractogram of the samples P1 and P2 were 

ecorded in the range of 2 θ = 25 – 70 °. XRD pattern indicates 

hat all samples have well-defined crystalline structures. Further- 

ore, the broadening of their peaks pointed out the generation of 

anoscaled structures. The mean crystallite size of the components 

f each sample can be determined from Scherrer’s formula [127] , 

 = 

0 . 9 λ

B ( θ ) cos ( θ ) 

here D is the crystallite diameter, λ the wavelength, θ the Bragg 

ngle, and B( θ ) the full width at half maximum (FWHM) of the 

ajor peak of each compound. The position and FWHM values of 

he major peak of each component in samples P1 and P2 , and their 

ean crystallite size are summarized in Table 2 . 
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Table 2

The position of the major peak, its FWHM and calculated mean crystallite size of the nanoscaled samples P1 and P2 .

Sample Peak position, 2 θ ( °) FWHM mean crystallite size (nm)

P1

Pd 40.24 0.17 49

PdO 34.02 0.20 42

NaO 2 32.42 0.10 84

P2

Pd 40.18 0.17 49

PdO 33.97 0.20 42

NaCl 31.78 0.12 67

Fig. 7. Powder XRD pattern of sample P1 obtained from the solventless thermolysis of complex 1 at 500 °C in air.

 

i

a

c  

α
t

(

N

s

4

a

(

a

o

a

d

N  

t

c

(  

(

N

a  

s

(

0

(

o

a

l

N

t

3

c

T

c

m

v

(  

t

p

t

i

c

e

c

3

p

o

p

s

A

In the XRD pattern of sample P1 ( Fig. 7 ), three phases could be

dentified. The observed reflection planes (111), (200), (220), (311) 

nd (222) correspond to a Pd(0) phase (JCPDS-No.: 01–087–0639: 

ubic structure of Pd with lattice constants a = b = c = 5.327 Å,

= β = γ = 90.0 °, and the Fm-3 m symmetry space group). Also, 

he reflection planes (022), (101), (110), (111), (112), (103), (200), 

004) (202) and (211) could be attributed to PdO phase (JCPDS- 

o.: 01–075–0584: tetragonal structure of PdO with lattice con- 

tants a = b = 3.036 and c = 3.88 Å, α = β = γ = 90.0 °, and the P-

n2 symmetry space group). The third one has been identified

s the NaO 2 phase showing the reflection planes of (111), (200),

220), (311), (222), (400), (331), (420), and (422). The latter planes

re in agreement with JCPDS-No.: 01–077–0207 (cubic structure

f NaO 2 with lattice constants a = b = c = 5.512 Å, α = β = γ = 90.0 °
nd the Fm-3 m symmetry space group). The mean crystallite size

etermined from the Debye–Scherrer equation for the Pd, PdO, and

aO 2 phases were found to be 49 nm, 42 nm, and 84 nm, respec-

ively. 

The X-ray diffractogram of sample P2 represents also a 

ombination of the characteristic peaks of three compounds 

 Fig. 8 ), namely Pd, PdO and NaCl, i.e. reflection planes of (111),

200), (220), (311), (222), (400), (331) and (420) for Pd (JCPDS- 

o.00–046–1043, cubic structure of Pd with lattice constants 

 = b = c = 3.89 Å, α = β = γ = 90.0 °, and the Fm3m symmetry

pace group), reflection planes of (022), (101), (110), (111), (112), 

103), (200), (004), (202) and (211) for PdO (JCPDS-No.: 01–075–

584), and those at (20 0), (220), (311), (222), (40 0), (331), (420), 

422) and (640) for NaCl (JCPDS-No.: 0 0–0 01–0994, cubic structure

f NaCl with lattice constants a = b = c = 5.628 Å, α = β = γ = 90.0 °,
nd the Fm3m symmetry space group). The Debye–Scherrer calcu- 
a
ations indicate that the mean crystallite size for the Pd, PdO, and 

aCl phases in complex 3 is 49 nm, 42 nm, and 67 nm, respec- 

ively. 

.4. In vitro cytotoxic activity 

The cytotoxicity of complexes 1 and 2 towards the breast can- 

er cell line (MCF-7) was evaluated using an MTT toxicity assay. 

he results revealed that the cell viability decreased with the in- 

rease of concentration from 0 to 1 mM to point out that the treat- 

ent was dose-dependent. Moreover, the cytotoxic concentration 

alues of the tested compounds for the death of 50% of viable cells 

CC50) were found to be 103 μM and 89 μM for 1 and 2 , respec-

ively, evidencing the higher cytotoxicity effect of complex 2 com- 

ared to complex 1 . Fig. 9 demonstrates the anticancer activity of 

wo palladium(II) complexes towards MCF-7 breast cancer cells. It 

s noteworthy to mention that both compounds displayed notable 

ytotoxicity, whereas carboplatin (as a standard anticancer drug) 

xhibited no anticancer effect towards this cell line at the same 

oncentration range within 24 h of incubation. 

.5. In vitro antibacterial activity 

The in vitro antibacterial activity of both palladium(II) com- 

lexes was investigated against two pathogenic bacterial strains, 

ne gram-negative ( E. coli ATCC 25922, PTCC 1399) and one gram- 

ositive bacterial strain ( S. aureus ATCC 6538, PTCC 1112). The re- 

ults of the antibacterial investigations are summarized in Table 3 . 

ccording to the results, both complexes show high antibacterial 

ctivity towards gram-negative bacterial strains, i.e., 85.00% for 1 



A. Goudarzi, M. Saeidifar, K. Aghapoor et al.

Fig. 8. Powder XRD pattern of sample P2 obtained from the solventless thermolysis of complex 2 at 500 °C in air.

Fig. 9. The cell viability percentage of MCF-7 against various concentrations of binuclear complex 1 and trinuclear complex 2 after 24 h using MTT assay.
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nd 88.00% for 2 . On the other hand, the same compounds exhibit 

 lesser effect on gram-positive bacterial strains resulting in mod- 

rate activity, i.e. 60.00% for 1 and 66.00% for 2 . Furthermore, as 

epicted in Table 3 , 1 exhibited lower antibacterial activity towards 

oth bacterial strains than complex 2 . 

. Conclusions

This report deals with the rapid sonochemical preparation of 

wo novel bi- and trinuclear palladium(II)–sodium complexes in- 

orporating an o -vanilline bicompartmental Schiff base. In both 

omplexes, each Pd(II) ion is located in the N 2 O 2 inner sphere of 

he twofold deprotonated Schiff base in a cis arrangement, whereas 

he sodium ion is placed in the O 2 O’ 2 outer sphere of the Schiff

ase. The sodium atom in binuclear complex 1 is hepta coordi- 
ated, whereas it adopts a trigonal dodecahedral coordination ge- 

metry in the trinuclear complex 2 . 

In addition, the solventless thermolysis of both complexes at 

00 °C was also studied by thermal gravimetric analysis (TGA). 

DX and powder XRD data pointed out the presence of highly pure 

anoscaled materials, i.e., an ensemble of Pd, PdO, and NaO 2 for 1 

mean crystallite size: 49, 42 and 84 nm, respectively) and an en- 

emble of Pd, PdO, and NaCl for 2 (mean crystallite size: 49, 42 

nd 67 nm, respectively). 

Subsequently, the in vitro cytotoxicity of bi- and trinuclear com- 

lexes 1 and 2 were investigated against human breast cancer cell 

ines (MCF-7) showing IC50 values of 103 μM for 1 and 89 μM for 

 . This is while carboplatin (a standard anticancer drug) exhibited 

o cytotoxicity at the same concentration. Furthermore, both com- 

lexes exhibited moderate to high antibacterial activity against two 

acterial pathogens ( S. aureus and E. coli ). 
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Table 3

Colony numbers and the antibacterial rates for complexes 1 and 2 , and control samples against E. coli and S. aureus bacterial

strains.

Microorganism Sample CFU/mL Antibacterial rates (%)

E. coli

( ATCC 25922 )

1 2.2 × 10 5 85.00

2 1.8 × 10 5 88.00

Control 1.5 × 10 6 −
S. aureus

( ATCC 6538 )

1 6.0 × 10 5 60.00

2 5.1 × 10 5 66.00

Control 1.5 × 10 6 −

Scheme 1. Synthesis routes for the preparation of complexes 1 and 2 .
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