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Abstract. The contact non-equilibrium low-temperature plasma technique is used to synthesize silver 

nanoparticles (AgNPs) employing trisodium citrate as capping agent. The AgNPs were characterized 

using UV-Vis spectroscopy, an absorption band at 400-440 nm confirmed nanoparticles formation. The 

effect of reaction conditions such as the concentration of silver ions, molar ratio Ag/citrate, irradiation 

time on the synthesis of AgNPs was studied. Characterization of AgNPs was carried out using scanning 

electron microscopy, X-ray diffraction and zeta potential analysis. The average size of formed silver 

particles was below 100 nm. XRD analysis revealed that the particles were face-centred cubic. The 

synthesized silver nanoparticles had significant antibacterial activity on two strains of Gram bacteria. 
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Introduction 

Silver nanoparticles (AgNPs) are amongst 

the most extensively studied nanomaterials, which 

fascinate scientists due to their promising 

applications in optoelectronics [1-2], sensing  

[3-4], surface enhanced Raman scattering [5,6], 

catalysis [7-9] and others [10-12]. At the same 

time, silver nanoparticles can be applied in 

different ways: as individual silver nano-

dispersions, as materials for purification and 

disinfection of water [12-13], as doping agent in 

films [14], corrosion inhibitor, etc. [15]. Hence, 

synthesis strategies that result in controlled NP 

size, distribution, shape and stability still 

represent an area of interest. 

Different methods have been employed in 

the production of nano-sized metallic silver 

particles with different morphologies and sizes, 

for example, chemical reduction [16], 

electrochemical [16,17], photochemical [18,19], 

microwave-assisted [20], hydrothermal, laser 

ablation [21], sol-gel [22], sonochemical [16,23], 

green method [24,25]. One of the innovative and 

environmentally safe methods for preparation of 

nano-sized compounds is the use of plasma 

discharges of various configurations: plasma 

discharge generated between the electrodes 

immersed in liquid, at gas-liquid phase interface 

at reduced pressure, atmospheric pressure plasma 

in interaction with the liquid [26]. 

Among plasma-chemical discharges, 

contact non-equilibrium low-temperature plasma 

(CNP) is a promising option from the point of 

view of practical application [27]. Plasma 

discharge is generated between the electrode in 

the gaseous phase and the surface of the liquid 

where the other electrode is located. Therefore, 

chemical transformations at the phase interface 

are conditioned by the combined effect of 

electrochemical oxidation-reduction; initiated 

photolysis reactions, UV radiation; flow of 

charged particles from the gaseous phase to the 

surface of the liquid medium. By varying the 

composition of liquid phases it is possible, in 

some degree, to manage the paths of chemical 

transformations and composition of obtained 

products [28]. Previous research showed the 

efficiency of using the contact non-equilibrium 

low-temperature plasma in comparison with the 

conventional method of chemical reduction in 

solutions and photochemical deposition [29]. The 

efficiency of CNP use for synthesis of silver 

nanoparticles from the aqueous solutions of metal 

salts one-shot in the presence of sodium alginate 

is demonstrated in other published works [26]. 

Therefore, this synthesis technique seems to have 

potential for metal nanoparticles synthesis. The 

use of sodium alginate as capping agent may be 

inappropriate in some systems because of 

undesirable reaction [26]. Capping agents are 
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frequently used in colloidal synthesis to inhibit 

nanoparticle overgrowth and aggregation as well 

as to control the structural characteristics of the 

resulted nanoparticles in a precise manner. Citrate 

is the most popular capping agent of silver 

colloids that are lab-synthesized for general and 

specific applications; citrate coating serves both 

as a reducing agent and a stabilizer by decorating 

the particles with negative charges [30]. 

Therefore, studying of the process of obtaining 

silver nanoparticles in the presence of citrate, used 

as a stabilizing reagent, under the action of 

plasma discharge, is of scientific and practical 

interest. 

The objective of this work is to obtain 

colloidal solutions of silver nanoparticles by using 

contact non-equilibrium low-temperature plasma 

and citrate as stabilizer. 

 

Experimental 

Materials 
Silver nitrate (99.8%, Kishida), trisodium 

citrate, were purchased from Merck Co. Ltd. 

(Darmstadt, Germany). Aqueous solutions of 

silver nitrate at different concentration were 

prepared using ultrapure water (Direct-Q UV, 

Millipore) and were utilized as starting materials 

without further purification. 

Synthesis of silver nanoparticles AgNPs 
Silver nanoparticles were obtained in a 

synthesis reactor (Figure 1). AgNO3 was 

dissolved in double distilled water to give a 

solution of 0.00025–0.003 mol/L. Then trisodium 

citrate was added to the AgNO3 solution of 

different concentrations. Generally, 0.13 g 

trisodium citrate were added to 70 mL of  

0.00025 mol/L (1); 0.0005 mol/L (2); 0.001 mol/L 

(3); 0.003 mol/L (4) aqueous silver nitrate 

solution under stirring for 6 seconds. These molar 

ratios Ag
+
/citrate (0.05÷0.17) were chosen 

accordingly to already published reports [30,31]. 

The resulting reaction mixture was treated in the 

reactor with the discharge of contact non-

equilibrium low-temperature plasma with fixed 

parameters (pressure, current strength, voltage). 

The electrodes were directly connected to the 

lines in order to apply voltage from the power 

sources and obtain the plasma discharge (the 

parameters of plasma I= 120 mА, Р= 0.08 МPа). 

After plasma irradiation treatment, the resulted 

colloidal solutions were cooled at room 

temperature. The final product was obtained as a 

colloidal dispersion. The browning of the mixture 

of AgNO3 indicated the synthesis of silver 

nanoparticles. The strong surface plasmon 

resonance (SPR) band at 400-440 nm in the  

UV–Vis spectra thus confirmed the formation of 

silver nanoparticles. The yield of silver 

nanoparticles was estimated by the difference 

between the concentration of silver ions in the 

initial solution and after plasma discharge 

treatment (using an “ELIS-131Ag” silver-

selective electrode). The AgNPs obtained by 

plasma discharges were centrifuged at 5000 rpm 

for 5 min. The dried powders were then used for 

further characterization. 

Equipment used for synthesis. The research 

was carried out at the Laboratory of Plasma-

Chemical Technologies of the Ukrainian  

State University of Chemical Technology 

(Dnipro, Ukraine) on an installation of a discrete 

type with a reactor volume of 0.1 L (Figure 1). 

 

 
 

 
 

Figure 1. The circuit diagram and photo discharge 

of the installation for plasma-chemical treatment of 

water solutions: 1 – reactor; 2, 3 – electrodes;  

4 – vacuum gauge; 5 – crane; 6 – pump; 

7 – filtering elements; 8 – switch; 9 – voltmeter;  

10 – ammeter; 11 – firearm transformer;  

12 – switch; 13 – voltage transformer. 

 

Cathode (diameter 4 mm, 18Н10Т stainless steel 

electrodes) was located in the liquid part, with the 

anode (diameter 2.4 mm) placed at the distance of 

10 mm from the surface of solution. Volume of 

solution in the reactor was equal to 70 mL. 

Cooling of reaction mixture was ensured by 
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continuous circulation of cold water. Pressure in 

the reactor was maintained at 80±4 kPа. The 

voltage of 500–1000 V was applied to the 

electrodes to obtain the plasma discharge. The 

current strength was maintained at the level of 

120±6 mA. Duration of plasma processing of 

solutions ranged from 1 to 5 min. 

Characterization techniques 

UV-Vis spectra of colloidal solutions were 

recorded in the wavelength range of 190-700 nm 

using the UV-5800PC spectrophotometer (FRU, 

China) and quartz cuvettes.  

Zeta potential of colloidal solutions was 

measured on a Zetasizer Nano-25 analyzer 

(Malvern Instruments Ltd., Malvern, England).  

Microphotographs of nanoparticles were 

obtained using the scanning microscope JEOL 

JSM-6510LV (JEOL, Tokyo, Japan).  

X-ray diffraction patterns were registered 

using the X-ray diffractometer Ultima IV Rigaku. 

The size of the AgNPs (D, crystallite size) were 

estimated from the Debye–Scherrer Eq.(1) [32]. 
 

𝐷 =
0.9𝜆

𝛽 cos𝜃
 (1) 

 

where, β is FWHM (full width at half maximum);  

 θ is the angle of diffraction;  

 wavelength (λ) for X-ray is 0.1541 nm. 

 

Antibacterial assay 
The disk diffusion method was used to 

study the antibacterial activity of the synthesized 

silver nanoparticles. Staphylococcus aureus 

(ATCC 25923) and Escherichia coli (ATCC 

35218) were used as model test strains for Gram-

positive and Gram-negative bacteria, respectively. 

The bacterial suspension (About 10
4
 colony 

forming units (CFUs) of freshly cultured 

microbial cells) was spread on nutrient agar in a 

Petri plate to create confluent lawn of bacterial 

growth. The wells of 5 mm were prepared by 

borer. The solutions of different AgNPs 

concentrations (15 μL) were poured into each 

well. The well without silver nanoparticles was 

treated as blank (water). After 24 h incubation at 

37°C, the dimensions of the inhibition zones 

around the samples were measured in five 

directions, and the average values were used to 

calculate the circle zone area. 

 

Results and discussion 

The UV-Vis spectrophotometric technique 

was applied to confirm the formation of silver 

nanoparticles in the CNP plasma-irradiated 

AgNO3/citrate solution. It is a well known fact 

that colloidal silver nanoparticles exhibit 

absorption in the wavelength range from 380 to 

450 nm depending on the complex dielectric 

constant of the metal, the cluster size and the 

environment [31,33].  

Figure 2 shows the absorption spectra of 

the Ag solutions obtained at various  

AgNO3 concentrations studied in the range  

0.00025–0.003 mol/L without and in the presence 

of fixed concentration of citrate (the parameters of 

plasma I= 120 mА, Р= 0.08 МPа, τ= 5 min (а) 

and τ= 4 min (b)). 

 

 
(а) 

 
(b) 

Figure 2. The UV-Vis spectra of AgNPs (a) and 

AgNPs/citrate (b) prepared by discharge plasma at 

various concentrations of AgNO3: 

1 – 0.00025 mol/L; 2 – 0.0005 mol/L;  

3 – 0.001 mol/L; 4 – 0.003 mol/L. 
 

Figure 2(а) shows that silver nanoparticles 

are formed due to the plasma discharge action, 

even in the absence of the citrate ions (maximum 

of absorption SPR (λmax) at 440 nm). UV-Vis 

spectra presented in Figure 2(b) show that 

treatment of the silver nitrate/citrate solution by 

low-temperature plasma discharge on the 

spectrum results in the SPR absorption peak (λmax) 

at 408–420 nm, characterizing the formation of 

silver nanoparticles. Therefore, the introduction of 

capping agent promotes the increase in intensity 

of formation of silver nanoparticles. From the 

Figure 2(b), a redshift from 408 nm to 420 nm 

and spectral broadening with increase 
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concentration of AgNO3 is observed. Also, the 

absorption peak intensity gradually increases  

with the increase of AgNO3 concentration to 

0.0005 mol/L reflecting the formation of more 

AgNPs [34,35]. This indicates a slight increase of 

the size of formed particles (up to 5 nm). Thus it 

can be assumed, that although the silver nitrate 

concentration is increased, the particle size does 

not increase much, possibly due to the capping 

action of citrate. The increase in the concentration 

of silver ions (more than 0.0005 mol/L)  

leads to a slight decrease of the peak intensity  

(0.003–0.001 mol/L curves 1-3) and there is 

obvious absorption in the range of 450–600 nm 

indicating that negligible aggregation occurs in 

this reactive system and the nanoparticles are well 

dispersed (at 0.003 mol/L).  

Figure 3 shows the absorption spectra of 

the silver solutions obtained at various AgNO3 

concentrations 0.00025–0.003 mol/L in the 

presence of fixed concentration of citrate and 

different duration of irradiation.  

 

 
 

 
 

(а) (b) 

 
 

 

(с) (d) 

Figure 3. UV–Vis spectra of aqueous solution AgNO3/citrate treated with plasma at different discharge 

durations 1 – 1 min; 2 – 2 min; 3 – 3 min; 4 – 4 min; 5 – 5 min, for various concentrations of Ag
+
 ions 

(a) 0.00025 mol/L; (b) 0.0005 mol/L; (c) 0.001 mol/L; (d) 0.003 mol/L.  

 

 

 Zeta potential measurements were 

conducted to evaluate the stability of the silver 

suspensions (Figure 4). The zeta potential is  

based on the mobility of a particle in an  

electric field and is related to the electrical 

potential at the junction between the diffuse ion 

layer surrounding the particle surface and the bulk 

solution. Generally, a suspension that exhibits a 

zeta potential less than –20 mV is  

considered unstable and will result in particles 

settling out of solution in the absence of other 

factors. At different initial concentration of  

Ag
+
 in solution without stabilizer, there was little 

variation in the zeta potential value of  

AgNPs, indicating low stability of the  

synthesized nanoparticles. Overall, all obtained  

samples solutions of silver nanoparticles/citrate 

depending on the initial Ag
+
 and concentration of 

stabilizer are characterized by an average value of 

zeta potential in the range from –28.2 mV to  

–32.0 mV, which is typical of the stable colloidal 

systems [36]. 
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Figure 4. Dependence of zeta potential (mV) 

colloidal solution of silver prepared by discharge 

plasma on various concentration of Ag
+
 (mol/L) 

without using capping agent (white bar)  

and with citrate (black bar). 

 

The AgNPs sample obtained in the 

experimental conditions: the parameters of  

plasma I= 120 mА, Р= 0.08 МPа, τ= 4 min; 

С(Ag
+
)=0.003 mol/L was investigated using the 

powder X-ray diffraction (XRD) method and 

SEM microscopy. Figure 5 shows typical XRD 

pattern of silver nanoparticles obtained in an 

aqueous solution: peaks at 2ϴ values of 38.1, 

44.9, 77.5° are attributed to thе (111), (200), (311) 

crystalline planes of the face centered cubic 

crystalline structure of metallic silver. The 

intensity of peaks reflected a high degree of 

crystallinity of silver nanoparticles. The 

diffraction peaks are broad, which indicates that 

the crystallite size is very small [32]. The 

calculated particle size (crystallite size) details are 

in Table1. The average crystallite size calculated 

using Debye-Scherrer formula (Eq.(1)) for (111, 

200, 311) plane of AgNPs were 6.0 – 28.2 nm. 
Table 1 

The size of silver nanoparticles. 

2ϴ, ° crystalline 

planes, hkl 

β  D, nm 

38.1 (111) 0.005 28.2 

44.9 (200) 0.010 12.0 

77.5 (311) 0.029 6.0 

 

A comparison of the (111), (200), (220) 

diffraction intensities reveals features that are 

intrinsically related to the shapes of the particles 

being examined. For the Ag /citrate nanoparticles 

prepared by discharge plasma, the intensity ratio 

between the (200) and the (111) indicated  

the formation of icosahedron type of  

nanocrystals [32,37].  

The SEM image of the prepared Ag/citrate 

is shown in Figures 6. The obtained SEM image 

indicates that nanoparticles are relatively 

spherical (visual observation) of an average 

diameter up to 100 nm (linear dimensional scale). 

The size distribution of AgNPs is presented in 

Figure 7. According to the obtained distribution, 

the size of the AgNPs is in the range 35–100 nm, 

being comparable with SEM data. 
 

 
Figure 5. X-ray diffraction pattern of AgNPs/citrate 

prepared by discharge plasma. 
 

 
 

Figure 6. SEM-image of AgNPs/citrate prepared by 

discharge plasma. 
 

It is commonly known and well established 

that silver nanoparticles show antibacterial 

activity [38]. The plasma chemical synthesized 

AgNPs (with 0.00025–0.003 mol/L/citrate) were 

studied for their antibacterial activity.  

The obtained results (Table 2) show that 

antibacterial activity is exclusively due to AgNPs. 

There is good antibacterial activity against both 

Gram-negative and Gram-positive bacteria 

observed, but it shows higher antibacterial activity 

against (Escherichia coli) (Gram-negative)  

then (Staphylococcus aureus) (Gram-positive) 

(Table 2). The zone of inhibition increases with 

the increase in AgNPs concentration. The blank 

sample shows no zone of inhibition, which 

indicates that antibacterial activity is exclusively 

due to AgNPs.  
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Figure 7. Size distribution of silver/citrate nanoparticles obtained by discharge plasma. 

 

 

Table 2 

Zone of inhibition of synthesized silver nanoparticles against bacterial strains. 

Tested bacterial 

strains 
 

Zone of inhibition by AgNPs, mm 

Blank Ag
+
/citrate, mol/L 

0.00025  0.001  0.003  

Escherichia coli 0 10 20 25 

Staphylococcus aureus  0 3 5 11 

 

 

The differential sensitivity of Gram-

negative and Gram-positive bacteria toward 

AgNPs is possible due to the difference in  

their structure of the cell wall. The cell wall of the 

Gram-positive bacteria is composed of a thick 

layer of peptidoglycan, consisting of linear 

polysaccharide chains cross-linked by short 

peptides thus forming a more rigid structure 

leading to difficult penetration of the  

silver nanoparticles, but the cell walls of Gram-

positive bacteria possess a thinner layer of 

peptidoglycan [39]. 

 

Conclusions 
Silver nanoparticles were prepared in 

aqueous AgNO3 solution by using contact non-

equilibrium low-temperature plasma and 

trisodium citrate as capping agent. The formation 

of silver nanoparticles in the presence of capping 

agent is demonstrated by the presence of the peak 

λmax = 408–420 nm in the UV-Vis spectra.  

The obtained results show that the 

introduction of capping agent promotes formation 

of silver nanoparticles. The increase in silver 

nitrate concentration does not increase the size of 

the nanoparticles. The concentration of silver 

nanoparticles increases with the increase of 

duration of plasma action on the solution. The 

formation of silver nanoparticles was confirmed 

by X-ray diffraction. The average size of formed 

silver particles is below 100 nm. The synthesized 

silver nanoparticles had significant antibacterial 

activity against Escherichia coli and 

Staphylococcus aureus strains. 
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Abstract. 14 new mononuclear six-coordinate lanthanide coordination compounds of general formula 

[Ln(HL)3Cl3] (Ln = La-Nd, Sm-Lu; HL = (2,2,2-trichloro-N-(dipiperidin-1-yl-phosphoryl)acetamide 

CCl3C(O)N(H)P(O)[N(CH2)5]2, carbacylamidophosphate (CAPh) type ligand) have been synthesized 

from non-aqueous solutions. The complexes have been characterized by elemental analysis, FTIR,  
1
H- and 

31
P-NMR, and UV-Vis spectroscopy. The structure of [Sm(HL)3Cl3] (1) has been further 

confirmed by single crystal X-ray diffraction analysis. Crystal data: trigonal, R3, with a = 24.098 Å,  

c = 18.025 Å, V = 9065.0 Å
3
, Z = 6, R1 = 0.0327, and wR2 = 0.0404. The crystal structure was solved as 

two crystallographically independent fragments Sm(HL)Cl: A and B that exist in the crystalline lattice 

due to the differences in some geometrical parameters. 

 

Keywords: lanthanide, carbacylamidophosphate, phosphoryl ligand, six-coordinate lanthanide complex,  

electronic spectrum. 
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Introduction 

Due to the remarkable and unmatched 

optical and magnetic properties of lanthanides, 

these compounds are of interest when it comes to 

high technology [1-8]. These elements are used in 

strategic applications such as telecommunications, 

production of optical glasses and lasers, lights and 

displays, magnetic materials, hard-disk  

drives, security inks and counterfeiting tags, as 

well as in catalysis, biosciences, and medicine.  

β-Diketones and their structural analogues are 

among the most investigated ligands that are 

applied for binding lanthanides (III) ions [9-13]. 

Carbacylamidophosphates (CAPh) – compounds, 

containing the functional fragment 

C(O)N(H)P(O), have been of special interest 

because of their useful properties as urease 

inhibitors [14], enzyme inhibitors [15,16], their 

antibacterial properties [17,18], and anti-cancer 

activity [19,20]. The lanthanide chelates of 

CAPhs exhibit biological activities and in vitro 

tests show their strong anti-cancer properties [21]. 

The presence in the CAPh’s composition of the 

phosphoryl group provides a high affinity towards 

highly charged metal ions, such as lanthanides 

and actinides [22-24]. CAPh compounds may be 

regarded as powerful chelating systems and for 

this reason they are used as extractants, namely 

those of them containing the long alkyl chains  

(n-C5H11 – n-C10H21) near the carbonyl carbon 

atom [25,26]. 

The ability of deprotonated CAPh ligands 

to form stable complexes with both transition and 

non-transition metals has been extensively 

investigated [27-31]. Previous studies revealed 

that the monodentate coordination for the 

molecular form of CAPh ligands is realized 

mainly via phosphoryl oxygen for 3d metals, rare 

earth elements, and for Sn
2+ 

ions [32-35]. 

This work presents a study of  

metal complexes of the composition  

[Ln(HL)3Cl3] (Ln= La–Nd, Sm–Lu, HL= 

CCl3C(O)N(H)P(O)[N(CH2)5]2 -2,2,2-trichloro-N-

(dipiperidin-1-yl-phosphoryl)acetamide) and 

crystal structure of trichlorotris[2,2,2-trichloro-N-

(dipiperidinophosphoryl)acetamide]samarium 

(III)] [Sm(HL)3Cl3] (1). The spectral 

characteristics of synthesized complexes in non-
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aqueous solutions and solid state were 

investigated.  

 

Experimental 

Chemicals 
All chemicals were purchased from 

commercial sources and used as received unless 

otherwise stated. Basic solvents for synthesis 

were dried using literature methods. Solvents for 

spectroscopic investigations were of the highest 

purity available. 

Carabacylamidophosphate ligand  

2,2,2–trichloro-N-(dipiperidin-1-yl-phosphoryl) 

acetamide (HL). HL was synthesized via the 

three-step procedure based on the Kirsanov 

reaction [32,36],
 
and its structure was identified 

using FTIR and NMR spectroscopy. 
1
H

 
NMR  

(400 MHz, DMSO-d6, RT): δ = 1.51 (d, 4H,  

β-СН2), 1.58 (d, 2H, γ-СН2), 3.16 (s, 4H, α-СН2), 

9.37 (s, 1H, NH). 
31

P NMR (162 MHz, DMSO-d6, 

RT): δ = 10.18 (s, P=O).  

Trichlorotris[2,2,2-trichloro-N-

(dipiperidinophosphoryl)acetamide]samarium 

(III) [Sm(HL)3Cl3] (1) (Figure 1) and coordination 

compounds [Ln(HL)3Cl3] were synthesized as 

follows: hydrated rare earth chloride (1 mmol) 

was dissolved in methanol (15 mL), then heated 

to a boiling temperature for 2 minutes and after 

that the mixture was added to the solution of HL 

(3 mmol) in methanol (15 mL). The obtained 

solution was left under vacuum in a desiccator 

over CaCl2. Crystals of the complexes were 

formed in 1-2 days, filtered, washed with cooled 

2-propanol, and air-dried (yield 78-82%). The 

complexes, as prepared, are soluble in non-polar 

aprotic solvents, acetone, acetonitrile, alcohols, 

and toluene; and insoluble in water, hexane, and 

cyclohexane (m.p. 175-188°C). Crystalline 

powder of 1 was recrystallized from a  

2-propanol/methanol mixture (3:1, v/v) to get 

colorless prisms. 

 
 

 
Figure 1. Representation of CAPh-ligand 

coordination mode in [Sm(HL)3Cl3]. 

For C36H63N9O6P3Cl12Sm the elemental 

composition was determined, %: C 32.04, H 4.87, 

N 9.22, Sm 10.24; and calculated, %: C 31.18, H 

4.58, N 9.09, Sm 10.84. 
1
H

 
NMR (400 MHz, DMSO-d6, RT): 

[La(HL)3Cl3]: δ = 1.63 (d, 4H, β-СН2), 1.68  

(d, 2H, γ-СН2), 3.24 (s, 4H, α-СН2), 9.87 (s, 1H, 

NH); [Lu(HL)3Cl3]: δ = 1.65 (d, 4H, β-СН2), 1.7 

(d, 2H, γ-СН2), 3.25 (s, 4H, α-СН2), 9.85 (s, 1H, 

NH). 
31

P NMR (162 MHz, DMSO-d6, RT): 

[La(HL)3Cl3]: δ = 9.21 (s, P=O). Lu: δ = 9.28  

(s, P=O). 

Characterization 

The composition of the complexes was 

determined by the elemental analysis of carbon, 

hydrogen, and nitrogen using EL III Universal 

CHNOS Elemental Analyzer. The concentration 

of lanthanide ions in lanthanides was quantified 

by standard titrimetric methods. 
1
H and 

31
P NMR spectra in DMSO-d6 

solutions were recorded on a Varian 400 NMR 

spectrometer at room temperature (RT).  
1
H chemical shifts were determined relative to the 

internal TMS, whereas 
31

P chemical shifts were 

calculated relatively to an external standard of 

85% H3PO4.  

Fourier transform infrared spectroscopy 

(FTIR) spectra were recorded on a Perkin–Elmer 

Spectrum BX spectrometer using KBr pellets with 

resolution of 1 cm
-1

, in the range 4000–400 cm
-1

.
  

UV-Vis absorption spectra of [Nd(HL)3Cl3] 

solutions were measured at RT in absolute non-

aqueous solvents on a KSVU-23 “LOMO” 

spectrometer using 3 cm
3
 stoppered quartz cell of 

1 cm pathlength. The concentrations of complexes 

were 1·10
-2

 mol/L.  

Single crystal X-ray diffraction (XRD) data 

for [Sm(HL)3Cl3] (1) was collected at 20°С using 

Xcalibur-3 diffractometer (Mo-Kα radiation, 

ССD-detector, graphite monochromator, ω-scan). 

The size of a single crystal was 0.4×0.2×0.1 mm. 

The structure was solved by direct method and 

refined against F
2
 by full-matrix least-squares 

method using the SHELXTL package [37]. All 

non-hydrogen atoms were refined within 

anisotropic approximation. Positions of the 

hydrogen atoms were located from electron 

density difference maps and refined by “riding” 

model with Uiso = 1.2Ueq of the carrier atom. The 

chlorine atoms of one of the trichloromethyl 

groups in molecules A and B are disordered due 

to rotation around the Csp
2
-Csp

3
 bond with a ratio 

of 0.54:0.46% in molecule A and 0.52:0.48% in 

molecule B. Crystallographic data for the 

structure have been deposited to the Cambridge 

Crystallographic Data Centre with CCDC number 

16 
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869525. Copies of the data can be obtained free of 

charge by an application to the Director,  

CCDC, 12 Union Road, Cambridge CB2 1EZ, 

UK (fax: +44(122) 333-6033;  

e-mail: deposite@ccdc.cam.ac.uk; website: 

http://www.ccdc.cam.ac.uk). 

 

Results and discussion 

FTIR spectra  

The FTIR spectra of HL and the complexes 

contain characteristic bands corresponding to 

vibrations of the phosphoryl and carbonyl groups 

which are sensitive to the coordination mode of 

CAPh ligand. According to our previous studies, 

the neutral forms of carbacylamidophosphates are 

coordinated mostly in a monodentate manner via 

the oxygen atom of the phosphoryl group [23,32] 

whereas the deprotonated forms – in a bidentate 

manner via the oxygen atoms of the phosphoryl 

and carbonyl groups forming six-membered 

chelate cycles [38]. Infrared spectroscopic 

investigations revealed a bathochromic shift  

(Δν) of these bands in the sodium salt NaL 

spectrum equal to 119–126 cm
-1

 for C=O and  

72–86 cm
-1

 for P=O compared to the ligand  

HL spectrum [39].
 
 

The presence of the coordinated HL 

molecules in 1 is confirmed by characteristic IR 

spectroscopic bands: νas(C=O), νas(P=O), (NH), 

ν(Amide II) and ρ(PNC) (Table 1) [40,41].  

The 48–54 cm
-1 

shift of the absorption band of 

stretching vibrations ν(P=O) to lower  

frequencies was used as a criterion of the ligand 

coordination to the Ln
3+

 ions. There is also a small 

high-frequency shift for the C=O band  

in the spectra of coordination compounds in 

comparison to HL spectrum. The shift may be 

caused by a slight increase of CO bond order 

under coordination.  

 
Table 1 

FTIR
*
 data (cm

-1
) of the HL and its coordination compounds [Ln(HL)3Cl3]. 

Compound  (NH) (CO) (PO) ρ(PNC) 

HL 3027 m, b 1729 vs, sp 1194 s, sp 498 w, sp 

La 2983 m, b 1733 vs, sp 1146 s, sp 523 w, sp 

Ce 2990 m, b 1733 vs, sp 1142 s, sp 518 w, sp 

Nd 2975 sh, b 1733 vs, sp 1141 s, sp 520 w, sp 

Sm 2981 m, b 1734 vs, sp 1140 s, sp 519 m, sp 

Eu 2973 m, b 1733 vs, sp 1143 s, sp 520 w, sp 

Gd 2972 sh, b 1732 vs, sp 1144 s, sp 520 m, sp 

Tb 2994 sh, b 1734 vs, sp 1140 s, sp 523 m, sp 

Dy 2962 m, b 1735 vs, sp 1142 s, sp 525 w, sp 

Ho 2970 m, b 1735 vs, sp 1143 s, sp 522 w, sp 

Er 2970 m, b 1736 vs, sp 1143 s, sp 520 w, sp 

Yb 2968 m, b 1735 vs, sp 1142 s, sp 523 m, sp 

Lu 2972 m, b 1736 vs, sp 1140 s, sp 523 m, sp 

*s- strong, vs- very strong, m- medium, w- weak, sh- shoulder, b- broad, sp- sharp. 
 

UV-vis spectroscopy 

Absorption and luminescence of lanthanide 

ions as useful structural probes for biomolecular 

systems have been widely studied. The form and 

intensity of 
4
І9/2 → 

2,4
G5/2,7/2 (560–620 nm) 

transitions are often used as a probe of structural 

peculiarity. The bands shape in this region is 

known to be sensitive to the coordination 

environment around the Nd(III) center [42,43]. 

Figure 2 shows the characteristic neodymium f–f 

transitions split by a crystal field for [Nd(HL)3Cl3] 

solutions in acetonitrile and toluene. The precise 

analysis of the band splitting, mainly those of  
4
I9/2

 
→

 2
P1/2 and the hypersensitive 

4
І9/2 → 

2,4
G5/2,7/2 

transitions allows us to assume the existence of 

exactly one Nd(III) ion site in the structure 

[Nd(HL)3Cl3]. The number of components of the 

Kramer’s doublet 
4
I9/2 → 

2
P1/2 transition is directly 

related to the number of metal sites. Thus, only 

one component is observed for [Nd(HL)3Cl3] 

(Figure 2(a)). The splitting of the 
4
І9/2 → 

2,4
G5/2,7/2 

transition into six bands when Nd(III) is 

complexed in an octahedral environment (e.g., 

[NdCl6]
3−

) has been previously reported [42].  

From the positions and band shapes 

observed for [Nd(HL)3Cl3] in the absorption 

spectra we can conclude that the central atom 

nearest environment in both polar and non-polar 

solutions has similar octahedral geometry. As 

shown in Figure 2, the spectrum of acetonitrilic 

solution contains three asymmetric broadened 

bands. Decomposition of these bands using 

Gaussian approximation gives 5 symmetric peaks 

with the line maxima similar to ones in the 

spectrum of acetonitrilic solution but with a slight 

hypsochromic shift (Figure 2(b)).   

The electronic spectra of [Nd(HL)3Cl3] are 

identified as alike to that of the six-coordinate 

17 
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Nd
3+

 O,O-chelates Nd(thd)3 in CHCl3 and 

Nd(DPPD)3 in C6H6 (where thd - is 

(CH3)3CCOCHCOC(CH3)3, DPPD - is 

C6H5CCOCHCOCC6H5) [43]. Electronic 

absorption spectra of 0.01 M toluene and 

acetonitrile solutions of [Nd(HL)3Cl3] and 

[Nd(HMf)2(H2O)Cl3] (six-coordinate 

carbacylamidophosphate complex with similar 

structure where HMf is 2,2,2-trichloro-N-

(dimorpholin-1-yl-phosphoryl)acetamide 

CCl3C(O)N(H)P(O)[NC4H8O]2) are given for 

comparison in Figure 2(a).   
 

   
(a) (b) 

Figure 2. Absorption spectra of [Nd(HL)3Cl3] and [Nd(HMf)2(H2O)Cl3] in acetonitrile (1) and toluene 

(2) at room temperature (a) and absorption spectra of [Nd(HL)3Cl3] in acetonitrile (b) which have been 

empirically convoluted by Gaussian functions in order to produce an envelope compared with the 

experimental measurement (1) and absorption spectra of the [Nd(HL)3Cl3] in toluene (2). 
 

Structural description of [Sm(HL)3Cl3] (1) 

We succeeded in confirming the 

conclusions regarding the structures of the 

obtained compounds (based on spectroscopic 

data) by the results of full X-ray analysis of the 

[Sm(HL)3Cl3] compound (1). Selected bond 

lengths (Å) and angles (°) are listed in Table 2, 

the hydrogen bonds parameters are given in  

Table 3 and the crystal data and structure 

refinement for [Sm(HL)3Cl3] are given in Table 4.  

The X-ray analysis reveals that compound 1 

crystallizes in the trigonal system with space 

group R3, samarium atoms are in the special 

position on a 3-fold rotation axis. The complex 1 

was solved as two crystallographically 

independent fragments Sm(HL)Cl: A and B that 

exist in the crystalline lattice due to the 

differences in their similar torsion angles  

Sm–O–P–N (27.49° and 25.18° in molecules  

A and B respectively) (Figure 3). The central Sm 

atom of [Sm(HL)3Cl3] in A and B has a distorted 

octahedral environment (facial isomer) 

coordinated by three Cl anions and three O atoms 

of CAPh ligands phosphoryl groups (Figure 4(b)). 

Slightly distorted octahedral LnO3Cl3 geometry 

with a fac-arrangement of the donor atoms was 

fixed earlier for the complexes [Ln(CAPh)3Cl3] 

type with carbacylamidophosphates 

CCl3C(O)N(H)P(O)[NC4H8]2 and 

CCl3C(O)N(H)P(O)[NEt2]2 [44,45]. Triclinic 

symmetry was shown for 

[Er(CCl3C(O)N(H)P(O)[NC4H8]2)3Cl3] (space 

group Р-1) and trigonal one, like 1 for 

[Pr(CCl3C(O)N(H)P(O)[NEt2]2)3Cl3] (space group 

R3). In contrast to these structures, the 

coordination polymer of Ln
III 

in the structure of 

[Pr(HMPA)3Cl3] (HMPA – is phosphorylic ligand 

hexamethylphosphoramide) is realized as a 

meridional isomer [46]. 

The Sm-O distances are 2.323(5) Å and 

2.307(5) Å for molecules A and B (Table 2), 

respectively, which falls within the bond length 

range typical of lanthanide complexes with CAPh 

ligands [22,23]. The Sm-Cl distances are  

2.673(2) Å and 2.669(2) Å for molecules A and 

B, respectively. 

The P=O bond lengths in ligands of 1 are 

1.495(4) Å and 1.496(4) Å for molecules A and 

B, respectively, which is longer than the mean 

value of the P=O bond length (1.45 Å) and the 

bond in the corresponding ligand HL  

(see Table 2) [47,48]. Also, the phosphorus atoms 

conserved a slightly distorted tetrahedral 

configuration. The angles around P atom in 1 

range between 119.1° and 103.0°, for the angles 

O1–P1–N3 and O1–P1–N1, respectively.  

The P–Namide bond lengths are longer than 

the P–NPip bond lengths (bond of phosphorus  

with the piperidine nitrogen), because of the 

resonance interaction of the Namide with the C=O 

system that causes the contribution of  

π-component into the C–Namide bond (the C–Namide 

bond lengths are shorter than the C–NPip bond 

lengths, Table 2). 

18 



O. Litsis et al. / Chem. J. Mold., 2018, 13(1), 15-23 

 

 
Table 2 

Selected bond lengths (Å) and angles (°) for 1. 

Bond lengths 

Sm1A O1A 2.323(5) Sm1B O1B 2.307(5) 

Sm1A Cl4A 2.673(2) Sm1B Cl4B 2.6684(19) 

P1A O1A 1.494(5) P1B O1B 1.496(5) 

P1A N3A 1.610(5) P1B N3B 1.620(6) 

P1A N2A 1.615(6) P1B N2B 1.623(5) 

P1A N1A 1.692(6) P1B N1B 1.692(5) 

O2A C1A 1.197(9) O2B C1B 1.177(7) 

Angles 

O1A-Sm1A-O1A
a 

85.52(16) O1B-Sm1B-O1B
c 

84.21(17) 

O1A-Sm1A-Cl4A 82.83(12) O1B-Sm1B-Cl4B 84.64(12) 

O1A
a
-Sm1A-Cl4A 167.86(12) O1B

c
-Sm1B-Cl4B 168.22(13) 

O1A
a
-Sm1A-Cl4A

a 
167.86(12) O1B

c
-Sm1B-Cl4B

c 
84.64(12) 

O1A
b
-Sm1A-Cl4A 96.97(12) O1B

d
-Sm1B-Cl4B 90.91(13) 

O1A-Sm1A-Cl4A
a 

96.97(12) O1B-Sm1B-Cl4B
c 

90.91(13) 

Cl4A-Sm1A-Cl4A
a 

95.14(7) Cl4B-Sm1B-Cl4B
c 

99.32(6) 

Cl4A
a
-Sm1A-Cl4A

b 
95.13(7) Cl4B

c
-Sm1B-Cl4B

d 
99.32(6) 

O1A-P1A- Sm1A 160.6(3) O1B-P1B- Sm1B 159.2(3) 

O2A-C1A-N1A 124.6(8) O2B-C1B-N1B 123.2(7) 

O1A-P1A-N3A 119.1(3) O1B-P1B-N3B 110.6(3) 

O1A-P1A-N2A 109.9(3) O1B-P1B-N2B 117.3(3) 

N3A-P1A-N2A 106.2(3) N3B-P1B-N2B 107.5(3) 

O1A-P1A-N1A 103.0(3) O1B-P1B-N1B 103.9(3) 

N3A-P1A-N1A 105.5(3) N3B-P1B-N1B 112.0(3) 

N2A-P1A-N1A 113.3(3) N2B-P1B-N1B 105.5(3) 

Symmetry transformations used to generate equivalent atoms:  
a 
1 -x+y+2,-x+1,z 

b 
2 -y+1,x-y-1,z 

c
 -y,x-y-1,z 

d 
-x+y+1,-x,z 

 

 
                            (a)                (b) 

Figure 3. View of the molecules A and B in the unit cell of [Sm(HL)3Cl3] along to 001. Hydrogen 

atoms of piperidine rings are omitted for clarity (a). ORTEP visualization of [Sm(HL)3Cl3] along 001 with 

partial atom-numbering scheme. Displacement ellipsoids are shown at 30% probability level (b).  

Dashed lines denote H-bonds. Piperidine rings are omitted for clarity. 
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All these P–N bonds are shorter than the 

typical P–N single bond (1.77 Å) [47].
 
This is 

probably caused by the electrostatic effects (polar 

bonds) which overlap with P-N σ bond. The sum 

of surrounding angles around N1A and N1B 

atoms are 359.8° and 359.9°, respectively. Similar 

results were obtained for the nitrogen atoms of 

other CAPh structures [22-24,39] that confirm the 

sp
2
 hybridization for the N atoms under 

consideration, although due to the repulsion and 

steric interactions, some angles are larger, and 

others are less than 120°. 

In a crystal phase, the molecules of 

compound 1 form columns along the 

crystallographic direction (001), which are 

connected to each other by C(O)···Cl short 

contacts (Figure 5).  

 

 
Figure 5. The crystal packing of 1. The view along the crystallographic c axis. 

 

Table 3 

Hydrogen bonds for 1. 

D-H···A —— d (Å) —— Angle D-H···A (°) 

D-H A···H D···A 

N(1A)-H(1A)···CL4 0.86 2.50 3.317(6) 159.9 

N(1B)-H(1BA)···CL4B 0.86 2.51 3.337(6) 161.4 

 

Table 4 

Crystal data and structure refinement for 1. 

Parameter Value Parameter Value 

Empirical formula C36H63N9O6P3Cl12Sm F(000) 4206 

Crystal color colorless Crystal size, mm 0.400×0.200×0.100 

Formula weight, g·mol
–1

 1386.61 , 
o
 2.819 to 27.498 

Temperature, K 293(2)  Reflections collected/unique 29113 / 9160 

Wavelength, Å 0.71073  Data/restraints/parameters 9160 / 31 / 459 

Crystal system trigonal 

Limiting indices 

-31≤h≤31 

-29 ≤ k ≤ 31 

-23 ≤ l ≤ 23 
Z 6 

Absorption coefficient, mm
-1

 1.628  

Space group R3 (146) GOF 0.679 

a, Å 

b, Å 

c, Å 

24.098  

24.098 

18.025 

R1, wR2 [I > 2(I)] R1 = 0.0327  

wR2 = 0.0404 

α, ° 

β, ° 

γ, ° 

90.00 

90.00 

120.00 

R1, wR2 (all data) R1 = 0.1043  

wR2 = 0.0449 

Volume, Å
3
 9065.0 Largest diff. peak and hole, e·Å

-3
 1.164 and -0.398 

d, mg·m
–3

 1.524 
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Conclusions 

This work showed that the 

carbacylamidophosphate (CAPh) ligand HL as a 

heterosubstituted analogue of the β-diketones 

forms stable coordination compounds of the 

[Ln(HL)3Cl3] type. The coordination of the 

phosphoryl oxygen atoms of HL to the Ln
III

 ions 

can be established by the (P=O) and (C=O) 

stretching vibrations shifts in the FTIR spectra of 

the complexes compared to the spectra of “free” 

CAPh ligand. The precise analysis of the 

absorption band splitting, mainly those of 

hypersensitive 
4
І9/2 → 

2,4
G5/2,7/2 transitions of 

[Nd(HL)3Cl3], allows us to assume that the central 

atom nearest environment in both polar and non-

polar solutions has similar octahedral geometry. 

This conclusion was indirectly confirmed by  

X-ray diffraction measurements of [Sm(HL)3Cl3]. 

Due to the peculiar system of intramolecular  

H-bonds in the structure of [Sm(HL)3Cl3] all three 

CAPh ligands are on the opposite faces of 

coordination octahedron of Sm(III). 
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Abstract. A new Co(III) complex [Co
III

(2,3-pdcH)3]·3H2O, (2,3-pdcH2 - 2,3-pyridinedicarboxylic acid) 

has been synthesized from a Co(II) salt at room temperature by using (NH4)2S2O8 as oxidant. The 

complex was characterized by elemental analysis, IR and UV-Vis spectroscopy, X-ray diffraction and 

thermogravimetric analyses. The complex crystallizes in the monoclinic space group P21/c. The crystal 

structure reveals a homoleptic complex with a distorted octahedral geometry, where the ligand acts as a 

monodeprotonated N, O-chelating anion. 
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Introduction 

Cobalt and pyridinedicarboxylic acids are 

well known for their role in inorganic 

biochemistry [1,2]. Cobalt is an essential metal in 

proteins and plays major roles in a diverse range 

of enzymatic and electron-transfer processes due 

to its availability in two stable and accessible 

oxidation states, as other first-row transition 

metals. Co(III) ion is the active center of 

cobalamin, which is a vitamin with a key role in 

the normal functioning of the brain and nervous 

system, and the formation of red blood cells [3,4]. 

Furthermore, Co(III) complexes have been known 

long time among the most effective catalysts for 

the hydrolytic cleavage of amides, esters, and 

phosphates [5,6]. Several cobalt complexes 

possess anti-oxidant [7,8] and insulin-like effects 

[9,10], similar to vanadium complexes. On the 

other hand, the 2,3-pyridinedicarboxylic acid, 

being a polydentate carboxylic ligand, can act as a 

mono or double deprotonated form, generating a 

variety of coordination modes [11-13]. Quinolinic 

acid is well known for its important biological 

functions in the metabolism, such as enzyme 

inhibitor [1-3,14] plant membrane [15] and food 

sanitizer [16]. Also, pyridinedicarboxylic acids 

are found in the metabolic pathways of animals 

and they are used for the transport and scavenging 

of the metal ion by the body. All these properties 

have attracted the interest of scientific groups, not 

only in the field of coordination chemistry but 

also in inorganic and bioinorganic chemistry. It is 

important to determine the crystal structure, 

composition and properties of various quinolinic 

metal complexes in the perspective to relate the 

effects of this metabolite and/or related 

compounds on physiological processes [17-19]. 

In continuation of our previous studies  

[20], we have synthesized a new Co(III)  

complex of composition [Co(2,3-pdcH)3]·3H2O 

(1) (where 2,3-pdcH is the monoanion of  

2,3-pyridinedicarboxylic acid) in order to extend 

the knowledge on 2,3-pyridinedicarboxylate 

complexes in the system of Co(III) ion, to explore 

the possibility of its use as a model to explain 

some intricate reactions in biological systems and 

as monomeric blocks in the construction of 

supramolecular architectures. 

 

Experimental part 

Materials 

The 2,3-pyridinedicarboxylic acid  

(2,3-pdcH2) was purchased from Aldrich and the 

other chemicals were of analytical grade quality.  

[Co(2,3-pdcH)3]·3H2O (1). A mixture of 

2,3-pdcH2 (1.5 mmol, 0.25 g) in 15 mL H2O and 

(NH4)2S2O8 (2.5 mmol, 0.57g) in 10 mL H2O was 

prepared. Further, it was added to an aqueous 

solution of Co(NO3)26H2O (0.5 mmol, 0.14 g) in 

10 mL. The solution turned dark violet upon 

mixing. The reaction mixture was left to 

crystallize slowly at room temperature. After  

two weeks, the solution was filtered to obtain 

small violet plates crystals large enough for 
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single-crystal X-ray studies. Yield: 45.0%. 

Calculated for {C21H18CoN3O15}: C 41.26, H 

2.97, N 6.88%; Found: C 41.00, H 2.86, N 6.98%. 

IR bands (cm
-1

): 3483, 3443, 3252, 3090, 3067, 

2918, 2616, 2476, 2291, 1945, 1709, 1672, 1651, 

1595, 1466, 1447, 1436, 1365, 1344, 1332, 1302, 

1271, 1231, 1169, 1146, 1111, 1012, 996, 872, 

828, 815, 758, 710, 690.  

Measurements 

The infrared spectrum was recorded in the 

ATR mode on a Perkin Elmer Spectrum 100  

FT-IR Spectrometer in the range 4000-650 cm
-1

.  

The UV-Vis spectrum was recorded for the 

aqueous solution of the complex with a Perkin 

Elmer UV-Vis spectrophotometer - Lambda 25 in 

the range of 900-200 nm. Thermal analysis (TG) 

was carried out in a Paulik-Paulik-Erdey 

derivatograph in the 20-1000°C range. The 

crucible containing 0.1 g sample was heated at 

5°Cmin
-1

 in air. Elemental analyses (C, H, N) 

were carried out on an Elemental Analyzer  

Vario EL (III). 

 Crystal structure determination: A violet 

plate single crystal having dimensions of around 

0.500 x 0.050 x 0.010 mm was mounted on a 

glass fiber. Crystallographic data for compound 1 

were collected on a Rigaku R-AXIS RAPID II 

diffractometer with confocal monochromatized 

Mo-Kradiation, using ω-ϕ scan technique.  

The data were collected at a temperature of 

20±1°C to a maximum 2 value of 55.0°. The 

structure was solved by direct methods [21] and 

refined anisotropically using a full-matrix least-

squares method based on F
2
 with the SHELX-97 

[22]. The non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were refined 

using the riding model. All calculations were 

performed using the Crystal Structure [23] 

crystallographic software package except for 

refinement, which was performed using 

SHELXL97 [22]. The details of the crystal 

parameters, data collection and refinements for 

the complexes are presented in the section Results 

and discussion. Other details for the structural 

analysis are presented in the Supplementary 

Material file. CCDC 1581718 includes all 

supplementary crystallographic data of complex 

1. These data can be obtained free of charge from 

the Cambridge Crystallographic Data Center via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Results and discussion 

In this article we studied the synthesis, 

structure and physico-chemical properties of a 

new 2,3-pyridinedicarboxylate complex of 

Co(III). A recent search in the  

Cambridge Structural Data Base (CSD_2018) 

yielded about 28 cobalt compounds with  

2,3-pyridinedicarboxylate moiety. From those, 

only 4 structures are Co(III) complexes [24-27] 

and neither one was a neutral and homoleptic 

complex. Herein, the complex 1, named triaqua-

tris(pyridine-3-carboxylic acid-2-carboxylato-

O,N)-cobalt(III), has been isolated in the solid 

state and the structure has been assigned on the 

basis of its elemental analysis, IR and UV-Vis 

spectroscopy, single crystal X-ray diffraction 

study and thermogravimetric analysis.  

Spectroscopic analyses 
The typical vibrations of pyridine aromatic 

ring and the vibrational modes for carboxylic 

groups confirm the presence of the organic part 

((C=C)= 1595, 1564 cm
-1

; (C=N)= 1466, 1447 cm
-1

, 

(C-O)= 1111, 1012 cm
-1

) in the IR spectrum of the 

complex 1. The spectrum reveals strong  

as(COO
-
) absorption bands at 1651, 1595 cm

-1
 

and also s(COO
-
) absorption bands at 1466 and 

1436 cm
-1

. The presence of absorption band at 

1709 cm
-1

 confirms the structural data indicating 

that one carboxylic group remains protonated. 

Comparison of the spectrum of 1 with the 

spectrum of the free ligand reveals broad 

absorption bands at 3483 and 3252 cm
-1

, which 

are the characteristic peaks of vas,s(OH) of the 

water molecules present in the complex [28].  

The UV-Vis spectrum of complex 1 in 

water (Figure 1) displays weak absorptions at  

375 and 522 nm, which are assigned to the ligand 

field transitions 
1
A1g→

1
T2g and 

1
A1g→

1
T1g, 

respectively [29]. 

 

 
 

Figure 1. UV-Vis spectrum of the complex  

[Co(2,3-pdcH)3]·3H2O (1). 

 

Crystal structure 
Single-crystal X-ray study reveals that the 

asymmetric unit of complex 1 contains a 

mononuclear neutral complex with one cobalt ion, 

three 2,3-pyridinedicarboxylic anions and three 
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water molecules, [Co(2,3-pdcH)3]·3H2O. The 

asymmetric unit with the atom numbering scheme 

is shown in Figure 2. The mononuclear complex 

crystallizes in the monoclinic space group P21/c. 

All crystallographic data and structure refinement 

for 1 are shown in Table 1. The Co(1) ion is 

coordinated by three 2,3-pyridinedicarboxylic 

anions that act as bidentate ligands. The charge of 

cobalt ion is +3. All ligands are 

monodeprotonated and form a distorted 

octahedral geometry with a [N3O3] chromophore 

around cobalt(III) ion. 

 
Figure 2.View of the asymmetric unit for  

[Co(2,3-pdcH)3]·3H2O with the atom numbering 

scheme (50% probability ellipsoid). 

 

Each ligand coordinates in a chelate mode 

through the pyridine nitrogen atom and an oxygen 

atom from one deprotonated 2-carboxylic acid 

group, forming a five-membered chelate ring 

(Figure 2). The remaining protonated carboxylic 

group is not involved in coordination but forms 

intramolecular hydrogen bonds with three water 

molecules. From those three water molecules, one 

is disordered and for this reason, the hydrogen 

atoms could not be localized. The longest axis is 

formed by two Co-N bonds, Co1-N2 and Co1-N3 

with the lengths 1.908(6) Å and 1.955(6) Å, the 

shortest axis is formed by two bonds Co1-O5 and 

Co1-O1 (1.909(5) and 1.887(5) Å) and the third 

axis is formed by Co1-N1 and Co1-O9 bonds 

(1.929(7) and 1.875(6) Å), according to the data 

shown in Tables 2 and 3. The crystal  

packing reveals  stacking interactions between 

the pyridine rings of the ligand belonging to 

neighbour complex units in a parallel  

displaced mode (Figure 3), as well as an extended 

hydrogen bond network formed by the water 

molecules and non-coordinated carboxylic groups 

(Figure 4). The average bond distances  

M-O, M-N are similar to those in other  

2,n-pyridinedicarboxylate cobalt complexes types 

of [Co(2,3-pdcH)2(N3)2][Na3(H2O)10] [24], 

[Co(2,3-pdcH)2(en)2][Co(H2O)6] (where en is the 

ethylenediamine) [25]. 
 

Table 1 

Crystallographic data and structure  

refinement for [Co(2,3-pdcH)3]·3H2O (1). 

Parameter Value 

Empirical formula C21H18CoN3O15 

Formula weight, g/mol 611.32 

Temperature, K 293 

Crystal system monoclinic 

Space group P21/c (#14) 

Lattice parameters 

a, Å 

b, Å 

c, Å 

, 
o
 

V, Å
3
 

 

15.68(2) 

7.630(10) 

21.49(3) 

110.54(5) 

2408(6) 

Z 4 

ρcalc, g/cm
3
 1.686 

μ, cm
-1

 7.991 

F(000) 1248.00 

Radiation MoK 

(0.71075 Å) 

Reflections collected 7948 

Independent reflections 4272 

Data/restraints/parameters 4272/0/393 

Goodness-of-fit on F
2
 1.111 

Final R indexes [I>=2σ (I)] 0.0822 

Final R indexes [all data] 0.1752 

Largest diff. peak/hole, e Å
-3

 0.45 
 

 
Figure 3. Crystal packing details showing the intermolecular - stacking interactions. 
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Figure 4. Crystal packing details showing the H-bonding network formed between  

the complex and water molecules. 

 
 

Table 2 

Selected bond lengths (Å) for  

[Co(2,3-pdcH)3]·3H2O (1).  

Bond  d (Å) Bond  d (Å) 

Co1-O1 

Co1-O9 

Co1-N2 

1.887(5) 

1.875(6) 

1.908(6) 

Co1-O5 

Co1-N1 

Co1-N3 

1.909(5) 

1.929(7) 

1.955(6) 

 

 

Table 3 

Selected bond angles (
o
) for  

[Co(2,3-pdcH)3]·3H2O (1).  

Angle  ω (º) Angle  ω (º) 

O1-Co1-O5 

O1-Co1-N1 

O1-Co1-N3 

O5-Co1-N1 

O5-Co1-N3 

O9-Co1-N2 

N1-Co1-N2 

N2-Co1-N3 

Co1-O5-C8 

Co1-N1-C2 

Co1-N2-C13 

Co1-N3-C16 

178.0(3) 

84.6(3) 

93.8(2) 

94.0(3) 

87.7(2) 

86.5(3) 

93.0(3) 

168.9(3) 

113.7(5) 

111.8(5) 

128.1(5) 

109.8(4) 

O1-Co1-O9 

O1-Co1-N2 

O5-Co1-O9 

O5-Co1-N2 

O9-Co1-N1 

O9-Co1-N3 

N1-Co1-N3 

Co1-O1-C1 

Co1-O9-C15 

Co1-N1-C6 

Co1-N2-C9 

Co1-N3-C20 

89.1(2) 

93.5(2) 

92.2(2) 

85.1(2) 

173.7(2) 

85.3(3) 

95.9(3) 

115.5(5) 

114.6(4) 

128.1(6) 

113.4(5) 

130.0(6) 

 

Thermal studies 
The thermal stability of the complex 

[Co(2,3-pdcH)3]·3H2O (1) was studied in the  

20-1000°C temperature range and the results are 

presented in Figure 5. The TG, DTG curves of 1 

exhibit three main distinct decomposition steps. In 

the 20-100°C temperature range the DTA curve 

shows one endothermic effect (I: 22-97.8°C peak 

(8.73%)) which corresponds to the consecutive 

loss of three crystallization water molecules. An 

essential mass loss can be observed from the next 

decomposition step (II: 202-307°C peak 

(44.37%)), which is expressed in two overlapped 

processes accompanied by an exothermic  

effect in the DTA curve and corresponds to 

breaking and burning of one and a half of  

2,3-pyridinedicarboxylic ligand. In the last step 

(III: 307-451°C peak (33.90%)), the remaining 

part of carboxylic ligands is eliminated, followed 

by a summary exothermic effect, well delimited 

on the DTG curve as two overlapped processes. 

The final decomposition temperature of complex 

1 is 430°C with the residue of 13.10%. Therefore, 

the chemical and structural composition is in 

agreement with thermal analyses data. 

 

 
 

Figure 5. TG, DTG and DTA curves for the 

complex 1. 
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Conclusions 
The complex [Co

III
(2,3-pdcH)3]·3H2O  

was obtained using a Co(II) salt and  

2,3-pyridinedicarboxylic acid as precursors and 

(NH4)2S2O8 as the oxidant. The mononuclear 

complex crystallizes in the monoclinic space 

group P21/c. The 2,3-pyridinedicarboxylic ligand 

coordinates in a bidentate, chelate mode through 

the pyridine nitrogen atom and oxygen atom of 

the mono deprotonated 2-carboxylic  

group. Thermogravimetric analysis shows  

three main distinct decomposition steps and the 

final decomposition temperature of the  

complex is 430°C. 

 

Supplementary information 
Supplementary data are available free of 

charge at http://cjm.asm.md as PDF file. 
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Abstract. Two-dimensional Zn(II) coordination polymer {[Zn(bpdc)(H2O)]·dmf·H2O}n (1), where 

H2bpdc= 2,2′-bipyridine-4,4′-dicarboxylic acid and dmf= N,N-dimethylformamide, was obtained by 

hydrothermal synthesis and characterized by IR spectrum and single-crystal X-ray diffraction. The 

Zn(II) ion is coordinated in a distorted square pyramidal N2O3 environment by two N-atoms from one 

bpdc
2-

 ligand, two carboxylate oxygen atoms from another two bpdc
2-

 ligands and one water molecule. 

The crystal lattice of 1 hosts the dmf and water solvent molecules via O-H···O hydrogen bonds with 

crystal components. The new material reveals blue-orange luminescence upon excitation  

with ultraviolet light. 
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Introduction 

The preparation of coordination polymers 

(CPs) is an actual topic in crystal engineering as 

these hybrid materials have attracted significant 

attention because of their intriguing architectures 

and topologies and are endowed with exciting 

physical and chemical properties, which can 

ultimately lead to applications [1-3]. Over the past 

few decades, we have been witnessing rapid 

development in the field of porous CPs that were 

subsequently designed from organic ligands and 

metal or cluster ions and can provide special pore 

environments for gas storage and separation [4]. 

Aromatic carboxylic acids are the most 

commonly used organic linkers for the self-

assembly of porous CPs, and may be responsible 

for rich coordination modalities for the extension 

of metal ion into high dimensional structures. 

These ligands can behave as good H-bond 

acceptors and donors, because of the 

deprotonation degree and crystal packing 

arrangement, thus giving an additional 

stabilization of polymeric structures and 

facilitating their crystallization [5]. 

2,2′-Bipyridine-4,4′-dicarboxylic acid 

(H2bpdc) is a bridging multidentate ligand 

possessing both bipyridine and carboxylate 

groups, making it a good candidate for the 

preparation of new CPs due to their diverse 

coordination capabilities to metal ions [6-8]. As a 

d
10

 metal ion Zn
2+

 is particularly suited for the 

construction of CPs. This transition metal ion 

easily coordinates with nitrogen and oxygen 

atoms, and geometries of Zn in obtained 

complexes can vary from tetrahedral through 

trigonal bipyramidal and square pyramidal to 

octahedral [9]. The examination of Cambridge 

Structural Database (CSD) [10] revealed that 

H2bpdc forms homo- and heterometallic 

complexes with Zn(II) coordinating in bridging, 

chelate or/and bridging chelate modes  

(Scheme 1) giving rise to structural diversity, 

including mono- [11], pentanuclear [12] and 

polymeric arrays [6-8,13].  

In the present paper, we report the 

preparation and X-ray characterization of a two-

dimensional Zn(II) coordination polymer, 

{[Zn(bpdc)(H2O)]·dmf·H2O}n (1), where 

H2bpdc= 2,2′-bipyridine-4,4′-dicarboxylic acid 

and dmf= N,N-dimethylformamide. Its 

luminescent property was investigated and 

discussed. 

 

Experimental 

All reagents and solvents were obtained 

from commercial sources and were used without 

further purification. The IR spectra were obtained 

in ATR on a FT IR Spectrum-100 Perkin Elmer 

spectrometer in the range of 650-4000 cm
-1

. 

Emission spectra were measured for monocrystals 
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at room temperature on an Excitation YAG:Nd
3+

 

laser, third harmonic generation, λ= 337 nm, 

duration of 10 ns and 10 Hz time repetition. 

 

 
 

(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Scheme 1. The registered modes of bipyridine-4,4′-

dicarboxylate anion coordination in the Zn(II) 

coordination compounds. Zn(II) atoms are shown 

by spheres, other transition metal atoms  

are shown by smaller spheres:  

for mode (f) M=Nd, Sm, Eu, Tb, Dy, Er;  

for mode (g) M=Gd, Tb, Dy; (h) M=Tb, Eu. 

 

Synthesis of {[Zn(bpdc)(H2O)]·dmf·H2O}n (1) 

A mixture of Zn(BF4)2·nH2O (0.024 g,  

0.10 mmol), H2bpdc (0.024 g, 0.10 mmol),  

NaOH (0.01 N, 1 mL), C2H5OH (3 mL),  

H2O (3 mL) and dmf (1 mL) was put into a 8 mL 

Teflon-lined stainless steel container and heated at 

100°C for 3 days. The resulting pink plate crystals 

were filtered off. Yield: ~55% (based on Zn).  

IR (cm
-1

): 3735 (w), 3225 (w), 1666 (m), 1623 (s), 

1556 (s), 1417 (m), 1394 (w), 1369 (s), 1291 (m), 

1237 (m), 1104 (m), 1069 (m), 914 (m), 889 (m), 

788 (m), 777 (m), 726 (m), 669 (w). 

X-ray structure determination 

Diffraction measurement for 1 was carried 

out at room temperature on an Xcalibur “Oxford 

Diffraction” diffractometer equipped with CCD 

area detector and a graphite monochromator 

utilizing MoK radiation. Final unit cell 

dimensions were obtained and refined on an entire 

data set. All calculations to solve the structures 

and to refine the proposed models were carried 

out with the SHELXS97 program package [14]. 

All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms attached to 

carbon and oxygen atoms were positioned 

geometrically and treated as riding atoms using 

SHELXL default parameters with  

Uiso(H)= 1.5 Ueq(C) and Uiso(H)= 1.2 Ueq(O), 

respectively. The crystallization dmf molecule is 

disordered over two positions (50/50% 

occupancy). The pictures were produced using the 

Mercury program [15]. The solvent accessible 

voids (SAVs) and Kitaigorodskii Packing Index 

(PI) were calculated using PLATON [16]. 

Crystallographic data of the new reported herein 

was deposited with the Cambridge 

Crystallographic Data Centre and allocated the 

deposition number CCDC 1830116. 

 

Results and discussion  

Crystal structure analysis 

The complex {[Zn(bpdc)(H2O)]·dmf·H2O}n 

(1) represents a chromophore, being pink 

coloured. Upon exposure to air, the adduct is 

stable in the solid state and is soluble in  

N,N-dimethylformamide. The X-ray data and the 

details of the refinement for compound 1 are 

summarized in Table 1. Selected geometric 

parameters are given in Tables 2 and 3. 
 

 

Table 1 

Crystallographic data and structure refinement 

details for compound 1. 

Parameters  Value 

Empirical formula  C15H17N3O7Zn 

Formula weight  416.69 

Temperature (K) 293(2) 

Wavelength (Å) 0.71073  

Crystal system  Orthorhombic 

Space group  Pbca 

Z 8 

a(Å) 14.9055(19) 

b(Å) 13.3734(9) 

c(Å) 16.5231(7) 

V (Å
3
) 3293.7(5) 

Dc (g/cm 
–3

) 1.681 

μ (mm
-1

) 1.537 

F(000) 1712 

Crystal size (mm
3
) 0.22 x 0.14 x 0.02 

Reflections 

collected/unique 

7024/2899  

[R(int)= 0.0862] 

Reflections with [I>2(I)] 1523 

Data/restraints/parameters 2899 / 21 / 272 

GOF on F
2
 1.002 

R1, wR2 [I>2(I)] 0.0683, 0.1098 

R1, wR2 (all data)  0.1550, 0.1361 
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Table 2 

Selected bond distances (Å) and angles (°) in metal coordination cores in 1. 

Bond  d, Å Bond  d, Å 

Zn(1)-N(1) 2.130(5) Zn(1)-O(3)
ii
 2.034(4) 

Zn(1)-N(2) 2.133(5) Zn(1)-O(1w) 2.076(5) 

Zn(1)-O(1)
i
 1.975(5)   

Angle  ω, deg Angle  ω, deg 

O(1)
i
-Zn(1)-O(3)

ii
 95.1(2) O(1w)-Zn(1)-N(1) 163.4(2) 

O(1)
i
-Zn(1)-O(1w) 93.1(2) O(1)

i
-Zn(1)-N(2) 116.3(2) 

O(3)
ii
-Zn(1)-O(1w) 94.3(2) O(3)

ii
-Zn(1)-N(2) 147.9(2) 

O(1)
i
-Zn(1)-N(1) 102.0(2) O(1w)-Zn(1)-N(2) 90.4(2) 

O(3)
ii
-Zn(1)-N(1) 91.4(2) N(1)-Zn(1)-N(2) 76.7(2) 

Symmetry transformations used to generate equivalent atoms:  
i
 -x+5/2, y-1/2, z ,  

ii
 x ,-y+3/2, z+1/2 

 

 

Table 3 

Hydrogen bond distances (Å) and angles (°) in 1. 

D-H···A d(H···A) d(D···A) (DHA) 
Symmetry transformations  

for acceptor 

O(1w)-H(1w1)...O(3) 1.96 2.773(6) 162 -x, y-1/2, -z+1/2     

O(1w)-H(2w1)...O(2w) 1.87 2.705(8) 168 x, y, z 

O(2w)-H(1w2)...O(1S) 1.93 2.77(3) 167 x, -y+3/2, z+1/2     

O(2w)-H(1w2)...O(1SA) 2.25 3.06(3) 158 x, -y+3/2, z+1/2     

O(2w)-H(2w2)...O(2) 1.93 2.784(7) 179 -x, y-1/2, -z+1/2     

 

 

Compound 1 crystallizes in the 

orthorhombic centrosymmetric Pbca (No. 61) 

space group and the asymmetric unit consists of 

[Zn(bpdc)(H2O)]·dmf·H2O. In the crystal 

structure of the complex, the coordination 

environment around the Zn atom can be described 

as a distorted square pyramidal coordination 

geometry originated from two N-atoms  

from one bpdc
2-

 ligand, two carboxylate  

oxygen atoms from another two bpdc
2-

 ligands 

and one water molecule (Figure 1, Table 2).  
 

 
 

Figure 1. View of the coordination environment  

of the Zn(II) ion in 1 with the partial  

numbering scheme. 

 
The Zn(II) square pyramidal coordination 

polyhedron geometry is confirmed by the general 

descriptor τ= (β − α)/60, where α and β, being the 

two largest angles at the metal center for five-

coordinated complexes [17], adopt the value of 

0.114. Each bpdc
2-

 ligand chelates to one Zn(II) 

site through the pyridyl nitrogen donors and links 

two adjacent Zn(II) ions by carboxyl groups, 

resulting in a 2D wave-like layer (Figure 2(a)). 

The chelation of the Zn(II) ion to the  

2,2′-bipyridine site of the bpdc
2-

 ligand restrains 

the planar conformation of the bipyridyl rings, as 

indicated by its dihedral angle (9.21°). 

The polymeric structure of complex 1 is 

best described as a 2D wave-like network with 

(4,4) or 4
4
 topology [18] and was observed in the 

bc-plane, and the Zn···Zn distances are 8.941 and 

9.056 Å along the c- and b-axes, respectively. The 

layers are further interlinked by O-H···O 

hydrogen bonds between coordinated water 

molecules and bpdc
2-

 to afford a 3D 

supramolecular framework. The crystallization 

water and dmf molecules are accumulated in the 

crystal lattice via O-H···O hydrogen bonds: the 

solvate water molecules are binding with the 

coordinated water molecule as the acceptor, and 

with the O atom of carboxylic group as the donor, 

while dmf molecules are binding only with 

uncoordinated water molecules (Table 3). The 

volume, occupied by solvent molecules as 

calculated by PLATON comprises 1092.6 Å
3
 or 

33.2% of the total unit cell volume, thus 

indicating a high solvent uptake (Figure 2(b)). 

Analysis of the Cambridge Structural 

Database [10] reveals 3 Zn(II) homonuclear 

coordination polymers (Table 4) built up from 
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bpdc anions and no other co-ligand with the 

Zn(II) atoms being in the N2O3 square pyramidal 

[18] and N2O6 octahedral coordination 

environments [19,20]. Similar to 1, in two 3D 

coordination polymers bpdc ligand coordinates in 

bis-chelate mode to one metal center and  

bis-bridging mode to two adjacent Zn(II) ions 

(Scheme 1(d)), while bis-chelate bridging mode 

coordination is observed in the third compound 

(Scheme 1(c)). Analyzing Table 4, we can 

conclude that compound 1 is the best packed with 

the biggest PI and demonstrates the most 

promising adsorptive properties with the removal 

of solvent molecules.  
 

 
 

(a) (b) 

Figure 2. View of the fragment of the (4,4) coordination layer (a) and of the solvent accessible area in 1 (b). 

 

 

Table 4 

Selected geometrical and crystal packing parameters in 1 and relative compounds. 

Compound Space group Topology PI, % SAVs, Å
3 
(%) 

Reference, 

refcode in CSD 

{[Zn(bpdc)(H2O)]·dmf·H2O}n (1) Pbca 2D 74.1 1092.6 (33.2)
a
 Present work 

{[Zn(bpdc)(dmf)]·dmf}n P21/n 3D 71.3 591.2 (29.6)
a
 [8], COTYER 

[Zn(bpdc)(H2O)2]n P3121 3D 67.7 – [19], PASGEX 

{[Zn(bpdc)(H2O)3]·3(H2O)}n P21/c 1D 72.8 146.9 (9.1)
a
 [20], SADTEY 

a
 SAVs calculated with the removal of guest molecules (H2O and dmf). 

 

 

Infrared spectroscopy study 

The IR spectrum of 1 exhibits characteristic 

ν(OH) vibrations of coordinated and lattice water 

molecules, observed at 3735–3225 cm
-1

. The 

carboxylic groups of the bpdc
2–

 ligand give 

intense and medium bands resulting from 

asymmetric (νas) 1666 and 1556 cm
–1

 and 

symmetric (νs) 1394 cm
–1

 vibration modes. These 

bands overlap with the ν(C=N) stretching 

vibrations of the pyridine rings. The ν(C=C) ring 

stretching can be observed in near 1623 cm
-1

. The 

medium band at 778 cm
–1

 may be attributed to the 

overlap of δ(OCO) stretching with C–H 

deformation oscillations. The C–H deformation 

modes are presented at ~788 and 726 cm
–1

.  

The presence of the dmf molecule is proved by 

the signals: δ(CH3) at 1417 cm
-1

, νas(C–N) at  

1266 cm
-1

 and νs(C–N) at 889 cm
-1

. 

Luminescent properties 

The luminescence property of compound 1 

and pure H2bpdc ligand were studied in the solid 

state at room temperature, λex= 337 nm, in the 

wavelength region 350-750 nm (Figure 3).  

The free H2bpdc ligand fluorescence spectrum 

exhibits one intensive band at 2.97 eV (417 nm). 
 

 

Figure 3. Solid-state luminescence emission spectra 

of compound 1 and free H2bpdc ligand. 
 

Compound 1 emits a small intensive ultraviolet 

fluorescence peak at 3.38 eV (366 nm) and a high 

intensive band with 2.56 eV (483 nm) and  

b

a

c
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2.01 eV (616 nm) shifted towards the blue-orange 

region of the spectra. These peaks can be 

observed in the H2bpdc spectrum, but with a  

4-5 fold lower intensity than in the complex, 

while the intensity of the violet peak at 2.97 eV is 

30 times greater than in compound 1. In 

comparison with the free organic ligand the 

integral emissions of 1 is twice higher and may be 

attributed to the ligand-metal interaction. 

 

Conclusions 
A new 2D Zn(II)-bpdc coordination 

polymer {[Zn(bpdc)(H2O)]·dmf·H2O}n was 

prepared hydrothermally and the single crystal  

X-ray structure is reported. The organic  

2,2′-bipyridine-4,4′-dicarboxylate anions 

coordinate to the metal centers in tetradentate 

mode and provide extension of structure. The 

compound represents a solvate with water and 

dmf solvent accumulated in the crystal lattice and 

reveals blue-orange emission in the solid state. 
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Abstract. Two mononuclear oxido- and dioxidovanadium(V) coordination compounds 

[VO(HL)(EtO)(EtOH)0.6(H2O)0.4][VO(HL)(SO4)(EtO)]·0.4EtOH (1) and [VO2(HL)]·2H2O (2) have 

been prepared by reactions of o-vanillin semicarbazone (H2L) with VOSO4·5H2O and NH4VO3 in 1:2 

and 1:1 molar ratios in alcohol and alcohol/ammonia mixture. The single crystal X-ray diffraction study 

shows that in these compounds, the monoanionic HLˉ organic ligand with deprotonated hydroxy group 

coordinates in the ONO tridentate mode, and the methoxy-group does not participate in coordination to 

the metal center. Compound 1 comprises complex cations and complex anions with VO
3+

 core and 

distorted octahedral geometries of vanadium atom. In complex 2, vanadium has a distorted square-

pyramidal environment typical for complexes with VO2
+ 

core. 

 

Keywords: oxidovanadium(V), dioxidovanadium(V), o-vanillin semicarbazone, NMR spectroscopy,  

X-ray diffraction study. 
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Introduction 

The interest in the vanadium coordination 

chemistry stems from the catalytic activity of its 

compounds and their role in biological systems, as 

well as their use as therapeutic agents. Vanadium 

based catalysis is based mainly on the use of 

oxidovanadium complexes in high-oxidation 

states for various organic transformations [1-2]. 

Vanadium coordination compounds are 

recognized as promising drugs against diabetes of 

type I and type II, cancer and parasitic diseases 

[3-4]. Semicarbazones and thiosemicarbazones 

are well known due to their biological activities, 

which are considered related to their ability to 

form chelates with metals [5-7]. Synthesis and 

characterization of vanadium complexes with the 

derivatives based on these ligands is interesting 

from the view point of creation of more effective 

and selective therapeutic agents. 

A detailed physicochemical 

characterization of vanadium complexes with 

salicylaldehyde semicarbazone derivatives, 

involving in vitro biological evaluation as 

potential insulin-mimetic and anti-tumour agents, 

of a series of novel (semicarbazone)VO2
+
 

complexes with the general formula cis-V
V
O2L 

have been reported [8-10]. In these complexes, 

the vanadium atom is in a distorted square-

pyramidal coordination, with semicarbazones 

acting as tridentate ligands. An interesting 

derivative of salicylaldehyde semicarbazone can 

be synthesized using related 3-methoxy-

salicylaldehyde (o-vanillin). A new series of 

mixed-ligand oxidovanadium(IV) complexes, 

[V
IV

O(L)(NN)], where L is bideprotonated  

o-vanillin semicarbazone (Figure 1), and NN is 

1,10-phenanthroline derivatives, were recently 

reported [11,12]. The complexes showed higher in 

vitro anti-trypanosomal activities than the 

reference drug Nifurtimox and cytotoxicicity on 

human promyelocytic leukemia HL-60 cells  

with IC50 values of the same order of magnitude 

as cisplatin. 
 

 
Figure 1. The o-vanillin semicarbazone  

ligand (H2L). 

 

In continuation of our research on 

vanadium coordination compounds with  

o-vanillin semicarbazone ligands, we present  
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here the synthesis and X-ray  

structure characterization of novel  

coordination complexes of oxidovanadium(V) 

[VO(HL)(EtO)(EtOH)0.6(H2O)0.4][VO(HL)(SO4) 

(EtO)]·0.4EtOH (1) and dioxidovanadium(V) 

[VO2(HL)]·2H2O (2), where H2L is the o-vanillin 

semicarbazone ligand. NMR spectral studies of 

the complexes under discussion confirmed their 

structures in DMSO-d6 solutions. 

 

Experimental 

Synthesis 
All reagents and solvents were obtained 

from commercial sources and used without further 

purification.  

The ligand, H2L, was obtained by the 

reaction of o-vanillin with semicarbazide 

hydrochloride in the molar ratio 1:1 in warm 

EtOH solutions [13]. 

[VO(HL)(EtO)(EtOH)0.6(H2O)0.4][VO(HL))(EtO) 

(SO4)]·0.4EtOH (1) 
A mixture of VOSO4·2H2O (0.20 g,  

1 mmol) and o-vanillin semicarbazone (0.10 g, 

0.5 mmol) in ethanol (20 mL) was heated on a 

water bath for 1 h. The clear brown solution was 

cooled, filtered and placed in a parafilm sealed 

vial. After two weeks brown needles, suitable for 

X-rays diffraction study, were filtered off, washed 

with ethanol, and dried in air. Yield: 30%.  
1
H NMR (298K): δ 0.89 (t, J= 6.9, -CH2CH3),  

0.90 (t, J= 6.9, -CH2CH3), 1.06 (t, J= 6.8, 

HOCH2CH3 of external sphere), 1.52 (t, J= 6.8,  

-CH2CH3), 3.45 (q, J= 6.8, HOCH2CH3 and  

-CH2CH3), 3.74 (s, -OCH3, overlapped with the 

dissolved in DMSO-d6 H2O), 3.80 (s, -OCH3, 

overlapped with the dissolved in DMSO-d6 H2O), 

3.85 (s, -OCH3, overlapped with the dissolved in 

DMSO-d6 H2O), 6.79 (3H, br. s. Ar), 7.05 (3H,  

br. s. Ar), 7.10 (3H, br. s. Ar), 8.08 (br. s, -NH2), 

8.59 (3H, br. s, -CH=N), 12.68 (br. s, protons of 

semicarbazone resonance species). 

[VO2(HL)]·2H2O (2) 
A solution of 25% NH4OH (aq) (10 mL) 

was added to a NH4VO3 (0.06g; 0.5 mmol) and  

o-vanillin semicarbazone (0.10 g, 0.5 mmol) 

suspension in methanol (10 mL). The mixture was 

heated on a water bath for 1 h to form a  

yellow solution. It was filtered and the filtrate  

was allowed to stand at room temperature  

for crystallization. After two days the 

microcrystalline precipitate containing orange 

single crystals of 2 was filtered off, washed with 

methanol, diethyl ether and dried in air. Yield: 

40%. 
1
H NMR (298K): δ 3.72 (3H, s, -OCH3), 

5.94 (1H, br. s, -NH2), 6.63 (1H, t, J= 7.8, Ar), 

6.83 (1H, dd, J= 7.8, 1.4, Ar), 6.93 (1H, dd,  

J= 7.8, 1.4, Ar), 7.11 (br. s, proton of 

semicarbazone resonance species), 8.30 (1H, s,  

-CH=N). 
13

C NMR (298 K): δ 55.7 (-OCH3), 

113.1, 116.2, 122.7 (Ar-CH), 121.5 (A-Cq), 144.6 

(CH=N), 149.5 (Ar-C-OMe), 153.4 (Ar-C-O-V), 

169.1 (N-C=O). 
15

N NMR (298 K): δ 68 (-NH2), 

238 (V←N-NH-C=O) and V←N-N=C-OH, 

resonance species), 311 (CH=N). 

Characterisation 
Infrared spectra were recorded on a Perkin-

Elmer FTIR spectrophotometer in 4000–650 cm
-1

 

region.  

NMR spectra were recorded on a Bruker 

AVANCE 400 spectrometer equipped with a  

5 mm broadband reverse probe with field z 

gradient, operating at 400.13, 100.61 and  

40.54 MHz for 
1
H, 

13
C and 

15
N nuclei, 

respectively. DMSO-d6 (isotopic enrichment 

99.95%) was used as solvent, containing 

tetramethylsilane (TMS) as an internal standard. 

Chemical shifts (δ) are reported in parts per 

million (ppm) and are referenced to the residual 

non-deuterated solvent peak (2.50 ppm for 
1
H and 

39.50 ppm for 
13

C). Coupling constants (J) are 

reported in Hertz. The 1D (
1
H, 

13
C, DEPT-135) 

and 2D homo- (
1
H/

1
H COSY-45) and 

heteronuclear (
1
H/

13
C HSQC and 

1
H/

13
C HMBC), 

(
1
H/

15
N HMQC and 

1
H/

15
N HMBC) NMR 

experiments were performed through standard 

pulse sequences. The 
15

N NMR chemical shifts 

are reported relative to liquid NH3 [14]. 

X-ray structure determination 
Diffraction measurements for 1 and 2 were 

carried out at room temperature on an Xcalibur E 

diffractometer equipped with CCD area detector 

and a graphite monochromator utilizing MoK 

radiation. Final unit cell dimensions were 

obtained and refined on an entire data set. All 

calculations to solve and refine the structures 

were carried out using SHELXS97 and 

SHELXL2014 programs [15,16]. Hydrogen atoms 

attached to carbon atoms were placed 

geometrically in idealized positions and refined in 

a riding model. The positions of H-atoms of water 

and ethanol molecules in 1 and 2 were located on 

difference Fourier maps. Crystallographic data 

were deposited with the Cambridge 

Crystallographic Data Centre and allocated the 

deposition numbers CCDC 1825937 (1) and 

1825938 (2). These data can be obtained free of 

charge from the Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Results and discussion 

Vanadium complex 1 was prepared via the 

reaction of VOSO4·2H2O with H2L in a 2:1 molar 
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ratio in ethanol. During the reaction, 

vanadium(IV) is oxidized to vanadium(V). The 

reaction of NH4VO3 with H2L in the 1:1 ratio in a 

methanol/NH4OH mixture afforded complex 2 in 

moderate yield. 

The IR spectrum of the ligand H2L shows 

stretching bands attributed to C=O, CH=N, and 

C–OH(phenolic) at 1670, 1578, and 1263 cm
–1

, 

respectively, whereas a band at 3465 cm
–1

 is 

assigned to ν(O–H) vibrations involving 

intermolecular hydrogen bonding. The 

disappearance of the band at 3465 cm
–1

 in the 

spectra of compounds 1 and 2 supports the 

involvement of phenolic oxygen in coordination 

through deprotonation [17]. The ν(CH=N) band 

seen at 1578 cm
–1

 in the free ligand spectrum is 

shifted towards higher wavenumbers in the 

spectra of the complexes due to the involvement 

of the azomethine nitrogen in coordination. The 

ν(C=O) band is also shifted to the lower energy 

region in the IR spectra of both complexes (1654 

and 1620 cm
–1

) indicating the keto form of 

coordinated ligand. Complex 2 also shows strong 

bands at around 913 and 862 cm
–1

, which are 

assigned to antisymmetric and symmetric 

ν(O=V=O) vibrations of the cis-VO2 group, (also 

referred as pervanadyl), respectively.  

Crystal structures 
The crystal structures of 1 and 2 were 

determined by X-ray crystallography. 

Crystallographic data and structure refinement 

details for compounds 1 and 2 are summarized in 

Table 1 and selected geometric parameters are 

given in Table 2. 
 

Table 1 

Crystallographic data and structure refinement details for compounds 1 and 2. 

Parameters  Value 

Compound 1 2 

Empirical formula  C24H36.8N6O15.4S1V2 C9H14N3O7V1 

Formula weight  789.83 327.11 

Temperature (K) 293(2) 293(2) 

Wavelength (Å) 0.71073 0.71073 

Crystal system  Monoclinic Orthorhombic 

Space group  P21/n P212121 

Z 4 4 

a (Å) 21.7537(17) 5.8870(3) 

b (Å) 6.9686(5)  13.7731(6) 

c (Å) 23.7764(14)  16.1010(13) 

 (deg) 90 90 

 (deg) 100.570(8) 90 

 (deg) 90 90 

V (Å
3
) 3543.2(5) 1305.51(14) 

Dc (g/cm
–3

) 1.480 1.665 

 (mm
-1

) 0.660 0.796 

F (000) 1632 672 

Crystal size (mm3) 0.42 x 0.18 x 0.05 0.4 x 0.1 x 0.08 

Reflections collected/unique 11281/6230 [R(int) = 0.0567] 3239/2154 [R(int) = 0.0259] 

Reflections with [I>2(I)] 3387 1891 

Nr parameters 452 194 

GOF on F
2
 1.002 1.001 

R1, wR2 [I>2(I)] 0.0816, 0.1828 0.0467, 0.1135 

R1, wR2 (all data)  0.1543, 0.2184 0.0553, 0.1193 

 

 

The ionic compound 1 comprises complex 

cations [VO(HL)(EtO)(EtOH)]
+
 and 

[VO(HL)(EtO)(H2O)]
+
, and complex anions 

[VO(HL)(SO4)(EtO)]
ˉ
, and partial occupancy 

solvent ethanol molecules (Figures 2 and 3). The 

crystals of compound 2 are build up from the 

neutral molecular complexes [VO2(HL)] and 

solvent water molecules. In both compounds 1 

and 2 the monoanionic ligand HL
ˉ
 in keto form 

coordinates to metal atom in a tridentate mode via 

ONO donor atoms set. The complex cations 

[VO(HL)(EtO)(EtOH)]
+
 and [VO(HL)(EtO) 

(H2O)]
+ 

in the structure of 1 are similar (Figure 2), 

occupy the same place in the crystal, and differ 

only by C2H5OH or H2O molecule coordinated to 

vanadium atom in trans-position to the oxido 

ligand. The positions of all atoms except carbon 

and hydrogen atoms of these coordinated solvent 

molecules are in accordance with the structure 

within the resolution of data, and structure 

refinement shows that C2H5OH and H2O 

molecules occupy their positions with a 
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probability of 0.6 and 0.4, respectively.  

The vanadium atoms V(1) in the complex cation 

and V(2) in the complex anion (Figure 3)  

have a distorted octahedral NO5 surrounding 

provided by semicarbazone ligand, oxido, 

ethoxide, and ethanol/water oxygen atoms or 

oxygen atom of SO4
2- 

anion, respectively.  

The ethoxido ligand is trans-situated with respect 

to the N(1A) atom. The vanadium–oxygen  

bond lengths follow the order V–O(oxido) <  

V–O(ethoxido) < V–O(phenoxido) < V–O(keto) < 

V–O(ethanol) < V–O(SO4) (Table 2), indicating a 

stronger binding of the ethoxido group compared 

with those of phenoxido and keto oxygen atoms 

[18] and weak coordination binding of solvent 

molecules or SO4
2-

 anion in trans-position to 

oxido ligand. The weak coordination binding of 

SO4
2-

 anion is also confirmed by S–O bonds 

length. The S–O(5B)=1.455(5) Å for the oxygen 

atom coordinated to the metal atom is shorter than 

S–O bonds 1.471(4) to 1.489 (5) Å for oxygen 

atoms participating only in classical H-bonds. The 

N(1)-N(2), N(2)-C(8), and C(8)-O(2) bonds have 

a partial double-bond character, which suggests 

that there is an electron delocalization within the 

semicarbazide fragment. 
 

Table 2 

Selected bond distances (Å) and angles (°) in metal coordination cores in 1 and 2. 

Complex 1 

Bond  d, Å Bond  d, Å 

V(1)–O(1V)  1.576(5) V(2)–O(2V) 1.581(5) 

V(1)–N(1A) 2.149(5) V(2)–N(1B) 2.160(6) 

V(1)–O(1A) 2.017(4) V(2)–O(1B) 2.008(4) 

V(1)–O(2A)  1.833(4) V(2)–O(2B) 1.856(5) 

V(1)–O(4A)/O(1W) 2.266(5) V(2)–O(4B) 1.765(5) 

V(1)–O(5A) 1.742(5) V(2)–O(5B) 2.293(4) 

Angle  ω, deg Angle  ω, deg 

O(1V)–V(1)–N(1A)  92.5(2) O(2V)–V(2)–N(1B)  93.4(2) 

O(1V)–V(1)–O(1A)  95.5(2) O(2V)–V(1)–O(1B)  94.5(2) 

O(1V)–V(1)–O(2A) 100.0(2) O(2V)–V(2)–O(2B)  99.5(3) 

O(1V)–V(1)–O(4A) 172.6(2) O(2V)–V(1)–O(4B) 101.2(3) 

O(1V)–V(1)–O(5A) 102.9(2) O(2V)–V(2)–O(5B) 174.3(2) 

N(1A)–V(1)–O(1A)  74.1(2) N(1B)–V(2)–O(1B)  74.1(2) 

N(1A)–V(1)–O(2A)  82.8(2) O(1B)–V(2)–N(2B)  83.4(2) 

N(1A)–V(1)–O(4A)  80.7(2) N(1B)–V(2)–O(4B) 161.5(2) 

N(1A)–V(1)–O(5A) 160.1(2) N(1B)–V(1)–O(5B)  80.8(2) 

O(1A)–V(1)–O(2A) 152.6(2) O(1B)–V(1)–O(2B) 154.1(2) 

O(1A)–V(1)–O(4A)  79.9(2) O(1B)–V(1)–O(4B)  93.5(2) 

O(1A)–V(1)–O(5A)  91.8(2) O(1B)–V(2)–O(5B)  83.5(2) 

O(2A)–V(1)–O(4A)  82.1(2) O(2B)–V(1)–O(4B) 105.0(2) 

O(2A)–V(1)–O(5A) 106.3(2) O(2B)–V(1)–O(5B)  80.4(2) 

O(4A)–V(1)–O(5A)  83.2(2) O(4B)–V(2)–O(5B)  84.3(2) 

Complex 2 

Bond  d, Å Bond  d, Å 

V(1)–O(1)  1.876(3) V(1)–O(5)  1.641(3) 

V(1)–O(2)  1.981(3) V(1)–N(1) 2.165(3) 

V(1)–O(4) 1.621(3)   

Angle  ω, deg Angle  ω, deg 

O(1)–V(1)–O(2) 144.6(2) O(2)–V(1)–O(5) 91.2(2) 

O(1)–V(1)–O(4) 107.2(2) O(2)–V(1)–N(1) 74.0(1) 

O(1)–V(1)–O(5) 97.5(2) O(4)–V(1)–O(5) 107.6(2) 

O(1)–V(1)–N(1) 82.0(1) O(4)–V(1)–N(1) 100.8(2) 

O(2)–V(1)–O(4) 102.6(2) O(5)–V(1)–N(1) 150.4(2) 

 

 

The N–H···O hydrogen bonds dominate in 

the crystal packing of 1, due to amine 

functionality, and a crucial role is played by the 

sulphate ion, which provides the majority of the 

hydrogen-bond acceptors for the semicarbazone 

NH and NH2 donor groups of both complex 

cations and anions. Moreover, the complex cation 

and anion are additionally linked by strong 

intermolecular O−H···O hydrogen bonds 

involving coordinated sulphate ion, and 

coordinated molecules of C2H5OH/H2O. In the 

crystal, N–H···O and O–H···O hydrogen bonds 

unite components in 1 into 1D chains running 

along b crystallographic axis (Table 3, Figure 4). 
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The parallel packing of such chains creates in the 

structure hydrophobic pockets filled with solvent 

ethanol molecules of partial occupancy 0.4 and 

correlates with the partial occupancy of 

coordinated water/ethanol molecules in the 

complex cation. The pockets may adopt solvent 

ethanol molecules only when water occupies the 

sixth coordination position of V(1) atoms. The 

coordinated ethanol molecule results in a smaller 

size pocket, unsuitable for inclusion of solvent 

ethanol molecule.  

 

 

 

 

(a) (b) 

Figure 2. Structure of the complex cations of 1 showing coordination of ethanol (via O(4A, (a))  

and water (via O(1W, (b)) molecules with the numbering scheme. 
 

 

 

 
 

Figure 3. View of the molecular structure of the complex anion in compound 1 with atom numbering scheme. 

 

 

The molecular structure of compound 2 

with the composition [VO2(HL)]·2H2O is very 

similar to the recently reported coordination 

compound [VO2(HL)]·C2H5OH [19], but their 

crystal structures differ due to the difference in 

crystallization solvent molecules. The asymmetric 

unit of 2 contains a neutral complex with a 

pentavalent vanadium atom in a distorted square-

pyramidal environment and two solvent water 

molecules, one of which is disordered and 

occupies two positions with equal probability. 

The vanadium(V) atom in complex 2  

adopts a distorted square-pyramidal environment  

(Figure 5). The o-vanillin semicarbazone ligand 

coordinates in ONO tridentate mode through the 

azomethine nitrogen atom, and carbonyl and 

deprotonated phenol oxygen atoms, and together 

with one oxido ligand form the base of a pyramid.  
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Figure 4. Chain and solvent molecules in the crystal structure of 1. 

 

 

 

 
 

Figure 5. The molecular structure of complex 2 

with atom numbering scheme. 
 

Their vertex is occupied by another oxido ligand. 

The average V–O bond length and O–V–O angle 

(Table 2) are quite similar to those previously 

reported for the cis-VO2 moiety in other 

complexes [8,9,19] (Figure 6). The vanadium 

atom square pyramidal coordination polyhedron 

geometry is confirmed by the general descriptor 

τ= (β − α)/60=0.097, where α and β are the two 

largest angles at the metal center for  

five-coordinated complexes. For a perfect  

square-pyramidal geometry τ equals to zero,  

and it becomes unity for the perfect  

trigonal-bipyramidal geometry [20]. 

In the crystal of 2 the complexes are linked 

in chains running along a crystallographic axis by 

intermolecular N(3)–H···O(4) hydrogen bonds, 

involving the terminal NH groups of the 

semicarbazone ligand and the apical oxido ligand 

of neighbouring complexes. These parallel  

chains are united in a layer parallel to (ab) 

crystallographic plane through hydrogen  

bonds involving water molecules O1W:  

N(2)–H···O(1W) and O(1W)–H···O(5) (Table 3, 

Figure 6). The layers are H-bonded through 

disordered solvate water molecules O2W/O3W in 

a 3D network (Table 3). The structure is  

also stabilized by weak hydrogen bonds  

C(1)–H···O(4)/O5 (–x+2, y+1/2, –z+1/2) with 

(C(1)···O(4) 3.331 Å, H···O(4) 2.53 Å,  

(CHO) 144; C(1)···O(5) 3.372 Å, H···O(5) 

2.55 Å, (CHO) 147) geometric parameters. 
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Figure 6. The hydrogen bonded layer in the structure of 2. 

 

Table 3 

Hydrogen bond distances (Å) and angles (°) in 1 and 2. 

D–H···A d(H···A) d(D···A) (DHA) 
Symmetry transformations for 

acceptor 

Complex 1 

N(2A)–H(1)···O(8B) 1.87 2.719(7) 170 x, y+1, z 

N(3A)–H(1)···O(6B) 2.06 2.842(7) 150 –x+1/2, y+1/2, –z+5/2  

N(3A)–H(2)···O(6B) 1.92 2.776(7) 173 x, y+1, z 

O(4A)–H(1)···O(8B) 1.83 2.705(6) 171 x, y, z 

O(1W)–

H(1)···O(8B) 

1.84 2.705(6) 167 x, y, z 

N(2B)–H(1)···O(7B) 1.82 2.671(7) 170 x, y–1, z 

N(3B)–H(1)···O(6B) 2.35 3.037(7) 137 –x+1/2, y–1/2, –z+5/2  

N(3B)–H(2)···O(1A) 2.14 2.973(7) 163 –x+1/2, y–1/2, –z+5/2 

Complex 2 

N(2)–H(1)···O(1W) 1.96 2.813(5) 171 –x+2, y+1/2, –z+1/2 

N(3)–H(1)···O(4) 2.31 3.021(5) 140 x+1, y, z  

N(3)–H(2)···O(3W) 2.08 2.92(3) 163 –x+2, y+1/2, –z+1/2 

N(3)–H(2)···O(2W) 2.17 2.93(3) 148 –x+2, y+1/2, –z+1/2 

O(1W)–H(2)···O(5) 2.12 2.806(5) 138 x–1, y, z 

O(2W)–H(1)···O(1W) 2.33 3.01(4) 140 x–1/2, –y+1/2, –z 

O(2W)–H(2)···O(5) 2.15 2.83(3) 139 x–1, y, z 

 

 

NMR characterisation 
The NMR data for the oxido- and 

dioxidovanadium(V) coordination compounds 1 

and 2 are consistent with the determined 

molecular structures. In the case of complex 1, the 
1
H NMR data are in line with the known reports 

regarding its congeners [13,19]. It should be 

mentioned, that for compound 1 the NMR 

investigation was hindered by its low solubility 

and by its dissociation in the DMSO-d6 solution. 

Due to the low sensitivity of 
13

C and 
15

N nuclei, 

reliable NMR spectral data for these nuclei in 

compound 1 were not obtained. Nevertheless, 

HETCOR experiments allowed the assignment of 

all 
1
H signals in its spectrum. In the 

1
H NMR 

spectrum of complex 1 most of the signals are 

broaden (Figure 7(a)), in contrast to the reported 

data for analogous diamagnetic compounds 

[13,19]. Both broadening of the signals 

characteristic for aromatic protons and (δ 6.79, 
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7.05 and 7.10 ppm) and lack of their typical  

spin-spin splitting patterns can be explained by 

resonance overlapping, which is favourable for 

the presence of structurally close dissociated 

species (two cations and one anion) of complex 1. 

Typical broad singlets in the spectrum can be 

assigned to the hydrogen atoms involved in 

proton exchange with residual molecules of water 

(δ 8.08 ppm, amine hydrogen atoms; 12.68 ppm, 

semicarbazone proton of the resonance species). 

Assignment of the broad signal at 12.68 ppm to a 

proton belonging to the resonance forms of 

semicarbazone is consistent with the XRD 

analysis, which ascertained bond delocalization in 

the discussed fragment. It should be mentioned 

that integration of the signals in 
1
H spectrum is 

approximate, because of the afore-mentioned 

resonance overlapping, proton exchange 

phenomena, as well as overlapping with the signal 

of residual water in DMSO-d6 (e.g. sharp singlets 

of methoxy groups at δ 3.74, 3.80 and 3.85 ppm 

are overlapped by water signal at δ 3.57 ppm, 

(Figure 7 (b)). It is noteworthy that the values of 

chemical shifts for the methoxy groups (δ 3.74, 

3.80 and 3.85 ppm) corroborate the data of X-ray 

analysis on their non-participation in coordination 

to metal center, since Δδ is negligible  

(Δδ= δcomplex-δligand ; for δligand the following values 

are available: 3.80 ppm and 3.81 ppm [19]). In the 

ions of complex 1, the azomethine anisotropic 

effect causes an upfield shift (by cca. 0.29 ppm) 

for the aromatic protons at δ 7.10 ppm  

(cca. δ 7.39 ppm in ligand), as recently was 

mentioned for vanadium(V) complexes of similar 

structure [13,19]. At the same time, a deshielding 

effect of the metal was also found upon protons of 

amine group (δ 6.42 ppm in ligand→ 8.08 ppm in 

ions of complex 1), the azomethine moiety  

(δ 8.20 ppm in ligand→8.59 ppm in ions of 

complex 1) and the semicarbazone proton of the 

resonance species (δ 10.22 ppm in ligand→  

12.68 ppm in ions of complex 1). Ethyl groups of 

different species present in complex 1 could be 

distinguished with the help of 
1
H-

1
H COSY-45 

experiment. Thus, the COSY spectrum displays 

strong cross-peak between intensive triplet at  

δ 1.06 ppm and quartet at δ 3.45 ppm that has 

been assigned to the ethanol from the external 

sphere of complex and, most probably, 

coordinated ethanol of complex cation of 1. The 

small triplets at δ 0.89, 0.90 and 1.52 ppm giving 

vicinal proton-proton coupling with the same 

quartet at δ 3.45 ppm were attributed to the 

ethoxy groups covalently bound to the metal.  
1
H, 

13
C and 

15
N NMR spectral studies of 

complex 2 confirmed its structure in the  

DMSO-d6 solution. 
1
H, 

13
C and 

15
N NMR data  

for complex 2 are presented in Figures S1-S7. 

Comparative investigation of 
15

N nuclei for the 

complex under discussion and its ligand in the 

uncoordinated form has been accomplished for 

the first time. It allowed a better understanding of 

the phenomena regarding the π-delocalization 

along the semicarbazone moiety and contributed 

to avoiding of any misinterpretation for 
1
H nuclei 

belonging to the same fragment, as well. 

The chemical shift for magnetically 

equivalent protons of the methoxy group in 

complex 2 is found in its 
1
H NMR spectrum at  

δ 3.72 ppm, supporting its non-participation in 

coordination to the metal, as previously 

mentioned for complex 1. An upfield shift for the 

aromatic proton at δ 6.93 ppm is observed, caused 

by the azomethine anisotropic effect. At the same 

time, the proton of azomethine moiety resonated 

at δ 8.30 ppm. The broad singlet at δ 12.48 ppm 

characterizing the amide proton is absent in the  
1
H spectrum of compound 2, instead, the very 

broad singlet at δ 7.11 ppm is present, which was 

assigned to the semicarbazone proton of the 

resonance species. Extended π-delocalization 

along the semicarbazone fragment in DMSO-d6 

solution of complex 2 has been demonstrated by 
1
H/

15
N HMQC and 

1
H/

15
N HMBC NMR 

experiments that furnished a conclusive evidence 

for the co-existence of the resonance forms of 

complex 2 in DMSO-d6 solution. Thus, in the 
1
H/

15
N HMQC spectrum of o-vanillin 

semicarbazone cross-peaks at δ 6.47/77 ppm and 

10.25/155 ppm characterized the hydrogen and 

nitrogen nuclei of amine and amide fragments, 

respectively (Figure S8). In complex 2 both nuclei 

of amine function show an upfield shift  

(δ 5.94/69 ppm), whilst an amide proton was not 

detected. According to the data from  
1
H/

15
N HMBC experiments, the azomethine 

proton in the uncoordinated ligand at δ 8.20 ppm 

showed long-range correlation with the imine 

nitrogen at δ 315 ppm (stronger) and amide 

nitrogen δ 155 ppm (weaker) (Figure S9). In the 
1
H/

15
N HMBC spectrum of complex 2, two  

cross-peaks are present for the imine proton at  

δ 8.30 ppm: with nitrogen nuclei at δ 238 ppm 

and δ 311 ppm. Both experimental values of 

chemical shifts for these particular semicarbazone 

nitrogen nuclei exclude the involvement of pure 

keto- form of the ligand in the coordination to 

metal, being an obvious indication on the afore-

mentioned extended π-delocalization along the 

semicarbazone chain also occurring in DMSO-d6 

solution, as afore-discussed for the crystal 

structure of this complex. 
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(a) 

 

 
(b) 

Figure 7. 
1
H NMR spectrum of complex 1: (a) full spectrum, (b) region of 0.5-4.5 ppm of the spectrum.  

 

 

Conclusions 
In summary, we have synthesized and 

characterized by single-crystal X-ray 

crystallography two mononuclear vanadium(V) 

complexes comprising VO
3+

 and VO2
+
 cores. The 

coordination polyhedra are an O5N distorted 

octahedron in the mono-oxidovanadium complex 

1 and a O4N square-pyramid in the 

dioxidovanadium compound 2. The formed solid 

state mononuclear structures are preserved in 

solution, as confirmed by multinuclear NMR 

experiments. For the first time, a comparative 

investigation of 
15

N nuclei for o-vanillin 

semicarbazone and complex 2 has been reported. 

The data obtained from 
1
H/

15
N HETCOR 

experiments in DMSO-d6 solution corroborate the 

results of X-ray studies on the existence of 

extended π-delocalization along the 

semicarbazone fragment. This observation 

demonstrates the co-existence of the resonance 

forms of complex 2 in DMSO-d6 solution. 

 

Supplementary information 
Supplementary data are available free of 

charge at http://cjm.asm.md as PDF file. 
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Abstract. The reaction of iron nitrate and nickel chloride with ammonium salicylate in the presence of 

methanol and dimethylformamide (DMF) results in the formation of a new trinuclear heterometallic 

complex [hexa- µ2-salicylato- µ3-oxo-(methanol) (dimethylformamide) aquadiiron(III) nickel(II)] 

methanol dimethylformamide. The complex crystallizes in the monoclinic space group C2/c  

and was structurally characterized by single crystal X-ray diffraction as 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH, where SalH are monodeprotonated salicylic acid 

ions. The IR and Mössbauer spectra and thermal properties were studied. The parameters of the 

Mössbauer spectrum (δFe= 0.45 mm/s, ΔEQ= 1.086 mm/s, 300 K) suggest the high-spin state of  

the Fe
3+

 ions (S= 5/2). 
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Introduction 

Nowadays, the field of homo- and hetero-

μ3-oxo-carboxylates is one of the fastest growing 

areas of coordination chemistry. The area of 

homo- and heteropolynuclear iron carboxylate 

clusters are of current interest, because they may 

serve as versatile molecular building blocks for 

the design of polymeric metal-organic materials 

(MOM) that are amenable to crystal engineering 

design strategies [1-3].  

Compounds of this class of substances may 

serve as precursors of nanooxides and metallic 

particles with useful magnetic properties [4,5]; 

they can also be used as physiologically active 

substances [6-10]. In addition, polynuclear 

clusters can give their inherent physical 

characteristics, such as magnetic properties,  

to the polymeric network, which may expand the 

range of potential practical applications, for 

example, as porous materials and magnetic 

sensors [11-13]. The number of iron  

μ3-oxo-carboxylates can be significantly expanded 

due to the diversity of the carboxylic ions 

employed as ligands and the possibility to obtain 

heteronuclear clusters.  

Salicylic acid may be fully or partially 

deprotonated in solution and therefore can act as a 

monodentate, chelating bidentate, or bridging 

ligand [14]. For instance, in a dimeric terbium 

complex [bis(1,10-phenanthroline)tetrakis(μ2-

salicylato-O,O`)bis(salicylato-O,O`)(salicylato-

O)diterbium] dihydrate, the salicylate ligand has 

been found to coordinate in three different  

ways [15]. 

Iron(III) oxide in all its forms is one of the 

most used metal oxide with various applications 

in many scientific and industrial fields.  

According to specialized literature, most often 

iron oxides are obtained from iron salts,  

however the use of iron homo- and heteronuclear 

clusters as precursors of nano-sized iron  

oxides is less studied. Recently, our  

colleagues have managed to synthesize  

iron oxides from heteronuclear iron  

clusters [16,17]. 

Among the metal complexes with  

salicylic acid deposited to the Cambridge 

Crystallographic Data Collection there are two 

iron(III) μ3-oxo-carboxylates, which were 

obtained in our laboratory [18]. In this article, we 

report a new trinuclear heterometallic  

complex [Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)] 

·DMF·CH3OH. The synthesis, crystal structure, 

IR, Mössbauer spectra and thermal properties 

were investigated and discussed. The given 

compound was synthesized for the  

purpose of obtaining raw materials for further 

synthesis of nanoparticles.  
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Experimental 

Synthesis of [Fe2NiO(SalH)6(CH3OH)(DMF) 

(H2O)]·DMF·CH3OH 
A solution of NiCl2·6H2O (1.15 g,  

4.8 mmol) in methanol (12 mL) was added to 

ammonium salicylate (1.5 g, 9.68 mmol) in 

methanol (10 mL). The mixture was refluxed for 

~1 h, whereupon a solution of Fe(NO3)3·9H2O 

(0.49 g, 1.2 mmol) in a mixture of methanol  

(10 mL) and DMF (1.5 mL) was added. Heating 

was continued, while stirring the mixture until 

light-green flakes dissolved. This resulted in the 

formation of a crystalline solid, which dissolved 

completely after another hour of heating. The 

resulting red-brown solution was transferred to a 

warm beaker and left overnight for crystallization. 

The next day, single crystals suitable for X-ray 

diffraction analysis were separated from the 

solution, while the mass product was filtered off, 

washed with methanol (2 mL) and dried in air. 

Yield: 0.59 g (77.63% relative to the iron salt). 

The results of elemental analysis:  

Found, %: C 47.69; H 4.48; N 2.10; Ni 4.28;  

Fe 8.31. Calculated for C50H56Fe2Ni1N2O25, %:  

C 47.88; H 4.50; N 2.23; Ni 4.67; Fe 8.89. 

The molecular formula of the mass product 

differs from the molecular formula of the single 

X-ray crystal only by one water molecule.  

IR (υ, cm
-1

): 3466.9 sh, 3093.8 vw,  

3050.0 vw, 1659.2 m, 1627.1 s, 1599.2 s,  

1483.7 vw, 1455.7 vs, 1409.9 vw, 1392.5 vs, 

1377.5 w, 1312.0 w, 1247.0 vs, 1223.1 vw, 

1160.3 m, 1147.9 m, 1113.2 s, 1062.0 w,  

1032.0 s, 956.7 w, 865.3 s, 811.4 vs, 758.6 vs, 

722.4 w, 701.9 s, 669.1 s, 604.1 s, 560.3 vs,  

532.3 w, 493.5 s, 432.2 vs (vs= very strong,  

s= strong, m= medium, w= weak, vw= very weak 

and sh= shoulder). 

Measurements 
X-ray diffraction analysis. The X-ray data 

were collected at room temperature on an Oxford 

Diffraction Xcalibur diffractometer equipped with 

CCD area detector and a graphite monochromator 

utilizing MoKα radiation. The crystals were 

placed at 41 mm from the CCD detector. The data 

were processed using the CrysAlis package of 

Oxford Diffraction [19]. The final unit cell 

dimensions were obtained and refined on an entire 

data set. The structures were solved by direct 

methods using SHELX-97 program package [20] 

and refined with full-matrix least squares method 

with anisotropic thermal parameters for the non-

hydrogen atoms. 

The refinement revealed that the external 

apical positions at the Fe atoms are statistically 

occupied by water and DMF molecules with equal 

probability. The SalH ligands are also disordered 

over two positions with equal probability. 

Hydrogen atoms attached to carbon atoms were 

placed in geometrically idealized positions and 

refined by using a riding model. The positions of 

hydrogen atoms on oxygen atoms were localized 

on differential Fourier map add refined using 

restrains. The figures were produced using 

MERCURY [21]. CCDC 1830865 contains  

the crystallographic data for 1. These  

data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif, or  

by emailing data_request@ccdc.cam.ac.uk,  

or by contacting The Cambridge  

Crystallographic Data Centre, 12 Union  

Road, Cambridge CB2 1EZ, UK; fax:  

+44 1223 336 033. 

The IR spectrum was recorded on a 

Specord M75 spectrometer in the 400–4000 cm
-1

 

range and a Perkin-Elmer 100 FT-IR 

spectrometer.  

The complex was analyzed for C, H, and N 

on a Vario EL (III) Elemental Analyzer. 

Integrated thermal analysis was carried out 

on a Paulik–Paulik–Erdey derivatograph in air 

with Al2O3 as a reference. The recording 

conditions were 1/5 (DTG), 1/10 (DTA), and 

100/100 (TG), Tmax= 1000°C, heating rate 

5°C/min, sample weight 50 mg. 

The Mössbauer spectrum was acquired 

using a conventional spectrometer in the constant-

acceleration mode (MS4, Edina, USA) equipped 

with a 
57

Co source (3.7 GBq) in a rhodium  

matrix. The powdered sample, containing  

8-10 mg/cm
3
 of natural iron, was mounted on the 

plastic cell, and the spectrum was taken at room 

temperature (RT). Isomer shifts are quoted 

relative to alpha-Fe at room temperature. The 

spectra were fitted using the WMOSS Mössbauer 

Fitting Program. 

 
Results and discussion 

Crystal structure 

We have shown previously that 

heterotrinuclear complexes with salicylic acid can 

be prepared by mixing a solution of iron nitrate 

either with solutions of different metal  

salicylates, or with simple metal salts in the 

presence of ammonium salicylate [22].  

A new trinuclear heterometallic complex  

[hexa- µ2-salicylato- µ3-oxo-(methanol)(dimethyl 

formamide) aquadiiron(III) nickel(II)] methanol 

dimethylformamide with the composition 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF· 

CH3OH was prepared from Fe(NO3)3·9H2O, 

NiCl2·6H2O and ammonium salicylate, at the  

ratio 1:4:8, respectively. The reaction was carried 
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out in methanol at reflux in the presence of a 

small amount of DMF. It was found that the 

presence of DMF influences the formation of the 

crystalline product. A significant excess of 

divalent nickel ions over ferric ions (4:1) is 

required to introduce nickel atoms into the trimer 

structure. The coordinating affinity of the possible 

apical neutral ligands (water, methanol, DMF) 

looks to be the same. The formation of a 

crystalline product is well reproducible only in the  

presence of a small amount of DMF.  

The novel heterotrinuclear cluster featuring a 

{Fe2
III

Ni
II
(μ3-O)} core and salicylate ligands 

(Figure 1) has been structurally characterized by 

single crystal X-ray diffraction analysis. 

The data obtained from the X-ray analysis, 

as well as refinement details for the complex are 

summarized in Table 1, the selected geometric 

parameters are given in Table 2, and parameters 

of hydrogen bonds are presented in Table 3. 

 

 
Figure 1. Molecular structure of 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)] 

heterocluster. Only one position of disordered 

moieties is shown for clarity. 

 

 
 

 

Table 1 

Crystallographic parameters and the data collection statistics for complex 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH. 

Parameter Value 

Empirical formula C50H54Fe2N2NiO24  

Formula weight, M 1237.36 

Temperature (K) 293 

Crystal system Monoclinic 

Space group C2/c 

Z 4 

a (Å) 11.4358(13) 

b (Å) 24.153(2) 

c (Å) 22.064(2) 

α (°) 90 

β (°) 95.010(9) 

γ (°) 90 

V, (Å
3
) 6070.8(9) 

Dcalc (g cm
-3

) 1.354 

Μ (mm
-1

) 0.855 

F(000) 2560 

Refinement method Full-matrix least-squares on F2 

θ Range for data collection (°) 3.098 - 25° 

Limiting indices -13≤h≤13 

 -17≤k≤28 

 -15≤l≤26 

Reflections collected 9273 

Reflections with [I>2σ(I)] 5299 [R(int) = 0.0429] 

Data/restraints/parameters 5299 / 362 / 421 

Goodness-of-fit on F2 1.002 

R1  

wR2 [I>2σ(I)] 

R1= 0.0855  

wR2= 0.2075 

R1  

wR2 (all data) 

R1= 0.1695  

wR2= 0.2540 

Largest difference in peak and hole (e Å
-3

) 0.571 and -0.495 
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Table 2 

Selected bond lengths and bond angles in the coordination sphere of each metal atom. 

Bond d, Å Bond d, Å 

Fe1-O1  1.887(3) Ni1-O1 1.885(5) 

Fe1-O9 2.024(4) Ni1-O8 2.017(5) 

Fe1-O2 2.032(4) Ni1-O3 2.042(5) 

Fe1-O5
1
 2.051(5) Ni1-O1M 2.104(7) 

Fe1-O6 2.058(5) Ni1-Fe1 3.261(1) 

Fe1-O1D 2.096(12) Fe1-Fe1 3.277(2) 

Fe1-O1w 2.153(14)   

Angle ω, deg Angle ω, deg 

O1-Fe1-O9 95.9(2) O6-Fe1-O1w 89.2(4) 

O1-Fe1-O2 96.0(2) O9-Fe1-O2 91.9(2) 

O1-Fe1-O5
1
 96.0(2) O9-Fe1-O5

1
 168.1(2) 

O1-Fe1-O6 95.1(2) O9-Fe1-O6 88.7(2) 

O1-Fe1-O1D 172.4(3) O9-Fe1-O1D 84.7(4) 

O1-Fe1-O1w 174.9(4) Fe1
1
-O1-Fe1 120.6(3) 

O2-Fe1-O5
1
 88.5(2) O1-Ni1-O8 96.6(1) 

O2-Fe1-O6 168.8(2) O1-Ni1-O3 96.3(1) 

O2-Fe1-O1D 91.6(3) O1-Ni1-O1M 180.0 

O2-Fe1-O1w 79.9(4) O3-Ni1-O1M 83.7(1) 

O5
1
-Fe1-O6 88.6(2) O8-Ni1-O3 90.9(2) 

O5
1
-Fe1-O1D 83.4(4) O8-Ni1-O1M 83.4(1) 

O5
1
-Fe1-O1w 86.9(5) Ni1-O1-Fe1 119.7(1) 

O6-Fe1-O1D 77.4(3)   

Symmetry transformations used to generate equivalent atoms:
 1)

 -x, y, -z+1/2 

 

 

Table 3 

Hydrogen bond distances (Å) and angles (°). 

D-H···A d(H···A) d(D···A) ˂ (DHA) 

O4─H4···O3 0.82 1.83 2.538(8) 

O4A─H4A···O2 0.82 1.78 2.50(3) 

O7─H7···O6 0.82 1.80 2.528(11) 

O7A─H7A···O5 0.82 1.80 2.52(2) 

O10A─H10A···O8 0.82 1.91 2.584(13) 

O10─H10···O9 0.82 1.77 2.497(13) 

 

 

The trinuclear cluster resides on two fold 

crystallographic axis passing through O1, Ni1, 

and O1m atoms, thus having C2 molecular 

symmetry. In the structure of this complex, one 

Ni
2+

and two Fe
3+

 ions occupy the vertexes of 

about equilateral triangle, Fe···Fe and Ni···Fe 

distances equal 3.277(2) Å; 3.261(1) Å, 

respectively (Table 2). The centre of the triangle 

is occupied by the μ3-O atom which is coplanar 

with the metal atoms. The metal ions have an 

octahedral coordination but a different 

environment. The coordination sphere of each 

metal atom is constituted from four O atoms of 

four bridging salycilates, central μ3-oxo atom and 

apical ligand. The external apical position of Fe 

ions is statistically occupied with equal 

probability by a DMF or water molecule, while 

the Ni ion is capped in the apical position by the 

methanol molecule, which is also disordered over 

two positions in accordance with C2 symmetry. 

The position of SalH ligands in the complex is 

stabilized by intramolecular O─H···O hydrogen 

bonds (Table 2). The crystal structure is stabilized 

by intermolecular π–π stacking interactions 

between parallel, centre symmetry related 

aromatic C6 rings of SalH ligands with 

centroid···centroid separation of 3.760 and  

4.548 Å (Figure 2). 

Infrared spectroscopy 

The IR spectrum of the solid salicylate 

complex can be divided into several regions: 

3466.9-3000 cm
-1

 is attributed to the stretching 

absorption of the OH-groups originated from 

water, methanol molecules, and from phenol 

groups (salicylate anions); 2000-1659.2 cm
-1

, 

combined vibrations; 1659.2-1377.5 cm
-1

, 

involving both the C-O stretching of the carboxyl 

group and aromatic C-C stretching vibrations; 

1377.5-1312.0 cm
-1

, the C-O-H bending of the 

phenol groups; 1247.0-1223.1 cm
-1

, stretching of 
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the phenol groups; 1160.3-1032.0 cm
-1

, bending 

in the C-H-C plane in the substituted aromatic 

rings; 865.3-811.4 cm
-1

, scissoring vibrations in 

the carboxyl groups; 758.6-722.4 cm
-1

, out of 

plane bending of hydrogen atoms in the benzene 

rings; and 700-400 cm
-1

, bending in the benzene 

rings [14,23,24]. 

The IR spectrum contains absorption bands 

at 669.1-432.2 cm
-1

, which can be assigned to 

ν(FeO) and ν(NiO) stretching vibrations [14].  
 

 
 

Figure 2. Fragment of the crystal structure of the complex 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]∙DMF∙CH3OH. 
 

Thermogravimetric analysis 

The thermo-gravimetric curves of the 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF· 

CH3OH complex are presented in Figure 3 

demonstrating that the complex is thermally 

unstable. The thermolysis process begins at 

37.5°C and involves many steps; the DTG and TG 

curves suggest that the first process at 37.5–110°C 

is endothermic and corresponds to a weight loss 

of ~4%. It seems to be highly probable  

that the observed change is attributable to the  

elimination of a methanol (CH3OH) molecule.  

Subsequent processes endo- at 110–176°C (II),  

exo- 176–260°C (III), exo- 260–320°C (IV) and 

exo- 320–500°C (V) are due to the elimination of 

all solvent molecules and destruction of remaining 

organic ligands (Table 4). The final thermolysis 

product consists of ~18% of the initial weight, 

which corresponds to the mixed oxide formation, 

Fe2O3∙NiO (calculated: 18.94%). Schematically, 

the decomposition of the complex may be 

presented by the following steps (Table 4):  

 Fe2NiO SalH 6 CH3OH  DMF  H2O  ∙ DMF ∙ CH3OH
− CH 3OH  
                I  

 Fe2NiO SalH 6 CH3OH  DMF  H2O  ∙ DMF
−2 DMF  −1.5[SalH ]
                        (II) 

 Fe2NiO SalH 4.5 CH3OH  H2O  
− CH 3OH  −[H2O]
               Fe2NiO SalH 4.5      III  

 Fe2NiO SalH 4.5 
− SalH  
       Fe2NiO SalH 3.5               IV  

 Fe2NiO SalH 3.5 
−3.5 SalH  
         Fe2O3 ∙ NiO                  V  
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Figure 3. Termogravimetric curves (TG, DTG, DTA) for the investigated complex. 

 

 

Table 4 

Thermogravimetric data for the [Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH complex. 

Steps Effect 
T, °C Weight loss 

found, % onset maxim end 

I endo 37.5 75 110 4 

II endo 110 168 176 28 

III exo 176 200 260 4 

IV exo 260 294 320 10 

V exo 320 360 500 36 

 

 

 

Mössbauer spectroscopy 

The Mössbauer spectrum of the 

investigated complex at 300 K is presented in 

Figure 4. The spectrum is comprised of a doublet 

and on its basis were calculated the corresponding 

parameters (Table 5). The values of isomer shift 

δFe(0.45 mm/s) and quadrupole splitting  

ΔEQ(1.08 mm/s) correspond to iron(III) in the 

high spin state (S= 5/2) [25]. Table 5 exemplifies 

heterotrinuclear complexes with the fragment 

{Fe2MO} (where M= Mg
2+

, Co
2+

, Ni
2+

) and the 

homotrinuclear cations complex {Fe3O}. The 

parameters of the Mӧssbauer spectra of all the 

compounds indicate the presence of high-spin 

iron(III) (S= 5/2). The analysis of isomer shift 

values (δNa
+
) (Table 5) at 300 and 80 K shows that 

the monodentate ligands and M
2+

 ions in the inner 

sphere, as well as the anion and solvent molecules 

in the external sphere, do not influence the total 

density of s-electrons on the nucleus [26-28]. 

Replacement of one iron(III) ion in the triangle by 

a cobalt(II), magnesium(II) or nickel(II) ion 

increases the quadrupole splitting from 0.76 to 

1.08 mm/s. This change is consistent with our 

data [27] and the data obtained by other 

researchers [28] and is due to the lowering of the 

symmetry of the fragment {Fe2MO} in the 

complex from D3h to C2v. 

 

 

 
 

Figure 4. Mössbauer spectrum of 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)] 
·DMF·CH3OH at room temperature. 
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Table 5 

Parameters of the Mӧssbauer spectra of the obtained compound 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH  

and other homo- and heterometallic iron(III) µ3-oxosalicylates. 

Complex T, K 

Isomer 

shift 

(δNa
+ *

) 

Quadrupol 

splitting 

(ΔEQ)
 

Line 

width, 

(G) 

Spin 

state 

(S) 

Lit. ref. 

 

mm/s 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH 300 0.45 1.08 0.32 5/2 
This 

work 

[Fe2MgO(SalH)6(DMAA)0.4(H2O)2.6]·4DMAA 
300 

80 

0.71 

0.76 

1.08 

1.28 

0.26 

0.29 
5/2 [16] 

[Fe2CoO(SalH)6(CH3OH)2(H2O)]·DMFA·2.5H2O 
300 

80 

0.68 

0.81 

1.04 

1.09 

0.34 

0.32 
5/2 [16] 

[Fe3O(SalH)6(H2O)3]Сl·DMAA·H2O 300 0.66 0.76 0.35 5/2 [16] 

* The isomer shifts are referenced to sodium nitroprusside. 

 

 

Conclusions 
A new trinuclear heterometallic iron/nickel 

carboxylate complex was synthesized and 

characterized by IR and Mössbauer 

spectroscopies, TGA and single crystal X-ray 

analyses. The crystallographic study reveals that 

the complex has a typical μ3-oxo structure with 

three different ligands at apical positions of metal 

atoms (one nickel and two iron atoms). The 

parameters of the Mössbauer spectrum suggest the 

high-spin state of the Fe
3+

 ions. 
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Abstract. A series of lanthanide coordination compounds LnL3, LnL3Phen, and LnL3Dipy with  

aryl-functionalised carbacylamidophosphate (CAPh) ligand N-(diphenylphosphoryl)benzamide  

(HL= PhC(O)N(H)P(O)Ph2) were synthesized for luminescent thin films producing. The bulky organic 

ligands provide a hydrophobic shell around Ln
III

 ion leading to highly luminescent terbium and 

europium complexes with long-lived emission. The thin films of the complexes were obtained by spin 

coating and, for the first time, by vacuum evaporation. The films exhibit an intensive monochromatic 

photoemission with decay times equal to 0.78-1.34 ms. 
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Introduction 

Lanthanide photoluminescent complexes 

attract a growing interest due to their potential 

role as spectroscopic probes [1,2], materials for 

LED technology [3,4], medical diagnostics [5] 

and lasing systems [6]. For light-conversion 

systems based on Ln
III

 ions, the main 

requirements are high ligand absorption 

coefficients, efficient ligand-to-metal energy 

transfer and minimal non-radiative deactivation of 

the excited state of metal-ion. To satisfy  

these criteria, two strategies can be used.  

The first strategy presents the encapsulation of the 

Ln
III

 ion by a polydentate/macrocyclic  

ligand (e.g. cryptands [7], calixarenes [8,9], 

polyaminopolycarboxylic acids [10] and podands 

[11]), while the second strategy consists in the 

saturation of the metal coordination sphere by 

combining mono- and bidentate ligands 

containing bulky aromatic units. Both strategies 

aim to provide the stable complexes with rigid 

environments of metal ion and without 

coordinated solvent molecules. 

In the present work, we have used the 

second approach, which excludes the multi-step 

synthesis of a macrocyclic ligand and it is 

commonly used in coordination chemistry of  

β-diketones and their structural analogues. 

Heretofore, the main research concerned the 

lanthanide β-diketonate complexes, which are 

limited in terms of practical applications due to 

their poor photo and electro stability [12]. 

Recently, as an alternative to these complexes, 

lanthanide imidodiphosphinate complexes have 

been studied for LED producing [13,14]. In 

contrast to the lanthanide β-diketonates, where the 

binding site of each ligand is surrounded by two 

aryl units, the lanthanide imidodiphosphinates 

(Figure 1(a)) have four aryl units per ligand  

and can collect more light. Compared to  

the lanthanide β-diketonates, the longer  

emission lifetimes observed for lanthanide 

imidodiphosphinates resulted from the absence of 

C–H bonds in the binding site and from a  

better protection of the metal ion from the 

solvents [15-18]. For the last two decades, the 

luminescent properties of complexes with other 

types of β-diketones analogues such as 

carbacylamidophosphates (CAPh) (Figure 1(b)) 

and sulfonylamidophosphates (SAPh)  

(Figure 1(c)) have been extensively  

studied [19] and a rather long-lived bright 

emission was observed for tetrakis- and tris-

complexes with general formulas  
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KatLnL4 [20-22], LnL3Phen, LnL3Dipy, and  

LnL3i-prOH [23-25]. 

Herein, we report the synthesis and study of 

new CAPh based LnL3 complexes as well as the 

investigation of luminescent thin films of 

lanthanide tris-complexes based on 

N-(diphenylphosphoryl)benzamide (HL) obtained 

by vacuum evaporation and spin coating. The  

chosen ligand contains three aromatic units  

and has a more asymmetric structure in  

comparison to dibenzoylmethane and tetraphenyl 

imidodiphosphinate that can lead to  

increasing of 4f-luminescence intensity in 

complexes due to the increase of anisotropy 

around the europium ion [26]. Additionally, bulky 

chelating ligands have been successfully  

used to improve the volatility of lanthanide  

tris-complexes [27].  
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Figure 1. General formulas of imidodiphosphinates (a), carbacylamidophosphates (b)  

and sulfonylamidophosphates (c). 

 

 

Experimental 

Synthesis 

All reagents and solvents were used of 

commercial grade without further purification. 

N-(diphenylphosphoryl)benzamide (HL) 

was synthesized according to the procedure 

described previously [28]. NaL was obtained by 

replacement reaction between NaOMe and HL in 

methanol with a yield equal to 95%. The 

identification of the ligand and NaL was 

performed by measuring melting points, IR and 

NMR spectra, which were in agreement with 

literature data [23].  

The synthesis of LnL3Dipy and LnL3Phen 

complexes was reported by us earlier [23]. The 

complexes LnL3 (Ln= Eu, Tb, Lu) were 

synthesized according to the procedure described 

in [15,29]. The water solution of Ln(NO3)3·nH2O 

was added dropwise to a solution of  

NaL (3 mmol) in H2O/MeOH mixture  

(5:1, v/v). The solid that immediately  

precipitated was filtered off, washed with distilled 

water several times and dried in a desiccator over 

concentrated sulphuric acid. For further 

purification, the dry product was  

dissolved in CH2Cl2 resulting in a slightly 

opalescent solution, which then was filtered out 

and completely dried under vacuum. The yield 

was equal to ~80%. 

C57H45N3O6P3Eu (M= 1113.17). Anal. 

calc.: Eu, 13.7; C, 61.44; H, 4.07; N, 3.77%. 

Found: Eu, 13.6; C, 60.97; H, 4.31; N, 3.69%.  

FT-IR (KBr, cm
-1

): 3057 [w, ν(CH)], 1591  

[w, ν(CC)], 1507 [vs, ν(C=O)], 1438 [s, ν(CC)], 

1383 [vs, ν(Amide2)], 1178 m, 1128 [vs, ν(P=O)], 

1083 w, 1066 w, 910 [w, ν(PN)], 727 s,  

696 s, 548 s.  

C57H45N3O6P3Tb (M= 1119.18). Anal. calc.: 

Tb, 14.2; C, 61.11; H, 4.05; N, 3.75%. Found: Tb, 

14.2; C, 60.92; H, 4.12; N, 3.58%. FT-IR  

(KBr, cm
-1

): 3056 [w, ν(CH)], 1591 [w, ν(CC)], 

1508 [vs, ν(C=O)], 1437 [s, ν(CC)], 1386  

[vs, ν(Amide2)], 1179 m, 1130 [vs, ν(P=O)], 1084 

w, 1063 w, 9010 [w, ν(PN)], 727 s, 693 s, 548 s.  

C57H45N3O6P3Lu (M= 1135.19). Anal. calc.: 

Lu, 15.4; C, 60.25; H, 3.99; N, 3.70%. Found:  

Lu, 14.9; C, 59.98; H, 4.09; N, 3.55%. FT-IR 

(KBr, cm
-1

): 3058 [w, ν(CH)], 1591 [w, ν(CC)], 

1510 [vs, ν(C=O)], 1438 [s, ν(CC)], 1387  

[vs, ν(Amide2)], 1180 m, 1129 [vs, ν(P=O)], 1085 

w sh, 1066 w, 912 [w, ν(PN)], 728 s, 694 s, 550 s. 
1
H NMR (CDCl3): δ 7.19 (m, 18 H), 7.33  

(m, 9 H), 7.79 (m, 12 H), 7.99 (d, 6H). 

The obtained tris-complexes are soluble in 

dimethyl sulfoxide, acetone, CH2Cl2, methanol, 

benzene, less soluble in 2-propanol and insoluble 

in water. The PXRD of the compounds LnL3 

reveal their amorphous nature. Melting point of 

the obtained tris-complexes was observed in the 

temperature range 110–140°C. 

Characterization 

IR measurements were performed on a 

Perkin–Elmer Spectrum BX spectrometer on 

samples in the form of KBr pellets with resolution 

of 2 cm
−1

 and accumulations of 8 scans, which 

were combined to average out random absorption 

artefacts in the spectral range 4000–400 cm
−1

. 
1
H NMR spectra in DMSO-d6 solutions 

were recorded on an AVANCE 400 Bruker NMR 

spectrometer at room temperature. 
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The thermal stability of the complexes was 

determined in air up to 400°C with a heating  

rate of 10°С·min
-1

 using simultaneous 

thermogravimetric (TG) and differential thermal 

analysis (DTA) analyser Shimadzu DTG-60H. 

The crystalline powder of α-Al2O3 was used as 

standard for comparison. 

The evaporation experiments under vacuum 

were carried out in the following  

conditions: sample weight – 10–20 mg, heating 

time – 30 min, pressure – 0.001–1 Pa, and 

temperature – 115–240°C. The obtained thin films 

were studied by IR and luminescence 

spectroscopy. 

Emission and excitation spectra of the 

complexes and their thin films were recorded 

using the Fluorolog FL 3-22 spectrofluorimeter at 

298 K. The energy of the lowest triplet state of the 

coordinated CAPh ligands was determined based 

on the phosphorescence spectrum of LuL3 

complex solution in acetonitrile at 77 K. The 

f-luminescence lifetime measurements were 

carried out at room temperature using the  

FL-1040 Horiba Jobin Yvon phosphorimeter 

accessory for the Fluorolog 3-22 instrument 

(pulsed Xe–Hg arc lamp, 3μs bandwidth).  

Quantum yield (Q) measurements for the 

solid europium complex were carried out 

according to the method developed by 

 Bril, A. et al. [30,31] and described in details 

elsewhere [32]. The Y2O3:Eu 3% (Qst= 85%,  

λexc= 254 nm) and (Y,Gd)BO3:Eu (Qst= 77%,  

λexc= 254 nm) [33] were used as emission 

standards. A cross-reference experiment was 

performed to estimate the accuracy of 

measurements, which was found to be 15%. 

 

Results and discussion 

Thermogravimetric analysis 

The TG curves for europium and terbium 

complexes are similar to each other. According to 

the TG curves (Figures 2 and 3), the compounds 

EuL3 and TbL3 are stable up to 180 and 185°С, 

respectively. The absence of any weight losses up 

to the mentioned temperature suggests the 

absence of any solvents in the composition of the 

complexes. The DTA curves exhibit endothermic 

maximum at ~80 °С. Considering the absence of 

any weight losses at this temperature, the 

observed endothermic process can be assigned to 

a phase transition. Being heated above 180°С, the 

complexes decompose abruptly with a weight loss 

of about 28%. Upon further heating, a smooth 

decomposition of the complexes was observed 

and the mass of the sample did not reach a 

constant value at the boundary value of the 

experimental temperature. According to the IR 

spectra and the calculated metal content of 

residues of the complexes after their heating up to 

400°С, the thermal decomposition of the 

complexes is an endothermic removal of PhCN 

due to the destruction of organic ligands. 
 

 
 

Figure 2. Thermogravimetric (TG) and differential 

thermal analysis (DTA) of EuL3. 

 

 

 
 

Figure 3. Thermogravimetric (TG) and differential 

thermal analysis (DTA) of TbL3. 
 

IR spectroscopy 

The IR spectra of synthesized coordination 

compounds LnL3 look similar to each other and 

reveal the CAPh-ligands coordination to 

lanthanide ions in deprotonated form in bidentate 

chelating manner (Figure 4). The ν(NH) and 

ν(CH) absorption bands in the IR spectra of 

obtained compounds overlap, however the 

deprotonation of N-(diphenylphosphoryl) 

benzamide in NaL and lanthanide complexes was 

suggested, due to a significant decrease of band 

intensity in the region of 3100–3200 cm
-1

 in their 

IR spectra compared with that in the HL 

spectrum. This result is also in agreement  

with the 
1
H NMR spectra of NaL and LuL3 

compounds, where no signal of amide hydrogen 

was observed. The bidentate chelating 
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coordination manner of the ligands is confirmed 

by low frequency shifts of ν(Р=О) and ν(С=О) 

absorption bands in the IR spectra of the 

complexes compared with the free HL spectrum 

(ΔνHL(Р=О)~70 cm
-1

, ΔνHL(C=О)~160 cm
-1

). 

Such shifts are typical for the CAPh based 

lanthanides coordination compounds and caused 

by РО and СО bonds order decrease due to the 

presence of π-conjugation in the chelate fragment 

[34-36]. 

 

 
Figure 4. IR spectra of HL, NaL and EuL3. 

 

Photoluminescence studies 
The solid-state excitation and emission 

spectra of Eu
III

 and Tb
III

 tris-complexes are shown 

in Figures 5 and 6. The excitation spectra were 

recorded by monitoring the emission intensity  

of the 
5
D0→

7
F2 and 

5
D4→

7
F5 transitions, 

respectively. The excitation spectra are dominated 

by the broad band in the range of 250–330 nm 

arising from the absorption transitions to the 

ligand singlet states, thus confirming the efficient 

sensitization of lanthanide-centered emission by 

organic ligands.  

The energy of the lowest ligand triplet state 

(ET) for the complexes under study was 

determined as 26110 cm
-1 

on the basis of zero-

phonon line maximum position in the 

phosphorescence spectrum of LuL3 complex. The 

ET is high enough to exclude back energy transfer 

from metal to ligand in case of europium and 

terbium complexes. 

Being excited into the ligand singlet state at 

277 nm, the europium and terbium complexes 

showed characteristic emission with narrow bands 

(Figures 5 and 6, respectively) corresponding to 
5
D0-

7
FJ (J= 0–4) transitions of Eu

III
 and to 

5
D4 →

7
FJ (J= 6–3) transitions of Tb

III
, 

respectively. The assumption regarding the low-

symmetry of the coordination environment for 

europium can be confirmed by the presence of the 
5
D0

7
F0 transition band in the emission spectrum, 

as well as by the relatively high value of the 
5
D0→

7
F2/

5
D0→

7
F1 transitions bands intensity ratio 

(red/orange ratio), which equals to 12.5 at 298 K. 

The determined value of red/orange ratio is higher 

compared to other CAPh based Eu
III

 complexes 

[20,23,25,37] and it is comparable  

with the ones for tris-(β-diketonate) europium 

complexes with an asymmetric coordination 

sphere which have red/orange ratios ranging  

from 6.6 to 27 [38]. 

 

 
Figure 5. Excitation (1) and emission (2) spectra of 

EuL3 recorded at room temperature. 
 

 
Figure 6. Excitation (1) and emission (2) spectra of 

TbL3 recorded at room temperature. 

 

Emission lifetimes of Eu
III

 and Tb
III

 

complexes at room temperature were determined 

by monitoring the emission within the maximum 

of 
5
D0→

7
F2 and 

5
D4→

7
F5 transitions, respectively, 

and exciting into the ligand absorption band. The 

decay curves can be best fitted by a single-

exponential function and yield lifetimes of 1.39 

and 1.71 ms for europium and terbium complexes, 

respectively. The 
5
D0 overall emission quantum 

yield for the solid europium complex was found 

to be 31%. 
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The low electro activity of Eu
3+

 complexes 

is often reported as one of the drawbacks 

associated with their unsatisfactory 

electroluminescence performance [4]. Due to this, 

one of the approaches for successful application 

of lanthanide complexes in LED technology is 

blending the complexes with a blue emitting 

electroluminescent polymer. It is suggested that 

the light emitted by the polymer can be absorbed 

by ligands and transferred to the metal ion. Thus, 

only visible light absorbing complexes can be 

used in this approach. To shift the absorption of 

the EuL3 complex to lower energies, we used a 

Michler’s ketone (MK) co-ligand, which is known 

for its n, π* triplet state with a large quantum 

yield, as well as a small singlet-triplet energy gap 

[39]. Previously, this co-ligand was successfully 

used to obtain the visible light excited europium 

emission from ternary Eu
III

 β-diketonates [40]. It 

has been shown that MK allows increasing the 

efficiency of energy transfer from the polymer to 

the complex in LEDs due to a good overlap 

between the emission spectra of the 

electroluminescent polymer and MK absorbance 

[41,42]. Lanthanide complexes with visible light 

excited emission may also be of interest for 

luminescent label production in time-resolved 

fluorescence microscopy, since visible light is less 

harmful for biological tissues. 

The excitation spectra of the EuL3 complex 

solution (10
-4 

M) in toluene (Figure 7, curve 1) 

and the complex mixtures with MK (Figure 7, 

curves 2–4) were recorded by monitoring the 

emission within the maximum of the 
5
D0→

7
F2 

transition. The band with a maximum 

approximately at 290 nm in the excitation 

spectrum for the EuL3 complex in toluene solution 

appeared from the absorption transitions to the 

N-(diphenylphosphoryl)benzamide singlet states. 

The addition of MK to the europium complex 

solution led to a decrease of the intensity of the 

mentioned band in the UV region and to the 

appearance of a new broad band in the region 

375–450 nm (Figure 7, curves 2–4) caused by 

MK sensitization of Eu
III

 emission. The intensity 

of europium centered luminescence increased 

proportionally to MK concentration in the 

solution up to a ratio of 1:5 between the complex 

and MK. Further increasing of MK concentration 

did not affect the intensity of europium 

luminescence. The resulted mixture of the 

europium complex with MK was spin-coated on 

the glass, with the formation of a uniform 

transparent yellow film, which exhibited bright 

red Eu
III

-centered photoluminescence under 

broadband excitation. The emission decay time 

was determined by monitoring the emission 

within the maximum of 
5
D0→

7
F2 transition and by 

excitation at 360 nm. The decay curve was fitted 

by a single-exponential function. The lifetime was 

found to be 0.78 ms. The broad band in the region 

of 300–450 nm in the excitation spectrum of the 

film (Figure 8, curve 1) was assigned to MK 

sensitization of Eu emission. The data confirm 

that the energy transfer from MK to Eu
III

 ion is 

efficient in solid state, as well. Europium 

emission sensitized by CAPh ligands was also 

observed for the obtained luminescent film; its 

intensity, however, was 1.5 folds lower compared 

to MK sensitized one. 
 

 
 

Figure 7. Excitation spectra of EuL3 (1) and its 

mixtures with MK: EuL3:MK = 1:1 (2); 1:2 (3);  

1:3 (4) in toluene solution. 

 

 
 

Figure 8. Excitation (1) and emission (2) spectra of 

the spin-coated film of the mixture EuL3:MK = 1:5. 

 

Vacuum evaporation is the most frequently 

used type of layering in the LED technology, but 

the possibility of vacuum evaporation of CAPh 

based coordination compounds has not been 

studied yet. Considering the rather wide 

temperature region of the liquid state of  

the obtained terbium tris-complex TbL3  
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(m.p.= 138°С and decomposition temperature is 

185°С), three different vacuum evaporation 

conditions were applied. Attempts to obtain films 

by evaporation at approximately 0.01 Pa and 

115°С or at 1 Pa and 170°С have been ineffective. 

A green-emitting film of the complex was 

obtained under vacuum evaporation at 0.1 Pa and 

170°С. According to the IR spectrum (Figure 9, 

curve 2), the obtained film contained the terbium  

complex with N-(diphenylphosphoryl)benzamide 

coordinated in bidentate chelating manner. The 

non-evaporated complex residue also exhibited 

green emission, however, its IR spectrum  

(Figure 9, curve 3) corresponded to terbium 

diphenylphosphinate (C12H10O2P)3Tb formed 

during TbL3 decomposition, as it was shown in 

TG analyses. It should be noted that this very low 

degree of evaporation can be explained by the 

aggregation of tris-complex molecules similar to 

lanthanide tris-acetylacetonates [43] that later was 

shown to be a reason of their low evaporation 

degree compared to compounds Ln(acac)3Q with 

a saturated lanthanide coordination sphere [44]. 

 

 
 

Figure 9. IR spectra of TbL3: the initial  

complex (1), sublimated film (2) and residue (3). 

 

Considering the possible aggregation of 

complexes with unsaturated Ln
III

 coordination 

sphere, we expanded our study to vacuum 

evaporation of complexes LnL3Dipy and 

LnL3Phen [23]. Similar to TbL3, vacuum 

evaporation of EuL3Dipy at 0.01 Pa and 115°С 

was ineffective. A red-luminescent film of 

EuL3Dipy complex was obtained under vacuum 

evaporation at 0.1 Pa and 230°С. Vacuum 

evaporation of EuL3Phen was successful at  

0.01 Pa and 180°C. According to the IR 

spectrum(Figure 10, curve 2), the obtained film of 

EuL3Phen compound  contained europium 

complex with N-(diphenylphosphoryl)benzamide 

coordinated in bidentate chelating manner. The IR 

spectrum of non-evaporated residue of EuL3Phen 

compound (Figure 10, curve 3) reveals the initial 

complexes decomposition. The IR spectra 

recorded for the film and the residue of EuL3Dipy 

complex are similar to those obtained for 

EuL3Phen. 

 

 
 

Figure 10. IR spectra of EuL3Phen: the initial 

complex (1), sublimated film (2) and residue (3). 

 

The emission spectra of EuL3Dipy, and 

EuL3Phen complexes, and their films were 

measured at 298 K upon excitation into the ligand 

singlet state (Figures 11 and 12). The identical 

emission spectra obtained for solid complexes and 

films reveal the similar coordination environment 

of europium ions in the studied materials. 

 

 
Figure 11. Luminescent spectra of EuL3Dipy:  

solid sample (1) and film (2) recorded at 298 K. 
 

Luminescence decay time for the films of 

EuL3Dipy and EuL3Phen complexes, measured  

at 300 K by excitation at 310 and 300 nm, 

respectively, can be fitted by a three exponential 

function giving values τ1, τ2, and τ3 (Table 1). The 

longest component τ3 corresponds to about 70% of 
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the total emission, while the shortest components 

have a few percent of participation in the total 

emission. In each case, the τ3 value is in 

agreement with the luminescence decay time of 

EuL3Dipy and EuL3Phen initial complexes, while 

τ1 and τ2 can be assigned to other luminescent 

europium centers formed during the 

decomposition of complexes. 
 

 
Figure 12. Luminescent spectra of EuL3Phen:  

solid sample (1) and film (2) recorded at 298 K. 

 

 
Table 1  

Luminescence decay time for the films of EuL3Dipy 

and EuL3Phen complexes. 

Compound exc, nm τ1 / τ2 / τ3, s (at 300 K) 

EuL3Dipy 310 106 / 638 / 1342 

EuL3Phen 300 173 / 659 / 1277 

 

Conclusions 
In this study we have demonstrated that the 

assembly of three aryl containing CAPh ligands 

around lanthanide ions leads to the formation of 

thermally stable complexes LnL3 with bright 

luminescence. The Eu
III

 and Tb
III

 luminescence  

in the complexes is efficiently sensitized  

by N-(diphenylphosphoryl)benzamide and 

characterized by decay times equal to 1.39 and 

1.71 ms, respectively. It was shown that the 

photoluminescence intensity of the obtained EuL3 

complex in toluene solution can be enhanced by 

adding the Michler’s ketone co-ligand. Spin 

coating of EuL3 and MK mixture solution results 

in the formation of red emitting uniform 

transparent films with Eu
III

 emission excited by 

blue light. The possibility of vacuum evaporation 

of CAPh based lanthanide coordination 

compounds with the formation of thin 

luminescent films was demonstrated for the first 

time. The obtained films were multicomponent, 

with the initial complexes prevailing in their 

composition. Thus, simple synthesis of the 

complexes, their intense emission and rather high 

thermal stability, as well as the possibility of 

luminescent thin films formation make them 

promising emitting materials for LED technology. 
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Abstract. The present paper describes biochemical (fatty oil) composition of Silybum marianum (L.) 

Gaertn. of Moldovan origin. The oil content of the seeds was approximately 25%. Linoleic acid 

(C18:2), an essential polyunsaturated fatty acid, is the most abundant (48.88%), followed by 

monounsaturated oleic acid (C18:1, 31.94%) and saturated palmitic acid (C16:0, 7.61%). Also, 

saturated stearic (C18:0, 4.31%), arachidic (C20:0, 2.63% and behenic acid (C22:0, 2.30%) were 

identified. The minor fatty acids are represented by saturated myristic (14:0, 0.09%) and margaric acid, 

(17:0, 0.07%), monounsaturated eicosenoic (C20:1, 0.99%), palmitoleic (C16:1, 0.07%) and erucic acid 

(C22:1, 0.08%). The RP-HPLC analysis of tocopherols composition showed the main components:  

α-tocopherol (23.45 mg/100g) and γ-tocopherol (5.60 mg/100g). Based on the obtained  

results, the extracted oil from milk thistle seeds is rich in essential fatty acids (about 50%) and 

tocopherols (29.09 mg/100g) and it can be used in food preparation. 
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Introduction 

Silybum marianum (L.) Gaertn. is an 

important medicinal plant belonging to  

the Asteraceae Dumort family. Native of the 

Mediterranean region, it is cultivated now in 

many countries. In the Republic of Moldova, this 

species is cultured and does not grow in  

the spontaneous flora. 

As a medicinal plant, milk thistle has  

been traditionally used for centuries to treat  

liver diseases and, presently, it is one of the  

most commonly used herbs worldwide.  

The active component of dried fruit extract  

of S. marianum is silymarin, an isomeric mixture 

of three flavonolignans: silybin, the main and 

most effective compound, silycristin and 

silydianin [1-4]. 

Silymarin possess hepatoprotective [5], 

antioxidant [6], anti-inflammatory [6,7], 

anticancer [8,9], antifibrotic [10], liver 

regenerating and immunomodulatory effects [6]. 

The hepatoprotective properties of S. marianum 

flavonolignans have been proven clinically in the 

therapy of some connected with liver disorders, as 

alcohol poisoning [11], viral hepatitis [12],  

liver cirrhosis [13] and mushroom poisoning [14]. 

Pharmacological studies have demonstrated  

that the flavonolignans isolated from  

S. marianum seeds stimulate kidney cells, 

avoiding nephrotoxic effects [15]. They are 

proven to be useful in the treatment of  

type II diabetes [16]. 

The plant seeds also contain a high amount 

of oil [17,18]. Numerous studies have been 

conducted on these species, growing in different 

regions of the world, particularly on their fatty oil 

compounds [19,20]. 

The aim of this work is to reveal  

the biochemical composition of S. marianum  

oil, more exactly the content of fatty acids  

by means of gas-chromatography (GC)  

and the contents of tocopherols in  

the fatty oil using high-pressure liquid  

chromatography (HPLC). 
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Experimental 

Seeds samples of milk thistle (S. marianum 

(L.) Gaertn.) plant variety “Panaceia”, 1
st
 year of 

reproduction were collected from experimental 

fields of medicinal and aromatic collection, 

Botanical Garden (Institute) of Academy of 

Sciences of Moldova. The plants were cultivated 

at a density of 50 x 60 m
2
 without soil fertilizer 

and seeds were collected manually at full maturity 

in the second decade of July. Their humidity was 

about 5.5%. 

Fatty oil (FO) extraction 

A sample of grounded seeds (0.2-0.5 mm, 

300 g), was extracted at reflux in a Soxhlet type 

extractor using light petroleum ether  

(b.p. 40-60°C) during 3 h. After filtration, the 

solvent was removed at reduced pressure.  

The obtained fatty oil (75.8 g, 25.27%) was 

further used for measurements and 

chromatographic analyses. 

Physical and chemical characteristics of 

fatty oil (FO) 

Physical and chemical characteristics of  

S. marianum oil were established using  

approved methods. Fresh oil samples showed the 

following characteristics: relative density –  

0.860-0.890 g/cm
3
 (measured at 20°C); refractive 

index (nD
20

) – 1.4705-1.4760; iodine value  

(Wijs) – 79-88; acidity index – 2.0-2.8% m/m and 

peroxide index – 3.5-4.0 (meqO2/kg oil). 

Fatty acid methyl esters (FAMEs) preparation 

The oil samples (200 mg) were dissolved in 

hexane (4 mL) in a conic tube and 200 µL of  

2 M methanolic potassium hydroxide solution was 

added. After vigorous shaking in a vortex for  

1 minute, the samples were neutralized  

with potassium hydrogen phosphate. The  

organic layer, which contains FAMEs, was 

filtered and 1 µL was injected into the gas-

chromatograph [21-23].  

Gas chromatography (GC) analysis of fatty oil 

Qualitative and quantitative analysis of 

fatty acid composition was performed on a Varian 

CP-3800 gas chromatograph equipped with a 

flame ionization detector (FID). A fused-silica 

SP-2560poly(biscyanopropylsiloxane) capillary 

column (100 m x 0.25 mm i.d.; film thickness 

0.20 µm) from SUPELCO was used for 

separation and operated under the following 

conditions: oven temperature program: from 

120°C up to 240°C at a rate of 4°C/min and then 

kept at 240°C for 30 min; injector and detector 

temperatures, 250 and 260°C, respectively; carrier 

gas, helium at a flow rate of 2 mL/min; split ratio, 

1:100; nitrogen at a flow rate of 30 mL/min, 

hydrogen at a flow rate of 30 mL/min and air at a 

flow rate of 300 mL/min [24]. Identification of 

fatty acids methyl esters was made with a 

standard mixture of 37 esters of fatty acids 

(FAME MIX 37) from SUPELCO. The results are 

expressed %(w/w) FA. 

Sample preparation for tocopherols analysis 

The oil samples (2.0 g) were dissolved in 

methanol (50 mL) and ascorbic acid (0.5 g) was 

added. After vigorous shaking, 50% aqueous 

potassium hydroxide solution (5 mL) was added 

and the resulted mixture was refluxed for 35 min 

under nitrogen. After saponification, the samples 

were let to cool down and diluted with water  

(55 mL). The extraction step was performed in a 

dark separation funnel with a mixture (50 mL) of 

petroleum ether:diethyl ether (80:20, v/v). After 

the separation of phases, the organic layer was 

transferred into another dark separation funnel 

and mother liquid was extracted additionally 

twice with the same mixture of solvents. The 

combined organic phase was washed with water 

(150 mL) to the neutral stage, evaporated to 

dryness under reduced pressure and re-dissolved 

in methanol (10 mL) for RP-HPLC analysis. 

RP-HPLC quantification of tocopherols from milk 

thistle oil 

Chromatographic separation of tocopherols 

was performed using a high performance liquid 

chromatography (HPLC) equipped with a 

quaternary pump, column oven, autosampler and 

diode array detector (DAD) (Agilent 1200 series, 

USA). The analytic column was an RP  

Ascentis C18 (250 mm; 4.6 mm; 5 µm; Supelco 

Analytical) equipped with a guard column and  

thermostated at 30ºC. Tocopherols were separated  

isocratically within 16 min using a mobile phase  

containing MeOH:H2O (97:3, v/v), at a flow rate 

of 2 mL/min and detected at λ= 292 nm. The 

concentrations of tocopherols were calculated 

with a 5-point calibration curve with external 

standards. The standard concentrations ranged 

from 1.12 to 66.5 µg/mL. 

For analysis, 10 µL samples were injected 

into the HPLC system. Tocopherols were 

identified by comparing their retention times 

against commercially available standards (Sigma-

Aldrich) [21,25]. The results were expressed as 

mg of α-, γ-tocopherols/100g oil. 

 

Results and discussion 

The gas-chromatographic analysis of  

S. marianum L. fatty oil has shown to consist of 

thirteen fatty acid of both, saturated and 

unsaturated groups (Figure 1, Table 1). The first 

group includes saturated fatty acids like palmitic 

(1) (16:0, retention time (RT)= 28.15 min), stearic 
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(2) (18:0, RT= 31.26 min), arachidic (3)  

(20:0, RT= 34.31 min), behenic (4) (22:0,  

RT= 37.43 min) and lignoceric acids (5) (24:0, 

RT= 40.82 min) with a total content of 17.59% 

(Figure 2). The most abundant saturated fatty acid 

was palmitic (7.61%) followed by stearic (4.31%) 

and arachidic (2.63%).  

 

 
 

Figure 1. GC chromatogram of fatty acids methyl esters. 

 

 

Table 1 

Fatty acids composition of  

S. marianum L. fatty oil. 

Fatty acids % (w/w) 

C14:0 (myristic) 0.09 

C16:0 (palmitic) 7.61 

C16:1 (palmitoleic) 0.07 

C17:0 (margaric) 0.07 

C18:0 (stearic) 4.31 

C18:1 (oleic) 31.94 

C18:2 (linoleic) 48.88 

C18:3 (linolenic) 0.19 

C20:0 (arachidic) 2.63 

C20:1 (eicosenoic) 0.99 

C22:0 (behenic) 2.30 

C22:1 (erucic) 0.08 

C24:0 (lignoceric) 0.74 
SFA

*
 17.75 

MUFA
**

 33.08 

PUFA
***

 49.07 

*SFA - total saturated FA;  

**MUFA - total monounsaturated FA;  

***PUFA - total polyunsaturated FA. 

 

Unsaturated acids such as oleic (6)  

(18:1, RT= 32.44 min), linoleic (7) (18:2,  

RT= 34.08 min), α-linolenic (8) (18:3,  

RT= 35.88 min) and eicosenoic (9) (20:1,  

RT= 35.42 min) quantitatively represent the 

absolute majority 82.0%. The main constituents 

are polyunsaturated linoleic ω-6 (48.88%) and 

monounsaturated oleic (31.94%) acids (Figure 3). 

Unfortunately, linolenic ω-3 acid represents only 

0.19%, but the ratio ω-6/ω-3 is similar to 

sunflower oil [26]. It has been reported that ω-3 

PUFAs have effects on atherosclerosis, circulating 

lipid profile, cell membranes, cell proliferation, 

and cardiac arrhythmias [27]. It is better to mix 

this oil with other oils very rich in ω-3 PUFAs, 

such as flaxseed, rapeseed or soya oil in daily 

dietary intakes. 

 

 
 

Figure 2. Saturated fatty acids from  

S. marianum L. oil. 1- Palmitic; 2- stearic;  

3- arachidic; 4- behenic; 5- lignoceric. 
 

 
 

Figure 3. Unsaturated fatty acids from  

S. marianum L. oil. 6- Oleic; 7- linoleic;  

8- α-linolenic; 9- eicosenoic. 
 

Also, there are traces of other fatty acids 

like myristic (10) (14:0, RT= 24.94 min), 

palmitoleic (11) (16:1, RT= 29.38 min), margaric 

(12) (17:0, RT= 29.67 min) and erucic (13) (22:1, 

RT= 38.64 min) (Figure 4). It should be 

mentioned that fatty acid composition of milk 

thistle seeds oil is similar to sunflower oil [26]. 
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Figure 4. Minor saturated and unsaturated fatty 

acids from S. marianum L. oil. 10- Myristic;  

11- palmitoleic; 12- margaric; 13- erucic. 
 

Tocopherols are important compounds in 

vegetable oils and very important lipid oxidation 

inhibitors in food and biological systems. They 

are naturally occurring phenolic antioxidant 

constituents found in various amounts in 

vegetable oils [28]. Tocopherols are found in 

oilseeds in four different forms: α-, β-, γ- and  

δ-tocopherols. Among these tocopherols,  

α-tocopherol is the most active form and  

γ- and δ-tocopherols have shown better 

antioxidant activities than the others [29]. 

Tocopherols may reduce the risk of 

cardiovascular diseases because of their 

antioxidant properties and various functions at the 

molecular level [30].  

RP-HPLC chromatogram of the milk  

thistle oils revealed the presence of α-tocopherol 

(14) (RT= 14.40 min) and γ-tocopherol (15)  

(RT= 12.08 min) (Figures 5 and 6). The analyzed 

milk thistle seed oils had a higher amount of  

α-tocopherols (almost 4 times) compared with  

γ-tocopherols, while the β- and δ-tocopherols are 

present in trace amounts (Table 2). 

 

 
 

Figure 5. RP-HPLC analysis of tocopherols in S. marianum L. fatty oil. 

 

 

 
Table 2 

The content of tocopherols in  

S. marianum L. fatty oil. 

Milk thistle oil mg/100 g oil 

α-tocopherol 23.45 

γ-tocopherol 5.60 

total tocopherols 29.05 

 

 
 

Figure 6. 14- α-Tocopherol and  

15- γ-tocopherol. 

 

Conclusions 
The milk thistle fatty oil of Moldovan 

origin has a biochemical composition comparable 

with samples of other origins reported before and 

can be used for the same purposes.  

This study revealed that the seeds of  

S. marianum are a rich source of ω-6 

polyunsaturated fatty acids (PUFAs) (almost 

50%) and α-tocopherol (23.45 mg/100g) which 

are very good antioxidants. The composition of 

extracted oil was similar to sunflower oil and 

might be used as cooking oil or salad dressing oil, 

alone or mixed with the other oils very rich in  

ω-3 PUFAs. 
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Abstract. The present paper reports on six step synthesis of 11-homodrim-6,8-dien-12-oic acid  

N-substituted amides containing diazine, 1,2,4-triazole and carbazole rings based on commercially 

available sclareolide. The mentioned compounds were prepared for the first time by interaction of the 

generated in situ acyl chloride with some heterocyclic amines: 2- and 4-aminopyrimidine,  

2-aminopyrazine, 5-amino-1,2,4-triazole and N-aminocarbazole. Their structures were fully elucidated 

by elemental and spectral analyses (IR, 
1
H and 

13
C NMR). 
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Introduction 

Sesquiterpenoids are natural compounds 

with a wide range of biological activities [1,2].  

Azaheterocyclic derivatives have a wide range of 

biological activities, such as antimicrobial, 

antifungal, antituberculosis, antiviral, anti-HIV, 

anticancer, etc. [3,4]. In search for new 

biologically active substances and to reveal the 

structure-activity relationship, we have previously 

synthesized a series of heterocycle-containing 

drimane and homodrimane derivatives [5,6], 

including amides of Δ
8,13

-bicyclohomofarnesenoic 

acid containing pyrimidine and pyrazine  

rings, which had a significant antimicrobial 

activity [7]. Later synthesized amides of  

Δ
8,13

-bicyclohomofarnesenoic acid, including 

1,2,4-triazole and carbazole units, showed an 

antioxidant activity [8-10]. 

As a continuation of our research into the 

synthesis of novel compounds containing both 

terpenic and heterocyclic fragments and in order 

to obtain a cumulative biological potential of the 

homodrimane structure and related heterocycles, 

herein we report the synthesis of some new 

homodrimane sesquiterpenoids with 

azaheterocyclic fragments.  

 

Results and discussion 

As the starting material for the synthesis of 

homodrimane compounds with diazine, triazole 

and carbazole units was used methyl 11-

homodrim-6,8-dien-12-oate 2 obtained before 

from commercially available sclareolide 1 in 4 

steps, with an overall yield of 85% [11]  

(Scheme 1). The saponification of ester 2 led to 

acid 3 in 96% yield and its structure was 

confirmed by IR, 
1
H, and 

13
C NMR data.  

The 11-homodrim-6,8-dien-12-oic acid 

chloride 4 (generated in situ from acid 3)  

was treated with 4-aminopyrimidine 5a,  

2-aminopyrazine 5b, 2-aminopyrimidine 5c,  

5-amino-1,2,4-triazole 8 and N-aminocarbazole 9 

[7,8]. 

O

O COOCH3 COOH COCl

Ref . 1,2

1 2

a b4 steps

3 4
 

Scheme 1. Synthesis of 11-homodrim-6,8-dien-12-oic acid chloride 4. 

Reagents and conditions: a. KOH, EtOH, 3 h, 96%; b. (COCl)2, C6H6, 20ºC, 1 h, then Δ, 1 h. 
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The reactions are highly selective only for 

monoacyl amides 6a, 6b, 10 and 11 in 69%, 35%, 

30% and 40% yields, respectively (see Scheme 2 

and Table 1). In the case of 5-amino-1,2,4-triazole 

8, an analysis of the spectral data of the reaction 

product showed that this amine reacted with acid 

chloride 4 in a tautomeric form and the  

resulting amide 10 contained an NH2 group. In the 

case of 2-aminopyrimidine 5c, monoacyl amide 

6c and bis-acylamide 7 were also obtained in 40% 

and 25% yields, respectively (see Scheme 2  

and Table 1).  

 
Scheme 2. Synthesis of new homodrimane sesquiterpenoids containing diazine,  

1,2,4-triazole and carbazole rings. Reagents and conditions: CH2Cl2, 20ºC, 5-10 h, 25-69%. 
 

Table 1 

Results of 11-homodrim-6,8-dien-12-oic acid chloride amination. 

No. Amine N-substituted amide Yield, % 

1 4-aminopyrimidine (5а) 6а 69 

2 2-aminopyrazine (5b) 6b 35 

3 2-aminopyrimidine (5c) Mixture of 6c and 7 40 and 25 

4 5-amino-1,2,4-triazole (8) 10 30 

5 N-aminocarbazole (9) 11 40 

 

With the exception of amide 10, all the 

other N-substituted amides resulted from 

condensation of primary amine groups with acyl 

chloride 4. Virtually, all the secondary amides 

may react again with acyl chloride but, according 

to the experimental data, only monoacyl amide 6c 

underwent bis-acylation to give 7. Probably, this 

occurred, as a result of delocalization of 

nonbonding electrons of nitrogen to the adjacent 

carbonyl group (resonance of the amide bond) 

that reduced the reactivity of amides versus 

amines. In addition to this, the resonance 

structures for amides 6a-c also show 

delocalization over the aromatic cycle so the aryl 

substituents determine their reactivity. Probably, 

the reaction time is important in order for the  

bis-acylation to occur. 

 

Conclusions 

Starting from commercially available 

sclareolide 1, a series of novel compounds  

6a-c, 7, 10 and 11, containing both homodrimane 

and heterocyclic (diazine, 1,2,4-triazole  

and carbazole) fragments, were synthesized and 

their structures were confirmed using  

IR, NMR spectroscopy (
1
H and, 

13
C NMR,  

two-dimensional experiments 2D-COSY,  

2D-HETCOR (HMQC), long range 2D-HETCOR 

(HMBC) and HR-EI-MS. 

N
NH2

N
H

O

N

N

N
H

O

N

N

N

O
NN

O
N

N
N

NH2

N

HN
N

NH2

O

NH N

+

6c
7

10

17

18

1

3
5

8

11

13

1415

16

11

N

N

R 6a R=

6b R=

R-NH2

5a, 5b

5c

17

17

18

18

19

19

20

20

17

17

18

18

19

20

19

20

1,

5,5'

9,9'

13,13'

14,14'15,15'

16,

1'

16'

17

20

23

26

4

8 9

3,3'

16

2

70 



Gh. Duca et al. / Chem. J. Mold., 2018, 13(1), 69-73 

 

In the case of 5-amino-1,2,4-triazole 8, 

analysis of the spectral data of the reaction 

product showed that the amine reacted with acyl 

chloride 4 in its tautomeric form  and the resulting 

amide 10 contained an amino group. In the case of 

2-aminopyrimidine 5c, besides monoacyl amide 

6c, bis-acylamide 7 was also obtained, because of 

an unusual one pot bis-acylation. 

 

Experimental 

Generalities 

Melting points (m.p.) were taken on a 

Boetius hot stage apparatus. 

Optical rotations were determined on a 

Jasco DIP 370 polarimeter with a 1 dm microcell, 

in CHCl3 and MeOH. 

The IR spectra were registered on a 

Spectrum-100FT-IR spectrometer (Perkin-Elmer) 

by the ATR technique. 
1
H and 

13
C NMR spectra 

were recorded in CDCl3 and DMSO-d6 on a 

Bruker Avance DRX 400 spectrometer. Chemical 

shifts are given in ppm in the δ scale and referred 

to CHCl3 (δH at 7.26 ppm) and to CDCl3  

(δC 77.00 ppm), respectively, and to DMSO-d6  

(δH at 2.50 ppm) and to DMSO-d6 (δC 39.52 ppm), 

respectively. The coupling constants (J) are 

reported in Hertz (Hz). The H, H-COSY, H,  

C-HSQC and H, C-HMBC experiments were 

recorded using standard pulse sequences, in the 

version with z-gradients, as delivered by Bruker 

Corporation. Carbon substitution degrees were 

established by the DEPT pulse sequence. 

The product compositions were determined 

and mass spectra were recorded on an Agilent 

7890A chromatograph with an MSD 5975C VL 

quadrupole MS detector and an HP-5ms capillary 

column (30 m x 0.25 m). The vaporizer 

temperature was 250°C; the ionization  

potential – 70 eV. Analysis conditions:  

T1= 180°C, 10°C/min to 300°C, T2= 300°C  

(15 min), or T1= 60°C (5 min), 15°C/min to 

200°C, T2= 200°C, 15°C/min to 300°C, T3= 

300°C (10 min). The He flow rate was 1 mL/min. 

For the analytical TLC, Merck silica gel 

plates 60G in 0.25 mm layers were used. The 

TLC plates were sprayed with concentrated 

H2SO4 and heated at 80°C. The column 

chromatography was carried out on the Across 

Organics silica gel (60–200 mesh) using 

dichloromethane and the gradient mixture of 

CH2Cl2 and MeOH. 

All solvents were purified and dried by 

standard techniques before use. Solutions in 

organic solvents were dried over anhydrous 

Na2SO4, then filtered and evaporated under 

reduced pressure. 

Synthesis of 11-homodrim-6,8-dien-12-oic  

acid (3) 
Solid KOH (410 mg, 11.5 mmol) was added 

to a solution of ester 2 (300 mg,  

1.15 mmol) in EtOH (10 mL). The resulted 

reaction mixture was heated at 50°C for 3 h and 

then 2/3 of alcohol were distilled. The remained 

mixture was diluted with water (10 mL) and 

extracted with Et2O (3x10 mL). The organic layer 

was washed with water (20 mL), dried over 

anhydrous sodium sulfate, concentrated, and the 

title compound 3 (270 mg, 96% yield) was 

obtained, as a white solid (EtOH), m.p. 71-72°C, 

[𝛼]𝐷
20= -59.0° (c 1.2, CHCl3). IR (ATR)  2926, 

1701, 1458, 1370, 1202, 941 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz, ppm): δ 5.87 (1H, dd, J 9.6, 

3.0 Hz, H-7), 5.79 (1H, dd, J 9.6, 2.6 Hz, H-6), 

3.19 (1H, d, J 16.50 Hz, H-11), 3.06 (1H, d,  

J 16.50 Hz, H-11), 2.06 (1H, t, J 2.80 Hz, H-5), 

1.74 (3H, s, H-13), 0.98 (3H, s, H-14), 0.95  

(3H, s, H-15), 0.82 (3H, s, H-16); 
13

C NMR 

(CDCl3, 100 MHz, ppm): δ 178.50 (C-12), 135.68 

(C-9), 129.16 (C-7), 128.85 (C-8), 128.25 (C-6), 

52.42 (C-5), 40.78 (C-3), 38.74 (C-10), 35.11  

(C-1), 32.94 (C-4), 32.46 (C-11), 32.34 (C-15), 

22.74 (C-14), 18.89 (C-2), 18.28 (C-13), 14.98 

(C-16). Mass spectrum (EI, 70 eV), m/z (Irel, %): 

248 (M
+
, 20), 233 (100), 205 (16), 187 (4),  

173 (6), 163 (11), 150 (12), 135 (28), 132 (7),  

123 (71), 119 (27), 109 (33), 105 (20), 91 (28),  

79 (18), 77 (18), 67 (10), 65 (7), 55 (21), 51 (3), 

41 (21), 39 (8). 

Typical procedure for the synthesis of  

11-homodrim-6,8-dien-12-oic acid amides  

(6a-c), 7, 10 and 11 with diazine, triazole and 

carbazole skeletons 

A solution of (COCl)2 (0.4 mL, 0.58 g,  

4.58 mmol) in anhydrous benzene (1 mL) was 

added to a solution of acid 3 (100 mg, 0.40 mmol) 

in anhydrous benzene (2 mL). The reaction 

mixture was stirred at r.t. for 1 h and then refluxed 

for additional 1 h. Benzene and excess of (COCl)2 

were evaporated under reduced pressure. Next,  

4-aminopyrimidine 5a, or 2-aminopyrazine 5b or 

2-aminopyrimidine 5c (43 mg, 0.45 mmol), or  

5-amino-1,2,4-triazole 8 (50 mg, 0.60 mmol) or 

N-aminocarbazole 9 (102 mg, 0.65 mmol), were 

added to the residue of the solution of  

acyl chloride 4 in CH2Cl2 (4 mL), and the 

resulting mixture was stirred at r.t. for 5 to 10 h. 

Further the precipitate was filtered off, washed 

with CH2Cl2, and the filtrate was concentrated to 

dryness. Crude reaction products were purified by 

flash column chromatography on SiO2  

(eluent: CH2Cl2/MeOH 2-4%) to give products 

6a-c, 7, 10 and 11. 
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N-(pyrimidin-4-yl)-2-((8aS)-2,5,5,8a-tetramethyl-

4a,5,6,7,8,8a-hexahydronaphthalen-1-

yl)acetamide 6a (69%), white solid (MeOH), m.p. 

78-79°C, [𝛼]𝐷
20= -50.2° (c 4.6, CHCl3). IR (ATR) 

 3242, 2930, 1705, 1571, 1505, 1157, 750 cm
-1

; 
1
H NMR (CDCl3, 400 MHz, ppm): δ 8.86 (1H, s, 

H-20), 8.63 (1H, s, H-18), 8.41 (1H, s, NH), 8.23 

(1H, s, H-19), 5.96, 5.94 (1H, dd, J 9.66, 2.52 Hz, 

H-7), 5.92, 5.89 (1H, dd, J 9.76, 2.08 Hz, H-6), 

3.35 (1H, d, J 17.12 Hz, H-11), 3.12 (1H, d,  

J 17.12 Hz, H-11), 2.08 (1H, t, J 2.24 Hz, H-5), 

1.81 (3H, s, H-13), 0.96 (3H, s, H-14), 0.95 (3H, 

s, H-15), 0.84 (3H, s, H-16); 
13

C NMR (CDCl3, 

100 MHz, ppm): δ 171.04 (C-12), 158.01 (C-18), 

157.96 (C-20), 156.95 (C-17), 136.31 (C-9), 

130.68 (C-8), 129.50 (C-7), 128.85 (C-6), 110.16 

(C-19), 53.12 (C-5), 40.62 (C-3), 39.13 (C-10), 

36.76 (C-11), 35.10 (C-1), 33.00 (C-4), 32.34  

(C-15), 22.76 (C-14), 18.73 (C-2), 18.43 (C-13), 

15.10 (C-16). Mass spectrum (EI, 70 eV),  

m/z (Irel, %): 326 (M
+
, 10), 310 (89), 230 (64),  

215 (8), 202 (2), 197 (1), 187 (21), 173 (20),  

159 (22), 148 (35), 145 (21), 133 (12), 131 (20), 

119 (28), 115 (13), 105 (16), 96 (100), 95 (13),  

91 (23), 79 (19), 77 (9), 55 (9), 52 (6), 41 (14). 

N-(pyrazin-2-yl)-2-((8aS)-2,5,5,8a-tetramethyl-

4a,5,6,7,8,8a-hexahydronaphthalen-1-

yl)acetamide 6b (35%), white solid (MeOH), m.p. 

174-175°C, [𝛼]𝐷
20= -84.4° (c 0.8, MeOH). IR 

(ATR)  3115, 2927, 1690, 1593, 1514, 1408, 

1348, 1150, 974 cm
-1

; 
1
H NMR (DMSO, 400 

MHz, ppm): δ 11.9 (1H, s, NH), 8.15 (1H, s,  

H-18), 7.92-7.89 (1H, m, H-20), 7.73 (1H, d, J 

3.05 Hz, H-19), 5.88 (1H, dd, J 9.1, 2.7 Hz, H-7), 

5.78 (1H, dd, J 9.4, 2.9 Hz, H-6), 3.00 (2H, dd, J 

16.5, 3.0 Hz, H-11), 1.65 (3H, s, H-13), 0.92 (3H, 

s, H-14), 0.90 (3H, s, H-15), 0.77 (3H, s, H-16);  
13

C NMR (DMSO, 100 MHz, ppm): δ 173.48  

(C-12), 154.01 (C-17), 137.75 (C-9), 137.59  

(C-20), 135.24 (C-18), 130.86 (C-19), 129.80  

(C-7), 127.51 (C-8), 127.63 (C-6), 52.62 (C-5), 

41.02 (C-3), 38.72 (C-10), 34.98 (C-1), 32.34  

(C-11), 33.04 (C-4), 32.65 (C-14), 23.00 (C-15), 

18.90 (C-2), 18.32 (C-13), 15.29 (C-16). Mass 

spectrum (EI, 70 eV), m/z (Irel, %): 326 (M
+
, 9), 

310 (65), 281 (3), 262 (23), 247 (3), 230 (5),  

219 (3), 203 (6), 187 (55), 173 (76), 159 (14),  

143 (25), 133 (43), 131 (21), 119 (100), 105 (20), 

91 (22), 77 (12), 65 (4), 55 (13), 41 (15). 

N-(pyrimidin-2-yl)-2-((8aS)-2,5,5,8a-tetramethyl-

4a,5,6,7,8,8a-hexahydronaphthalen-1-

yl)acetamide 6c (40%), white solid (MeOH), m.p. 

84-85°C, [𝛼]𝐷
20 = -20.5° (c 1.9, CHCl3). IR (ATR) 

 3220, 2926, 1689, 1577, 1512, 1434, 1369, 

1265, 1189, 804 cm
-1

; 
1
H NMR (CDCl3,  

400 MHz, ppm): δ 8.67 (1H, s, NH), 8.61 (2H, s, 

H-18, H-20), 7.01 (1H, s, H-19), 5.93, 5.92 (1H, 

dd, J 9.58, 2.8 Hz, H-7), 5.88, 5.85 (1H, dd,  

J 9.66, 2.56 Hz, H-6), 3.40 (1H, d, J 17.16 Hz,  

H-11), 3.24 (1H, d, J 17.36 Hz, H-11), 2.08 (1H, 

t, J 2.64 Hz, H-5), 1.80 (3H, s, H-13), 0.95 (3H, s, 

H-14), 0.94 (3H, s, H-15), 0.84 (3H, s, H-16); 
13

C 

NMR (CDCl3, 100 MHz, ppm): δ 169.66 (C-12), 

158.40 (C-18, C-20), 157.34 (C-17), 137.10  

(C-9), 130.05 (C-8), 129.02 (C-7), 128.98 (C-6), 

116.65 (C-19), 53.00 (C-5), 40.69 (C-3), 39.07 

(C-10), 36.93 (C-11), 34.94 (C-1), 32.98 (C-4), 

32.36 (C-15), 22.75 (C-14), 18.74 (C-2), 18.37 

(C-13), 15.06 (C-16). Mass spectrum (EI, 70 eV), 

m/z (Irel, %): 326 (M
+
, 0.9), 311 (22), 310 (94), 

280 (0.5), 230 (6), 215 (4), 207 (4), 190 (0.6),  

187 (7), 173 (7), 165 (2), 145 (10), 131 (11),  

119 (14), 115 (8), 108 (3), 96 (100), 91 (14),  

79 (11), 69 (4), 63 (0.7), 41 (7). 

N-(pyrimidin-2-yl)-2-((8aS)-2,5,5,8a-tetramethyl-

4a,5,6,7,8,8a-hexahydronaphthalen-1-yl)-N-(2-

((8aS)-2,5,5,8a-tetramethyl-4a,5,6,7,8,8a-

hexahydronaphthalen-1-yl)acetyl)acetamide 7 

(25%), white solid (MeOH), m.p. 145-146°C, 

[𝛼]𝐷
20= -102.5° (c 0.9, CHCl3). IR (ATR)  2930, 

1708, 1647, 1572, 1455, 1403, 1326, 1151, 1133 

cm
-1

; 
1
H NMR (CDCl3, 400 MHz, ppm): δ 8.88 

(4H, s, H-18, H-18ʹ, H-20, H-20ʹ), 7.36 (2H, s,  

H-19, H-19ʹ), 5.86, 5.83 (2H, dd, J 9.56, 3.0 Hz, 

H-7, H-7ʹ), 5.77, 5.75 (2H, dd, J 9.54, 2.68 Hz,  

H-6, H-6ʹ), 3.37 (2H, d, J 18.04 Hz, H-11, H-11ʹ), 

3.26 (2H, d, J 18.04 Hz, H-11, H-11ʹ), 2.16 (2H, t, 

J 2.76 Hz, H-5, H-5ʹ), 1.67 (6H, s, H-13, H-13ʹ), 

0.94 (6H, s, H-14, H-14ʹ), 0.91 (6H, s, H-15,  

H-15ʹ), 0.77 (6H, s, H-16, H-16ʹ); 
13

C NMR 

(CDCl3, 100 MHz, ppm): δ 173.95 (C-12, C-12ʹ), 

159.81 (C-17), 159.49 (C-18, C-20), 136.25 (C-9, 

C-9ʹ), 128.76 (C-8, C-8ʹ), 129.08 (C-7, C-7ʹ), 

128.00 (C-6, C-6ʹ), 120.45 (C-19), 52.20 (C-5,  

C-5ʹ), 40.76 (C-3, C-3ʹ), 38.40 (C-10, C-10ʹ), 

36.51 (C-11, C-11ʹ), 34.78 (C-1, C-1ʹ), 32.91  

(C-4, C-4ʹ), 32.27 (C-15, C-15ʹ), 22.73 (C-14,  

C-14ʹ), 18.94 (C-2, C-2ʹ), 18.24 (C-13, C-13ʹ), 

15.02 (C-16, C-16ʹ). Mass spectrum (EI, 70 eV), 

m/z (Irel, %): 325 (M
+
, -231 (C16H23O), 4), 311 

(22), 310 (99), 281(2), 230 (7), 215 (4), 206 (5), 

187 (7), 173 (8), 159 (9), 148 (9), 145 (11), 133 

(7), 131 (10), 129 (7), 122 (6), 119 (15), 115 (8),  

105 (8), 96 (100), 91 (13), 79 (12), 68 (3), 65 (2), 

55 (5), 41 (8). 

1-(5-amino-1H-1,2,4-triazol-1-yl)-2-((8aS)-

2,5,5,8a-tetramethyl-4a,5,6,7,8,8a-

hexahydronaphthalen-1-yl)ethanone 10 (30%), 

oil, [𝛼]𝐷
20= -43.0° (c 2.5, CHCl3). IR (ATR)  

 3447, 3218, 2928, 1723, 1631, 1517, 1372, 

1200, 997, 752 cm
-1

; 
1
H NMR (CDCl3, 400 MHz, 

ppm): δ 7.47 (1H, s, H-17), 6.91 (2H, s, NH2), 
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5.91 (1H, dd, J 9.56, 3.0 Hz, H-7), 5.83 (1H, dd,  

J 9.56, 2.64 Hz, H-6), 3.87 (1H, d, J 18.5 Hz,  

H-11), 3.71 (1H, d, J 18.6 Hz, H-11), 2.13 (1H, t, 

J 2.80 Hz, H-5), 1.69 (3H, s, H-13), 0.95 (3H, s, 

H-14), 0.92 (3H, s, H-15), 0.84 (3H, s, H-16);  
13

C NMR (CDCl3, 100 MHz, ppm): δ 173.30  

(C-12), 156.94 (C-18), 150.12 (C-17), 134.79  

(C-9), 129.54 (C-8), 129.00 (C-7), 128.49 (C-6), 

52.45 (C-5), 40.75 (C-3), 38.53 (C-10), 33.31  

(C-1), 32.94 (C-4), 33.31 (C-11), 32.31 (C-15), 

22.71 (C-14), 18.84 (C-2), 18.28 (C-13), 14.93 

(C-16). Mass spectrum (EI, 70 eV), m/z (Irel, %): 

314 (M
+
, 10), 299 (9), 230 (4), 215 (4), 203 (5), 

202 (26), 187 (33), 173 (12), 171 (3), 159 (20), 

156 (2), 147 (6), 145 (25), 141 (6), 134 (19),  

133 (100), 131 (28), 129 (10), 121 (4), 119 (28), 

117 (13), 105 (15), 91 (20), 85 (42), 77 (9),  

69 (5), 54 (9), 41 (11). 

N-(9H-carbazol-9-yl)-2-((8aS)-2,5,5,8a-

tetramethyl-4a,5,6,7,8,8a-hexahydronaphthalen-

1-yl)acetamide 11 (40%), white solid (MeOH), 

m.p. 185-186°C, [𝛼]𝐷
20= -99.2° (c 0.5, CHCl3). IR 

(ATR)  3289, 2927, 1733, 1594, 1486, 1443, 

1321, 1258, 1163, 1046, 754 cm
-1

; 
1
H NMR 

(CDCl3, 400 MHz, ppm): δ 8.47 (s, NH), 8.05 

(2H, d, J 8.0 Hz, H-21,24), 7.45 (2H, t, J 6.8 Hz, 

H-19,26), 7.25-7.43 (4H, m, H-18, 20, 25,27), 

5.96 (1H, dd, J 9.5, 2.6 Hz, H-7), 5.92 (1H, dd,  

J 9.3, 2.2 Hz, H-6), 3.49 (1H, d, J 17.5 Hz, H-11), 

3.38 (1H, d, J 17.0 Hz, H-11), 2.16 (1H, t, J 2.1 

Hz, H-5), 2.02 (3H, s, H-13), 1.02 (3H, s, H-14), 

0.97 (3H, s, H-15), 0.95 (3H, s, H-16); 
13

C NMR 

(CDCl3, 100 MHz, ppm): δ 169.41 (C-12), 140.12 

(C-17,28), 136.84 (C-9), 130.32 (C-8), 129.31  

(C-7), 128.86 (C-6), 126.30 (C-19,26), 121.89  

(C-22,23), 120.64 (C-21,24), 120.51 (C-20,25), 

108.31 (C-18,27), 53.51 (C-5), 41.05 (C-3), 39.27 

(C-10), 35.38 (C-1), 33.97 (C-11), 33.12 (C-4), 

32.35 (C-15), 22.64 (C-14), 18.85 (C-2), 18.71 

(C-13), 15.24 (C-16). Mass spectrum (EI, 70 eV), 

m/z (Irel, %): 412 (M
+
, 13), 397 (62), 355 (2),  

327 (2), 281 (9), 252 (3), 230 (2), 207 (28),  

187 (12), 182 (44), 179 (13), 166 (100), 152 (15), 

145 (10), 133 (14), 131 (10), 128 (6), 119 (30), 

115 (9), 113 (2), 105 (12), 95 (3), 91 (13), 79 (4), 

73 (3), 63 (2), 55 (9), 41 (8). 
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Abstract. Tartaric acid was employed as a naturally green catalyst for economical and  

facile preparation of polysubstituted quinolines via Friedländer hetero-annulation/condensation,  

12-aryl-tetrahydrobenzo[α]xanthene-11-ones, 1,8-dioxo-octahydroxanthenes and 14-aryl-14H-

dibenzo[α,j]xanthenes in solvent-free, one-pot multi-component reactions. This environmental friendly 

protocol provides high to excellent yields, short reaction times, clean reactions, simplicity and easy 

work up and mild conditions compared to the traditional method of synthesis. Furthermore, naturally 

green, low-cost and non-toxic catalyst made this protocol economic and sustainable. 

 

Keywords: tartaric acid, polysubstituted quinoline, 12-aryl-tetrahydrobenzo[α]xanthene-11-one,  

1,8-dioxo-octahydroxanthene, 14-aryl-14H-dibenzo[α,j]xanthene. 
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Introduction 

 One of the dominating factors in recent 

organic synthetic routes is green chemistry. Atom 

economy, reduction in byproduct, in the number 

of steps of organic synthesis, in energy cost, in 

produced waste, use of non-hazardous reagents in 

catalytic protocols are among the most important 

goals of green chemistry. Furthermore, organic 

reactions under solvent-free conditions for green 

and clean synthesis of organic compounds have 

attracted much interest by organic chemists.  

And, herein, our recent studies focused on the 

development of a green catalyst [1,2] in  

multi-component reactions [3-6]. 

In recent years, the use of tartaric acid as a 

catalyst has received considerable attention in 

organic chemistry [7-9]. It is well known that 

tartaric acid has many applications in pharmacy, 

textile and food [10] industries because of its 

important advantages, such as green, natural 

origin, low-cost, high efficiency. Tartaric acid is 

added to food in order to give a sour taste, and 

usually is used as an antioxidant [11]. This 

compound is also used in the production of jams, 

sweets, jelly, tinned fruit and vegetables, cocoa 

powder and frozen dairy products mainly as an 

acidity adjuster but also in the form of as an 

emulsifier [12]. In regards to acid adjustment, it is 

one of the strongest acids naturally occurring in 

fruit and is the strongest acid in grapes and wine 

(pKa1= 2.90) [13]. Tartaric acid is relatively stable 

microbiologically, compared to the other naturally 

occurring organic acids, such as maleic and citric 

acids in wine industry [12]. 

Synthesis of heterocyclic compounds has 

attracted great interests due to their wide 

applicability in life and nature. Such compounds 

with quinoline and xanthene ring systems exhibit 

DNA binding capability [14], antitumor [15,16] 

(Figure 1) and antihypertensive [17] activities, 

tyro kinase platelet-derived growth factor 

receptors inhibiting [18] and antiplasmodial 

acitivy [19]. In addition to medical applications, 

quinoline derivatives are found to undergo 

hierarchical self assembly into a variety of nano-

structures and meso structures with enhanced 

electronic and photonic functions [20]. Besides, 

xanthene derivatives have been widely used as pH 

sensitive fluorescent materials for visualization of 

biomolecules [21], xanthene dyes have been used 

in antiviral therapy [22] and as sensitizers in 

photodynamic therapy [23,24] (Figure 1). 

In recent decades, a number of 

methodologies for synthesis of these compounds 
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have been reported, which include various 

catalysts, such as [25-51]. Some of these 

methodologies have limitations such as difficult 

work-up, toxic and expensive catalysts,  

low yields, use of strongly acidic conditions, long 

time reactions and high temperature. As part of 

our ongoing research program on the  

development of green methodologies, herein, we 

report a clean and facile one-pot  

synthesis of polysubstituted quinolines via  

Friedländer hetero-annulation/condensation [52],  

12-aryl-tetrahydrobenzo[α]xanthene-11-ones,  

1,8-dioxo-octahydroxanthenes and 14-aryl-14H-

dibenzo[α,j]xanthenes in the presence of catalytic 

amount of tartaric acid under thermal and solvent-

free conditions. Tartaric acid as a mild and green 

acidic catalyst in organic synthesis has several 

advantages: it is environmentally friendly, highly 

efficient and non-toxic. Tartaric acid is 

commercially available, inexpensive and can be 

easily handled. The advantages of this  

acidic catalyst do not end here; it can be further 

investigated and considered for applications  

in other types of condensation reactions involving 

C-C and bond formations. Furthermore, one of the 

causes of environmental pollution is the  

usage of organic solvents under reflux conditions 

and the need for column chromatography to 

purify the products. In the present work,  

the products were obtained through simple 

filtering without the need of column 

chromatographic separation.  
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Figure 1. Pharmaceutical active compounds with quinoline and xanthene units. 
 

 

Results and discussion  

In the pursuit of our continued interest in 

the development of solvent-free and green 

synthetic procedures, we decided to explore the 

use of tartaric acid catalyst for the synthesis of 

polysubstituted quinolines via Friedländer 

condensation in high to excellent yields at 70°C 

under solvent-free conditions. Initially, the 

reaction between 2-aminobenzophenone  

(1.0 mmol) and dimedone (1.0 mmol), as the 

model reaction, was examined in the presence of 

various amounts of tartaric acid as catalyst and the 

results are presented in Table 1S (see 

Supplementary material). The best result was 

achieved by carrying out the reaction with  

15 mol% of catalyst (Table 1S, entry 4). Use of a 

higher amount of catalyst did not improve the 

yield, while a decrease in the amount of catalyst 

decreases the yield (Table 1S). In the absence of 

catalyst the reaction did not proceed even after a 
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long reaction time (Table 1S, entry 1). The effect 

of temperature was also studied, by carrying out 

the model reaction at different temperatures under 

solvent-free conditions (room temperature, 40, 60, 

70, 80°C) and the best results were obtained at 

70°C (Table 1S, entry 4). 

To study the generality of this  

process, a good range of ketone/ketoesters  

(2 or 3, 1.0 mmol) and 2-aminobenzophenone  

(1, 1.0 mmol) were condensed to the 

corresponding quinoline derivatives in the 

presence of catalytic amount of tartaric acid and 

the related quinoline derivatives were obtained 

without observation of any by-product in high to 

excellent yields (Scheme 1, Tables 1 and 2).  

O

NH2

Ph

H2C

R1

R2

O

CH2

O

X

+

or

N

R2

Ph

R14

Tartaric acid (15 mol%)

Solvent free, 70 °C

N

X

Ph

1

2

3 5

or

 
Scheme1. Synthesis of polysubstituted quinolines. 

 

Table 1 

Tartaric acid catalyzed synthesis of polysubstituted quinolines (compounds 2 and 4). 

Entry R1  R2 Product Time, min Isolated yield, %
 

M.p.,°C 

     
 

This work Literature 

1 CH3  COCH3 4a 10 92 111-113 113-114 [26]
 

2 CH3  COOCH3 4b 15 94 108-110 107-108 [26]
 

3 CH3  COOC2H5 4c 15 91 96-98 98-99 [26]
 

 
Table 2 

Tartaric acid catalyzed synthesis of polysubstituted quinolines (compounds 3 and 5). 

Entry X Product Time, min Isolated yield, %
 

M.p.,°C 

    
 

This work Literature 

1 CH2C (CH3)2CH2CO 5a 10 94 192-194 192-194 [27]
 

2  (CH2)4 5b 15 89 152-154 153-154
 
[27] 

3  (CH2)3 5c 15 87 130-132 129-131 [27]
 

4  (CH2)3CO 5d 10 93 158-160 157-159 [26]
 

 

 
 

In continuation of these studies we were 

interested in the preparation of 12-aryl-

tetrahydrobenzo[α]xanthene-11-ones and the 

influence of a catalytic amount of tartaric acid on 

this type of reaction (Scheme 2). To optimize the 

amount of catalyst and the temperature, the 

reaction between β-naphthol, benzaldehyde and 

dimedone was performed, as a model reaction, in 

the presence of various amounts of catalyst  

(Table 2S, see Supplementary material).  

The product yield increased, and the time for 

reaction completion decreased upon an increase in 

the amount of tartaric acid up to 15 mol% catalyst 

and 70°C. Any further increase in the amount of 

catalyst or temperature did not significantly 

improve the results. It is important to note that in 

the absence of catalyst, a trace of product was 

observed (Table 2S, entry 1). The role of 

temperature in the synthesis of 12-(phenyl)-9,9-

dimethyl-8,9,10,12-tetrahydrobenzo[α]xanthenes-

11-one was investigated in the presence of  

tartaric acid as the catalyst. The best results were 

obtained at 70°C in the presence of 15 mol% of 

catalyst (Table 2S, entry 4). After the 

optimization of the reaction conditions  

and in order to show the generality of the  

method, we used the optimized conditions for  

the synthesis of different types of 12-aryl-

tetrahydrobenzo[α]xanthene-11-ones by using of 

β-naphthol (6, 1.0 mmol), aromatic aldehyde 

derivatives (7, 1.0 mmol) and dimedone  

(8, 1.0 mmol) (Table 3). The reaction was fairly 

general, clean, rapid, and efficient. The 

experimental procedure is very simple and the 

products are obtained in high yields in relatively 

short reaction times. 
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Scheme 2. Synthesis of 12-aryl-tetrahydrobenzo[α]xanthene-11-ones. 

 

Table 3 

Tartaric acid catalyzed synthesis of 12-aryl-tetrahydrobenzo[α]xanthene-11-ones. 

Entry R3 Product Time, min Isolated yield, %
 

M.p.,°C 

    
 

This work Literature 

1 H 9a 10 89 149-151 148-150 [28]
 

2 4-Me 9b 10 91 169-171 171-173 [28]
 

3 4-OMe 9c 15 89 202-204 202-204 [28]
 

4 3-OMe 9d 15 88 203-205 204-205 [35]
 

5 4-OH 9e 20 85 221-223 222-223 [28]
 

6 4-NO2 9f 15 92 174-176 175-178 [40]
 

7 3-NO2 9g 15 93 166-168 167-169 [34]
 

8 4-Cl 9h 20 87 178-180 176-178 [28]
 

9 2-Cl 9i 20 89 177-179 179-180 [41]
 

10 4-Br 9j 20 86 185-187 184-186 [28]
 

11 3-Br 9k 20 85 160-163 161-164 [40]
 

12 4-F 9l 10 94 183-185 184-185 [34]
 

 

 

After the successful synthesis of 12-aryl-

tetrahydrobenzo[α]xanthene-11-ones, the catalytic 

activity of uric acid was tested for the reaction of 

aromatic aldehyde derivatives (10, 1.0 mmol) and 

dimedone (8, 2.0 mmol) to give 1,8-dioxo-

octahydroxanthenes. For this purpose, the 

condensation of benzaldehyde (1.0 mmol) with 

dimedone (2.0 mmol) (Scheme 3) was optimized 

in terms of the catalyst amount and temperature, 

under solvent-free conditions; the results are 

summarized in Table 3S (see Supplementary 

material). The reasonable results were obtained 

when 15 mol% of tartaric acid was utilized at 

70°C (Table 3S, entry 4). In another study, when 

the reaction was carried out at 80ºC, the product 

was obtained in 92% yield at 10 min in 

comparison with 70ºC (Table 3S, entry 8). 

Nevertheless, 70ºC was selected as optimal 

reaction temperature, because one of the aims of 

this work was performing the reaction in milder 

reaction conditions with respect to the reported 

works, and this was more logical (Table 3S). The 

efficiency and the generality of the catalyst were 

examined by the reaction of different 

arylaldehydes (having electron-withdrawing 

substituents, electrondonating substituents) with 

dimedone. The results are shown in Table 4. 

According to the results presented in Table 4, all 

reactions were achieved efficiently, and afforded 

the corresponding 1,8-dioxo-octahydroxanthenes 

in excellent yields (85-94%), and in short reaction 

times (10-20 min). Thus, tartaric acid was 

efficient and general. To show the merit of our 

catalyst with respect to the reported catalysts for 

the preparation of 1,8-dioxo-octahydroxanthenes, 

the results of these catalysts on the reaction of 

benzaldehyde with dimedone were tabulated in 

Table 4. As this table indicates, tartaric acid is 

superior in terms of reaction time, yield or 

temperature. 

Following our work on the development of 

simple and environmentally friendly synthesis of 

xanthene derivatives, the treatment of β-naphthol 

(6, 2.0 mmol) and aromatic aldehyde derivatives 

(12, 1.0 mmol) in tartaric acid at 70°C,  

resulted in the corresponding 14-aryl-14H-

dibenzo[α,j]xanthenes (13a-n) in high yields 

(Scheme 4). Using the conversion of β-naphthol 

and benzaldehyde as a model reaction, we 

explored different temperatures and loading 
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amount of catalyst to obtain an optimal condition, 

as shown in Table 4S (see Supplementary 

material). Different amounts of tartaric acid were 

tested, the experimental results indicate that the 

most effective conversion occurred when a  

15 mol% of catalyst was used (Table 4S, entry 4). 

A trace of product 13a was detected in tartaric 

acid at room temperature (Table 4S, Entry 1), and 

was obtained successfully at higher reaction 

temperature, reaching a maximum of 89% yield at 

80°C (Table 4S, entry 8). Subsequently, the 

optimized conditions were applied for the 

conversion of various kinds of aldehydes into the 

corresponding 14-aryl-14H-dibenzo[α,j]xanthenes 

(13a-n) in high yields (Table 5, entries 1–14).  

The results are summarized in Table 5. It is 

observed that the process can tolerate both 

electron-donating and electron-withdrawing 

substituents in the benzaldehydes. In all cases,  

the reactions efficiently proceeded at 70°C  

under solvent-free conditions to afford the 

corresponding products in high yields.  

Tartaric acid (15 mol%)

Solvent free, 70 °C

O

O O

O

8

10

11a-m

O H

R4

R4

8

O

O

O

 
Scheme 3. Synthesis of 1,8-dioxo-octahydroxanthenes. 

 

Table 4 

Tartaric acid catalyzed synthesis of 1,8-dioxo-octahydroxanthenes. 

Entry R4 Product Time, min Isolated yield, %
 

M.p., °C 

    
 

This work Literature 

1 H 11a 10 92 205-207 206-208 [24]
 

2 4-Me 11b 10 94 218-220 216-218 [43]
 

3 4-OMe 11c 15 92 240-242 241-243 [34]
 

4 3,4-(OMe)2 11d 15 89 172-174 174-176 [43]
 

5 3,4,5-(OMe)3 11e 15 87 186-188 186-188 [43]
 

6 4-OH 11f 20 85 245-247 246-248 [43]
 

7 4-NO2 11g 15 91 223-225 222-224 [43]
 

8 3-NO2 11h 15 92 172-174 171-172 [34]
 

9 4-Cl 11i 20 87 236-238 235-238 [34]
 

10 2-Cl 11j 20 88 226-228 224-227 [34]
 

11 4-Br 11k 20 86 238-240 239-241 [34]
 

12 3-Br 11l 20 85 191-193 192-194 [43]
 

13 4-F 11m 10 93 195-197 193-195 [27]
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Solvent free, 70 °C

O

6
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O H

R5
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OH HO

 
Scheme 4. Synthesis of 14-aryl-14H-dibenzo[α,j]xanthenes. 
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Proposed mechanistic route for the 

synthesis of polysubstituted quinolines in the 

presence of tartaric acid is shown in Scheme 5. 

Starting from 2-aminobenzophenone (1) and 

carbonyl compounds (2), the first pathway 

involves an initial rate-limiting step, the 

intramolecular aldol reaction, to afford the aldol 

product D, which gives the enones B after loss of 

water; the following cyclization reaction gives the 

quinoline 4.  

The suggested mechanistic route for the 

synthesis of 12-aryl-tetrahydrobenzo[α]xanthene-

11-ones (9), 1,8-dioxo-octahydroxanthenes (11) 

and 14-aryl-14H-dibenzo[α,j]xanthenes (13) in 

the presence of tartaric acid is shown in  

Scheme 6. On the basis of this mechanism, 

tartaric acid donates the proton to the oxygen 

atom of the aldehyde and activates it. Then, 

nucleophilic β-naphthol (6) or dimedone (8) 

attacks the carbonyl group of the activated 

aldehyde and by removing H2O, the knoevenagel 

products (D or E) are generated. The following 

addition of these intermediates to 6 or 8, gives the 

acyclic adduct intermediate, which undergoes an 

intramolecular cyclization with the participation 

of two hydroxyl groups to afford the xanthene 

derivatives (Scheme 6). 

Comparison of catalytic ability of some 

catalysts reported in the literature for the  

synthesis of polysubstituted quinolines (4 or 5),  

12-aryl-tetrahydrobenzo[α]xanthene-11-one  (9), 

1,8-dioxo-octahydroxanthenes (11) and 14-aryl-

14H-dibenzo[α,j]xanthenes (13)  are shown in  

Tables 6-9.  
 

 

Table 5 

Tartaric acid catalyzed synthesis of 14-aryl-14H-dibenzo[α,j]xanthenes. 

Entry R5 Product Time, min Isolated yield, %
 

M.p., °C 

    
 

This work Literature 

1 H 13a 15 87 180-182 183-184 [51]
 

2 4-Me 13b 15 89 226-228 227-228 [28]
 

3 3-Me 13c 15 91 195-197 197-198 [50]
 

4 4-OMe 13d 20 87 204-206 204-205 [28]
 

5 3-OMe 13e 20 88 171-173 172-173 [50]
 

6 4-OH 13f 25 81 139-141 138-140 [50]
 

7 4-NO2 13g 15 87 306-308 308-309 [50]
 

8 3-NO2 13h 15 89 213-215 212-213 [50]
 

9 2-NO2 13i 15 90 211-213 213-214 [50]
 

10 4-Cl 13j 25 83 290-292 289-290 [51]
 

11 2-Cl 13k 25 85 213-215 212-213 [51]
 

12 4-Br 13l 25 84 295-297 297-298 [28]
 

13 3-Br 13m 25 86 190-192 191-193 [34]
 

14 4-F 13n 15 92 241-243 240-242 [29]
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Scheme 5. Proposed mechanistic route for the synthesis of polysubstituted quinolines (4). 
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Scheme 6. Proposed mechanistic route for the synthesis of 12-aryl-tetrahydrobenzo[α]xanthene-11-one (9), 

1,8-dioxo-octahydroxanthenes (11) and 14-aryl-14H-dibenzo[α,j]xanthenes (13). 
 

 

 

 

Table 6 

Comparison of catalytic ability of some catalysts reported in the literature for the synthesis of  

polysubstituted quinolines*. 

Reference
 

Yield, % Time, min Conditions Catalyst Entry 

[27] 89 25 Solvent-free, 70°C 1,3-disulfonic acid imidazolium  

hydrogen sulfate 

1 

[30] 86 35 Solvent-free, 90°C Rice husk ash supported FeCl2·2H2O 2 

[31] 94 35 Solvent-free, 80°C P2O5/SiO2 3 

[32] 70 35 Solvent-free, 100°C Cellulose sulfuric acid 4 

[32] 75 45 Solvent-free, 100°C Starch sulfuric acid 5 

[33] 72 210 EtOH, Reflux Amberlyst-15 6 

This work 94 10 Solvent-free, 70°C Tartaric acid 7 

*Based on reaction of 2-aminobenzophenone (1.0 mmol) and dimedone (1.0 mmol). 
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Table 7 

Comparison of catalytic ability of some catalysts reported in the literature for the synthesis of  

12-aryl-tetrahydrobenzo[α]xanthene-11-ones*. 

Reference
 

Yield, % Time, min Conditions Catalyst  Entry 

[28] 93 20 Solvent-free, 55°C 1,3-disulfonic acid imidazolium 

hydrogen sulfate 

1 

[34] 95 30 Solvent-free, 110°C Fe3O4-SiO2-SO3H 2 

[36] 91 300 CH2Cl2, Reflux NaHSO4/SiO2 3 

[37] 91 30 EtOH, Reflux Fe(III) tetranitrophthalocyanine 

immobilized on activated 

carbon 

4 

[39] 85 120 Microwave irradiation, 120°C Ceric ammonium nitrate 5 

[42] 85 300 1,2-Dichloroethane, 80°C  Strontium triflate 6 

This work 89 10 Solvent-free, 70°C Tartaric acid 7 

*Based on the three-component reaction of β-naphthol (1.0 mmol);  

benzaldehyde (1.0 mmol) and dimedone (1.0 mmol). 

 

 

Table 8 

Comparison of catalytic ability of some catalysts reported in the literature for the synthesis of  

1,8-dioxo-octahydroxanthenes*. 

Reference
 

Yield, % Time, min Conditions Catalyst  Entry 

[28] 95 4 Solvent-free, 55°C 1,3-disulfonic acid imidazolium 

hydrogen sulfate 

1 

[34] 94 4 Solvent-free, 110°C Fe3O4-SiO2-SO3H 2 

[43] 92 2 Microwave irradiation  [cmmim][BF4] 3 

[45] 85 45 Microwave irradiation [Hbim]BF4 4 

[46] 97 30 Mg(BF4)2, 80°C [BMim][BF4] 5 

This work 92 10 Solvent-free, 70°C Tartaric acid 6 

*Based on the three-component reaction of dimedone (2.0 mmol) and benzaldehyde (1.0 mmol). 

 

 

Table 9 

Comparison of catalytic ability of some catalysts reported in the literature for the synthesis of  

14-aryl-14H-dibenzo[α,j]xanthenes*. 

Reference
 

Yield, % Time, min Conditions Catalyst  Entry 

[28] 94 3 Solvent-free, 90°C 1,3-disulfonic acid imidazolium 

hydrogen sulfate 

1 

[34] 94 30 Solvent-free, 110°C Fe3O4-SiO2-SO3H 2 

[46] 95 15 Mg(BF4)2, 80°C [BMim][BF4] 3 

[47] 98 30 Solvent-free, 90°C Sulfonic acid-functionalized phthalimide 4 

[48] 98 20 Solvent-free, 125°C Sulfonic acid functionalized silica 5 

[50] 94 12 Solvent-free, 110°C [H-NMP][HSO4] 6 

[51] 93 10 Solvent-free, 90°C Diatomite-SO3H 7 

This work 87 15 Solvent-free, 70°C Tartaric acid 8 

*Based on the three-component reaction of β-naphthol (2.0 mmol) and benzaldehyde (1.0 mmol). 

 

 

Conclusions 
In summary, a naturally green, highly 

efficient and environmentally benign acidic 

catalyst i.e. tartaric acid was developed and 

exploited for clean, facile and economical one-pot 

synthesis of polysubstituted quinolines via 

Friedländer hetero-annulation/condensation,  

12-aryl-tetrahydrobenzo[α]xanthene-11-ones,  

1,8-dioxo-octahydroxanthenes and 14-aryl- 

14H-dibenzo[α,j]xanthenes from starting  

materials under solvent-free conditions.  

This method gave an insight on the credibility of 

pathway followed by the aforementioned green 

catalyst in aiding the heterocyclic compounds 

formation. Cleaner reaction profile, simple 

column-free work up condition, shorter  

reaction times, high to excellent yields,  

eco-friendly and high catalytic activity make this 

present procedure an interesting alternative to 

multistep approaches. 
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Experimental 

Generalities 

The melting point of all compounds  

was determined using an Electro thermal  

9100 apparatus. The IR spectra of compounds 

were determined using a JASCO FTIR 460  

Plus spectrometer. Also, 
1
H NMR  

spectra were recorded on a Bruker DRX-400 

Avance instruments with CDCl3 as solvent. In this 

article, all reagents and solvents were  

purchased from Merck, Fluka and Acros  

chemical companies and were used without 

further purification. 

Synthesis of polysubstituted quinolines  

(4 or 5) 

A mixture of 2-aminobenzophenone  

(1, 1.0 mmol), ketone/ketoester (2 or 3, 1.0 mmol) 

and tartaric acid (15 mol%) was heated at 70°C 

for an appropriate time. After reaction completion 

(by thin layer chromatography TLC), 3 mL EtOH 

were added. The mixture was poured into cold 

water and the resulting precipitate was 

recrystalyzed in ethanol to give pure product  

(4a-c and 5a-d).  

Synthesis of 12-aryl-tetrahydrobenzo[α] 

xanthene-11-ones (9) 

A mixture of β-naphthol (6, 1.0 mmol), 

aromatic aldehydes derivatives (7, 1.0 mmol), 

dimedone (8, 1.0 mmol) and tartaric acid  

(15 mol%) was heated at 70°C for an appropriate 

time. After completion of the reaction by TLC, 

the mixture was cooled to room temperature and 

ethanol was added and the precipitated was 

separated by filtration and the solid was 

recrystallized from ethanol to give the pure 

products (9a-l).  

Synthesis of 1,8-dioxo-

octahydroxanthenes (11) 

A mixture of dimedone (8, 2.0 mmol), 

aromatic aldehydes derivatives (10, 1.0 mmol), 

and tartaric acid (15 mol%) was heated at 70°C 

for an appropriate time. After completion of the 

reaction by TLC, the mixture was cooled to room 

temperature and ethanol was added and the 

precipitated was separated by filtration and the 

solid was recrystallized from ethanol to afford the 

pure products (11a-m).  

Synthesis of 14-aryl-14H-dibenzo[α,j] 

xanthenes (13) 

A mixture of β-naphthol (6, 2.0 mmol), 

aromatic aldehydes derivatives (12, 1.0 mmol) 

and tartaric acid (15 mol%) was heated at 70°C 

for an appropriate time. After completion of the 

reaction by TLC, the mixture was cooled to room 

temperature and ethanol was added and the 

precipitated was separated by filtration and the 

solid was recrystallized from ethanol to afford the 

pure products (13a-n).  

The products have been characterized by 

melting points and 
1
H NMR spectroscopy. Spectra 

data of selected and known products are 

represented below: 

3,4-Dihydro-3,3-dimethyl-9-phenylacridine-

1(2H)-one (Table 2, entry 1) White solid; Yield: 

94%; M.p. 192-194°C; 
1
H NMR (400 MHz, 

CDCl3): δ 1.19 (6H, s, 2CH3), 2.59 (2H, s, CH2), 

3.33 (2H, s, CH2),7.19-7.22 (2H, m, ArH),  

7.45 (1H, t, J= 8.0 Hz, ArH), 7.50-7.56 (4H, m, 

ArH), 7.80 (1H, t, J= 8.0 Hz, ArH), 8.13  

(1H, brs, ArH). 

9,9-dimethyl-12-phenyl-8,9,10,12-

tetrahydrobenzo[a]xanthen-11-one (Table 3, 

entry 1) White solid; Yield: 89%; M.p. 149-

151°C; IR (KBr, cm
-1

): 2950, 1646, 1591, 1462, 

1371, 1224, 1024;
 1

HNMR (400 MHz, CDCl3):  

δ 0.89 (3H, s, CH3), 1.07 (3H, s, CH3), 2.14  

(1H, d, J= 16.0 Hz, CH2), 2.35 (1H, d,  

J= 16.0 Hz, CH2), 2.60 (1H, d, J= 17.6 Hz, CH2), 

2.70 (1H, d, J= 17.2 Hz, CH2), 5.59  

(1H, s, CHAr), 7.04–8.07 (11H, m, ArH). 

9,9-dimethyl-12-(4-methylphenyl)-8,9,10,12-

tetrahydrobenzo[a]xanthen-11-one (Table 3, 

entry 2). White solid; Yield: 91%; M.p. 169-

171°C; IR (KBr, cm
-1

): 2949, 1648, 1597, 1371, 

1226, 1186, 813.
1
H NMR (400 MHz, CDCl3):  

δ 1.01 (3H, s, CH3), 1.15 (3H, s, CH3), 2.23  

(3H, s, CH3), 2.28 (1H, d, J= 16.0 Hz, CH2), 2.34 

(1H, d, J= 16.0 Hz, CH2), 2.60 (2H, s, CH2), 5.71 

(1H, s, CHAr), 7.00–8.06 (10H, m, ArH). 

9,9-dimethyl-12-(4-methoxyphenyl)-8,9,10,12-

tetrahydrobenzo[ a]xanthen-11-one (Table 3, 

entry 3) White solid; Yield: 89%; M.p. 202-

204°C; IR (KBr, cm
-1

): 2957, 1647, 1595, 1379, 

1226, 1180, 747; 
1
H NMR (400 MHz, CDCl3):  

δ 1.00 (3H, s, CH3), 1.15 (3H, s, CH3), 2.27 (1H, 

d, J= 16.4 Hz, CH2), 2.34 (1H, d, J= 16.4 Hz, 

CH2), 2.59 (2H, s, CH2), 3.72 (3H, s, OCH3), 5.69 

(1H, s, CHAr), 6.72–8.03 (10H, m, ArH). 

3,3,6,6-tetramethyl-9-(4-methylphenyl)-

3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-

dione (Table 4, entry 2) White solid; Yield: 94%; 

M.p. 218-220°C; IR (KBr, cm
−1

): 3039, 2958, 

1679, 1664, 1467, 1357, 1198, 1137; 
1
H NMR 

(400 MHz, CDCl3): δ 1.02 (6H, s, 2CH3), 1.12 

(6H, s, 2CH3), 2.18 (2H, d, J= 16.2 Hz, 2CH2), 

2.26 (2H, d, J= 16.2 Hz, 2CH2), 2.26 (3H, s, 

CH3), 2.48 (4H, s, 2CH2), 4.73 (1H, s, CHAr), 

7.04 (2H, d, J= 8.1 Hz, ArH), 7.20 (2H, d,  

J= 8.1 Hz, ArH). 

9-(4-methoxyphenyl)-3,3,6,6-tetramethyl-

3,4,5,6,7,9-hexahydro-1Hxanthene-1,8(2H)-

dione (Table 4, entry 3) White solid; Yield: 92%; 
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M.p. 240-242°C; IR (KBr, cm
−1

): 3028, 2958, 

1678, 1665, 1461, 1358, 1260, 1234, 1164; 1H 

NMR (400 MHz, CDCl3): δ 1.02 (6H, s, 2CH3), 

1.12 (6H, s, 2CH3), 2.19 (2H, d, J= 16.0 Hz, 

2CH2), 2.26 (2H, d, J= 16.4 Hz, 2CH2), 2.48  

(4H, s, 2CH2), 3.75 (3H, s, OCH3), 4.72  

(1H, s, CHAr), 6.78 (2H, d, J= 8.8 Hz, ArH), 7.23 

(2H, d, J= 8.8 Hz, ArH). 

9-(3,4-dimethoxyphenyl)-3,3,6,6-tetramethyl-

3,4,5,6,7,9-hexahydro-1Hxanthene-1,8(2H)-

dione (Table 4, entry 4) White solid; Yield: 89%; 

M.p. 172-174°C; IR (KBr, cm
−1

): 3007, 2957, 

1666, 1627, 1465, 1360, 1262, 1228, 1139;  
1
H NMR (400 MHz, CDCl3): δ 1.02 (6H, s, 

2CH3), 1.12 (6H, s, 2CH3), 2.20 (2H, d,  

J= 16.2 Hz, 2CH2), 2.27 (2H, d, J= 16.5 Hz, 

2CH2), 2.48 (4H, s, 2CH2), 3.81 (3H, s, OCH3), 

3.87 (3H, s, OCH3), 4.27 (1H, s, CHAr), 6.73 

(2H, d, J= 8.1 Hz, ArH), 6.78 (2H, d, J= 8.4 Hz, 

ArH), 6.92 (1H, s, ArH). 

14-(3-methylphenyl)-14-H-dibenzo[a,j]xanthene 

(Table 5, entry 3) White solid; Yield: 91%; M.p. 

195-197°C; IR (KBr, cm
−1

): 3043, 2918, 1620, 

1592, 1514, 1431, 1252, 1172, 808, 747; 
1
H NMR 

(400 MHz, CDCl3): δ 2.28 (3H, s, CH3), 6.48  

(1H, s, CHAr), 6.83 (2H, d, J= 7.2Hz, ArH),  

7.42-7.63 (8H, m, ArH), 7.81-7.87 (4H, m, ArH), 

8.44 (2H, d, J= 8.4 Hz, ArH). 

14-(4-methoxyphenyl)-14-H-

dibenzo[a,j]xanthene (Table 5, entry 4) White 

solid; Yield: 87%; M.p. 204-206°C; IR (KBr, 

cm
−1

): 3072, 2927, 1621, 1592, 1509, 1399, 1250, 

1177, 808, 742;
1
H NMR (400 MHz, CDCl3):  

δ 3.64 (3H, s, OCH3) 6.48 (1H, s, CHAr), 6.70 

(2H, d, J= 8.0 Hz, ArH), 7.39-7.62 (8H, m, ArH), 

7.80-7.86 (4H, m, ArH), 8.39 (2H, d,  

J= 8.0 Hz, ArH). 

14-(4-hydroxyphenyl)-14-H-

dibenzo[a,j]xanthene (Table 5, entry 6) White 

solid; Yield: 81%; M.p. 139-141°C; IR  

(KBr, cm
−1

): 3414, 3056, 2929, 1622, 1593, 1508, 

1428, 1250, 1174, 800, 748;
1
H NMR (400 MHz, 

CDCl3): δ 6.46 (1H, s, CHAr), 6.61 (2H, d,  

J= 8.8 Hz, ArH), 7.39-7.62 (8H, m, ArH),  

7.80-7.87 (4H, m, ArH), 8.39 (2H,  

d, J= 8.4Hz, ArH). 
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Abstract. The state of water in a polyacrylamide gel has been studied by the 
1
H NMR spectroscopy. It 

has been shown that water is in a strongly associated state in the form of clusters with radius is in the 

range of R= 0.6-30 nm. The introduction of chloroform into the gel increases the binding of absorbed 

water, which indicates the effect of CDCl3 on the structure of water-filled cavities formed by the 

polymer linkage. Trifluoroacetic acid (TFA) reduces the interaction of the polymer with water, probably 

due to its binding to nitrogen-containing groups. Even more the interphase energy of water decreases in 

the presence of Enoxil. This decrease makes it possible to determine the free energy of the interaction of 

Enoxil- polyacrylamide gels, which is maximal in air and decreases in the presence of CDCl3 and TFA. 

 

Keywords: cluster, Enoxil, 
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Introduction 

Polyacrylamide (PAA) gels are widely used 

in plastic surgery as biologically inert implants to 

increase the size of soft tissues [1-3]. Their main 

advantages are the simplicity and ease of 

injection, the possibility of sterilization by 

radiation, as well as storage stability. Gel-like 

state and large water content ensure the similarity 

of the gel to living tissues. PAA gel refers to non-

toxic products, however, much attention is paid to 

the study of the effect of residual monomer and 

by-products in PAA on the state of the body 

tissues in contact with it [4]. One of  

the main methods of synthesis is homogeneous 

polymerization in aqueous solutions.  

The formation of cross-linkages between polymer 

chains can significantly affect the solubility of the 

polymer in water and its water-absorbing  

capacity [5,6]. 

One of the applications of PAA gels is their 

use as a reservoir providing temporary binding of 

hygroscopic substances, protecting them from 

undesirable contact with air oxygen and water 

vapour. Drying of such a “loaded” gel transfers it 

to a solid state inside of which the transported 

agent can remain for longer while. If necessary, 

such solid gels may again be saturated with water, 

and the stored agent transferred from them to an 

aqueous or biological environment. In the manner 

described, systems for transdermal administration 

of medicaments may also be provided. 

The possibility of obtaining a complex of 

the preparation Enoxil with hydrogel PAA was 

previously described [7]. The Enoxil preparation, 

developed by the Institute of Chemistry of 

Academy of Sciences of Moldova [8], is a 

complex of biologically active substances 

obtained by modification of taninns from grape 

seeds. The final product is a yellow-brown 

powder, soluble in water, with high antioxidant 

properties that have been proved by voltammetric 

studies [9]. On the basis of the biologically active 

complex Enoxil, new pharmaceutical preparations 

have been developed with curative properties for 

the treatment of bacteriosis and mycosis in the 

process of regeneration of thermal, chemical or 

physical ulcers and burns, in the treatment of 

postoperative wounds and postradiation damage 

in cancer patients, as well as traumatic soft tissue 

injuries and inflammatory lesions of maxillofacial 

area of children [10]. 

The purpose of this paper is to study the 

behaviour of water in the Enoxil-PAA system.  
1
H NMR spectroscopy was chosenas the main 

87 



V. Turov et al. / Chem. J. Mold., 2018, 13(1), 87-94 

 

method of investigation, allowing to determine 

the characteristics of the hydrogen bond grid that 

water forms in the polymer matrix from the 

chemical shift, as well as to calculate the 

thermodynamic parameters of the bound water 

from the change in the freezing temperature in 

addition to the interfacial energy of the polymer 

phase with respect to its bound water [11-14].  

 

Experimental part 

Materials 

In the synthesis of PAA gels, acrylamide 

C3H5NO (99.5%, Fluka), N,N’-methylene-bis-

acrylamide C7H10N2O2 (99.0%, Fluka), 

ammonium persulphate (NH4)S2O8 (98.0%, 

Fluka), N,N,N’,N’- tetramethylethylenediamine 

С6Н16N2 (99.0%, Fluka), methyl cellulose and 

aqueous glucose solution were used. In detail, the 

synthesis of PAA for biomedical applications was 

already described [15]. The copolymerization of 

acrylamide with a cross-linking agent is carried 

out in an isotonic solution in the presence of 

ammonium persulphate at a temperature of 35°C 

for 2 hours. It is then thoroughly washed with an 

isotonic solution at 35-40°C to remove residual 

monomers. 

PAA-Enoxil system preparation 

To prepare the PAA-Enoxil system, 

the dry polyacrylamide (in the form of a disk,  

40 mm in diameter) was placed in a wide glass 

beaker (600-800 mL) with an Enoxil  

solution (5% by weight) in distilled water. 

Swelling in the solution of Enoxil was carried out 

for 20 hours at a temperature of 26-28°C.  

As a result, a soft disc of a transparent orange 

hydrogel of PAA saturated with Enoxil solution 

was formed. The control sample of PAA when 

swollen in distilled water forms a transparent 

colourless hydrogel. The diameter of the discs 

increased to 85 mm (Figure 1(a)). In this case, the 

increase in the weight of the samples was 

14.00.5 g per 1 g of initial PAA. Drying of the 

hydrogel was carried out for 6 days at room 

temperature. A sample of PAA-Enoxil obtained in 

a 5% aqueous solution of Enoxil was additionally 

kept in an oven at 30°C for 4 hours. After removal 

of water from the hydrogel, the PAA discs 

recovered their original dimensions (Figure 1(b)). 

As a result of this procedure, a complex 

preparation PAA-Enoxil of red-brown colour 

containing ~35% by weight of Enoxil was 

obtained. 

NMR studies 

NMR spectra were recorded on a high-

resolution NMR spectrometer (Varian “Mercury”) 

at an operating frequency of 400 MHz. Eight 60° 

probing pulses of 1 μs duration with a bandwidth 

of 20 kHz were used.  

The temperature in the sensor was 

controlled by the Bruker VT-1000 thermal 

accessory with an accuracy of ± 1 deg. Signal 

intensities were determined by measuring the area 

of the peaks using the procedure for decomposing 

the signal into its components under the 

assumption of a Gaussian waveform and 

optimizing the zero line and phase with an 

accuracy that, for well-resolved signals, was not 

lower than 5%, and for overlapping signals  

± 10%. To prevent supercooling of water in the 

investigated objects, measurements of the 

concentration of non-freezing water were carried 

out by heating samples previously cooled to a 

temperature of 210 K. Temperature dependences 

of the intensities of NMR signals were carried out 

in an automated cycle when the sample was kept 

at a constant temperature for 9 minutes, and the 

measurement time was 1 minute. 
 

 
(a) 

 
(b) 

Figure 1. Photo of the samples: (a) initial dry  

PAA (1), hydrogels PAA from water (2) and from 

aqueous solution of Enoxil (3); (b) dry PAA-Enoxil 

(left) and dry PAA (right) after removed water 

from hydrogels at ambient conditions. 
 

For the measurements, standard 5 mm 

NMR vials were used. They contained crushed gel 

samples (0.2-0.4 g), equilibrated at 290 K with a 

selected amount of water (500 mg/g). The 

measurements were performed in air (the gaps 

between gel particles contained air) or organic 

solvents – deuterochloroform or its mixture with 

deutero-trifluoroacetic acid. Deuterated analogues 

were used to prevent the appearance of additional 

signals in the spectra due to added organic 
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substances. Over time, the components of  

the organic medium could diffuse into the 

polyacrylamide gel (or PAA gel saturated  

with Enoxil). 

As the main parameter determining the 

structure of the grid of water hydrogen bonds, the 

value of the chemical shift of protons (δH) was 

used. It was assumed that water in which each 

molecule participates in the formation of four 

hydrogen bonds (two due to protons and two due 

to unshared electron pairs of oxygen atoms) has a 

chemical shift δH= 7 ppm (realized for hexagonal 

ice), and weakly associated water (not involved in 

the formation of hydrogen bonds as a proton 

donor) has a chemical shift δH= 1-1.5 ppm  

[11-14]. To determine the geometric dimensions 

of clusters of adsorbed water, the Gibbs-Thomson 

equation (Eq.(1)) was used that relates the radius 

of a spherical or cylindrical water cluster or 

domain (R) to the value of the freezing point 

depression [15,16]: 
 

RH

T
TRTT

f

msl

mmm












,

,

2
)(  (1) 

 

where, Tm(R) is the melting point of ice localized 

in pores of radius R;  

 Tm,  is the melting point of bulk ice;  

  is the density of the solid phase;  

 sl is the interaction energy of a solid with 

a liquid; 

 Hf  is the volume enthalpy of melting. 

 

For practical application, the Eq.(1) can be 

used in the form ΔTm= (k/R), in which the constant 

k is close to 50 deg∙nm for many heterogeneous 

systems containing water [15,17]. The method of 

NMR measurements and determining the radii of 

clusters of interphase water is described in detail 

[11-14]. Polyassociates with radii R< 2 nm may 

be considered clusters, while polyassociates of a 

larger size - domains or nanodroplets, since they 

contain several thousand of water molecules [11]. 

The process of freezing (melting) of bound 

water corresponds to changes in the Gibbs free 

energy, due to the effects of limited space and the 

nature of the phase interface. The difference from 

the process in the volume decreases with the 

increase of the distance of the water layer from 

the surface. At T= 273 K water freezes, and its 

properties correspond to bulk water, and as the 

temperature decreases (without taking into 

account the effect of supercooling), the layers of 

water that are closer to the surface freeze. To 

change the free energy of bound water (ice), the 

following relation holds (Eq.(2)), where the 

numerical coefficient is a parameter related to the 

temperature coefficient of variation of the Gibbs 

free energy for ice [18]. 
 

Gice = 0.036(273.15 Т)    (2) 

 

Determining the temperature dependence of 

the non-freezing water concentration Cuw(Т) from 

the value of the signal intensity in accordance 

with the procedure detailed in [11-14], the amount 

of strongly and weakly bound water and the 

thermodynamic characteristics of these layers can 

be calculated. 

The interfacial energy of water at the 

boundary with solid particles or in its aqueous 

solutions was determined as the modulus of the 

total decrease in the free energy of water due to 

the presence of a phase boundary by Eq.(3): 
 

m a x

u w

u w u w

0

( )

C

S
K G C d C     (3) 

 

where, 
m a x

u w
C  is the total amount of non-freezing 

water at Т= 273 K. 

 

Here K is dimensional coefficient. If CH2O is 

measured in milligrams of adsorbed water, 

assigned to one gram of the adsorbent, and ΔG in 

kJ/mol, then to obtain the value of free surface 

energy expressed in mJ/m
2
, K= 55.6/S, where S is 

the specific surface of the adsorbent. For polymer 

systems and systems with an unknown specific 

surface area, the interfacial energy refers to 1 g of 

dry matter. In this case, K= 1/18. 

 

Results and discussion 

The 
1
H NMR spectra of a PAA gel 

containing 500 mg/g H2O, taken at different 

temperatures, are shown in Figure 2(a). Water 

that does not freeze due to adsorption interactions 

with the polymer network is observed in the 

spectra as a broadened signal, with a chemical 

shift δН= 4.5-6 ppm. Its intensity decreases with 

diminishing temperature due to partial freezing of 

water absorbed by the polymer. After complete 

thawing of water (T> 273 K), two more 

broadened signals with chemical shifts  

δH= 1.5 and 7 ppm appear in the spectra. The first 

of these signals can be attributed to the fusion 

peak related to the protons of CH2 and  

CH-groups [3], and the second one to theNH2-

groups of PAA. Their appearance only after the 

completion of the melting process of water  

ice can be associated with a sharp decrease  

in the mobility of polymer chains in the  

presence of ice.  
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(а) (b) 

  
(c) (d) 

Figure 2. The 
1
H NMR spectra of water-saturated hydrogels of PAA registered at different temperatures: 

initial, in air (a); in a CDCl3 medium after 20 minutes (b); in a CDCl3 medium after 60 minutes (c);  

in a CDCl3 medium by adding TFA (d). 

 

It could be expected that placing a sample 

of hydrogel in a medium of a weakly polar 

organic solvent, deuterochloroform, will affect the 

binding of water by the polymer matrix, since 

PAA contains hydrophobic fragments - CH2 and 

CH-groups. Visible changes in the form of spectra 

shown in Figure 2(b),(c) do not occur, but the 

nature of change in the intensity of water signal 

with temperature changes somewhat, which may 

indicate the presence of diffusion of chloroform 

inside a water-saturated polymer matrix. 

The addition of 15% deutero-trifluoroacetic 

acid to the chloroform medium leads to a change 

in the shape of the spectra (Figure 2(d)). The 

water signal at low temperatures is shifted to the 

region of weak magnetic fields (large chemical 

shift values). This is due to the contribution to the 

chemical shift of the “acidic” protons of 

trifluoroacetic acid, for which, in the absence of 

water, the chemical shift δH= 11 ppm [18]. At  

T< 261 K, the water signal splits into two signals 

with different chemical shift values. As shown in 

[13,20,21], this is due to the possibility of forming 

several types of water clusters, which have 

different dissolving capability with respect to 

strong acids. A signal with a lower chemical shift 

value refers to clusters of water that weakly 

dissolve the acid. In accordance with Figure 2(d), 

the fraction of such clusters increases with 

decreasing temperature. 

Figure 3 shows the 
 1

H NMR spectra of 

PAA gels saturated with Enoxil, registered at 

different temperatures: in air (a), in CDCl3 

medium after 60 minutes (b) and in CDCl3 with 

15% TFA (c). Saturation of the gel with Enoxil 

led to a decrease in the signal of the proton-

containing polymer groups in completely thawed 

samples (Figure 3(a)-(c)). In the CDCl3 medium, 

the temperature range, in which an unfreezing 

water signal is observed, has decreases  

(Figure 3(b)). This indicates a more efficient 

process of diffusion of chloroform into the sample 

loaded with Enoxil. In the presence of TFA 

(contrasting with the initial gel, Figure 2(d)), the 

signal of clusters of water that poorly dissolve the 

acid has a maximum intensity in the high-

temperature region (Figure 3(c)). 

Figures 4 and 5 show the temperature 

dependences of the non-freezing water 

concentration calculated from the signal 

intensities of the non-freezing water, provided 

that the completely thawed sample contains  

500 mg/g of water (Figures 4(a) and 5(a)), the 

changes in the free Gibbs energy on the 
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concentration of non-freezing water, calculated in 

accordance with Eq.(2) (Figures 4(b) and 5(b)), 

and the distribution along the radii of the 

unfreezing water clusters, calculated from Eq.(1) 

(Figures 4(c) and 5(c)) in the hydrogel of PAA 

(Figure 4) and the hydrogel of PAA preliminarily 

saturated with Enoxil (Figure 5).  

  
(a) (b) 

 
(c) 

Figure 3 The 
1
H NMR spectra of PAA gels 

saturated with Enoxil registered at different 

temperatures: in air (a), in CDCl3 after 60 min (b) 

and in CDCl3 with 15% TFA (c). 

 

  
(a) (b) 

 

Figure 4. Temperature dependences of the 

concentration of non-freezing water (a), changes in 

the free Gibbs energy from the concentration of 

non-freezing water (b) and the distribution along 

the radii of the clusters of non-freezing water (c) in 

the hydrogel of PAA. 

 

1 – in air, 2 – in a CDCl3 medium after 20 minutes, 

3 – in a CDCl3 medium after 60 minutes,  

4 – in a CDCl3 medium by adding TFA. 

(c) 
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Table 1 summarizes the values of the 

thermodynamic parameters of non-freezing water 

layers. In this case, the concentration of strongly 

(SBW) and weakly bound (WBW) water (Cuw
S
 

and Cuw
W

, respectively) were determined from the 

graphs of ΔG(Cuw) dependences (Figures 4(b)  

and 5(b)) under the assumption that weakly bound 

water is that part of the water that freezes at  

T> 265 K (ΔG> -0.5) [13]. 

The G
S
 value determines the maximum 

decrease in free energy in the layer of strongly 

bound water. The total value of the lowering of 

the free energy of water, due to the presence of a 

polymer-water interface, is defined as the 

interfacial energy (S). For different systems, S 

values can only be compared for the same amount 

of water. Then large values of interphase energy 

correspond to a stronger interaction of water with 

polymer chains. 

Based on the data shown on Figures 4, 5 

and in Table 1, it can be concluded that in the 

PAA gels the minimum amount of strongly bound 

water is observed for the gel in the air medium. 

Penetration of a certain amount of chloroform into 

the gel, which improves with increasing storage 

time in the medium, leads to a certain increase in 

Cuw
S
 and the interfacial energy value. In 

accordance with Figure 4(c), this is due to the 

relative increase in the number of clusters of 

water with a radius of R= 0.8 nm. In the presence 

of TFA, the amount of strongly bound water 

increases, while the value of S decreases. At the 

same time, the number of small (R< 1nm) and 

large (R> 10nm) clusters of water decreases on 

the ΔC(R) distribution. Probably, the penetration 

of weakly polar substances and acids into the 

polymer gel greatly affects the topology of the 

space formed by the polymer chains. 

It should be noted that in most of the 

systems previously studied , the presence of 

strong acids leads to a significant increase in the 

value of S, which is due to the hydration of the 

acid molecules with water [12,20,22].  

The absence of such an effect in the  

water-saturated PAA gel indicates that the effect 

of the growth of interfacial energy caused by the 

water solvation effect of the acid molecules is 

excessively compensated by the decrease in water 

binding caused by the preferential sorption of acid 

by amine and amide groups which in PAA 

provide the main effect of water binding.  

 

 
 

(a) (b) 

 

Figure 5. Temperature dependences of the 

concentration of non-freezing water (a), changes in 

the free Gibbs energy from the concentration of 

non-freezing water (b) and the distribution along 

the radii of the clusters of non-freezing water (c) in 

hydrogel PAA pre-saturated with Enoxil. 

 

1 – in air, 2 – in a CDCl3 medium after 60 minutes, 

3 – in a CDCl3 medium by adding TFA. 

(c) 
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Table 1 

Characteristics of non-freezing water layers in a polyacrylamide gel,  

initial and saturated with Enoxil containing 500 mg/g H2O. 

Sample Medium Cuw
S
 (mg/g) Cuw

W
 (mg/g) G

S
 (kJ/mol) S (J/g) 

PAA Air 160 340 -3 17.9 

CDCl3 20 min 175 325 -3 19.6 

CDCl3 60 min 180 320 -3 20.7 

CDCl3+TFA 240 260 -2.75 16.6 

PAA+Еnoхil Air 120 380 -3 11.2 

CDCl3 60 min 90 410 -3 10.2 

CDCl3+TFA 180 320 -3 14.0 

 

The preliminary saturation of PAA by 

Enoxil leads to a decrease in the amount of 

strongly bound water and the magnitude of the 

interfacial energy (Figure 5(b) and Table 1). 

Apparently this is due to the formation of adducts 

between the molecular structures of Enoxil and 

polymer chains of PAA. The effectiveness of this 

type of molecular interactions can be judged from 

the difference in the values of the interfacial 

energy. Then, in the air, the interaction of Enoxil-

PAA is 6.7 J/g, in the CDCl3 medium is 9.4 J/g, 

and in the CDCl3 + TFA medium is 2.2 J/g. In this 

case, there is a significant change in the form of 

the distributions along the radii of clusters of 

absorbed water (compare Figures 4(c) and 5(c)), 

which indicates the strong influence of the 

composition of the medium forming the liquid 

phase of the gel on the mutual arrangement of 

polymer chains with Enoxil adsorbed on them. 

 

Conclusions 

It is shown that the PAA gel can serve as a 

container for prolonged retention of the Enoxil 

preparation without changing its chemical 

composition. At the same time, the molecular 

structures of Enoxil bind strongly to polymer 

chains, probably due to the formation of 

hydrogen-bound complexes with amino and imino 

groups. The presence of such interactions reduces 

the binding of polymer chains to water molecules. 

By varying the composition of the medium 

that fills the space between the polymer chains, it 

is possible to control the parameters of the 

interaction of the polymer with water, which 

should affect the processes of desorption of 

Enoxil into the environment. 
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SILVER NANOPARTICLES SYNTHESIZED USING LANTANA CAMARA 

FLOWER EXTRACT BY REFLUX, MICROWAVE  

AND ULTRASOUND METHODS 
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Abstract. Green synthesis of silver nanoparticles (AgNPs) using Lantana camara yellow flower extract 

via microwave irradiation and ultrasound methods was accomplished. The research was aimed at 

evaluating the effect of the synthesis method and of the treatment time during synthesis on the particle 

size and antioxidant and antibacterial activities of the AgNPs. Analysis of the nanoparticles was 

performed using UV-Vis spectroscopy, transmission electron microscope (TEM), particle size analyzer, 

and Fourier transform infrared spectroscopy (FTIR). The antioxidant activity of the nanoparticles was 

determined using the radical scavenging (DPPH) assay, while the antibacterial activity was evaluated 

against Escherichia coli and Staphylococcus aureus. The nanoparticles enhanced antioxidant and 

antibacterial properties compared to the plant extract. The present results support the advantages of the 

green method for the production of nanoparticles for further potential applications. 
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Introduction 

Nanotechnology has recently received 

popular interest and considerable attention in 

science and technology. The discovery of specific 

physicochemical features of materials on the 

nanometer scale resulted in the achievement of 

significant advances and those features proved 

useful for a wide range of applications such as 

bio-medical, sensors, antimicrobials, catalysts, 

electronics, optical fibers, agriculture, waste 

treatment, etc. For medical applications, silver 

nanoparticles (AgNPs) are by far the most popular 

ones [1-4]. AgNPs are mainly used as 

antibacterial and antioxidant agents, and recently 

they have been successfully applied in cancer 

identification and therapy. Due to these aspects, 

studies on techniques of nanomaterials synthesis, 

including the synthesis of AgNPs, are gaining 

momentum. The bottom-up synthesis method 

involving the use of a silver precursor solution 

employ conventional reducing agents such as 

sodium tetraborohydrate (NaBH4), hydrazine, and 

dimethyl formamide (DMF), which are known to 

be carcinogenic and environmentally unsafe 

chemicals. In the green chemistry approach, many 

investigations have reported the synthesis of 

AgNPs by using plant extracts as alternatives for 

the above mentioned reducing agents. Some 

studies used plant extracts of Bergenia ciliata, 

Zizyphus xylopyrus, Malus domestica, Clitoria 

ternatea and Solanum ningrum, Nictantes abror, 

Zelanicum bark, Sargassum angostifolium and 

apple extract for similar types of syntheses [5-12]. 

Lantana camara is a shrub plant growing in 

tropical areas. Lantana camara plant contains a 

variety of chemical compounds such as mono- 

and sesquiterpenes (bisabolene, β-curcumene, 

safrole), triterpenes (lantanolic and lantic acids, 

ursolic acid, lupine), alkaloids, flavonoids 

(hispidulin, glycoside camaraside, trimethoxy 

quercetin derivatives), proteins, phenolic 

compounds and essential oil [13]. Studies related 

to the biosynthesis of AgNP using Lantana 

camara have been reported, where some of these 

used leaf and flower extracts [14-17]. Although 

finding a potentially useful plant for the synthesis 

is vital, choosing a proper and effective synthesis 

technique is also of importance. Green synthesis 

of AgNPs has been previously reported using 

methods such as hydrothermal, microwave-

assisted, and sonication, and some of these are 

listed in Table 1. All these methods showed that 

the reaction time significantly affects the particle 

size of nanoparticles.  
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Table 1 

Some methods for the green synthesis of AgNPs using plant extracts. 

Plant extract Method Results Lit. ref. 

Red cabbage Hydrothermal 

method 

Monodispersed spherical nanoparticles exhibiting 

antibacterial activity towards Staphylococcus aureus 

(Gram+), Escherichia coli (Gram−) and Candida albicans. 

[18] 

Orange peel Microwave AgNPs with mean size of 7-17.31±0.84 nm. [19] 

Zizyphus xylopyrus bark Sonication Nanoparticles ranging from 60 to 70 nm. [6] 

Pigment Streptomyces 

coelicolor klmp33  

Microwave AgNPs were synthesized in only 90 seconds,  

in size of 50 nm. 

[20] 

Camellia japonica leaf Aging at room 

temperature 

AgNPs exhibiting photocatalytic activity in the degradation 

of EY dye and nitrobenzene under UV-Vis irradiation. 

[21] 

Citrus peel Microwave  Nanoparticles of 7.36±8.06 nm synthesized in 15 min. [22] 

Ocimum basilicum leaf 

extract 

Sonication 

and aging 

Both methods and variation of the ratio of plant extract: 

AgNO3 solution influence the synthesis. 

[23] 

Portulacaoleracea Sonication AgNPs less than 60 nm in size. [24] 

Phoenix Dactylifera L. 

(date palm) leaf 

Microwave The synthesis is influenced by: pH, Ag
+
 concentration and 

exposure time to microwaves. 

[25] 

Pisonia grandis (R. Br) Sonication Spherically shaped AgNPs of 20-150 nm [26] 

Pleurotus florida 

mushroom 

Photo-irradiation AgNPs of 20±5 nm were obtained. [27] 

 
 

In view of the effective results of sonication 

and microwave methods, the study of both 

methods for AgNPs synthesis using Lantana 

camara flower extract is an interesting topic. 

Taking into account published reports showing 

that the synthesis parameters affect the 

morphology and activity of the nanoparticles, we 

investigated the effects of the synthesis method 

and also of the treatment time during synthesis on 

the particle size and antioxidant and antibacterial 

activities of AgNPs. Analysis of the nanoparticles 

was performed using UV-Vis spectroscopy, 

transmission electron microscope (TEM), particle 

size analyzer, and Fourier transform infrared 

spectroscopy (FTIR). 

 

Experimental  

Plant material collection and chemicals 

Yellow flowers of Lantana camara were 

collected from the area of Universitas Islam 

Indonesia campus (Sleman District, Yogyakarta, 

Indonesia). Silver nitrate, dimethyl sulfoxide 

(DMSO), ethanol, and methanol were purchased 

from Merck, Germany. 1,1-Diphenyl-2-

picrylhydrazyl (DPPH, >99.5%) was purchased 

from Sigma-Aldrich, USA. Bacteria strains of 

Escherichia coli and Staphylococcus aureus were 

purchased from ATCC Company, USA, and 

stored at the Microbiology Laboratory, 

Department of Pharmacy, Universitas Islam 

Indonesia. Deionized water was used throughout. 

Preparation of extracts 

Fresh yellow flowers of Lantana camara 

were collected and dried under sunlight for 24 h 

to reduce the water content. The flower extract 

was obtained by boiling 3 g of dried flower for  

15 min, followed by cooling and filtration on 

Whatman 41 filter paper. The freshly prepared 

extract was used for further experiments and was 

referred to as Lantana camara extract (LCE). 

Synthesis of silver nanoparticles 

Mixtures of 10
-3 

M silver nitrate solution 

and LCE in a volume ratio of 9:1 were prepared 

and further reacted by various methods: reflux, 

ultrasound-assisted synthesis and microwave-

assisted synthesis. In the reflux method, the 

mixture was refluxed for 1 h to complete the  

bio-reduction, while in the microwave-assisted 

and ultrasound-assisted syntheses, the mixture 

was treated for 10, 20 and 30 min. A commercial 

microwave oven was used for the  

microwave-assisted synthesis, and a Hielscher  

ultrasonic batch mixer was employed in the  

ultrasound-assisted synthesis.  

Characterization of the synthesized AgNPs 

The resulting solutions were characterized 

using UV-Vis spectroscopy (Tokyo, Japan), X-ray 

diffraction analysis (XRD) (Shimadzu X6000, 

Tokyo, Japan), particle size analyzer (HORIBA 

Scientific, Kyoto, Japan), transmission electron 

microscopy (TEM) (JEOL-JEM 1400, Freising, 

Germany) and attenuated total reflection-Fourier 

transform infrared spectroscopy (ATR-FTIR) 

(Perkin Elmmer, New York, USA).  

Antioxidant activity assay 

The antioxidant activity of AgNPs was 

measured by using the DPPH method. For each 

analysis, 0.2 mL of AgNPs was mixed with 2 mL 

of DPPH and 2 mL of methanol. The mixture was 

incubated and allowed to stand at room 

temperature for 30 min, afterwards the absorbance 

of the solution was measured at 517 nm. The 
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antioxidant activity percentage was calculated 

using Eq.(1): 
 

𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 (%) =  1 −
 𝐴𝑏𝑠 30

 𝐴𝑏𝑠 0

 ∙ 100 (1) 

where, [Abs]30 and [Abs]0 are the absorbance 

values of solution at 30 min and at 0 min, 

respectively. 

Antibacterial assay 
The antibacterial test of the AgNPs was 

carried out using two different pathogens:  

gram-negative Escherichia coli and gram-positive 

Staphylococcus aureus. The antibacterial activity 

test was performed using the disk diffusion 

method, by placing different types of disks after 

immersion in the AgNPs solution. 

Chloramphenicol and double-distilled water were 

used as positive and negative controls. The disks 

in agar plates were incubated for 24 h at 37°C, 

and then the diameter of the zone of inhibition 

was measured with a meter ruler. The mean value 

of inhibition around each disc was calculated and 

expressed in millimeters. 

 

Results and discussion 

The UV-Vis spectra of Lantana camara 

extract and synthesized AgNPs are shown in 

Figure 1. The LCE shows a shoulder peak in the 

region 300-400 nm, and the maximum registered 

wavelength is at 220 nm. The formation of 

AgNPs after the reaction with AgNO3 solution 

was identified from the peak at around  

420-450 nm due to the plasmon resonance 

formation in all methods [28]. The UV-Vis 

spectra of AgNPs synthesized using microwave-

assisted and ultrasound-assisted syntheses are 

depicted in Figures 2 and 3. The spectra allow us 

to conclude that longer treatment time gives 

higher absorbance, which indicates a higher 

concentration of AgNPs in the solution. 

 

 

Figure 1. UV-Vis spectra of LCE and AgNPs 

obtained by reflux method. 
 

 
Figure 2. Comparison of UV-Vis spectra of AgNPs 

obtained by microwave-assisted synthesis, exposure 

time of (a) 10, (b) 20 and (c) 30 min. 
 

 
Figure 3. Comparison of UV-Vis spectra of AgNPs 

obtained by ultrasound-assisted synthesis, exposure 

time of (a) 10, (b) 20 and (c) 30 min. 

 

An increased intensity indicates a faster rate 

of bio-reduction [6]. However, there is no linear 

correlation of the maximum wavelength with the 

reaction time in both methods. Visually, in the 

synthesis of AgNPs, there was a change in color 

from yellowish to reddish-brown. 

Particle size distribution of AgNPs 

A particle size analyzer provides 

information about the distribution form and 

particle size distribution of the formed AgNPs. 

Figure 4 shows the effect of treatment time on the 

particle size distribution of AgNPs, and the 

parameters are listed in Table 2. In general, 

smaller particle sizes of AgNPs were achieved by 

both treatments for 30 min. For the ultrasound-

assisted treatment, longer treatment time produces 

a smaller particle sizes, which is in agreement 

with a previously reported investigation [29]. In 

contrast, the microwave treatment shows a 

deviation at 20 min of irradiation, which gives the 

highest particle size. This phenomenon may be 
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related to agglomeration during the reaction 

process, which causes destabilization of the 

particles. This assumption is also strengthened by 

the higher polydispersity index of the AgNPs 

compared to the result obtained at 10 min of 

irradiation. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Figure 4. Particle size distribution of AgNPs 

obtained by (a) reflux; microwave-assisted 

synthesis, exposure time of (b) 10, (c) 20 and  

(d) 30 min; ultrasound-assisted synthesis, 

exposure time of (e) 10, (f) 20 and (g) 30 min. 

(g)  

Table 2 

Results from the particle size analyzer. 

Method Reflux Microwave-assisted synthesis 

synthesis 

Ultrasound-assisted synthesis 

Time (min) 60 10 20 30 10 20 30 

Mean particle size (nm) 62.8 51.5 124.3 45.32 126.3 64.9 47.1 

Polydispersity index (PI)* 0.275 0.229 0.441 0.324 0.569 0.443 0.35 

*PI indicates distribution of mean particle size, the higher PI means the wide range of particle size. 
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TEM analysis  

Figure 5 presents the morphology and size 

of AgNPs confirmed by TEM analysis. All 

synthesis methods produce nanoparticle sizes 

distributed at around 50-100 nm, and a significant 

difference in the shape of AgNPs is observed 

depending on the synthesis method. The reflux 

and ultrasound methods tend to produce AgNPs 

with irregular spherical forms, while microwave 

irradiation gives hexagonal-like forms.  

AgNPs obtained after 30 min in the ultrasound 

method demonstrate capping formation, which 

indicates the presence of organic functional 

groups in the solution [20]. 
 

 
 

(a) 

 
 

(b) 

 
 

(c) 

Figure 4. TEM profile of AgNPs obtained by  

(a) reflux, (b) microwave-assisted synthesis,  

(b) 30 min exposure, (c) ultrasound-assisted 

synthesis, 30 min exposure. 
 

FTIR analysis 

FTIR analysis is helpful for analyzing the 

possible interaction between AgNPs with 

different functional groups as a result of reduction 

mechanism.  

Figure 6 presents the obtained FTIR 

spectra. It is noted that all samples show a sharp 

band at 3306-3308 cm
-1

, which is attributed to the 

hydroxyl functional groups in the phenolic 

compounds in the extract and also from water. 

The band at around 1632 cm
-1

 in the LCE is 

attributed to C=O, and this band is shifted to a 

higher wave number (around 1634 cm
-1

) due to 

the formation of metal particles. Another shift 

identified after the AgNPs formation is the shift of 

the O-H vibration from 3293.6 cm
-1

 in LCE to 

higher wavenumbers in AgNPs samples. This 

shift is also related to the identification of 

phenolic interaction in the reduction reaction, 

which is determined from the bands at around 

2118 cm
-1

 and the disappearance of the 1023 cm
-1

 

bands attributed to the presence of –CH2- and  

C-N, respectively. During the performed 

investigations, AgNPs were not separated from 

the LCE extract so the data of FTIR analysis also 

contain the functional groups from the extract. 

FTIR analyses results suggest on the reduction 

mechanism in the synthesis and there are 

functional groups related to the LCE maintained 

in the AgNPs solution as capping agent [30,31]. 
 

 
Figure 6. FTIR spectra of (a) LCE; (b) AgNPs 

obtained by reflux; (c) AgNPs obtained by 

microwave-assisted synthesis, 30 min exposure; 

(d) AgNPs obtained by ultrasound-assisted 

synthesis, 30 min exposure. 
 

Antioxidant activity 

Table 3 lists the antioxidant activity of the 

AgNPs compared to the LCE, represented by % 

of scavenging. These data show that AgNPs have 

higher antioxidant activities as compared to LCE. 
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In the ultrasound method, a longer ultrasound 

treatment gives a higher % of scavenging, but this 

trend is not observed in the microwave method. 

The highest % of scavenging was registered for 

the sample obtained by microwave-assisted 

synthesis, 30 min exposure, and had a value of 

89.76%. These data suggest that the antioxidant 

activity is not only related to AgNPs size but also 

to some bioactive compounds from the LCE 

contained in the solution. 

 
Table 3 

Antioxidant activity of AgNPs compared to LCE. 

Tested sample Scavenging (%) 

LCE 20.80 

AgNPs (Reflux) 56.18 

AgNPs (Microwave 10 min) 45.58 

AgNPs (Microwave 20 min) 35.89 

AgNPs (Microwave 30 min) 89.76 

AgNPs (Ultrasound 10 min) 35.68 

AgNPs (Ultrasound 20 min) 54.83 

AgNPs (Ultrasound 30 min) 66.08 

 

Antibacterial activity 

Although the antimicrobial effect of silver 

is widely known, the mechanism of the 

antimicrobial action is not well explored.  

Bactericidal activity is presumably due to 

the possible interaction between AgNPs with 

sulphur- and phosphorus-rich biomaterials, which 

include intracellular components, such as proteins 

or DNA, and extracellular components such as 

membrane proteins. These components influence 

the respiration, division, and ultimately survival 

of cells. 

Table 4 shows the antibacterial activity of 

AgNPs [32]. These data show that LCE does not 

have any antibacterial activity towards any of the 

two bacteria, while the AgNPs, on the contrary, 

show antibacterial activity, as expressed by the 

inhibition zone measurements. Data analysis 

demonstrates a similar pattern as in the case of the 

antioxidant activity with the microwave and 

ultrasound treatment time. Thus, in the 

ultrasound-assisted method, a longer treatment 

time gives a higher antibacterial activity, but this 

is in a random order for microwave-assisted 

synthesis, i.e., microwave 30 min> microwave  

10 min> microwave 20 min. The main reason for 

this is also related to the content in the solution of 

the functional groups responsible for both the 

antibacterial and antioxidative activities. 

 

Table 4 

Antibacterial activity data of synthesized AgNPs. 

Tested sample 

Inhibition zone after 24 h of incubation 

Escherichia coli Staphylococcus aureus 

Measurement 1 Measurement 2 Measurement 1 Measurement 2 

Chloramphenicol  22.3 mm 22.1 mm 14.3 mm 14.8 mm 

DMSO 10% - - - - 

LCE - - - - 

AgNPs (Reflux) 9.2 8.9 7.1 7 

AgNPs (Microwave 10 min) 11.8 11.4 9.0 9.4 

AgNPs (Microwave 20 min) 8.8 8.7 8.0 8.1 

AgNPs (Microwave 30 min) 11.5 11.9 10.1 10.2 

AgNPs (Ultrasound10 min) 7.9 8.1 8.2 8.1 

AgNPs (Ultrasound20 min) 9.8 9.7 10.4 10.5 

AgNPs (Ultrasound 30 min) 10.9 10.8 17.1 17.0 

 

 

Conclusions 

Green and fast synthesis of AgNPs using 

Lantana camara flower extract via microwave 

irradiation and ultrasound methods was 

successfully conducted. It was found that AgNPs 

synthesized by the ultrasound method led to 

nanoparticles with hexagonal forms, while in the 

microwave and reflux methods, the nanoparticles 

were spherical. Furthermore, the time of treatment 

for both methods significantly affected the 

particle size and the antioxidant and antibacterial 

activity of the AgNPs. The AgNPs showed 

antioxidative and antibacterial activities and it 

was found that there was no linear correlation 

between the particle size and both activities. 
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Abstract. This contribution presents investigations into possible effects of Ce
3+

 and Mn
2+

 on the 

reduction of UV-spectral signal for I3
-
 observed e.g. in the Dushman reaction. The potential of the metal 

ions to form complexes with iodine-containing species was analysed. It was shown that no complex 

ions are formed between Ce
3+

 and Mn
2+

 metals ions with IO3
-
, I

-
, I2 species. Only the formation of a 

very weak CeI3
2+

complex ion was found to occur. An effect of a complex formation on the studied 

systems could be excluded. 
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Introduction 

Complex chemical systems, which have a 

nonlinear dynamics type of evolution and where 

thermodynamic forces (reactant concentrations) 

exceed some critical values, sometimes present 

self organization. This can be recognized as a 

temporal periodic oscillation of limit cycle type or 

spatio-temporal oscillations. The reaction 

mechanism of such a system is very complex, and 

for this reason it is studied on subsystems of 

initial reactants. In this manner have been studied 

the most known oscillating reactions: Belousov-

Zhabotinsky, {BrO3
-
, Br

-
, H

+
, Me

z+
, MA} [1,2], 

Briggs–Rauscher, {IO3
-
, H2O2, H

+
, Me

z+
, MA} [3] 

and Bray-Liebhafsky {IO3
-
, H2O2, H

+
} [4-7,9-15]. 

In the Bray-Liebhafsky oscillating system, 

the IO3
-
 ion is reduced by H2O2 to I2 in acidic 

medium, according to the global reaction Eq.(1). 

When I2 concentration and pH reach critical 

values, the oxidation reaction Eq.(2) begins and 

this cycle is repeated [16-21]. 
 

2IO3
-
 + 5 H2O2 + 2H

+
 → I2 + 5O2 + 6H2O (1) 

 

I2 + 5 H2O2 → 2IO3
-
 + 2H

+
 + 4H2O (2) 

 

Cooke, D.O. found that if a metal with 

variable valence is added (for example 

Mn
2+

/Mn
3+

) in the system {IO3
-
, H2O2, H

+
} then 

the rate of I2 production is considerably increased 

[8,22-24]. Among the reactions of the  

Bray-Liebhafsky oscillating system there are also 

the reactions Eq.(3) and Eq.(4), known as 

Dushman reaction [25]. 

 

IO3
-
 + 5 I

-
 + 6 H

+  3 I2 + 3 H2O (3) 
 

I2 + I
- ⇄ I3

-
 (4) 

 

On the other side, further studies have shown that 

adding metal ions Ce
3+

and Mn
2+

 to the Dushman 

reaction induces a decrease of spectral absorbance 

due to {I3
-
, I2} pair (see Eqs.(3) and (4)) 

associated with a decreased rate of production of 

{I3
-
, I2}. This decreased rate of production of the 

pair {I3
-
, I2} in the Dushman reaction is due to 

either formation of complex ions Ce(III)-X and 

Mn(II)-X , where X is: IO3
-
, I

-
, I2, I3

-
 or to the ionic 

strength effect and to ionic interactions. The study 

of the ionic strength effect and ionic interactions 

on kinetics of the Dushman reaction has been 

presented in a recent paper [26]. Although  

it was already reported that we did not find the 

formation of complexes of iodine-containing 

species with either Ce
3+

 or Mn
2+

 [26],  

in this paper we wanted to report how we arrived 

at that conclusion. 

 

Experimental part 

Analytical grade KIO3, KI, MnSO4∙H2O 

(Prolabo), Ce2(SO4)3∙8H2O (Aldrich) and HClO4 

(Merk) were used without further purification. 

Also, freshly sublimed iodine was used in the 

study. Stock solutions were prepared from 

weighted amounts of reagents and were diluted 

using calibrated pipettes. The spectra and 

absorbances as function of time at 25°C  

were recorded using a U-2001, Hitachi 
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spectrophotometer and a Specord 200 from 

Analytik Jena. Cuvette capacity was V= 4 cm
3
, 

optical length L= 1 cm. The cuvette was closed to 

avoid sublimation of I2 and I3
-
. It should be noted 

that the signal in the UV spectrum at 351 nm 

refers to the I3
-
 species. 

 

Results and discussion 

Temporal evolution of the Dushman reaction 
The first step of our study was to investigate 

the temporal evolution of the Dushman reaction in 

the presence and absence of metal ions Ce
3+

  

and Mn
2+

. Figure 1 presents the temporal 

evolution of absorbance for the time interval  

0-2500 seconds, and wavelength λ= 351 nm  

in the presence and absence of Ce
3+

. A similar 

procedure was applied for the Mn
2+

 systems 

(Figure 2).  
 

 
Figure 1. Temporal evolution for the Dushman 

reaction at λ= 351 nm.  

1- [IO3
-
]0= 1.463×10

 -4
 M; [I

-
]0= 8.778×10

-4
 M;  

[H
+
]0= 1.60×10

-3
 M, (without Ce

3+
); 

2- [Ce
3+

]0= 8×10
-5

 M; 3- [Ce
3+

]0= 8×10
-4

 M; 

4- [Ce
3+

]0= 8×10
-3 M. 

 

 
Figure 2. Temporal evolution for the Dushman 

reaction at λ= 351 nm.  

1- [IO3
-
]0= 1.463×10

-4
 M; [I

-
]0= 8.778×10

-4
 M; 

[H
+
]0= 1.60×10

-3
 M, (without Mn

2+
); 

2- [Mn
2+

]0= 8×10
-5

 M; 3- [Mn
2+

]0= 8×10
-4

 M; 

4- [Mn
2+

]0= 8×10
-3

 M. 

Molar extinction coefficients derived  

from the absorbance values registered at 351 nm 

are (I3
-
, 351 nm)= 26400 L mol

-1.
cm

-1
 and  

(I2, 351 nm)= 18 L mol
-1.

cm
-1

, respectively.  

It should be mentioned that the molar extinction 

coefficient of the species I3
-
 has the maximum 

value at 351 nm. Figures 1 and 2 show that in the 

absence of metal ions (Me
z+

), absorbance has the 

highest value, A(2500 s)= 1.502, while in the 

presence of metal ions, Me
z+

 absorbance 

decreases with increasing metal concentration. 

The lowest value is obtained for Ce
3+

  

(see Table 1). 

 
Table 1 

Absorbance values of solutions containing  

Ce
3+

and Mn
2+

 ions. 

[Ce
3+

] 8×10
-5

 M 8×10
-4

 M 8×10
-3

 M 

Absorbance 1.367 1.336 1.281 

[Mn
2+

] 8×10
-5

 M 8×10
-4

 M 8×10
-3

 M 

Absorbance 1.443 1.423 1.353 

 

Although we proved that absorbance 

decreases due tothe ionic strength effect, given by 

the presence of ions Ce
3+

 and Mn
2+

 [26], further 

we study the possibility of Ce
3+

 complex ions 

formation with iodine species (IO3
-
, I

-
, I2, I3

-
) and 

Mn
2+

 complex ions formation with only two 

iodine species (IO3
-
, I

-
). According to the aim of 

this study, we will focus on the following: 

a) subsystem Ce
3+

 and IO3
-
;  

b) subsystem Mn
2+

 and IO3
-
;  

c) subsystem Ce
3+

 and I
-
;  

d) subsystem Mn
2+

 and I
-
;  

e) subsystem Ce
3+

 and I2;  

f) subsystem Ce
3+

 and I3
-
. 

 

Study of the subsystem Ce
3+

 and IO3
-
 

The most frequently used methods  

for the identification of complex formation  

are the isosbestic point [27] method  

and the Ostromisslensky-Job method [28,29].  

The isosbestic point is the wavelength at which 

the three absorption spectra cross each other; in 

our case these are the spectra of the central ion 

(Me
z+

), that of the ligand (IO3
-
) and that of the 

complex ion.  

Figure 3 presents the UV-Vis spectra of 

Ce
3+

, IO3
-
 and the mixture (Ce

3+
+IO3

-
), for 

different concentrations. The obtained results 

show that there is no isosbestic point and this 

means that no Ce(III)-IO3
-
 complex ion is formed. 

Further, the Ostromisslensky-Job method 

was applied for the same mixture (Ce
3+

+IO3
-
) to 

obtain an additional proof that the complex ion 

Ce(III)-IO3
-
 is not formed in the studied system. 

This method requires the condition that the sum of 
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concentrations of the studied species must be 

constant ([Ce
3+

]+[IO3
-
]= const), in our case it 

would mean that the sum of molar fractions 

x(Ce
3+

) + x(IO3
-
)= 1. 

We worked with the initial concentrations:  

[IO3
-
]0= [Ce

3+
]0= 8×10

-4
 M; 

[HClO4]0= 1.6×10
-3

 M. 
 

Total volume of solution= nmL(IO3
-
) + mmL(Ce3

+
) 

+ 5 mL(HClO4) + 5 mL(H2O)= 20 mL. 
 

The new condition considered in the studied 

system is: 
 

 
𝑛𝑚𝐿 𝐼𝑂3

− 

20
+

𝑚𝑚𝐿 𝐶𝑒3+ 

20
 × 8 × 10−4𝑀 = 4 × 10−4𝑀    

= 𝑐𝑜𝑛𝑠𝑡 
 

where, n and m represent the volume of  

solutions, mL. 

 

In order to obtain the mixture (Ce
3+

+IO3
-
) in 

accordance with the above condition, the working 

solutions were prepared according to data 

presented in Table 2. The spectra were registered 

in the range 190-300 nm and the absorbance 

values at λ= 222 nm were used to draw the 

dependence of the molar fraction of IO3
- 

(see Figure 4). We have chosen the absorbance at 

λ= 222 nm because both species, Ce
3+

 and IO3
-
, 

have an absorbance at this wavelength. 

 

 

 

 

 
 

Figure 3. UV-Vis spectra of Ce
3+

, IO3
-
 and  

of the mixture (Ce
3+

 + IO3
-
). 

1- [Ce
3+

]0= 4×10
-3

 M;  

2- [Ce
3+

]0= 3×10
-3

 M; 

3- [Ce
3+

]0= 2×10
-3

 M;  

4- [Ce
3+

]0= 1 × 10
-3

 M; 

5- [Ce
3+

]0= 4×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M;  

6- [Ce
3+

]0= 3×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M; 

7- [Ce
3+

]0= 2×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M;  

8- [Ce
3+

]0= 1×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M; 

9- [IO3
-
]0= 7.3325×10

-5
 M; 

10- [IO3
-
]0= 5.5×10

-5
 M; 

11- [IO3
-
]0= 3.666×10

-5
 M; 

12- [IO3
-
]0= 1.839×10

-5
 M. 

 

Table 2 

The volumes and the molar fraction, x(IO3
-
)*. 

nmL(IO3
-
) 1 2 3 4 4.5 5 5.5 5.8 6 6.3 6.6 6.8 7 7.2 

mmL(Ce
3+

) 9 8 7 6 5.5 5 4.5 4.2 4 3.7 3.4 3.2 3 2.8 

x(IO3
-
) 0.1 0.2 0.3 0.4 0.45 0.5 0.55 0.58 0.6 0.63 0.66 0.68 0.7 0.72 

*n and m represent the volume of solutions in mL and x represents the molar fraction. 

 

 

 

 
Figure 4. The representation of absorbance  

at λ= 222 nm as a function of  

the molar fraction of IO3
-
. 

 

The straight line depicted in Figure 4 proves the 

absence of any complex ions formed by Ce
3+

 and 

IO3
-
. If such a complex ions were formed, there 

would be a broken line at x= 0.5 or x= 0.67  

or x= 0.75 and not a straight one.  

Thus, the decrease of absorbance is not due to a 

complex ion between Ce
3+

 and IO3
-
.  

Study of the subsystem Mn
2+

 and IO3
-
 

Further, we considered the subsystem 

Mn
2+

and IO3
-
. Figure 5 presents the UV-Vis 

spectra of Mn
2+

, IO3
-
 and the mixture  

(Mn
2+ 

+ IO3
-
) for different concentrations proving 

the absence of the isosbestic point. Moreover,  

the spectra of Mn
2+

 and IO3
- 

do not cross at all, 

which proves that the Mn(II)-IO3
-
 complex ion 

does not exist. 
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Figure 5. UV-Vis spectra of Mn

2+
, IO3

-
 and of the 

mixture (Mn
2+ 

+IO3
-
). 

1- [Mn
2+

]0= 4×10
-3

 M;  

2- [Mn
2+

]0= 3×10
-3

 M;  

3- [Mn
2+

]0= 2×10
-3

 M;  

4- [Mn
2+

]0= 1×10
-3

 M;  

5- [Mn
2+

]0= 4×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M;  

6- [Mn
2+

]0= 3×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M;  

7- [Mn
2+

]0= 2×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M;  

8- [Mn
2+

]0= 1×10
-3

 M; [IO3
-
]0= 7.3325×10

-5
 M;  

9- [IO3
-
]0= 7.3325×10

 -5
 M;  

10- [IO3
-
]0= 5.5×10

 -5
 M;  

11- [IO3
-
]0= 3.666×10

-5
 M;  

12- [IO3
-
]0= 1.839×10

-5
 M. 

 

Study of the subsystems Me
z+

 (Ce
3+

, Mn
2+

) and I
-
 

Mayer, S.W. and Schwartz, S.D. [30] 

measured the association constants for Ce
3+

 and 

Mn
2+

 with F
-
, Cl

-
 and Br

-
 but found no 

associations with I
-
. 

Study of the subsystem Ce
3+

 and I2 

Further on, we studied the spectra of the 

mixture (Ce
3+

+I2) to identify the possibility of 

formation of a CeI2
3+ 

complex ion type. For this 

purpose, the following initial concentrations of 

solutions were used to prepare the studied 

subsystem (Table 2):  

[I2]0 = 9.7714×10
-5

 M;  

[Ce
3+

]0= 3.2×10
-2

 M;  

[HClO4]0= 4.24×10
-3

 M. 

 
Table 2 

The volumes of initial solutions. 

Prepared solution 

Solution volume, mL 

V(I2) V(Ce
3+

) V(HClO4) V(H2O) 

Solution 1 2.5 0.2 0.5 0 

Solution 2 2.5 0 0.5 0.2 

Solution 3 0 0.2 0.5 2.5 

 

Figure 6 presents the spectra of Ce
3+

and I2 

and of the mixture (Ce
3+

+I2), recorded in the 

range of 190-590 nm. According to the  

obtained data, the values of absorbance (A) at  

λ= 252 nm are: A(Ce
3+

)= 1.164; A(I2)= 0.100;  

A(Ce
3+

 + I2)= 1.210.  

The sum of absorbances of the two species: 

A(Ce
3+

) + A(I2)= 1.164 + 0.100= 1.264. 

In the limits of the experimental errors, we 

can observe that the sum of absorbances of the 

two species is equal with the absorbance of the 

mixture(Ce
3+

+I2). In conclusion, the complex ion 

CeI2
3+ 

is not formed. 

 

 
Figure 6. Spectra of Ce

3+ and I2 and  

of the mixture (Ce
3+

+I2). 

1- [Ce
3+

]0= 2×10
-3

 M; [I2]0= 7.643×10
-5

 M;  

2- [Ce
3+

]0= 2×10
-3

 M;  

3- [I2]0= 7.643×10
-5

 M; 

 

Study of the subsystem Ce
3+

and I3
-
 

Further, to study the possibility of 

formation of [CeI3]
2+

 complex ion, the reactions 

Eqs.(4) and (5) were investigated. 
 

I2 + I
-⇄  I3

- K4, k4 (4) 
 

I3
-
 + Ce

3+ ⇄[CeI3]
2+           K5, k5 (5) 

 

For the purpose to study the possibility of 

formation of [CeI3]
2+

 complex ion, the following 

initial concentrations of solutions were used to 

prepare the studied subsystem (Table 3): 

[I2]0= 7.9156×10
-5

 M;  

[I
-
]0= 1.205×10

-2
 M; 

[HClO4]0= 4.24×10
-3

 M;  

[Ce
3+

]0= 5.3333×10
-3

 M;  

[Ce
3+

]0= 5.3333×10
-4

 M. 

 
Table 3 

The volumes of initial solutions*. 

 Solution volume, mL 

Prepared 

solution 

V(I2, I
-
, I3

-
) V(Ce

3+
)      V(HClO4) V(H2O) 

Solution 1 8 0 2 2 

Solution 2 8 2 of conc. 

5.3333×10
-4

 M 

2 0 

Solution 3 8 2 of conc. 

5.3333×10
-3

 M 

2 0 

*The concentrations in cuvettes were:  

[I2]= 7.9156×10
-5 

M (8/12)= 5.277×10
-5 

M;  

[I
-
]=1.205×10

-2 
M (8/12)= 8.0333×10

-3 
M. 
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Taking into consideration the equilibrium 

constant K4= 721, the calculated equilibrium 

concentrations of the species, in the absence of 

Ce
3+

 ions (Solution 1, Table 3), are:  

[I2]= 7.763×10
-6

 M;  

[I
-
]= 7.9883×10

-3
 M;  

[I3
-
]= 4.5007×10

-5
 M.  

With these equilibrium concentrations and 

molar extinction coefficients ε(I3
-
, 351 nm)= 

26400 L mol
-1.

cm
-1

; ε(I2, 351 nm)=  

18 L mol
-1.

cm
-1

, the calculated absorbance, in the 

absence of Ce
3+

, has the value Acalc.= 1.1882. 

Figure 7 shows the spectra of solutions vs 

time at λ= 351 nm, obtained in the following 

conditions: 

1. Three series of numerical values: two series of 

experimental values and a series of their 

averages. Average values on the horizontal  

(0-50 s) are: 1.1896; 1.1896; 1.1896 (without 

Ce
3+

) (Solution 1); 

2. Three series of numerical data: two series of 

experimental data and one series given by the 

average of these two with cerium ion of 

concentration [Ce
3+

]= 5.3333×10
-4

 M. 

Average values on the horizontal (0-50 s) are: 

1.1687; 1.1769; 1.1728 (Solution 2); 

3. The same for [Ce
3+

]= 5.3333×10
-3 

M. Average 

values on (0-50 s) are: 1.1514; 1.1569;  

1.1541 (Solution 3). 

Calculation of the molar extinction 

coefficient ε(CeI3
2+

) requires the calculated (Acalc) 

and experimental (Aexp) absorbance values. For 

this purpose, the Maple programme has been 

used. Considering that Acalc.= 1.1882= const., 

several case-studies were evaluated (see Table 4). 

 

 
Figure 7. Spectra of solutions vs time at λ= 351 nm. 

1-Solution 1, 2- Solution 2, 3- Solution 3. 

  

 

 

Table 4 

Molar extinction coefficient ε(CeI3
2+

) and equilibrium constant K5 calculated using Maple programme. 

No. Input data Output results Observations 

1 Aexp.= 1.1896  

Aexp.(Ce
3+

; 5.3333×10
-3 

M)= 1.1514  

Aexp.(Ce
3+

; 5.3333×10
-4

M)= 1.1687 

(CeI3
2+

)= 26399.96 L mol
-1.

cm
-1

 

K5= -0.000054 

[CeI3
2+

]= -18259 M 

[I3
-
]= 18253 M 

These values have no 

physical meaning. 

2 Aexp.= 1.1896 

Aexp.(Ce
3+

; 5.3333×10
-3

 M)= 1.1569  

Aexp.(Ce
3+

; 5.3333×10
-4

 M)= 1.1769 

(CeI3
2+

)= 21727 L mol
-1.

cm
-1

 

K5= 909.91 

[CeI3
2+

]= 1.512×10
-5

 M 

[I3
-
]= 18253= 3.208×10

-5
 M 

These values suggest the 

formation of a complex 

ion, CeI3
2+

. 

3 Aexp.= 1.1896 

Aexp.(Ce
3+

; 5.3333×10
-3

 M)= 1.1541 

Aexp.(Ce
3+

; 5.3333×10
-4

 M)= 1.1728 

ε(CeI3
2+

)= 26400+10.744i (complex 

number) 

K5= 1.2×10
-4 

- 5.854×10
-7

i 

[CeI3
2+

]= 8315.9 +37.08i 

[I3
-
]= -8315.8 - 33,62i 

These values have no 

physical meaning. 

4 Aexp.= 1.1896 

Aexp.(Ce
3+

; 5.3333×10
-3

 M)= 1.1514 

Aexp.(Ce
3+

; 5.3333×10
-4

 M)= 1.1769 

ε(CeI3
2+

)= 21572 L mol
-1.

cm
-1

 

K5= 706 

[CeI3
2+

]= 1.25×10
-5

 M  

[I3
-
]= 3.42×10

-5
 M 

These values also suggest 

the formation of a complex 

ion, CeI3
2+

. 

Further, we used random absorbance values in the presence and absence of Ce
3+

 

1 Aexp.= 1.189 

Aexp.(Ce
3+

; 5.3333×10
-3

 M)= 1.1478 

Aexp.(Ce
3+

; 5.3333×10
-4

 M)= 1.1671 

ε(CeI3
2+

)= 26391.96 L mol
-1.

cm
-1

 

K5= -0.000068 

[CeI3
2+

]= 14548 M  

[I3
-
]= 14543 M 

These values have no 

physical meaning. 

2 Aexp.= 1.1871 

Aexp.(Ce
3+

; 5.3333×10
-3

 M)= 1.1560 

Aexp.(Ce
3+

; 5.3333×10
-4

 M)= 1.1725 

 

- 

The calculation is 

abandoned by computer. 
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It can be observed that for some values of 

absorbance, equilibrium constants, K5 and molar 

coefficients, ε(CeI3
2+

) would suggest a complex 

ion CeI3
2+

. On the other side, most of the 

absorbance values from Figure 7 indicate the 

absence of the CeI3
2+

 complex ion. These results 

lead to the conclusion that the formation of the 

complex ion CeI3
2+

 is possible but this complex 

ion is extremely unstable. The differences 

between the three absorbances for the three 

solutions is low (Figure 7), suggesting that the 

complex ion is extremely unstable; its formation 

is followed by with a very rapid decomposition. 

The existence of the complex ion CeI3
2+

 would 

allow the verification of experimental curves in 

Figure 1 using ε(CeI3
2+

)= 21727 L mol
-1

·cm
-1

 
and K5= 909.91. For this purpose, chemical 

reactions Eqs.(3)-(5) were considered. The 

experimental temporal evolutions obtained for 

these reactions are represented in Figure 1. For 

numerical integration of the differential equations 

we considered the initial conditions 

(concentrations) (see Figure 1): 

[IO3
-
]0= 1.463×10

-4
 M; 

[I
-
]0= 8.778×10

-4
 M; 

[HClO4]0= 1.60×10
-3

 M; 

[Ce
3+

]0= 8.0×10
-3

 M. 

Also, we considered the following values: 

ε(I
-
)= 0; ε(IO3

-
)= 0; ε(I2)= 18; ε(I3

-
)= 26400; 

ε(Ce
3+

)= 0; ε(CeI3
2+

)= 21727; 

k4= 5E+09, k-4= 5E+9/721, k5= 5E+09,  

k-5= 5E+9/909, k03= 1.19E+09, k-03= 0. 

The result of numerical integration is given 

in Figure 8. 

 

 
Figure 8. Absorbance calculated by  

numerical integration. 

 
If we compare the calculated absorbance 

from Figure 8 with the curve 4 in Figure 1, we 

find that the calculated absorbance is much higher 

than the experimental one. If the reaction Eq.(5) 

of CeI3
2+ 

complex ion formation is not possible, 

then we can consider k5= 0. In this case, the result 

of integration is given in Figure 9. Taking into 

consideration these results, we can conclude that 

the complex ion CeI3
2+

 is formed according to the 

reaction Eq.(5), but it is extremely unstable. 

 

 
Figure 9. Absorbance calculated in absence of 

reaction Eq.(5). 

 
Comparison of the calculated absorbance in 

Figure 9 with curve 4 from Figure 1 (A= 1.281) 

shows that the two absorbances are comparable 

but slightly different, suggesting that there are 

other phenomena that induce the decrease of 

absorbances in the presence of the Ce
3+

 ion. This 

difference between experimental and theoretical 

calculated values of absorbances is due to the 

ionic strength effect and even to ionic 

interactions, as it was already shown [26]. 

 

Conclusions 

In this article we showed that no complex 

ions are formed between metal ions Ce
3+

 and 

Mn
2+

 with chemical species IO3
-
, I

-
, I2 that are 

usually found in the Dushman system. Instead, we 

found that the complex ion CeI3
2+

 is formed, but it 

is extremely unstable. So, the decreased 

absorbance is not associated with the formation of 

this complex ion and, most probably, it is due to 

the effect of ionic strength and to ionic 

interactions. 
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Introduction 

Fourier transform infrared spectroscopy 

(FTIR) is a powerful physicochemical analytical 

technique classically used for structure 

determination of small molecules. Each molecule 

is determined by its unique structure and therefore 

it will exhibit a unique FTIR spectrum, containing 

the vibrations of its structural bonds. FTIR 

analytical applications have allowed the structural 

characterization of biological material such as 

proteins [1]. There is a considerable amount of 

information that can be deduced from the spectral 

parameters such as band position, bandwidth and 

absorption coefficient, about the structure of 

amino acids residues, bound ligands or cofactors 

and protein secondary structures [2]. This aspect 

confirms that FTIR spectroscopy can be regarded 

as a valuable tool for the investigation of proteins. 

FTIR spectra of proteins are highly 

complex and therefore can be difficult to interpret. 

There are two approaches for FTIR spectra 

interpretation. The first approach is the 

identification of amino acids side-chains 

absorption bands. Side-chains provide valuable 

information on the molecular reaction mechanism. 

This kind of research will help to identify the 

catalytically important amino acids residues, their 

protonation state, coordination of metal ions, and 

will give some insights into the molecular 

mechanisms [3]. The second approach of the 

FTIR spectroscopic investigations is the analysis 

of secondary structures of the proteins.  

FTIR spectra of proteins also contain nine 

characteristic IR absorption bands attributed to: 

amide A and B (~3300 and ~3070 cm
-1

); amide I 

(1690-1600 cm
-1

); amide II (~1575-1480 cm
-1

); 

amide III (1301-1229 cm
-1

); amide IV  

(767-625 cm
-1

); amide V (800-640 cm
-1

);  

amide VI (606-537 cm
-1

); amide VII (200) [1,4]. 

Of these, the most prominent vibrational bands 

are amide I and amide II. The secondary 

structures vibration bands are predominately in 

the region of the amide I: α-helix (1654 cm
-1

);  

β-sheets (1633, 1684 cm
-1

); β-turns (1672 cm
-1

); 

disordered (1654 cm
-1

) [5]. Therefore, mostly the 

amide I region is used for the analysis of the 

secondary structures. This is done using 

mathematical data analysis methods such as 

Fourier self-deconvolution (FSD)-curve fitting 

[6], derivative and second derivative analysis [7]. 

The family of transferrins comprises 

monomeric glycoproteins with an approximate 

molecular mass of 80 kDa that share common 

biological functions such as iron binding and 

transportation. This family of proteins is divided 

into five classes: serum transferrin, ovotransferrin, 

melanotransferrin, lactoferrin and inhibitor of 

carbonic anhydrase [8]. X-ray crystallographic 

data available on Protein Data Bank [9] show that 

all transferrins consist of a single polypeptide 

chain of 600-700 amino acids, which are mostly 

organized in α-helix and β-sheets structures. All 
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transferrins share similar architecture comprising 

two ellipsoidal lobes (N and C) connected via a 

short linker region (Figure 1(a) and (b)). Each 

lobe is able to bind one Fe(III) ion [10]. The metal 

ion is coordinated by four amino acid side-chains: 

a carboxylate from one aspartate residue, two 

phenolate oxygen atoms from two tyrosine 

residues and one imidazole from one histidine 

residue. The coordination is completed by two 

oxygen atoms of the carbonate ion (Figure 1(c)). 

The most prominent structural difference between 

the proteins from the family of transferrins is the 

linker region between the two lobes (Figure 1(a) 

and (b)). For example, lactoferrin linker is an 

uncompleted α-helix structure and the serum 

transferrin linker is represented by an unstructured 

residue conformation (Figure 1(b)). This 

structural difference influences the internal 

flexibility of protein. Human serum transferrin 

and lactoferrin share approximately 42% 

structural identity [11]. Although these proteins 

present overall structural similarities, their 

properties slightly differ, e.g. human serum 

transferrin releases iron at pH around 5.5 whilst 

lactoferrin retains iron until pH 3.0 [10]. 

The purpose of this work is to show the 

application of FTIR technique for the 

identification of structural differences between 

human lactoferrin and human serum transferrin, 

members of the protein family of transferrins.  

 

Experimental 

Iron loaded human lactoferrin and human 

serum transferrin were purchased from  

Sigma-Aldrich.  

The FTIR spectra were recorded in the  

400-4000 cm
-1

 range at room temperature using a 

Perkin Elmer IR spectrometer (Institute of 

Chemistry of Academy of Sciences of Moldova). 

Each sample consisted of a quantity of  

20 mg of dry powder of lyophilized proteins that 

was used for IR measurements without any 

further chemical treatment. 

A dedicated software Spectrum version 

6.2.0.0055 (2007) was used for spectral data 

treatment and baseline correction against  

the air. Further, mathematical analysis was 

performed using OriginPro 8 data analysis and 

graphing software.  

 

 

(a) 

 

(b) 

 
 

(c) 

 
 

(d) 

Figure 1. Graphical representation of the studied proteins. The overall structure of human lactoferrin (a) 

(PDB entry 1B0L [12]) and human serum transferrin (PDB entry 3QYT [13]) (b) molecules showing an 

overall similar conformation. The close-up view shows the iron-binding sites in the N-lobe of human 

lactoferrin (c) and C-lobe of human serum transferrin (d). 
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Results and discussion 

FTIR spectroscopy is an experimental 

method used for structural characterization of 

peptides and proteins in solutions and in 

crystalline phase. This technique is used for the 

investigation of secondary structures components 

of proteins (α-helix, β-sheets, etc.) and for the 

identification of specific amino acid side chains 

that influence the biological role of proteins. 

Thus, FTIR spectroscopy was applied for 

structural characterization of iron loaded human 

lactoferrin and human serum transferrin, the 

obtained spectra are presented in Figure 2.  

 

 

  
(a) (b) 

Figure 2. FTIR spectra of human lactoferrin (a) and human serum transferrin (b). 

 

 

Amino acids side chains analysis 
Biological properties of lactoferrin and 

transferrin derive from their structural properties 

and their main function of iron uptake. Even 

though both proteins are members of the same 

family, their biological functions slightly differ, 

e.g. the primary biological role of human serum 

transferrin is the uptake and transport of iron 

whilst lactoferrin lacks the transportation  

role [14]. The high resolution crystallographic 

data of lactoferrin and serum transferrin available 

on Protein Data Bank show that these proteins 

share the same metal and anion binding sites  

(Figure 1(c) and (d)), but the second coordination 

shell of the iron binding site presents differences. 

It was found that the metal ion is released from 

the binding pocket of the N-lobe of serum 

transferrin through a “dilysine trigger 

mechanism” with the participation of Lys206 and 

Lys296 from the second coordination shell [15]. 

The binding pocket of the N-lobe of lactoferrin 

contains two arginine molecules (Arg201 and 

Arg210) instead of the two lysine molecules of 

serum transferrin. This particular structural 

difference influences the iron binding/release 

properties of lactoferrin and transferrin.  

Thus, FTIR spectroscopy was applied to the 

investigation of amino acids side chains that 

influence the biological properties of human 

lactoferrin and human serum transferrin.  

The main absorption peaks of the amino acids 

side chains were identified according to literature 

data [2,5,16]. 

A comparison of the FTIR spectra of 

lactoferrin and serum transferrin showed 

absorption bands associated with histidine,  

lysine, phenylalanine, tyrosine, aspartic acid, 

tryptophan, serine and threonine. All other amino 

acids adsorption bands overlap with the 

absorption bands of other amino acids or 

polypeptide backbone. 

The strong absorption bands observed at 

1631 cm
-1

 (Figure 2(a)) and 1637 cm
-1

  

(Figure 2(b)) that overlap with the absorption 

band of amide I were assigned to the stretch 

vibration of histidine [2,5]. 

Aspartic acid has a strong absorption band 

near 1402 cm
-1

. The band position shits with  

+60/-90 cm
-1

 in the presence of the metal ion. 

FTIR spectrum of human lactoferrin contains an 

absorption band at 1393 cm
-1

, presenting a 

downshift with 9 cm
-1

 from the value reported in 

the literature [2,5], whilst the spectrum of human 

serum transferrin has a noticeable adsorption band 

at 1390 cm
-1

 and a downshifting with 12 cm
-1

. 

These observations indicate the involvement of 

the carboxyl group of aspartic acid in the 

formation of the ionic bond to ferric ion. 

Three signals of tyrosine were registered at 

1516 cm
-1

, 1236 cm
-1

, 1166 cm
-1

 in the FTIR 
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spectrum of human lactoferrin, and 1517 cm
-1

, 

1241 cm
-1

, 1167 cm
-1

, in the FTIR spectrum of 

human serum transferrin [2,5]. 

A strong absorption arises at 1067 cm
-1

 in 

the FTIR spectrum of human lactoferrin, which 

was assigned to N≡C or C=C stretch and C-H 

deformation vibrations of tryptophan. The side 

chains of tryptophan are known for their strong 

influence on the antimicrobial activity of  

proteins [16]. This experimental observation 

confirms that the antimicrobial activity of human 

lactoferrin is linked to the tryptophan presence in 

its polypeptide structure. This structural  

aspect differentiates the biological activity of  

human lactoferrin in comparison to human serum 

transferrin.  

Another spectral difference consists in the 

presence of a prominent signal at 981 cm
-1

 and at 

741 cm
-1

 in the FTIR spectrum of human 

lactoferrin (Figure 2(a)) that were assigned to 

serine and threonine, respectively [2,5]. These 

signals are absent in the case of human serum 

transferrin (Figure 2(b)). This structural difference 

explains the proteolitic activity of human 

lactoferrin [17] when comparing to human serum 

transferin. 

Secondary structures analysis 
The amide I region is almost exclusively 

used for the secondary structure analysis of 

proteins, although the amide II and amide III 

regions could offer additional information. To 

extract the main components, the broad band 

between 1680 and 1600 cm
-1

 assigned to amide I 

(Figures 2(a) and (b)) was further analyzed using 

derivative and second derivative technique, the 

resulted spectra are presented in Figure 3. 

The main absorption in the amide I region 

is given by the α-helices between 1648 and  

1657 cm
-1

 [4,5]. This sequence of derivative 

spectra reveals that human lactoferrin contains 

more α-helix components in comparison  

to human serum transferrin (Figure 3(a) and (b)).  
 

  
(a) (b) 

  
(c) (d) 

Figure 3. Mathematical analysis of the amide I region from the FTIR spectra.  

Derivative of (a) human serum transferrin and (b) human lactoferrin.  

Second derivative of (c) human serum transferrin and (d) human lactoferrin. 
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This observation is confirmed by the second 

derivative spectra (Figure 3(c) and (d)), the 

prominent peak at 1652 cm
-1

 observed in the 

spectrum of human lactoferrin and a small peak at 

1653 cm
-1

 observed in the spectrum of human 

serum transferrin. 

The bands between 1620 cm
-1

 and  

1640 cm
-1

 are assigned to β-components [1,4,5].  

Figure 3(c) shows that human serum transferrin 

contains predominantly β-sheets structures, with 

absorption bands observed at 1637 cm
-1

,  

1630 cm
-1

 and 1625 cm
-1

. The second derivative 

FTIR spectra of human lactoferrin contains two 

prominent bands observed at 1620 cm
-1

 and  

1604 cm
-1

 corresponding to a higher content of 

aggregated strands in comparison to human serum 

transferrin (1612 cm
-1

 and 1605 cm
-1

) [5]. This 

important result offers additional explanation 

regarding the mobility and hence the reactivity of 

human lactoferrin and human serum transferrin. 

The results show that FTIR spectroscopy can be 

successfully used for the identification of 

structural differences in proteins with similar 

architecture and biological functions. 

 

Conclusions 
FTIR spectroscopy was successfully used 

for studying the composition and secondary 

structural conformation of proteins. The results 

derived from the FTIR spectra highlight the 

differences between human lactoferrin and human 

serum transferrin.  

The strong absorption band at 1067 cm
-1

 

identified in the FTIR spectrum of human 

lactoferrin was attributed to vibrations of 

tryptophan side-chains that are linked with the 

antimicrobial activity of the protein. This 

structural aspect differentiates the biological 

activity of lactoferrin in comparison to human 

transferrin. Other spectral differences were 

observed at 981 cm
-1

 and 741 cm
-1

 in the FTIR 

spectrum of human lactoferrin that were assigned 

to serine and threonine, respectively. These 

signals are absent in the case of human serum 

transferrin. This structural difference is related to 

the proteolitic activity of human lactoferrin, a 

biological function that human serum transferrin 

lacks.  

The derivative and second derivative 

analysis of the amide I band clearly indicates that 

human lactoferrin contains predominantly α-helix 

components, whilst the human serum transferrin 

contains more β-components. This important 

result offers additional information with regard to 

the mobility and hence the reactivity of human 

lactoferrin and human serum transferrin. 
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Abstract. The aim of the study was to modify the diatomite from Ghidirim village (Ribnita distinct, 

Republic of Moldova) with the purpose of using it as filter material. The initial diatomite was modified 

by alkaline treatment with sodium carbonate and the filtering capacity was evaluated by suction  

filtration method. The treatment of diatomite by sodium carbonate resulted in an increased filtration 

rate, recording the most pronounced filtering capacity for diatomite treated with 20% solution  

of sodium carbonate. 
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Introduction 

Diatomite, also known as diatomaceous 

earth or kieselguhr, is a fine sedimentary rock of 

biogenetic origin. Its main component is 

amorphous hydrated silica (SiO2∙nH2O) [1,2]. 

Diatomite is a silica mineral formed from the 

fossilized skeletal remains of microscopic 

singlecelled aquatic plants called diatoms. Over 

10,000 species of these microscopic algae have 

been recognized, each with its own distinct shape, 

ranging in size from below 5 microns to over  

100 microns. Normally, the diatomite deposits 

consist of diatom shells only, but these deposits 

actually contain other sediments such as clay, 

inorganic carbonates, iron oxides, and fine sand 

[3]. Diatomaceous earth typically consists of  

86-94% silicon dioxide (SiO2), with a significant 

quantity of alumina [4]. 

Diatomite is wide-spread in many areas of 

the world and it is available in large quantities at a 

low cost. Due to its physical characteristics, such 

as high porosity (25–65%), small particles size, 

low thermal conductivity and specific gravity, 

appropriate surface area (16-70 m
2
g

-1
) and high 

adsorption capacity, diatomite can be applied in 

various industrial fields as a filter material, 

absorbent, anti-caking agent, thermal insulator, 

filler, catalyst carrier and additive for numerous 

other purposes [5,6]. 

Diatomite is wide-spread in many areas of 

the world and it is available in large quantities at a 

low cost. Due to its physical characteristics, such 

as high porosity (25–65%), small particles size, 

low thermal conductivity and specific gravity, 

appropriate surface area (16-70 m
2
g

-1
) and high 

adsorption capacity, diatomite can be applied in 

various industrial fields as filter material, 

absorbent, anti-caking agent, thermal insulator, 

filler, catalyst carrier and additive for numerous 

other purposes [5,6]. 

One of the most popular methods used to 

purify and modify the surface properties of 

diatomite is chemical treatment with alkaline 

agents. Typically, the alkaline agents include 

sodium hydroxide, sodium carbonate and 

potassium hydroxide. These agents are used to 

create more open pores. By removing impurities 

and organic compounds can be expected to gain a 

larger surface area and total pore volume in 

diatomite [1]. 

In the Republic of Moldova, the most 

significant deposits of diatomite are located along 

the Dniester River, Naslavcea - Kamenka area. 

Diatomite from these deposits is used exclusively 

in order to obtain construction materials [7]. 

Nevertheless, studies regarding other areas of 

diatomite’ application are performed [8,9].  

The aim of the present study was to modify 

the diatomite from Ghidirim village (Ribnita 

distinct, Republic of Moldova) with the purpose 

to use it as filter material. 

 

Experimental 

Modification of diatomite 
The diatomite from Ghidirim village 

(Ribnita distinct, Republic of Moldova) was used 

for investigations. The diatomite samples were 

washed with distilled water to remove impurities, 
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then dried and sieved. The fraction under  

0.63 mm was used for study. 

The alkaline treatments were carried out 

with sodium carbonate solution of different 

concentrations (1, 5, 10 and 20%) at a solid/liquid 

ratio of 1:25 (7 g diatomite/175 mL solution) in 

the water bath (90-95°C) for an hour in reflux 

conditions. Further, the cooled suspension was 

filtered. The modified diatomite was repeatedly 

washed with distilled water until the pH value of 

eluate was equal to 7, dried at 110°C, and then 

calcined at 850°C for 2 hours. 

Characterization of diatomite samples 
Thermal analysis was performed using a 

Derivatograph Q-1000 analyzer. The samples 

were heated from room temperature up to 1000°C 

in a flowing air atmosphere (100 mL/min) at a 

heating rate of 10°C/min.  

The infrared spectra (IR) of the diatomite 

were recorded in the range 400 – 4000 cm
-1

 using 

the Fourier Transform Infrared Spectrometer 

(PerkinElmer, Spectrum 100, USA), applying the 

KBr pellet technique.  

The porous structure and adsorption 

parameters of diatomite samples were obtained 

from nitrogen adsorption isotherms performed at 

77 K. The adsorption isotherms were measured 

using Autosorb-1 (Quantachrome), after 

degassing the samples at 200°C for 12 hours.  

The Density Function Theory (DFT) was used to 

calculate the pore volume distribution [10]. 

The bulk density, specific gravity and oil 

absorption were determined according to British 

Standards for diatomite [6]. Bulk density was 

measured by gently knocking base of measuring 

cylinder with certain quantity of sample. Bulk 

density value (g/cm
3
) was calculated using Eq.(1): 

 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑚

𝑉
 (1) 

 

where, m is quantity of sample (g);  

 V is the sample volume (mL). 

 

Specific gravity was calculated from the 

difference in mass of pycnometer with diatomite 

suspension and with distilled water. Specific 

gravity value was determined by Eq.(2): 
 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =
𝐵 − 𝐴

 𝐵 + 𝐷 − (𝐴 + 𝐶)
 (2) 

 

where, A is the mass of pycnometer (g);  

 B is the mass of pycnometer with 10 g of 

dry diatomite sample (g);  

 C is the mass of pycnometer with 10 g of 

dry diatomite sample and filled with 

distilled water (g);  

 D is the mass of pycnometer filled with 

distilled water (g). 

 

Oil absorption value was determined by the 

addition of linseed oil, drop by drop, to a certain 

quantity of sample, until the formation of a 

smooth consistency paste. Oil absorption  

value (mL/100g) was calculated using Eq.(3): 
 

𝑂𝑖𝑙 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 100
𝑉

𝑚
 (3) 

 

where, V is the recorded volume of oil  

added (mL);  

 m is the quantity of sample (g). 

 

The filtration rate of initial and modified 

diatomite samples were determined using suction 

filtration method [11]. A 3 g sample was shaken 

with 50 mL of distilled water and emptied in a 

filtration funnel. When all initial water has filtered 

from the sample, a portion of 100 mL of water 

was added and the filtration time recorded.  

The filtration rate (mL/m
2
s) was determined  

using Eq.(4): 
 

𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝑊𝐹

𝐹 ∙ 𝑡
 (4) 

 

where, WF is the volume of the filtrate (mL);  

 F is the effective filter paper surface (m
2
);  

 t is the filtration time (s). 

 

 

Results and discussion 

Generally, depending on the mineralogical 

structure, diatomite can be characterized by 

formations from well crystallized forms 

(christobalite) to quite amorphous forms (opal). 

The mineral phase of the diatomite  

from the Ghidirim village of Republic of Moldova 

contains a number of clay minerals, like 

montmorillonite (in a mixture with insignificant 

quantities of slightly chloritized montmorillonite), 

illite and kaolinite. Diatomite also contains fine-

dispersed quartz and amorphous material, the 

more probable sources of which are opal, 

amorphous alumosilicates, aluminum and iron 

hydroxides [12].  

The chemical composition of Ghidirim 

diatomite includes silica (85.4%), alumina (3.0%), 

iron oxides (1.9%), calcium oxide (1.8%) and 

magnesium oxides (0.6%) [8]. 

Thermo-gravimetrical analysis for Ghidirim 

diatomite shows an intensive loss in weight in the 

temperature range of 50–200°C and around 

800°C. The first endothermic peak at 127°C is 

due to the loss of absorbed water from the surface 
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and from open pores, while the intense loss of 

mass during the second endothermic peak  

at 800°C is the result of loss of the hydrated water 

(Figure 1).  

Figure 2 shows the results of IR analysis of 

initial diatomite. The peaks at 470 and  

1095 cm
-1

 may be attributed to the asymmetric 

stretching modes of Si–O–Si bonds; the peak at 

800 cm
-1

 may be related to the stretching vibration 

of Al–O–Si [2,13,14]. The weak absorption peak 

at 695 cm
-1 

is probably due to Si–O deformation 

and Al–O stretching. The peaks at  

3435 and 1630 cm
-1

correspond to the stretching 

vibrations of sorbed water [2,13,14]. 

The porous structure characteristics of 

initial and modified samples of diatomite are 

presented in Table 1. Analysis of pore size 

distribution, obtained using DFT model, 

demonstrates the predominance of meso-pores in 

the structure, especially for samples modified 

with 20% solution of sodium carbonate  

(Figure 3).  

Oil absorption test results show a good 

absorption capacity for the diatomite samples 

treated with 1% and 5% solution of sodium 

carbonate (Figure 4). 

 

 
Figure 1. Thermogravimetric (TG/DTG/DTA) 

curves for diatomite. 
 

 

Figure 2. IR spectra of initial diatomite. 
  

  
(a) (b) 

  
(c) (d) 

Figure 3. Pore size distribution for initial diatomite (a) and samples modified by calcination at 850°C (b) and 

modified with sodium carbonate solution of 10% (c) and 20% (d). 
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Generally, diatomite has a low specific 

gravity in the range of 1.95-2.3 [15]. Values of 

specific gravity and bulk density for obtained 

samples of diatomite are listed in Table 2. 

Specific gravity of obtained samples is in the 

range of 1.96-2.2, while values of bulk density are 

in the range of 0.44-0.67 g/cm
3
. 

 Filtration quality of diatomite could be 

significantly improved after treatment with 

various agents [11]. In this case, the  

alkaline treatment with 20% solution of  

sodium carbonate improved the filtering  

capacity of studied diatomite by about 50 times 

(Figure 5). 
 

Table 1 

Porous structure characteristics of diatomite samples. 

Sample  Total pore volume,  

cm
3
/g 

Specific surface area, 

m
2
/g 

Half pore width,  

Å 

Initial diatomite 0.125 49.77 24.4 

Diatomite calcined at 850°C 0.106 35.07 24.4 

Diatomite modified with Na2CO3 of 10% 0.115 45.63 24.4 

Diatomite modified with Na2CO3 of 20% 0.101 30.15 27.4 

 

 

Table 2 

Values of specific gravity and bulk density for obtained samples of diatomite. 

Sample  Bulk density,  

g/cm
3 

Specific gravity 

Diatomite calcined at 850°C 0.44 1.96 

Diatomite modified with Na2CO3 of 1% 0.44 1.95 

Diatomite modified with Na2CO3 of 5% 0.46 1.97 

Diatomite modified with Na2CO3 of 10% 0.64 2.20 

Diatomite modified with Na2CO3 of 20% 0.67 2.19 

 

 
 

 

Figure 4. Oil absorption values (mL/100g) registered 

for diatomite calcined at 850°C (1) and samples 

modified with sodium carbonate solution of 1% (2), 

5% (3), 10% (4) and 20% (5). 

Figure 5. Values of filtration rate (mL/m
2
s)

 

registered for diatomite calcined at 850°C (1) and 

samples modified with sodium carbonate solution 

of 1% (2), 5% (3), 10% (4) and 20% (5). 

 

Conclusions 
 Analysis of pore size distribution of initial 

diatomite and samples modified with sodium 

carbonate, using DFT model, demonstrates the 

predominance of mesopores in the structure. The 

meso-porous structure is more developed for the 

sample treated with 20% sodium carbonate 

solution. 

Filtration quality of diatomite increased 

significantly after treatment with sodium 

carbonate. The most pronounced filtering capacity 

was recorded for diatomite treated with 20% 

solution of sodium carbonate. 
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