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New heteroleptic triperoxoniobium complexes with various biogenic ligands have been 

synthesized from the reaction of sodium tetraperoxoniobate with 30% HR2ROR2R and the 

respective ligand in an aqueous medium. The title compounds have been 

comprehensively characterized by spectroscopic and other conventional methods 

including P

93
PNb NMR and EDX analysis. The density functional theory (DFT) 

calculation has been performed to verify the feasibility of the proposed structures of the 

synthesized pNb complexes. 



CHAPTER 4 

4.1        Introduction 

 Design and synthesis of water-soluble Nb compounds still remains an exciting 

challenge for research in inorganic chemistry and a matter of great demand from 

materials chemistry [1-3], mainly due to the importance of oxides of Nb in diverse fields 

of advanced technology applications. Utility of pNb compounds as water soluble 

precursors to obtain Nb-based oxide materials [1-3] and their efficiency as versatile 

oxidation catalysts [1,4-6] have been well-documented in the literature and adequately 

highlighted in the Chapter 1. However, the dearth of information on biological activity of 

pNb compounds [7,8] is indeed conspicuous, since pNb compounds, being water soluble, 

can be suitable candidates for studying their mode of interaction with biological species. 

Since the primary focus of the present investigation was to explore some bio-relevant 

properties of pNb compounds, we have endeavoured to gain an access to pNb derivatives 

with biogenic species as co-ligands.   

An appropriate preference of the co-ligand is a significant prerequisite in order to 

obtain stable and well-defined peroxometallates. In addition, the coordinating ligand has 

been demonstrated to have a remarkable effect on the reactivity of peroxometallates 

(pM) which allowed the activity of pM complexes as stoichiometric or catalytic agents to 

be modified with ligands [9-12]. A perusal of literature reveals that although tetraperoxo 

complexes of Nb has been known for over 100 years, there has been continuous attempts 

to obtain more stable pNb compounds by replacement of one or more peroxo groups 

with strong ligands [1] such as fluoride [13-19], oxalate [20,21], EDTA [22], citrate 

[21,23], etc. Although a variety of heteroleptic pNb complexes have been synthesized in 

recent years [1,20-23], there appears to be a paucity of information regarding well 

defined synthetic peroxoniobium complexes with coordinated biogenic ligands such as 

amino acids and other related species [2,24]. 

In nature, amino acids usually promote solubility of metals in aqueous 

environment and impart stability by complexation and increase their bioavailability. For 

the present study we have chosen amino acids viz., L-arginine, L-alanine and L-valine as 

well as nicotinic acid (also known as niacin) as potential co-ligands to obtain heteroleptic 

pNb complexes. Amino acids being the primary ligands to interact with a metal in 

biological systems, a better understanding of the complexation behaviour of Nb with 
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such ligands is considered to be of vital interest [25-29]. Additionally, transition metal-

amino acids complexes have been extensively studied as models for the metal-binding 

sites in proteins [30]. Most importantly, these ligands possess a carboxylate functional 

group for easy attachment to the Nb(V) centre in addition to the N-donor site. 

Carboxylate anions have been known to be excellent co-ligands for stabilizing pNb 

species [1,31-34].  

 Among 20 amino acids, arginine is one of the most metabolically multipurpose 

amino acids [35] with a side-chain guanidino group, which is strongly basic and 

protonated at different pH values and serves as a biological recognition site via hydrogen 

bonding [36]. Molecular recognition, enzymatic reactions and protein structures are 

linked with the properties of arginine [37]. It has been demonstrated that arginine is the 

only substrate for the NO production that affects cardiovascular system (blood vessels 

and heart) [38]. Arginine functions predominantly as a bidentate ligand, binding metal 

ions through the α-amino and carboxylate groups. Köse et al. [39] recently reported a 

series of transition metal-arginate complexes with Co(II), Ni(II), Cu(II) and Zn(II). The 

crystal structure of monoaquabis(arginato-κO,κN)copper(II), [Cu(arg)2(H2O)]NaNO3 

(Fig. 4.1) depicts the coordination of arginate to Cu(II) through α-amino and carboxylate 

oxygen [39]. 

 

Fig. 4.1 A view of the asymmetric unit of [Cu(arg)2(H2O)]NaNO3, showing 

displacement ellipsoids drawn at the 30% probability level [39]. 

 Apart from the amino acids, pyridine-3-carboxylic acid (nicotinic acid or niacin) 

is another biologically significant ligand which is an essential vitamin, and it has two 

potential ligating groups, pyridine ring nitrogen and carboxyl oxygen [40]. Many studies 
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on biological activities and toxicology have been performed [41,42] with the patented 

Cr(III)-nicotinato complex, [(C6H4NO2)3Cr]3+ [43]. Recently, Szymanska et al. [44] 

developed a set of oxodiperoxomolybdenum complexes with nicotinic acid coordinated 

with nicotinic acid N-oxide and protonated nicotinic acid which were found to be active 

in the oxidation of cyclooctane. 

 Despite the availability of number of publications, including those from our 

laboratory, which have dealt with the synthesis and characterization of peroxometal 

complexes of V [45-53], Mo [54] and W [51,55-57] with amino acid or nicotinic acid as 

a co-ligand [59], as far as we are aware, the aforementioned ligands have not been used 

so far to obtain a heteroleptic pNb complex in the solid state. 

 This chapter describes the synthesis and characterization of heteroleptic 

peroxoniobium(V) complexes with biogenic co-ligands of the type Na2[Nb(O2)3L] [L = 

alaninato (NbAla) (4.1) or valinato (NbVal) (4.2)], Na2[Nb(O2)3(arg)]·2H2O [arg = 

arginate (NbA) (4.3)], and Na2[Nb(O2)3(nic)(H2O)]·H2O [nic = nicotinate (NbN) (4.4)]. 

We also report herein the crystal structure of K3[Nb(O2)4] (KNb) determined by single 

crystal X-ray analysis. Although several salts of the tetraperoxoniobate have been 

characterized structurally, to the best of our knowledge the potassium salt, K3[Nb(O2)4] 

(KNb) has not been reported so far. 

 

4.2 Experimental section 

4.2.1 Synthesis of Na2[Nb(O2)3L] [L = alaninato (NbAla) (4.1) or valinato (NbVal) 

(4.2)] 

The precursor molecule Na3[Nb(O2)4]·13H2O (NaNb) was prepared by 

following the reported method [6] which is already described in the Chapter 3. In a 

typical reaction, 0.6550 g (1.25 mmol) of solid sodium tetraperoxoniobate, NaNb, was 

dissolved in minimum volume (4 mL, 35 mmol) of 30% H2O2 in a 250 mL beaker. 

Maintaining the temperature of the reaction solution below 4 °C in an ice bath, the 

respective amino acid (1.25 mmol) was added gradually to it with constant stirring. The 

molar ratio of Nb: ligand was maintained at 1:1. The mixture was stirred for ca. 15 min 

till all solid dissolved and a clear solution was obtained, which was subsequently allowed 

to stand for 3 h at 4 °C. The pH of the resultant solution was recorded to be ca. 6.0. On 
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addition of pre-cooled acetone to the reaction solution with constant stirring, a white 

pasty product separated out which on repeated treatment with acetone under scratching 

turned into microcrystalline solid. The compound was separated by centrifugation and 

dried in vacuo over concentrated sulfuric acid.  

 

4.2.2 Synthesis of Na2[Nb(O2)3(arg)]·2H2O [arg = arginate (NbA) (4.3)] 

  Solid Na3[Nb(O2)4]·13H2O (0.6550g, 1.25 mmol) was dissolved in 30% H2O2     

(4 mL, 35 mmol) in a 250 mL beaker in an ice-bath. L-arginine was added to this 

solution gradually with constant stirring while maintaining the temperature below 4 °C. 

At this stage, the pH of the solution was recorded to be ca. 8.0. Dilute HNO3 solution (4 

M) was added dropwise to the solution under continuous stirring until the pH was 

lowered to 6.0. The resulting reaction medium was allowed to stand for 3 h in an ice 

bath. A white pasty mass separated out on adding pre-cooled acetone to this mixture 

under vigorous stirring. The mixture was treated repeatedly with acetone under 

scratching to obtain the microcrystalline product which was separated by centrifugation 

and finally dried in vacuo over concentrated sulfuric acid.  

 

4.2.3 Synthesis of Na2[Nb(O2)3(nic)(H2O)]·H2O [nic = nicotinate (NbN) (4.4)] 

  The procedure consisted of gradual addition of nicotinic acid (1.25 mmol) under 

constant stirring to a solution of Na3[Nb(O2)4]·13H2O (0.6550 g, 1.25 mmol) in 30% 

H2O2 (4 mL, 35 mmol) in an ice-bath. The pH 3 of the reaction solution at this stage was 

raised to ca. 6 by drop wise addition of NaOH solution (8 M). Pre-cooled acetone was 

added to the solution after allowing it to stand ca. 3 h under continuous stirring.The 

compound was finally obtained as white microcrystalline product by mentioned method 

under Sections 4.2.1 and 4.2.2, above. 

 

4.2.4  Synthesis of potassium tetraperoxoniobate, K3[Nb(O2)4] (KNb)  

Potassium tetraperoxoniobate, K3[Nb(O2)4] was prepared by fusing 2.6 g of 

KOH with 1 g of Nb2O5 in a nickel crucible at 700 °C. After cooling, the solid obtained 

was dissolved in 100 mL of 1 M aqueous H2O2. Unreacted Nb2O5 was filtered off and 

the filtrate was allowed to stand for 24 h at temperature below 4 °C and the colourless 
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transparent crystals of K3[Nb(O2)4] were obtained from the solution from which a 

suitable crystal for single crystal X-ray structure determination was collected. 

 

4.2.5 Elemental analysis 

 Quantitative determination of niobium, peroxide, carbon, hydrogen, nitrogen and 

sodium were accomplished by methods described in Chapter 2. The analytical data of the 

compounds are presented in Table 4.1. 

 

4.2.6 Physical and spectroscopic measurements 

 The compounds were characterized according to the described methods in 

Chapter 2, with the help of spectroscopic measurements, thermogravimetric analysis as 

well EDX analysis. Table 4.2 summarizes the structurally significant IR and Raman 

bands along with their assignments. 1H and 13C NMR chemical shift values of the 

complexes are represented in the Tables 4.3 and 4.4 and spectra are presented in Fig. 

4.5-4.21. 93Nb NMR spectra for the complexes are presented in Fig. 4.22. TGA of the 

complexes are represented in the Fig. 4.23-4.27. 

 

4.2.7 Computational details 

The Gaussian09 programme [59] at the B3LYP/LANL2DZ level of theory has 

been used to perform density functional theory (DFT) [60] calculations. The ground-state 

geometry of the synthesized niobium complexes were obtained in the gas phase and the 

minima of the optimized structures were verified by the absence of imaginary 

frequencies. 

 

4.3  Results and discussion 

4.3.1  Synthesis  

  A reasonably straightforward synthetic route has been established to obtain stable 

and water soluble pNb complexes 4.1-4.4 in a ligand sphere of niacin or amino acids viz., 

alanine, valine or arginine as co-ligand. The procedure is based on the reaction of sodium 

tetraperoxoniobate, Na3[Nb(O2)4]·13H2O with 30% H2O2 and the respective co-ligand, 
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in an aqueous medium at near neutral pH. The maintenance of pH of ca. 6.0 apparently 

favoured the formation of the triperoxoNb species and co-ordination of the organic 

ligands in their anionic form, facilitating its stabilization and leading to the synthesis of 

the desired complexes. The procedure included other requirements such as maintenance 

of temperature at ≤ 4 °C and limiting water to that contributed by 30% H2O2. Despite 

many attempts, it was not possible to obtain crystals of the developed compounds large 

enough for an X-ray crystal structure. The crystals of the homoleptic potassium 

tetraperoxoniobium complex K3[Nb(O2)4] (KNb) were prepared by adopting a 

procedure which is a modification of the reported method for synthesis of 

microcrystalline KNb [6,61-63]. The compounds were observed to be stable in the solid 

state for several weeks when stored dry in closed container at < 30 °C. 

 

4.3.2 Characterization 

The elemental analysis data (Table 4.1) for each of the title compounds, viz., 

NbAla (4.1), NbVal (4.2), NbA (4.3) and NbN (4.4), indicated the presence of three 

peroxide groups and one ancillary ligand. For the KNb complex, the Nb:O2
2- ratio was 

found to be 1:4 as expected for a tetraperoxoniobium species. Energy-dispersive X-ray 

(EDX) spectroscopic analysis clearly showed the presence of Nb, Na, C, N and O in the 

complexes 4.1-4.4. The obtained data on the composition of the compounds from EDX 

analysis were in good agreement with elemental analysis values (Table 4.1). The 

compounds were diamagnetic in nature as was evident from the magnetic susceptibility 

measurements, in conformity with the presence of Nb in its +5 oxidation state. 

 

4.3.2.1 The IR and Raman spectra of the compounds 

The title compounds 4.1-4.4 displayed a distinctive spectral pattern in the IR 

region. The Raman spectra of the compounds complemented the IR spectra, confirming 

the presence of co-ordinated peroxo and the respective co-ligand in each of them. The 

significant general features of IR and Raman spectra are summed up in Table 4.2. The 

spectra for the complexes are presented in Fig. 4.2-Fig. 4.10. 
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Table 4.1 Analytical data for the synthesized peroxoniobium complexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

                              aDetermined by  AAS. 

Compounds % found from elemental analysis/EDX ( Theoretical % ) % O2
2- content 

(Theoretical %) 

Ratio of 

Nb:O2
2- C H N Nba Na 

NbAla 11.03 

(11.15) 

1.84 

(1.86) 

4.28 

(4.33) 

28.59 

(28.77) 

14.19 

(14.25) 

29.42 

(29.72) 

1:2.97 

NbVal 17.23 

(17.10) 

2.87 

(2.85) 

4.01 

(3.99) 

26.37 

(26.48) 

13.19 

(13.11) 

27.31 

(27.36) 

1:3.04 

NbA 16.29 

16.15 

(16.21) 

3.76 

 

(3.83) 

12.46 

12.76 

(12.61) 

21.01a 

20.84 

(20.92) 

11.14 

10.47 

(10.36) 

21.71 

 

(21.61) 

1:3 

 

NbN 18.41 

18.37 

(18.32) 

1.99 

 

(2.03) 

3.55 

3.61 

(3.56) 

23.52a 

23.57 

(23.64) 

11.63 

11.66 

(11.70) 

24.54 

 

(24.43) 

1:3.03 

KNb    27.13 

(27.47) 

- 37.22 

(37.85) 

1:3.98 

 

 4.8 | P a g e  
 



CHAPTER 4 

A triperoxo niobium species with triangularly bonded peroxo group has been 

reported to exhibit a diagnostic IR pattern with three ν(O-O) bands in the 800-880 cm-

1 region [1,64]. The IR and Raman spectra of each of the compounds 4.1-4.4 enabled 

clear identification of three sharp absorptions representing the characteristic ν(O-O) 

modes of peroxo group, in addition to the νas(Nb-O2) and νs(Nb-O2) vibrations, as has 

been expected, in the 870-810 and 500-600 cm-1 region, respectively [1,64]. On the other 

hand, the IR spectrum of KNb, in agreement with the previous reports on other 

tetraperoxNb complexes, showed a single peak for O-O stretching at 815 cm-1 apart from 

the νas(Nb-O2) and νs(Nb-O2) at 599 and 542 cm-1, respectively (Fig. 4.2) [65]. 

 

Fig. 4.2 IR spectrum of KNb. 

On the basis of the available reported data pertaining to metal compounds with 

co-ordinated amino acid and nicotinic acid as ligands, empirical assignments could be 

derived for the IR and Raman bands observed for the title compounds [66-72]. The free 

alanine spectrum exhibited νas(COO-) and νs(COO-) vibrations at 1586 and 1409 cm-1, 

respectively with a frequency difference Δν = 177 cm-1 [Δν = νas(COO-)-νs(COO-)] (Fig. 

4.3). In case of free valine, these bands were located at 1570 and 1395 cm-1 (Fig. 4.5). A 

definite shift of νas(COO-) to a higher frequency and that of νs(COO-) to a lower 

frequency (Table 4.2) and the resulting frequency difference of 266 and 234 cm-1 found 

in NbAla (4.1) and NbVal (4.2), respectively, are typical of unidentately co-ordinated 
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non-protonated carboxylate groups (Table 4.2) [66,67]. The participation of amino 

groups of the ligands in co-ordination was indicated by the shift of ν(NH) frequencies to 

a lower wave number in comparison to the free amino acid bands. The well-resolved 

medium intensity band observed in the spectra of NbAla (4.1) at 3081 cm-1 and the two 

bands occurring at 3058 and 3162 cm-1 for NbVal (4.2) have been ascribed to the NH 

stretchings of co-ordinated amino acid [66]. The δ(NH2) vibrations appeared at ca. 1510 

cm-1 in the spectra of both the complexes. A band at 490 cm-1 has been observed in the 

free alanine zwitterion for NH3
+ torsion [73]. On complexation, the peak disappeared and 

additional peaks have been obtained at 477 and 411 cm-1 in the IR spectrum of NbAla 

(4.1) which may be assigned to νas(Nb-N) and νs(Nb-N) stretchings, respectively [66]. 

Similarly, the presence of 430 and 405 cm-1 peaks owing to νas(Nb-N) and νs(Nb-N) 

stretchings in the spectrum of NbVal (4.2) constitutes an additional valuable indication 

for the involvement of NH2 group in coordination [66]. The intense peak observed 

between 2980-2880 cm-1 in the Raman spectra occurring as a medium intensity peak in 

the IR spectra of both the complexes have been assigned to C-H stretching vibration. 

The IR spectra of arginine, as well as of arginato-metal complexes have been 

reported previously [73-75]. In the spectrum of free arginine νas(COO-) and νs(COO-) 

modes are observed at  1606  and 1425 cm-1, respectively with Δν = 181 [Δν = νas(COO-) 

- νs(COO-)]; whereas, in the case of the complex NbA (4.3) (Fig. 4.7), the corresponding 

absorptions appeared at 1636 cm-1 and 1406 cm-1, respectively. The shift of νas(COO-)  to 

higher frequency and that of νs(COO-) to a lower frequency compared to the free ligand 

values, with an increase in the  Δν (= 230 cm-1), is typical of unidentate co-ordination of 

carboxylate group [66].  

In the Raman spectrum of the NbA compound, weak intensity bands representing 

νas(COO-) and νs(COO-) vibrations have been located at 1630 and 1410 cm-1, 

respectively. The ν(C-H) occurred as an intense peak at 2934 cm-1 in the Raman spectrum 

in contrast to its presence as a weak band in the IR. Two bands typical of ν(NH2) are 

observed at 3352 and 3288 cm-1 in the free ligand spectrum [73]. A new peak appeared at 

3193 cm-1 in the spectrum of the complex NbA (4.3) indicative of co-ordinated amino 

group [73]. However, the other absorptions representing ν(N-H) could not be assigned 

with certainty owing to their overlapping with ν(OH) modes of lattice water, appearing as 

a broad band in the 3500-3300 cm-1 region.  
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Fig. 4.3 IR spectra of (a) alanine and (b) NbAla. 

 
Fig. 4.4 (a) IR & (b) Raman spectra of NbAla. 
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Fig. 4.5 IR spectra of (a) valine and (b) NbVal.

 
Fig. 4.6 (a) IR & (b) Raman spectra of NbVal. 
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Fig. 4.7 IR spectra of (a) arginine and (b) NbA. 

 
Fig. 4.8 (a) IR & (b) Raman spectra of NbA. 
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For the compound NbN (4.4) (Fig. 4.9 and Fig. 4.10), the presence of 

carboxylato bonded nicotinic acid has been clearly demonstrated by its IR and Raman 

spectra (Table 4.2). A number of reports are available on IR spectral characterization of 

metal complexes containing co-ordinated nicotinic acid [69-72]. Moreover, the IR and 

Raman spectra of nicotinic acid have been thoroughly investigated by Kumar and Yadav 

[70]. Solid sodium nicotinate exhibits major carboxylate IR bands at 1620 and 1416 cm-1, 

respectively, for νas(COO-) and νs(COO-) [72]. The positions of νas(COO-)  and νs(COO-) 

stretchings in both IR and Raman spectra of NbN (4.4) and the corresponding Δν (=237 

cm-1) value provide clear evidence of unidentate co-ordination of a non-protonated 

carboxylato group to the metal atom. NbN (4.4) also shows the presence of three peroxo 

groups side-on bounded to niobium metal which is evidence from Fig. 4.9 and Fig. 4.10. 

Furthermore, a significantly less intense aromatic ν(CC) band at 1568 cm-1 

depicts monodentate coordination of a carboxylate group to Nb [58]. Since the ν(CC) 

mode, ν(CN) absorption as well as pyridine ring vibrations at 1476, 1016 and 940 cm-1, 

respectively, do not undergo any positive shift relative to the respective free ligand 

values, coordination via pyridine ring nitrogen can safely be ruled out [69]. The presence 

of water molecule in the complex was apparent from the observance of broad and intense 

ν(OH) bands in the 3500 to 3400 cm-1 region. Further confirmation for the presence of 

co-ordinated water in the compound was obtained from the consistent appearance of a 

moderate intensity signal at 769 cm-1 attributable to rocking mode of water [76]. The 

intense band appearing at 3077 cm-1 in the Raman spectrum has been ascribed to ν(CH) 

vibration. 
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Fig. 4.9 IR spectra of (a) nicotinic acid and (b) NbN. 

 
Fig. 4.10 (a) IR & (b) Raman spectra of NbN.
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Table 4.2 Experimental and theoretical infrared and Raman spectral data (in cm-1) for the compounds, NbAla, NbVal, NbA and NbNa 

 

 

as, strong; m, medium; vw, very weak; sh, shoulder. 

Assignment   NbAla NbVal NbA NbN 

ν(O-O) IR Exp. 849(m), 825(sh), 812(s) 846(m), 827(sh), 813(s) 846(m),822(sh), 813(s) 847(m), 826(sh), 811(s) 
  Calc. 864, 823, 811 858, 775 837, 865, 889 807, 872 
 R Exp. 868(sh), 845(s), 826(sh) 889(sh), 845 (s), 827(sh) 857(sh), 847(s), 823(sh) 867(sh), 847(s), 817(sh) 
  Calc. 872, 824 878, 851, 815 806, 853, 879 813, 828, 876 

νs(Nb-O2) IR Exp. 546(s) 548(s) 547(s) 547(s) 
  Calc. 550 544 528 523 
 R Exp. 537(s) 536(s) 538(s) 542(s) 
  Calc. 551 528 528 554 

νas(Nb-O2) IR Exp. 592(m)  594(m) 592(m) 593(sh) 
  Calc. 692 651 604 605 
 R Exp. 645(sh)  684(sh) 567(sh) 571(sh) 
  Calc. 692 678 575 598 

νas(COO-) IR Exp. 1628(s) 1586 (s) 1636(s) 1625(s) 
  Calc. 1666 1601 1615 1649 
 R Exp. 1619(vw) 1629(vw) 1630(vw) 1627(sh) 
  Calc. 1665 1600 1609 1627 

νs(COO-) IR Exp. 1362(m) 1352(m) 1406(m) 1388(s) 
  Calc. 1405 1310 1375 1378 
 R Exp. 1414(vw) 1393(vw) 1410(vw) 1393(sh) 
  Calc. 1388 1369 1403 1335 
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4.3.2.2 1H, 13C and 93Nb NMR studies 

In Tables 4.3 and 4.4, relevant 1H and 13C NMR resonances for the complexes 

are listed along with those of the free ligand for comparison. Crucial structural 

information regarding the complexes, including the co-ordination mode of the ligand to 

the Nb atom, as well as their stability in solution have been gathered from the complete 

analysis of the NMR spectra. The major NMR resonances were interpreted according to 

available literature data. The 1H-NMR spectra in D2O have shown the expected 

integration and peak multiplicities [Fig. 4.11-Fig. 4.14]. 

The 1H NMR spectra for the pNb complexes NbAla (4.1) and NbVal (4.2) in 

D2O are presented in Fig. 4.11 and Fig. 4.12, respectively, and the corresponding 

chemical shifts for the complexes and free amino acids are listed in Table 4.3. A close 

resemblance was observed in the 1H NMR spectra of the complexes and the spectra of 

the respective amino acid displaying the well-resolved resonances with expected 

integration and peak multiplicities. The spectra however, showed distinct up field shift of 

the proton signals attached to carbon atoms C-2 and C-3 relative to the free ligand, 

consistent with the occurrence of metal ligand co-ordination [37,77]. Similar 

observations were made previously in cases of metal compounds containing complexed 

amino acid [37,77,78]. The position of H-4 and H-5 protons in NbVal (4.2) remains 

practically unaffected which may not be unexpected as these atoms are well-separated 

from the actual ligand donor sites. The spectral pattern of the pNb complex with arginine 

as co-ligand displayed 4 major peaks, as has been observed in the spectrum of the free 

arginine [37]. The spectrum of the NbA (4.3) (Fig. 4.13) complex showed upfield shift 

of all the resonances relative to the free ligand indicating co-ordination of the ligand to 

the metal centre [37,77]. 

The 1H spectra of nicotinic acid in D2O has been studied and reported by Khan 

and co-workers [79] under varying pH conditions. A 1H NMR pattern typical of a 

nicotinate anion was observed with four well-resolved resonances in the spectrum of the 

compound NbN (4.4) [79]. As expected for nicotinate anion, the spectrum showed 

characteristic up field shift of each of the four resonances corresponding to the aromatic 

protons H(2) to H(6) (Fig. 4.14), relative to the zwitterionic free ligand values [77]. 
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Fig. 4.11 1H NMR spectrum of NbAla in D2O. 

 

Fig. 4.12 1H NMR spectrum of NbVal in D2O. 
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Fig. 4.13 1H NMR spectrum of NbA in D2O. 

 

Fig. 4.14 1H NMR spectrum of NbN in D2O. 
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Table 4.3 1H NMR chemical shifts for ligands and heteroligand peroxo-niobate 
complexes 

 

 

 

 

 

 

aSee Fig. 4.25 for the atomic numbering. 

The 13C chemical shift induced by coordination has been widely utilized as a 

convenient means to understand bonding pattern of ancillary ligands in peroxo-metal 

complexes [80-82]. The 13C NMR spectra of ligands alanine and valine exhibited 

resonances due to the carboxylate carbon atoms at 175.81 and 174.24 ppm, respectively, 

apart from the expected peaks corresponding to the side chain carbon atoms [37]. As 

seen in Fig. 4.15, Fig. 4.16 and Table 4.4, all the signals appear with downfield shift to 

varying degrees, vis-a-vis the free amino acids, obviously resulting from the deshielding 

of carbon atoms as a consequence of complexation [37,83,84]. The most significant co-

ordination induced shift Δδ (δcomplex -δfree carboxylate) ≈ 7.02 ppm for NbAla (4.1) [8.55 

ppm for NbVal (4.2)] occurred as expected for the metal linked carboxylate carbon, 

suggesting metal-ligand interaction [83,84].  

The 13C NMR spectrum of the free arginine in D2O, displays typical resonance 

for carboxylate carbon atom at 183.17 ppm, in addition to the five other well resolved 

peaks corresponding to carbon atoms C(2) to C(6) [26]. The spectrum of NbA (4.3) (Fig. 

4.17), on the other hand displayed the carboxylate resonance at lower field of 215.45 

ppm thus testifying to the existence of complexed carboxylate group [37,83,84]. The 

substantial downfield shift relative to free carboxylate, with Δδ ≈ 32 ppm, indicated 

strong metal-ligand interaction as has been reported earlier in cases of some other peroxo 

metal carboxylate complexes [83,84]. The guanidyl C resonance along with the 

Compound Chemical shift (ppm)a 

H-2 H-3 H-4 H-5 H-6 
Alanine 3.68 1.35   - 

NbAla 3.62 1.33   - 
Valine 3.48 2.15 0.93 0.88 - 

NbVal 3.46 2.14 0.93 0.88 - 
Arginine 3.76 1.89 1.66 3.23 - 

NbA 3.52 1.74 1.59 3.11 - 
Nicotinic acid 8.97 - 8.68 7.93 8.76 

NbN 8.82 - 8.13 7.40 8.49 

4.20 | P a g e  
 



CHAPTER 4 

resonances of alkyl groups (C-5 and C-4) showed very little shift, whereas the 

resonances of α-CH and β-CH2 groups are shifted to higher field by ca.1 ppm. These 

results indicated the co-ordination of carboxylate and amino groups of the ligand to the 

niobium centre and are consistent with observations made in cases of other reported 

arginine containing metal compounds [37].  

For the compound NbN (4.4), the 13C spectrum provided further persuasive 

evidence in support of the presence of nicotinate anion in it (Fig. 4.18) by displaying 

resonances for ring carbon atoms in the region expected for nicotinate anion [79]. The 

peak attributable to metal bound carboxylate carbon, as in the case of NbA (4.3), 

appeared at a considerably lower field of 210.78 ppm, compared to the carboxylate 

resonance of the free nicotinic acid [83,84]. Appearance of carboxylate carbon resonance 

as a single peak in the spectra of the compounds 4.1-4.4, reflected a single carbon 

environment for co-ordinated carboxylate [83,84]. Thus the results of the NMR analysis 

evidenced for the presence of only one complex species in solution in each case. It is 

therefore apparent that the title compounds did not hydrolyze in solution.  

Table 4.4 13C NMR chemical shift for ligands and the developed triperoxoniobium 

complexes 

aSee Fig. 4.25 for the atomic numbering 

 

Compound Carboxylate 
Carbon 

Chemical Shift (ppm)a 

C2 C3 C4 C5 C6 

Alanine 175.81 50.55 16.19    

NbAla 182.83 51.26 19.50    

Valine 174.24 60.34 29.07 17.96 16.63  

NbVal 182.79 61.84 31.67 19.02 16.75  

Arginine 183.17     55.59   31.64  24.51  41.02 156.81 

NbA  215.45   54.59   30.28  23.99  40.64 156.83 

Nicotinic acid 168.25 143.04 135.49 142.49 126.94 145.89 

NbN  210.78 149.06 137.69 142.46 128.76 150.51 
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Fig. 4.15 13C NMR spectra of (a) alanine and (b) NbAla in D2O. 

 
 Fig. 4.16 13C NMR spectra of (a) valine and (b) NbVal in D2O. 
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Fig. 4.17 13C NMR spectra of (a) arginine and (b) NbA in D2O. 

 
Fig. 4.18 13C NMR spectra of (a) nicotinic acid and (b) NbN in D2O. 
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In the 93Nb NMR spectrum of each of the synthesized triperoxoniobium 

complexes, a single resonance at -1529, -1528, -1537 and -1526 ppm were observed for 

NbAla (4.1), NbVal (4.2), NbA (4.3) and NbN (4.4), respectively, (Fig. 4.19b-4.19e) 

which resembled closely the spectra of polymer anchored triperoxoniobium complexes 

3.1 and 3.2. Slight shifting of peak positions may be ascribed to the presence of different 

ancillary ligands in the complexes. On the other hand, the 93Nb NMR spectrum of KNb 

displays a peak at -1483 ppm (Fig. 4.19a), which compared well with the spectrum of 

sodium tetraperoxoniobate species, NaNb (Fig. 3.11a). Thus the 93Nb NMR data for the 

complexes 4.1-4.4 indicated eight co-ordinated environment for Nb in each of the 

complexes, as has been observed in the cases of macro complexes, 3.1 and 3.2. 

 

Fig. 4.19 93Nb NMR spectra of (a) KNb, (b) NbAla (4.1), (c) NbVal (4.2), (d) NbA 

(4.3) and (e) NbN (4.4) in D2O. 
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4.3.2.3 Thermal analysis 

The TGA-DTG plots [Fig. 4.20-Fig. 4.24] obtained for the title compounds on 

heating up to a temperature of 700 oC, revealed a close analogy among their 

decomposition patterns. Each of the compounds, as has been observed in case of 

previously reported complexes, undergoes continuous degradation and do not explode on 

heating [21,34,85,86]. A significant common feature shared by the three pNb 

compounds, viz., NbAla (4.1), NbVal (4.2) and KNb as evident from the respective 

thermograms, is the absence of water molecule in the compounds whereas NbA (4.3) and 

NbN (4.4) showed dehydration degradation for water of crystallization. In the case of the 

neat tetraperoxoniobate complex, KNb, (Fig. 4.20) the degradation associated with 

peroxide loss occurs in the temperature range of 165˗255 °C with the weight loss of 

18.3% where the temperature range is close to the reported value for the complex NaNb 

[6]. The corresponding thermogravimetric analysis data for the developed pNb 

compounds are presented in Table 4.5. 

 
Fig. 4.20 TGA-DTG plot of KNb. 

The first decomposition stage occurs in NbAal (4.1) (Fig. 4.21) and NbVal (4.2) 

(Fig. 4.22) in the temperature ranges of 135˗210 °C with the corresponding weight loss 

of 21.7% and 140˗205 °C with the equivalent weight loss of 24.9%, respectively, 
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attributable to loss of co-ordinated peroxo groups from the complexes. As the observed 

weight loss is slightly less than the expected value, it is likely that part of the oxygen is 

retained with niobium to form oxoniobium species, as has been observed previously in 

case of neat as well as heteroligand pNb complexes [21,34,85,86]. Subsequently, ligand 

degradation takes place in the temperature range of 243˗480 °C in case of NbAla (4.1) 

[241˗389 °C for NbVal (4.2)] and further continues up to a final decomposition 

temperature of 700 °C. The total weight loss which occurred during the overall 

decomposition process was evaluated to be 33.4% in case of NbAla (4.1) and 40.6% in 

case of NbVal (4.2) for the loss of the components viz., co-ordinated peroxide and the 

co-ligand, assuming that four of the ligand oxygen atoms are being retained to form the 

oxoniobate species as the final degradation product. 

Although existence of homo- or heteroleptic pNb complexes without free or 

bound water molecule is not unprecedented [1,21,31,61,62], the majority of heteroligand 

pNb complexes and sodium tetraperoxoniobate, NaNb [6] contain either outer sphere or 

co-ordinated, or both types of water molecules [1,21,31,34]. The first stage of 

decomposition for NbA (4.3) (Fig 4.23) occurs in the temperature range of 78-102 oC, 

with the liberation of the lattice water from the complex. The corresponding weight loss 

of 8.9% is in good agreement with the value of 8.1% calculated for two molecules of 

water of crystallization. The next decomposition stage is in the temperature range of 157-

189 oC attributable to loss of peroxo groups from the complexes with weight loss of 

18.8%. Similarly, here also the observed weight loss is slightly less than the expected 

value which has been discussed in the thermal degradation of NbAla (4.1) and NbVal 

(4.2). A further increase in temperature leads to continuous degradation of the arginine 

ligand up to a final decomposition temperature of 700°C. The total weight loss which 

occurred during the overall decomposition process was evaluated to be 54.3%, which 

agrees well with the theoretically calculated value of 54.6%, for the loss of the 

components viz., water molecule, co-ordinated peroxide and the co-ligand, assuming that 

four of the ligand oxygen atoms are being retained to form the oxoniobate species as the 

final degradation product. 

It is notable that the thermogram for NbN (4.4) (Fig. 4.24) displayed two step 

dehydration process in the temperature range of 45-105°C, providing conclusive 

evidence for the presence of outer sphere as well as co-ordinated water molecules in the  
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Fig. 4.21 TGA-DTG plot of NbAla. 

 

Fig. 4.22 TGA-DTG plot of NbVal. 
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Fig. 4.23 TGA-DTG plot of NbA. 

 

Fig. 4.24 TGA-DTG plot of NbN. 

4.28 | P a g e  
 



CHAPTER 4 

compound, consistent with the formula assigned. The decomposition step occurring at 

relatively higher temperature between 90 to 105 °C, after the initial liberation of the 

outer sphere water molecule in the temperature range of 45-70 oC, is attributable to the 

loss of the co-ordinated water molecule. The observed total weight loss of 9.8% 

corresponding to the two steps combined, is close to the calculated value of 9.2% for the 

release of two molecules of water from the complex. After the dehydration, the thermal 

behaviour of catalysts NbA (4.3) and NbN (4.4) are quite similar. The compound NbN 

(4.4) undergoes continuous degradation with loss of peroxide in the temperature range of 

158˗189 °C analogous to compound 4.3, followed by the loss of the nicotinic acid ligand 

up to the final temperature of 700 °C.  

The residue remaining from the pNb compounds after their complete degradation 

was characterized to be oxoniobate species. The IR spectrum of the residue showed the 

characteristic ν(Nb=O) absorptions and complete disappearance of the signature peaks 

pertaining to peroxo as well as amino acids of the original compounds. The TGA-DTG 

analysis data for the compounds thus furnished further endorsement in support of the 

composition and formula assigned to the compounds. 

Table 4.5 Thermogravimetric data of peroxoniobium compounds, KNb and 4.1-4.4 

Compound Temperature range (°C) Observed weight loss (%) Final residue (%) 

KNb 165-255  18.34 81.66 

NbAla 135-210 
243-480 

21.73 
12.06 

66.21 

NbVal 140-205 
241-389 

24.88 
15.75 

59.37 

NbA 78-102 
157-189 
245-700 

8.9 
18.8 
26.74 

45.56 

NbN 45-70 
90-105 
158-189 
250-700 

4.44 
5.41 
16.55 
26.57 

47.03 

 

4.29 | P a g e  
 



CHAPTER 4 

Taking into account the above collective evidence, the structure of the complex 

ions may be represented by eight co-ordinated polyhedra of the type shown in Fig. 4.25, 

comprising of three terminal peroxo groups and an amino acid occurring as a bidentate 

ligand, bonded to Nb(V) via carboxylate and amino groups. The structure of NbN 

includes nicotinate anion occurring as a unidentate ligand bonded to the Nb centre 

through the carboxylate group, the side-on bound peroxo groups and a co-ordinated 

water molecule completing eight-fold co-ordination around Nb.  
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Fig. 4.25 Proposed structure of (a) NbAla (4.1), (b) NbVal (4.2), (c) NbA (4.3) and (d) 

NbN (4.4). 

 

4.3.2.4 Theoretical investigation 

The viability of the proposed structures for the complexes 4.1-4.4 was further 

supported by the results of density functional theory (DFT) [60] calculations at the 

B3LYP/LANL2DZ level of theory. The initial structures of the complexes were 

modelled on the basis of the experimentally derived structural information. Presented in 

Fig. 4.26 are the optimized geometries of the niobium complexes which show 

coordination spheres of the two complexes comprising of central metal atom (Nb) 
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surrounded by three η2-peroxo groups and deprotonated amino acid ligand bonded via 

O(carboxylate) and N(amino) atoms. While one of the peroxo groups occupies a trans 

position to the co-ligand, the other two are in cis configuration. The coordination 

polyhedron around the niobium atom in each of the complexes is a dodecahedron which 

is in accord with the structures of majority of the reported pNb complexes [1,34]. 

Moreover, the geometrical parameters such as the bond angles and bond lengths obtained 

from DFT calculations (Table 4.6) are within the range typical of the heteroleptic 

peroxoniobium(V) complexes. The bond distances associated with the peroxo groups 

viz., Nb-O and O-O bonds vary between 2.023 to 2.086 Å and 1.552 to 1.557 Å, 

respectively. The geometrical parameters derived from the theoretical calculations are in 

close agreement with the reported crystallographic data obtained for other 

triperoxoniobium(V) complexes consisting of N,O-donor ligands in the co-ordination 

sphere [1,31,32,34]. 

 
Fig. 4.26 Optimized geometry of (a) NbAla (4.1), (b) NbVal (4.2), (c) NbA (4.3) and (d) 

NbN (4.4). The numerical numbers represent the labeling of the atoms as in Table 4.6. 
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Table 4.6 Selected bond lengths (in Å) and bond angles (in degree) for the pNb complexes calculated at B3LYP/LANL2DZ level of theory 
 

aSee Fig. 4.26 for atomic numbering. 

Structural indexa NbAla Structural indexa NbVal Structural indexa NbA Structural indexa  NbN 

Nb-O2 2.062 Nb-O2 2.042 Nb-O2 2.072 Nb-O2 2.047 
Nb-O3 2.059 Nb-O3 2.038 Nb-O3 2.008 Nb-O3 1.999 
Nb-O4 2.029 Nb-O4 2.032 Nb-O4 1.999 Nb-O4 1.977 
Nb-O5 2.024 Nb-O5 2.041 Nb-O5 2.066 Nb-O5 2.033 
Nb-O6 2.042 Nb-O6 2.076 Nb-O6 2.011 Nb-O6 1.985 
Nb-O7 2.086 Nb-O7 2.023 Nb-O7 2.086 Nb-O7 2.040 
Nb-O8 2.225 Nb-O13 2.392 Nb-O18 2.162 Nb-O23 2.138 
O2-O3 1.552 O2-O3 1.553 O2-O3 1.526 O2-O3 1.527 
O4-O5 1.557 O4-O5 1.556 O4-O5 1.533 O4-O5 1.530 
O6-O7 1.549 O6-O7 1.547 O6-O7 1.530 O6-O7 1.532 
C9-O8 1.310 C14-O13 1.295 C19-O18 1.307   
C10-C12 1.542 C14-C15 1.551 C20-C22 1.537 C24-C25 1.521 
Nb-N11 2.394 Nb-N16 2.331 Nb-N21 2.370 Nb-O26 2.831 
∠O2-Nb-O3 44.01 ∠O2-Nb-O3 43.01 ∠O2-Nb-O3 43.9 ∠O2-Nb-O3 44.3 
∠O4-Nb-O5 45.18 ∠O4-Nb-O5 44.58 ∠O4-Nb-O5 44.9 ∠O4-Nb-O7 44.8 
∠O6-Nb-O7 44.26 ∠O6-Nb-O7 44.75 ∠O6-Nb-O7 44.2 ∠O5-Nb-O6 44.7 
∠O8-Nb-N11 70.32 ∠O13-Nb-N16 66.94 ∠O8-Nb-N11 72.1 ∠O23-Nb-O26 82.9 
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We have also calculated vibrational frequencies for the optimized geometries of 

the studied pNb compounds. The theoretically obtained IR and Raman data presented in 

Table 4.2, correlated well with the respective experimentally determined frequencies. 

The small deviations observed between the calculated and experimental spectral data 

appear to be within the acceptable limit and are not unusual as the calculated spectral 

data were obtained from gas phase optimized geometries of the complexes. The reported 

average error for frequencies calculated with the B3LYP functional was of the order 40-

50 cm-1 for inorganic molecules [87]. Thus the results of our theoretical studies 

substantiate the experimental observations and impart additional validity to the proposed 

geometries for the developed pNb complexes. 

 

4.3.2.5 Crystal structure of KNb 

The crystallographic parameters for the structure of KNb are summarized in 

Table 4.7 and the selected bond lengths and bond angles are listed in Table 4.8. The 

single crystal X-ray analysis revealed that niobium is coordinated with four peroxo 

groups in the inner sphere of the complex K3[Nb(O2)4] with three potassium counter 

cations in the outer sphere balancing the charge on the anionic complex species (Fig. 

4.27). The potassium cation connects [Nb(O2)4]3- units through peroxo oxygen. 

Interestingly, the crystal packing of KNb has been observed to be different from NaNb 

(Table 4.7). 

 

Fig. 4.27 ORTEP of KNb with 50% probability ellipsoid [asymmetric unit] 

4.33 | P a g e  
 



CHAPTER 4 

The peroxo unit connects Nb and K cation providing the closed packed structure 

for KNb. Each oxygen atom from peroxo unit is linked to one Nb and three K+ cations 

showing a rigid environment that holds the conformation of [Nb(O2)4]3−. On the other 

hand, in case of NaNb, the Na+ ions are surrounded by six water molecules as has been 

reported elsewhere [6]. There is no direct interaction between the Na+ cations and the 

[Nb(O2)4]3− anions. Thus the overall structure is less rigid for NaNb compared to KNb. 

 

Table 4.7 Crystallographic data of K3[Nb(O2)4] (KNb), compared with reported Sodium 

tetraperoxoniobate Na3[Nb(O2)4]·13H20 (NaNb) [6] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crystal Data KNb NaNb 
Formula unit K3NbO8 Na3NbO21H2

6 
Formula wt. 338.21 523.91 

Crystal system Tetragonal Triclinic 
T [K] 100 193 
a [Å] 6.7850(2) 7.6449 
b [Å] 6.7850(2) 8.7726 
c [Å] 7.7718(3) 9.1643 
α [°] 90 64.103 
β [°] 90 81.83 
γ [°] 90 69.80 

Volume [Å3] 357.78(2) 518.85 
Space group I42/m P-1 

Z 2 1 
Dcalc [g cm–3] 3.139 1.735 

µ/mm−1 3.432 - 
Reflns. Collected 3301 - 

Unique reflns. 3246 - 
Observed reflns. 255 - 

R1 [I>2σ(I)], wR2 0.0274; 0.0677 0.043, 0.105 
GOF 1.429 - 

Instrument Bruker APEX-II STOE-IPDS 
X-ray MoK\α; λ=0.71073 MoK\α; 

λ=0.71073 
CCDC Reference 

No./Code 
1426204  
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Table 4.8 Description of crystal data 

Atomic coordinates 

 Atom              X/a                 Y/b                 Z/c 

 Nb1          0.50000(0)      0.50000(0)      0.50000(0) 

 O1           0.35969(31)      0.35969(31)      0.30895(39) 

 O2           0.28684(29)      0.28684(29)      0.47939(59) 

 K1           0.00000(0)      0.50000(0)      0.25000(0) 

 K3           0.00000(0)      0.00000(0)      0.50000(0) 

Bond distances (Angstrom) 

Nb1    - O1     2.0043(27)    

 Nb1    - O2     2.0516(20)    

 O1     - O2     1.4978(50)    

 O1     - K1     2.6594(21)    

 O2     - K1     3.0096(31)    

 O2     - K3     2.7570(20)    

 K1     - K3     3.9095(1)    

Bond angles (deg) 

O1    - Nb1   - O2                43.32(0.09) 

 Nb1   - O1    - O2                70.02(0.15) 

 Nb1   - O1    - K1               113.17(0.10) 

 O2    - O1    - K1                88.15(0.13) 

 Nb1   - O2    - O1                66.66(0.12) 

 Nb1   - O2    - K1                99.40(0.08) 

 Nb1   - O2    - K3               172.19(0.10) 

 O1    - O2    - K1                62.03(0.12) 

 O1    - O2    - K3               121.15(0.14) 

 K1    - O2    - K3                85.25(0.06) 

 O1    - K1    - O2                29.83(0.06) 

 O1    - K1    - K3                66.66(0.05) 

 O2    - K1    - K3                44.65(0.04) 

 O2    - K3    - K1                50.10(0.04) 
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Torsion angles (deg) 

O2    -Nb1   -O1    -K1             78.87(0.16) 

 O1    -Nb1   -O2    -K1            -53.89(0.13) 

 O1    -Nb1   -O2    -K3            180.00(1.20) 

 Nb1   -O1    -O2    -K1            115.51(0.09) 

 Nb1   -O1    -O2    -K3            180.00(0.19) 

 K1    -O1    -O2    -Nb1          -115.51(0.09) 

 K1    -O1    -O2    -K3             64.49(0.17) 

 Nb1   -O1    -K1    -O2            -67.31(0.16) 

 Nb1   -O1    -K1    -K3           -103.70(0.11) 

 O2    -O1    -K1    -K3            -36.39(0.14) 

 Nb1   -O2    -K1    -O1             57.13(0.14) 

 Nb1   -O2    -K1    -K3           -173.68(0.16) 

 O1    -O2    -K1    -K3            129.19(0.18) 

 K3    -O2    -K1    -O1           -129.19(0.18) 

 Nb1   -O2    -K3    -K1            126.89(1.14) 

 O1    -O2    -K3    -K1            -53.11(0.19) 

 O1    -K1    -K3    -O2             24.83(0.10) 

 

4.4 Conclusion 

The present work afforded a series of water soluble pNb complexes which 

contain species familiar to those found in biological environment as co-ligand. The 

spectral and chemical data obtained have provided satisfactory evidence for the 

composition of the ligand sphere in each of the complexes and the likely mode of 

ligation to the Nb(V) centre, which has been corroborated by the results of DFT 

calculations performed on the complexes. Moreover, the crystal structure of homoleptic 

K3[Nb(O2)4] has been determined. 

The work presented in Chapters 6-7 demonstrates that the title complexes are 

stable in solution and exhibit biologically important properties. The results of our study 

on catalytic activity of the complexes in organic oxidation are described in Chapter 5.    
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