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Abstract Pyrolysis of trisbipyridineiron(II) chloride under

controlled thermal conditions and inert atmosphere of argon

gas yields a residue of iron nanoparticles. Evolved gas

analysis by GC–MS and 1H NMR revealed emission

of bipyridine, 6-chlorobipyridine, 6,60-dichlorbipyridine,

bipyridine hydrochloride, and hydrochloric acid as decom-

position products. CHN, XRPD, EDXRF, TEM, AFM, and
57Fe Mössbauer spectroscopy of the residue indicated for-

mation of pure iron nanoparticles in the size range of

50–72 nm. Based on these results a mechanism for thermal

degradation of trisbipyridineiron(II) chloride has been

worked out.
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Introduction

Metal bipyridine complexes have played an important role

in many areas of life ranging from simple analytical

determinations [1, 2] to as complex as part of human DNA

strand [3, 4]. The ease of synthesis and stability of these

complexes makes them very interesting materials to be

studied. Although, several researchers investigated stability

and thermal decomposition of metal bipyridine complexes

and various mechanisms have also been proposed [5–18]

but still there remains quite a contradiction related to their

final thermolysis products.

Thermal decomposition of MLX (where L = 2,20-bipy)

type complexes in the presence of air resulted in respective

metal oxide or zero-valent metal, in cases where X = SCN

[5] and if X = oxalate the probable final degradation

products were always respective metals’ oxides [6, 7].

Metal oxides formation is also reported as a result of

thermal decomposition in the presence of air in complexes

where X is di- or tri-choloracetate [8–11] or propionates

[12] and L = different isomers of bipyridine, via several

intermediates, while in case of transition metal nitrates of

2,20-bipy, metal oxide formation takes place in the presence

of inert atmosphere [13]. In bipyridine complexes thermal

degradation depends on the type of metal, bipyridine

ligand, and heating rates, the stability order follows as 2,20-
bipy [ 4,40-bipy [ 2,40-bipy. The higher stability of 2,20-
bipy is attributed to its ability to form five membered ring

[6]. In dimeric complexes of type [Ln(CA)3bipy]2 (where

Ln = Tb and Dy; CA = cinnamic acid), the thermal
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decomposition took place by elimination of bipyridine and

acid ligand to result in metal oxide [14]. In case of W(2,20-
bipy)Cl4 complex, complete thermal decomposition resul-

ted in the formation of tungsten carbide under argon

atmosphere in the presence of excess of 2,20-bipy. The

zero-valent metal formation also took place in samples

where 2,20-bipy is present in small amounts owing to its

evaporation during heating before decomposition [15].

Stepwise controlled thermal decomposition of the [Ni(bi-

py)3]Cl2�7H2O and [Co(bipy)3]Cl2�H2O up to 270 �C had

resulted in compounds of the following formulas:

M(bipy)2Cl2, M3(bipy)4Cl6, Ni(bipy)Cl2, isomeric Co(bi-

py)Cl2, Co(bipy)0.80Cl2, and M(bipy)0.50Cl2 but failed to

get the Ni(bipy)1.50Br2 analog of chloride [16] as was

earlier reported by Dhar and Baslao [17] for thermal

decomposition of [Ni(bipy)3]Br2�7H2O. This difference in

decomposition patterns was attributed to the presence of

different anions [17]. [Rh(bipy)3]?3, on other hand,

decomposed to metallic Rh irrespective of the type of

halide atom present [18]. No constant pattern of thermal

decomposition was observed in case of [M(bipy)3]Br2

where M = Mn(II), Co(II), and Zn(II) [17]. Further studies

on Co(bipy)Cl2�HCl, Co(bipy)Cl2�H2O, and Co(bipy)Cl2
were also carried out that showed initial loss of HCl and

water prior to being decomposed oxidatively in air atmo-

sphere around 380 �C. Same pattern was observed for

Ni(bipy)Cl2 [19] but the decomposition of hydrated and

anhydrous complexes were found to show different thermal

decomposition patterns at different temperatures [20].

Hence, considering the importance of bipyridine com-

plexes, present study was initiated with aim to re-evaluate

the thermal decomposition pattern of the bipyridine com-

plexes. We focused our investigations on mechanism of

pyrolysis of anhydrous trisbipyridineiron(II) chloride under

controlled temperature and ambient pressure and charac-

terization of the residual mass and found that the complex

degrades to iron nanoparticles under given conditions.

Thus, prepared iron nanoparticles may find various tech-

nological applications in field of catalysis [21, 22], elec-

trolysis [23], energy [24], biomedicine [25], and

environment [26–28]. To the best of our knowledge this

mode of decomposition of trisbipyridineiron(II) chloride

under controlled thermal and ambient pressure has not been

reported before.

Experimental details

Materials

All the reagents used were of analytical grade while ferrous

chloride tetrahydrate was purchased from Merck and 2,20-
bipyridine from Sigma-Aldrich.

Synthesis

[Fe(bipy)3]Cl2

1.98 g (10 mmoles) of FeCl2�4H2O in 100 mL dried THF

was placed in a 250 mL three-necked round-bottom flask

fitted with a reflux condenser, a dropping funnel and an

inert gas line. 4.70 g (30 mol) of 2,2
0
-bipyridine in 50 mL

of dried THF was slowly added to the reaction flask from a

dropping funnel over a period of 24 h with continuous

stirring of the contents during addition. Yellow precipitates

formed were filtered through a sintered glass crucible and

washed several times with THF to remove the reactants.

The product was crystallized from methanol at room tem-

perature to give 80–86% yield [29]. m.p. = 168 �C; kmax

(H2O) 520 nm, IR (KBr, cm-1): m(C-Harom) 3050, 2927;

m(C-Narom) 1599; m(C-Carom) 1493, 1443, 900-600; m(Fe–N)

416. 1H NMR (DMSO, ppm): 8.440 (s, 6H, bipyH6,60);

8.220 (s, 6H, bipyH3,30); 7.797 (s, 6H, bipyH4,40); 7.299 (s,

6H, bipyH5,50). FAB: [M - L-HCl]?m/z 403, [FeL2]? m/z

368, [FeLCl]? m/z 247, [FeL]? m/z 212, [L ? 1]? m/z 157.

Characterization

The bipyridine complex was analyzed using a Perkin Elmer

Spectrophotometer, Nicolet 6700 FT-IR, Bruker 300 MHz

NMR, and Mettler Toledo 851e TGA and DSC404C. FAB

analysis was performed using xenon gas and glycerol as

matrix. Agilent GC–MS model 6890 N was used for

evolved gas analysis. Carbolite furnace was used for ther-

mally decomposing the complex. The prepared samples

were characterized by EDXRF using Horiba XRF Analyzer

Mensa Bio100, Japan. The powder XRD data were col-

lected, on a Bruker D8 discover, Germany, at room tem-

perature by step scanning over the angular range of

30̊ B 2h B 80̊ at a step size of 0.05̊ and counting time of

6 s/step. Transmission electron microscopy (TEM) JEOL

2010, operating at 200 kV and atomic force microscopy

(AFM), Multimode, NanoscopeIIIa, Veeco, California,

USA) in tapping mode were used to analyze size and shape

of particles. Dispersion of samples in ethanol was spin

coated on freshly cleaved sheet of mica substrate. AFM

images were acquired at room temperature and repeated

several times with different concentrations of samples.

Silicon cantilevers (Nanoworld, Switzerland; 240 lm long,

30 lm wide, 2.8 lm thick) with an integrated tip, a nom-

inal spring constant of 0.7–3.8 N/m, tip radius\10 nm and

a resonance frequency of 70 kHz were plasma cleaned

before use use. A piezoelectric scanner (Veeco Instru-

ments, California, USA) with a maximum x, y-scan range

of 17.2 lm and a z-extension of 3.916 lm was used.

Typically the tip was scanned at velocity from 0.5 to

1 lms-1. Topography, phase and height images were used
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to record the structures. Raw data were modified by

applying the first order ‘flatten’ filter in order to achieve

scan lines at the same average height and tilt. Room tem-

perature Mössbauer measurements were carried out using a
57Co (Rh-matrix) source, having 25 mCi initial activity, in

transmission geometry. The computer program Mos-90

was used for performing data analysis assuming that all the

peaks are of Lorentzian shape [30].

Results and discussion

Anhydrous trisbipyridineiron(II) chloride was prepared in

quantitative yield by the method developed by Basalo [31]

except using dry THF in place of water as a solvent to

avoid association of H2O with the complex in the form of

ligand or as a solvate. Thus, the prepared complex was

crystallized from anhydrous methanol and characterized by

melting point, UV/VIS, FT-IR, 1H NMR, and mass spec-

trometry. All the analytical data of the complex matches

well with the reported values [32, 33]. The complex shows

kmax at 520 nm which is very close to the reported value of

522 nm [34, 35].The Mössbauer spectrum of the complex

consists of a doublet having an isomer shift of 0.34 mm/s

and a quadrupole splitting of 0.24 mm/s which are in close

agreement with the reported values, i.e., 0.33 and 0.28 mm/

s, respectively [34, 35].

Different pyrolysis experiments on [Fe(bipy)3]Cl2 were

conducted in a tube furnace using an open and closed

vessel under varying argon gas flow rates while keeping

heating rate of 0.5 �C/min constant and it was found that in

a closed vessel and under low gas flow rate, the residue had

appreciable amount of iron contaminated with degraded

mass consisting of carbon, hydrogen, nitrogen, and chlo-

rine. It was observed that when gas flow rate was increased

from 30 mL/min to 2L/min in an open vessel the complex

degraded quantitatively to yield a residue of pure shiny

black residue that was later characterized by various ana-

lytical techniques as iron nanoparticles. The effect of argon

gas flow rate on the quality of the residue was also

investigated by thermogravimetric studies and it was

observed that low flow rate of 50 mL/min yields a residue

of 24.65% while increasing the rate to 250 mL/min pro-

duced 14.83% residue. CHN analyses of both the residues

obtained under low and high flow rates are presented in

Table 1.

Figure 1a shows that FeCl2�4H2O decomposes in two

stages with % mass loss of 43.81% in first step probably

owing to loss of two water molecules and one HCl molecule

(giving 45.72% calculated value) and 17.64% in second step

giving residue of 34.32% which suggests formation of

mixture of FeO and Fe (calculated value 36.18%) as end

product which remains stable up to 1000 �C. Bipyridine

evaporates almost completely in a single step at 225 �C with

a residual mass of 2.29%. Thermogram of the complex

(Fig. 1b) shows that the complex passes through different

complex stages of pyrolysis to yield a residual mass of

14.88% that resembles closely to % age of iron in the com-

plex. It is further observed that the decomposition tempera-

tures are significantly delayed due to the high flow rate of

carrier gas [38–40].

Earlier thermogravimetric studies by Sato et al. [36, 37]

on hydrated [Fe(bipy)3]Cl2�5H2O complex showed its four

step decomposition to FeCl2 with the release of water and

bipyridine in different stages of decomposition. Our TG

studies on anhydrous trisbipyridineiron(II) chloride indi-

cated formation of iron particles rather than stable FeCl2
residue, as previously reported by Sato and Tominaga [36,

37]. To solve this obvious contradiction we carried out

several pyrolysis experiments in tube furnace under iden-

tical conditions that were used in TG recording. The

evolved gases from exhaust of the tube furnace were

trapped in a clean pre-evacuated Schlenk tube for GC–MS

and 1H NMR studies that showed without any shadow of

doubt, emission of bipyridine, chlorobipyridine, dichloro-

pyidine, bipyridine hydrochloride, and hydrochloric acid as

pyrolysis byproducts.

The evolved gases were found to contain bipyridine as a

major constituent. The bipyridine recovered (bipy-r) from

the trap after decomposition was subjected to various anal-

ysis for confirmation and close resemblance was observed

between bipy-r and the pure bipyridine (bipy). Comparative

account of bipy and bipy-r is presented in Table 2. Small

difference that arises between these two especially in the

percentage weight residue is due to the presence of impu-

rities in the recovered bipyridine. The emission of bipyridine

was also confirmed by GC–MS analysis of the evolved gas

collected from the thermal degradation of [Fe(bipy)3]Cl2 at

different intervals of time which showed a peak having

retention time (Rt) of 5.9 min with m/z value of 156 con-

firming the presence of bipyridine that appeared in all the

collected samples. Few other peaks were also observed in

Table 1 Elemental analysis of the residues showing effect of argon

gas flow rate, increase in temperature and type of vessel on the

pyrolysis residue of [Fe(bipy)3]Cl2

Experimental conditions Elemental analysis of residues

Heating vessel;

Gas flow rate

Heating

temperature/�C

C/% H/% N/% Cl/wt%

Closed;

30 mL/min

450 24.98 1.69 8.92 19.28

Open; 2 L/min 450 1.80 0.05 1.05 –

Closed;

30 mL/min

600 32.68 1.97 7.41 13.50

Open; 2L/min 600 0.027 – 0.154 –

Pyrolysis mechanism of trisbipyridineiron(II) chloride 709

123



the chromatogram, which were identified by their mass

spectra. A peak having m/z of 191 appearing at Rt of 6.3 min

denotes the presence of bipyridine hydrochloride. Two more

peaks recorded in GC at Rt 7.7 and 7.9 min having m/z value

of 190 showed the presence of two different isomeric

chlorobipyridines. Analysis of the crystalline solid recov-

ered from the ethanol trap showed one more peak with Rt of

7.2 min and m/z of 224 which indicated the formation of

6,60-dichlorobipyridine.

The solid condensate trapped was fractionated to indi-

vidual components by crystallization in appropriate sol-

vents and was subjected to 1H NMR and the data confirms

the formation of chlorobipyridine.
1H NMR-chlorobipy (CD3OD, ppm): 8.926–8.910 (m,

1H, bipyH3); 8.770–8.744 (m, 1H, bipyH30); 8.667–8.640

(m, 1H, bipyH60); 8.509–8.452 (m, 1H, bipyH5); 8.205 (m,

1H, bipyH50); 7.963–7.922 (m, 1H, bipyH4); 7.252–7.505

(m, 1H, bipyH40).

Based on our observations and earlier studies [41, 42] on

the thermal degradation of [Fe(bipy)3]Cl2, a mechanism

(Scheme 1) has been proposed for the thermal degradation

of [Fe(bipy)3]Cl2 to iron residue. The elimination of

bipyridine in initial two steps induces coordinative unsat-

uration on the iron centre paving the way for H-abstraction

from pyridine ring followed by reductive elimination to

finally yield iron nanoparticles.

The residual shiny black mass obtained after the thermal

decomposition of [Fe(bipy)3]Cl2 was subjected to ele-

mental analysis, EDXRF, XRPD, AFM, TEM, and 57Fe

Mössbauer spectroscopy for its characterization. CHN

analysis showed little contamination of carbon and nitro-

gen (Table 1) while EDXRF provided evidence for the

absence of chlorine and the revealed emission is exclu-

sively due to iron atom within the detection limit of

experiment. XRPD spectra (not shown here) of the sample

annealed at 1000 �C showed a peak at 2h value of 45�
indicating the formation of iron in a bcc phase [43]. AFM

and TEM images (Fig. 2) show homogeneously dispersed

spherical shaped nanoparticles with well-defined grain

boundaries in the size ranges of 50–72 nm.

Further characterization of the iron nanoparticles was

carried out by 57Fe Mössbauer spectroscopy. The 57Fe

Mössbauer spectrum for the sample, shown in Fig. 3,

consists of a paramagnetic doublet instead of a typical

ferromagnetic sextet as in the case of bulk iron confirming

the formation of iron nanoparticles [44]. This doublet is

due to the evolution of size-dependent paramagnetism

when size is reduced to nanoscale [44]. Mössbauer
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Fig. 1 Thermograms of a FeCl2�4H2O and bipyridine at heating rate

of 20 �C/min and gas flow rate of 200 mL/min, b [Fe(bipy)3]Cl2 at

heating rate of 5 �C/min and gas flow rate of 250 mL/min

Table 2 Comparative account of pure bipyridine (bipy) and the one recovered from trap after decomposition of the [Fe(bipy)3]Cl2 complex

(bipy-r)

FT-IR 1H NMR TG

m/cm-1 bipy bipy-r d/ppm bipy bipy-r bipy bipy-r

(C-Harom) 3070

3028

3075

2927

(m, 2H, bipyH6,60) 8.682–8.666 9.062–9.941 Wt.% of residue 0.60% 3.34%

(C-Narom) 1061 1602 (m, 2H, bipyH3,30) 8.402–8.376 8.303 Temp. 199 �C 177 �C

(C-Carom) 1493

1451

1490

1499

(m, 2H, bipyH4,40) 7.829–7.771 7.758

600 900–600

(m, 2H, bipyH5,50) 7.311–7.267 7.281
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parameters for the doublet, i.e., isomer shift, quadruple

splitting, and line width are 0.29, 0.69, and 0.65 mm/s,

respectively, confirming formation of iron nanoparticles.

Hence, from the forgone discussion it can be inferred

that thermal decomposition of trisbipyridineiron(II) chlo-

ride under controlled conditions leads to the formation of

pure iron nanoparticles. This method of preparation of iron

nanoparticles offers an easy, simple, and cost effective

approach to their preparation as compared to the other

methods that either use toxic reactants [45] and/or require

use of various measures that enable them to protect the

nanoparticles from oxidation [46, 47].

Conclusions

It is concluded that anhydrous trisbipyridineiron(II) chlo-

ride thermally degrades in an open vessel under controlled

heating and argon gas flow rates to yield iron nanoparticles

residue. A mechanism of thermal degradation based on

evolved gas analysis has been worked out. The resulting

final thermolysis product was analyzed using CHN, ED-

XRF, XPRD, AFM, TEM, and Mössbauer spectroscopy

which confirmed the formation of bcc iron nanoparticles

with size ranging from 50 to 72 nm as end product.
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