
Synthesis, characterization, and thermal degradation kinetics
of biuret–formaldehyde polymeric ligand and its polymer metal
complexes

Naushad Ahmad • Manawwer Alam •

Mshari Ayad N. Alotaibi

Received: 16 May 2014 / Accepted: 4 November 2014 / Published online: 30 November 2014
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Abstract In the present study, biuret–formaldehyde (BF)

polymeric ligand was prepared by condensation reaction,

and its polymer metal complexes [BF-M(II)] were prepared

with transition metal ions. Synthesized polymers were

characterized by elemental, spectral, and thermal analyses.

The geometry of central metal ions was determined using

magnetic susceptibility measurement and electronic spec-

tra, which reveals that Co(II) and Ni(II) ions have octa-

hedral geometry, while Cu(II) and Zn(II) ions have square

planer and tetrahedral geometry, respectively. Thermo-

gravimetric (TG) analysis was used to estimate thermal and

kinetic behavior of polymers at heating rates of 10, 15, and

20 �C min-1 under helium atmosphere. The TG curves of

polymers at three heating rates were more or less in similar

shape, which indicated that mass loss is independent of

heating rate. Thermogravimetric data were analyzed by

means of model-free isoconversional method of Flynn–

Wall–Ozawa and Kissinger–Akahira–Sunose on the whole

range of temperature. It was found that values of apparent

activation energy (Ea) of [BF-M(II)] polymers are higher

than BF and influenced by the metal type.

Keywords Biuret–formaldehyde � Thermogravimetric

analysis � Decomposition kinetics

Introduction

Polymers with functional groups are prime research area of

material science for the investigating thermal, kinetics,

optical, and mechanical properties [1, 2]. Coordination of

metal ions with polymeric systems containing nitrogen,

oxygen, and sulfur donor atoms/groups is a very important

class of polymer, which impart both flexibility owing to

organic moiety and thermal stability as a consequence of

metal ions in the same polymeric frame [2–4]. They play an

essential role in various fields of material science, metal-

lurgy, environmental protection, and thermochemistry.

They also have great advantage over organic polymer and

widely used in many specified fields such as conductivity,

luminescence, thermal insulation, catalysis, magnetism,

nonlinear optics, and coating materials [5]. Several form-

aldehyde resins such as urea–formaldehyde, thiourea–

formaldehyde, semicarbazide–formaldehyde, thiosemicar-

bazide–formaldehyde, phenylurea–formaldehyde show

signs of good adhesive system for the production of interior

grade wood-based panels, higher thermal stability, and

greater antimicrobial activities [6–9]. The main advantages

of formaldehyde resins are good reactivity and water solu-

bility, and poor resistance to moisture and water, which

make them very suitable for interior applications. The

reaction mechanism and kinetics of these polymers is

challenging and difficult task with complexity results from

great variety of factors with diverse effects. Thermogravi-

metric (TG) analysis, differential scanning calorimetry

(DSC), and differential thermal (DT) analysis have the great

advantageous and provide vital information about physico-
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chemical parameters of materials [10]. The consequences

obtained with application of thermal analyses and use of

various kinetic models can be supportive in material science

for studying thermal behavior and kinetic of solid-state

reactions [11]. For gaining value of apparent activation

energy, which is the most probable mechanism functions/

models of reaction, a variety of methods, isoconversional

and non-isoconversional, were described in literatures such

as the Flynn–Wall–Ozawa (FWO) [12, 13], Kissinger–

Akahira–Sunose (KAS) [14, 15], Friedman [16], and Coats

and Redfern [17]. These methods have been widely used to

kinetics study of chemical or physical processes, and allow

drawing important information about mechanisms of vari-

ous chemical reactions, cross-linking, polymer crystalliza-

tion, and glass transition kinetics [18–20].

Formaldehyde base polymers can be synthesized by

applying different reaction conditions and preparation

methods in order to meet the requirements of specific

application. In present study, we report synthesis of biuret–

formaldehyde as a polymeric ligand and its polymer metal

complexes with transition metal ions. The synthesized

polymers have been characterized by elemental, spectral,

and thermal analysis. The kinetics analyses of non-iso-

thermal TG data of synthesized polymers have been eval-

uated by means of the integral isoconversional methods of

FWO and KAS, which was reported for the first time.

Theory for kinetic analysis

TG/DTG technique is very useful for the determination of

decomposition temperature, decomposition steps, and

kinetics triplet for solid substances. Isoconversional

methods in non-isothermal TG experiments are valuable

for kinetics parameter evaluation. These methods have

been recommended by International Confederation of

Thermal Analysis Calorimetry (ICTAC) due to the fact that

they allow calculating the apparent activation energy

independently [21, 22]. It is a model-free method, which

involves determining temperatures of decomposition reac-

tion corresponding to fixed values (a) at different heating

rates (b) from TG experiments. The kinetics of thermal

alteration of a polymer is generally expressed by the fol-

lowing equation:

m ¼ da=dt

� �
¼ k Tð Þf að Þ ¼ Aexpðð�EaÞ=RTÞf ðaÞ; ð1Þ

where da/dt is the reaction rate, a is the degree of con-

version, t is the reaction time, T is the absolute temperature

of reaction, A is the pre-exponential (frequency) factor,

measure the probability of a molecule that having apparent

activation energy Ea, and R is the universal gas constant

(8.314 J mol-1 K-1). The parameters of reaction kinetics

are determined using the following procedure: under non-

isothermal conditions in which a sample is heated at a

constant rate. By introducing linear heating rate of b = dT/

dt (K/s), in Eq. (1),

ðda=dTÞ ¼ ðA=bÞf ðaÞexpðð�EaÞ=RTÞ: ð2Þ

This is a fundamental equation of non-isothermal solid

kinetics. In the present study, apparent activation energy

can be calculated by two isoconversional integral methods,

FWO [12, 13] and KAS [14, 15].

The FWO method is one of isoconversional model-free

integral methods that can determine apparent activation

energy without knowledge of reaction order. Equation (2)

is integrated using the Doyle approximation [23]. The

result of integration after taking natural logarithms is

lnb ¼ �1:052ðEa=RTÞ þ lnðAEaÞ=RÞ � lngðaÞ � 5:3305 �;
ð3Þ

where b, A, Ea, and T have known meanings. g(a) is integral

form of f(a), which is the reaction model that depends on

reaction mechanism. The Ea for different conversion values

can be calculated from ln b versus 1000/T plot. In this case,

conversion dependence function (f(a) or g(a)) is not

required. Another expression similar to a proposal by FWO

is KAS method based on the Coats–Redfern [17] approxi-

mation, which is described by the following equation:

lnðb=T2Þ ¼ ln½AR=EagðaÞ� � Ea=RT : ð4Þ

For constant a, a plot of ln b/T2 versus 1000/T is a

straight line whose slope is Ea/RT.

Experimental

Materials and measurements

Biuret, formaldehyde (37 % aqueous solution), NaOH

(40 % aqueous solution), CoCl2�6H2O, NiCl2�6H2O,

CuCl2�2H2O, and ZnCl2 obtained as reagent grade from

Sigma Aldrich, USA are used as received. Solvents like

DMF, DMSO, EtOH, MeOH, diethyl ether, and acetone

(Fluka USA) were used without further purification.

Elemental analyses were carried out using Perkin–Elmer

2400 Series II, CHNS/O Analyzer. The metal percentages

were determined by complexometric titration against EDTA

after decomposing with mixture of HCl and HClO4. The FT-

IR spectra were recorded over 4,000–400 cm-1 range on a

Bruker Tensor 27 FT-IR spectrophotometer using KBr pel-

lets. NMR (1H NMR and 13C NMR) spectra were recorded

on a JEOL-GSX 300-MHz FX-1000 FT-NMR at room

temperature using deuterated DMSO as a solvent and TMS

as an internal standard. Electronic spectra were recorded on a

Perkin–Elmer Lambda-25 UV–Vis spectrometer using
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DMSO as solvent. The magnetic susceptibility measurement

at room temperature was carried out by Gouy’s method using

Hg[Co(NCS)4] as reference. Thermal behaviors of synthe-

sized polymers were carried out by TGA/DSC1 (Mettler

Toledo AG, Analytical CH-8603, Schwerzenbach, Swit-

zerland) in helium atmosphere (50 mL min-1) at heating

rate, b = 10, 15, and 20 �C min-1, in temperature range

from ambient temperature to 800 �C, and uniformity of

sample (0.5 ± 0.005 mg) was maintained by spreading it

uniformly over crucible base in all the experiments. The

sample temperature, which is controlled by a thermocouple,

did not exhibit any systematic deviation from preset linear

temperature programs. Duplicate run was made under sim-

ilar conditions and found that data overlap with each other,

indicating satisfactory reproducibility.

Synthesis of polymeric ligand (BF)

Biuret (0.05 mol) and 37 % aqueous solution of formal-

dehyde (3.75 mL, 0.05 mol) were mixed in 50 mL of

deionized H2O in a three-necked round-bottom flask

equipped with a water-cooled condenser, thermometer, and

magnetic stirrer. The pH of solution was adjusted at 8.5

using 40 % aqueous solution of NaOH. The mixture was

heated at 70 �C for 6 h; progress of reaction was monitored

using thin layer chromatography (TLC). The final mixture

was cooled, and pH of reaction mixture was adjusted using

HCl solution; solid white precipitate of BF was obtained,

which was filtered and washed several times with water,

acetone, and dried in vacuum oven for overnight.

Synthesis of polymer metal complexes [BF-M(II)]

Biuret–formaldehyde (0.05 mol) was dissolved in DMSO

and heated at 70 �C in a round-bottom flask. CoCl2�6H2O

(0.05 mol) dissolved in DMSO was added to hot solution

and heated for 5 h at same temperature. Stirring was con-

tinued until complete dissolution, and distinct color change

was achieved. Finally, a dark brown, sticky product was

obtained. This sticky product was precipitated in deionized

water. The obtained brown precipitate was filtered and

washed several times with acetone and diethyl ether. The

product was dried in a vacuum oven at 70 �C, which gave a

grayish brown precipitate and yield 73.05 %. Similar pro-

cedures were applied for the preparation of Ni(II), Cu(II),

and Zn(II) polymer metal complexes, and yields and color

are given in Table 1.

Results and discussion

The polymeric ligand has been synthesized by the meth-

ylolation process in alkaline medium followed by con-

densation polymerization reactions between formaldehyde

and biuret. Subsequent addition of biuret proceeds in one or

more stages during the acid condensation stage. Finally, the

reaction mixture is cooled down, and water is removed in

order to obtained good yield. The polymer metal com-

plexes were prepared by reaction of polymeric ligand with

divalent transition metal ions Co(II), Ni(II), Cu(II), and

Zn(II) as shown in Scheme 1. The prepared compounds

have been characterized by elemental analysis, FT-IR,

UV–visible, NMR (1H NMR and 13C NMR) spectra as well

as thermal analysis. The analytical data shown in Table 1, a

slight deviation in elemental analysis, may be due to

polymeric nature of compounds. It was also observed

through analytical data BF-Co(II) and BF-Ni(II) which

were coordinated with two molecules of water but BF-

Cu(II) and BF-Zn(II) did not have coordinated water which

was supported by the electronic spectra and TG results.

Table 1 Elemental analysis data of polymeric ligand and its polymer metal complexes

Compounds Yield/% Color Elemental analysisa

Carbon Hydrogen Nitrogen Metal

BF

(C6H10O4N6)n

79.39 White 30.03/31.31 4.93/4.38 33.62/34.51 –

BF-Co(II)

(C6H8O4N6Co)n

73.05 Dark brown 28.67/27.10 2.39/2.41 28.56/29.03 19.98/20.13

BF-Ni(II)

(C6H8O4N6Ni)n

70.12 Grayish brown 24.84/25.12 2.74/2.81 28.93/29.30 21.06/20.56

BF-Cu(II)

(C6H8O4N6Cu)n

68.09 Green 23.19/24.08 2.89/2.76 28.37/28.81 20.17/21.38

BF-Zn(II)

(C6H8O4N6Zn)n

65.03 White 24.71/24.55 3.04/2.85 27.55/28.13 22.89/22.48

a The calculated/found values
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FT-IR spectra

The FT-IR spectra of BF and BF-M(II) with their assign-

ments are summarized in Table 2. In the spectrum of

polymeric ligand, a very broad band is observed in

3,358 cm-1 due to N–H [24]. The presence of methylene

group is confirm by appearance of two strong bands at

2,934, 2,895 cm-1 of CH2 asymmetric, symmetric

stretching, and a band at 1,465 cm-1 due to CH2 bending

mode [6]. A sharp absorption band at 1,285 cm-1 is

attributed to C–N bending. The C=O stretching frequency

of BF appears at 1,685 cm-1, while in BF-M(II), a major

shift to lower wave number by 25–30 cm-1. The presence

of coordination water molecules in spectra of BF–Co(II)

and BF–Ni(II) was supported by appearance of absorption

bands at 3,330–3,310 cm-1 for O–H vibration and between

670–650 for rocking mode of coordination water [25],

while these bands were disappeared in spectra of BF-Cu(II)

and BF-Zn(II). The appearance of two new bands in IR

spectra of polymer metal complexes around 610–590 and

510–490 cm-1 were observed due to coordination of metal

ions with carbonyl oxygen (M–O) and amide nitrogen (M–

N), respectively [26, 27].

1H and 13C NMR spectra

The protons of amide NH resonance signals appear at

6.03 ppm and 9.87 ppm corresponding to CH2–NH–C=O

and O=C–NH–C=O, respectively. The methylene group

O O O

C
H H

Formaldehyde

pH 8.5
70 °C, 6h

C
H2N NH2

+

N
H

Biuret

OO

C C

C C

OO

MCl 2
M'Cl2

NH NH
NH NH NH

C
H2

CH2

NH

H2O

H2O

Where: M = Co(II) and Ni(II)
M' = Cu(II) and Zn(II)

H2O

H2O
CH2

CH2
CH2

CH2

N N

N C

C

C

C

NH NH

N O

O O

OOH2

OH2

NH

C
C

C C N

N

M
M'

M' M'
M''NHM

N

N O O

O O

Scheme 1 Synthesis of biuret–

formaldehyde polymeric ligand

(BF) and its polymer metal

complexes

Table 2 FT-IR spectral data of polymeric ligand and its polymer

metal complexes

Compound OH C=O C–H C–N M–O M–N

BF 3,220 1,685 1,480 1,285 – –

BF-Co(II) 3,364 1,654 1,458 1,250 551 520

BF-Ni(II) 3,383 1,646 1,405 1,230 582 525

BF-Cu(II) 3,385 1,635 1,450 1,215 578 515

BF-Zn(II) 3,370 1,650 1,434 1,261 585 530
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(NH–CH2–NH) of synthesized polymeric ligand shows

resonance signal at 4.89 ppm. In the spectrum of BF–

Zn(II), amide proton (CH2–NH–C=O) resonance at

6.03 ppm was disappeared because of deprotonation of BF

with metal ions and support coordination [28]. On the other

hand, methylene protons of BF-Zn(II) were also shifter

toward downfield and appear at 3.68 ppm.

In the 13C NMR spectra of BF and BF-Zn(II) complex,

signals for CH2 group of NH–CH2–NH appear at

60.12 ppm and 63.02 ppm respectively. The resonance

Table 3 Magnetic moment and electronic spectral data of polymer metal complexes

Compound leff/B.M. Frequency/cm-1 Assignments Do/cm-1 B/cm-1 b Geometry

BF-Co(II) 4.2 8,857 4T2g(F) / 4T1g(F) (m1) 11,070 738 0.658 Octahedral

17,428 4A2g(F) / 4T1g(F) (m2)

19,480 4T1g(P) / 4T1g(F) (m3)

BF-Ni(II) 3.4 8,573 3T2g(F) / 3A2g(F) (m1) 9,351 779 0.721 Octahedral

15,998 3T1g(F) / 3A2g(F) (m2)

24,018 3T1g(P) / 3A2g(F) (m3)

BF-Cu(II) 2.1 14,987 2A1g / 2B1g Square planar

24,440 Charge transfer
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Fig. 1 Electronic spectra of a BF-Co(II), b BF-Ni(II), and c BF-Cu(II) polymer metal complexes
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signal around 157.23 ppm is assigned to carbonyl carbon

of polymeric ligand [29]. A downfield shift of carbonyl

carbon signal in case of diamagnetic metal complex is an

indication of complexation process viz a significant car-

bonyl Cd?…Od- contribution to stability of complexes,

and resultant reduction in the electron density and appears

at 153.04 ppm. It is also examined for both (1H NMR and
13C NMR) spectra that solvent (DMSO) did not have any

coordinating effect in spectra of BF and its Zn(II) metal

complex.

UV–Visible analysis and magnetic studies

Electronic spectra BF-M(II) were recorded in DMSO

solution (10-3 M), and various crystal field parameters

such as Do, Racah parameter (B), and Nephelauxetic

parameter (b) have been calculated and tabulated in

Table 3. The Nephelauxetic parameter b was obtained

using the relation

b ¼ B ðcomplexÞ=Bðfree ionÞ: ð5Þ

The BF-Co(II) has magnetic moment 4.27 BM and

showed three absorption bands at 8,857, 17,428, and

19,480 cm-1 due to 4T2g(F) / 4T1g(F) (m1),
4A2g(F) / 4T1g(F) (m2), and 4T1g(P) / 4T1g(F) (m3) transi-

tions, respectively, which is indicated an octahedral envi-

ronment around Co(II) ion (Fig. 1a) [30]. The crystal field

parameters of this polymer metal complex were

Do = 11,070 cm-1, B = 738 cm-1, and b = 0.658. The

reduction of Racah parameter from free ion values of

1,120–738 cm-1 and value of b indicate the presence of a

covalence nature of complex.

The magnetic moment of BF-Ni(II) is 3.4 BM and

showed three absorption bands at 8,573, 15,998, and

24,102 cm-1 which correspond to 3T2g(F) / 3A2g(F) (m1),
3T1g(F) / 3A2g(F) (m2), and 3T1g(P) / 3A2g(F) (m3) tran-

sitions, respectively. The crystal field parameters were

Do = 9351 cm-1, B = 779 cm-1, and b = 0.721 which is

favor of an octahedral geometry for Ni(II) ions (Fig. 1b)

[31]. The reduction free ion value of 1,080 to 779 cm-1

and b value of 0.721 indicate covalent nature of compound.

The magnetic moment of Cu(II) complex is 2.10 BM

and showed two energy bands at 14,987 and 24,440 cm-1,

which assigned to 2A1g / 2B1g and charge transfer band

that indicated a square planar geometry (Fig. 1c) [32].

Thus, electronic spectral studies further supported structure

of proposed Scheme 1.

TG data analysis

The TG curves for BF and its BF-M(II) polymers at various

heating rates are shown in Fig. 2, which present mass loss
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M(II) polymers show relatively good thermal stability, due

to initially small mass loss (*1 %), at *50 �C. The initial

minor mass loss is related to loss of moisture and trapped

solvent, while major mass loss is due to decomposition

organic and inorganic parts of polymers in various steps.

As can be seen in Fig. 2, there is a shift in TG curves
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caused by increasing heating rates. All TG curves are

approximately in same shape indicating that mass loss is

independent of heating rate, and mass loss increases with

decreasing of heating rate. The corresponding DTG curves

are presented in Fig. 3, which represent rate of mass loss

da/dt curves during heating from ambient temperature to

800 �C. The peaks in DTG curves directly correspond to

mass loss observed on TG curves. The maximum rate of mass

loss amax (% min-1) at peak temperature Tmax (�C) deter-

mined from DTG curves at constant heating rate

b (�C min-1) is presented in Table 4, and the peak

temperature shifts to higher temperature as heating rate

increases from 10 to 20 �C min-1. The subscripts 1, 2, and 3

represent the first, second, and third step of degradation,

respectively. The DTG curves reveal different profiles for BF

and its BF-M(II) polymers depending on heating rates and

type of metal ions. Figure clearly showed that rate the of

decomposition of BF is higher than BF-M(II). BF and BF-

Co(II) in that order show one and three thermal decompo-

sition steps, while others undergoes two decomposition

steps, indicating that strong interaction/chemical bonding

exist between polymeric ligand and metal ions [33].

In BF polymeric ligand, thermal degradation starts from

50 �C and showed significance mass loss (*90 %)

between 200 and 350 �C which are accompanied by

removal solvents and cracking of polymer. There are three

degradation peak temperatures in BF-Co(II). The first two

peak temperatures Tmax1 and Tmax2 were due to thermal

degradation of coordinated water molecules accompanied

with evolution of the volatiles/removal of terminal groups.

The last or third peak temperature Tmax3 shows the thermal

decomposition of bridged methylene due to cracking of

polymers and finally char-forming reaction in solid state.

The first higher peak temperature Tmax1 in BF-Ni(II)

polymer was occurred due to thermal degradation of

coordinated water molecules accompanied with depoly-

merization reactions and second lower peak temperature

Tmax2 due to thermal degradation of small molecular

weight polymer fragments. BF-Cu(II) and BF-Zn(II)

polymer complexes initially showed 4–5 % mass loss

which support the absence of coordinated water molecules.

The process of decomposition of both occurred as depo-

lymerization, thermal decomposition of bridged methylene,

and char-forming reaction. TG/DTG data clearly show that

decomposition reaction of Zn-M(II) occurs at lower tem-

peratures in regard to others.

Thermal kinetics investigation

The thermal decomposition of BF and its BF-M(II) is

further elucidated by thermal kinetics studies. The plots of

lnb versus 1000/T (FWO) and lnb/T2 versus 1000/T (KAS)

corresponding to different degrees of conversion (a)

(10–80 %) for heating rates of 10, 15, and 20 �C min-1 can
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be obtained by a linear regression of least-square method,

respectively, presented in Figs. (4, 5). A linear relationship

is observed by both methods, and Ea can be evaluated from

slopes of straight lines with better linear correlation coef-

ficient (r2 = 0.995–0.999). The dependence of apparent

activation energy on degree of conversion (Ea - a curve)

for non-isothermal decomposition process of polymers via

FWO and KAS methods is presented in Fig. 6. From

results obtained, the following remarks can be pointed out:

[i] It could be observed that approximately equal values

of Ea are obtained by FWO and KAS methods, but with

slightly lower Ea values calculated by KAS method. [ii]

The initial thermal degradation process in BF and its BF-

M(II) polymers showed that levels of Ea are different to

each other, which involves a simple irreversible reactions

because of removal solvents and volatile groups. Free

radical formation takes place after initial step, which

undergo inter-/intramolecular reactions, hampering thermal

degradation process, or accelerating [34]. [iii] The Ea for

BF increases with increasing a, while in case of BF-M(II) it

increases on going from one decomposition stage to

another indicating that rate of decomposition increases in

same order. In case of BF-Co(II) and BF-Cu(II), final stage

of conversion showed decreasing dependences and inter-

preted this fact as transition of process to diffusion-con-

trolled reaction, rather than to follow the kinetic factor

[35]. It was also observed that in BF-Cu(II) and BF-Zn(II),

apparent activation energy showed quite opposite trend in

the beginning, comparison to BF-Co(II) and BF-Ni(II).

This may be attributed to structural rigidity, molecular

mass, and type of metal ion influences.

As a consequence, variation in apparent activation

energy with degree conversion is associated with hetero-

geneous process. Reactions occurred at a gas–solid inter-

face, involved a multi-step parallel, consecutive, and

irreversible reactions on thermal degradation process, and

structural rigidity of polymers [10, 15, 35], which bonds

different activation energies and mechanisms of thermal

degradation [36], revealing to complex nature of decom-

position process.

Conclusions

The new polymeric ligand was synthesized via condensa-

tion reaction of biuret with formaldehyde in basic medium.

The polymer metal complexes of BF were synthesized with

Co(II), Ni(II), Cu(II), and Zn(II). The results indicate that

BF-Co(II) and BF-Ni(II) show octahedral geometry, while

BF-Cu(II) and BF-Zn(II) show square planar and tetrahedral

geometry, respectively. The apparent activation energy

depends on degree conversion, so we observed that

decomposition reaction process of prepared polymers

precursor is a complex kinetic mechanism. This result

shows the importance of isoconversional methods to eval-

uate apparent activation energy versus a without knowledge

of kinetic model g(a) and shows that apparent activation

energy evaluated by both methods is very good agreement.
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