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ABSTRACT

The redox reaction between tris(1,10—phenanthroline)iron(lll) complex ion,
[Fe(phen)sJ?*, and thiourea (H2NCSNHz) in aqueous perchloric acid media was
investigated at temperature of 26.0 * 1.0 °C over the hydrogen ion
concentration range 0.50-1.0 mol dm?3using a UNICO UV-2102PC
Spectrophotometer at 510 nm, the visible absorption maximum (Amax) of the
product iron species, [Fe(phen)s}** (tris(1,10-phenanthroline)iron(ll) complex
ion). The ionic strength was maintained at 1.0 mol dm> using sodium
perchlorate salts, except for the determination of the effect of ionic strength on
the rate of the reaction were it was varied between 0.50 and 1.0 mol dm?. One
mole of thiourea was consumed per mole of [Fe(phen)s]** with the formation of
[Fe(phen)s}** and formamidine disulphide (H:N)HN=C-S-S—-C=NH(NH:) as
products. Under the conditions in which the reaction was carried out, the
reaction is of the first order in each of the reactants in aqueous perchloric acidic
solutions, and second orders overall. The kinetics of the oxidation obeys the

. o dlF @ )3 _ 3+ ;
empirical rate law: ————— = k;[Fe(phen)3*][H,NCSNH,] with the

rate constant, ks, found to be 19.01 + 0.21 dm? mol* s, Taking into account the
kinetic data and general observations, a five—step outer—sphere mechanism
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which lack intermediate complex was proposed for the redox reaction.

INTRODUCTION

1, 10—phenanthroline and related
compounds are collectively known as 1, 10-
phenanthrolines or orthophenanthrolines (Skoog et
al., 2014). They bind strongly to most metal ions,
especially the first row transition metals, due to the
presence of two nitrogen ring atoms at positions 1
and 10 which are used to form heterocyclic metal
chelates (Agwara et al, 2010; Wang et al., 2012).
These nitrogen atoms have non—conjugated,
localized pair of electrons which bears no
substituents, but have affinity for these metal atoms,
forming complex with octahedral coordination
geometry (Busari and Musa, 2018). The stability
constants of the metal complexes of 1, 10—
phenanthrolines are significantly large which
explains why they form quantitatively even if the
metal is present in trace amount (Schilt, 1969).
Although certain distinctive property of a given
metallic element persists through drastic ligand
changes, ligands like 1, 10-phenanthroline are
known to have a profound effect on the chemical
properties of metal ions in coordination complexes.

These include stabilization of different oxidation
states and modulation of the electrophilic and
nucleophilic properties of the metals (Adeloye and
Ajibade, 2010).

Metal ion complexes of phenanthrolines
have been known for almost a century (Schilt, 1969;
Berkheiser and Mortland, 1977; Plowman et al.,
1984). They are known to have high formation
constants in aqueous solutions and some like,
[Fe(phen)s]*, are also known for high absorptivity
(Berkheiser and Mortland, 1977). 1, 10-
phenanthroline as well as some of their derived
complexes were observed to show antimicrobial
activity (Adeloye and Ajibade, 2010; Agwara et al.,
2010; Aljahdali et al., 2013) and anticancer (Sammes
and Yahioglu, 1994).

Several kinetic studies of the reduction of
the strong one—electron oxidant [Fe(phen)s]3* (Beller
et al., 2010) have been reported by different authors
(Sutin and Gordon, 1961; Carlyle, 1972; Nord and
Wernberg, 1975; Pelizzetti and Mentasti, 19773;
Pelizzetti and Mentasti, 1977b; Kimura and Wada,
1978; Yao-Chu et al., 1992: Ayoko et al., 1993b; Vani

*Corresponding author: Busari, A. B2 abdulakeemkekule@yahoo.com B2 Department of Chemistry, Sule Lamido

University, Kafin Hausa, Jigawa State, Nigeria. © 2019 Faculty of Technology Education, ATBU Bauchi. All rights reserved



JOURNAL OF SCIECNCE TECHNOLOGY AND EDUCATION 7(3), SEPTEMBER, 2019
ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com

et al.,, 2001; Balakumar et al., 2012; Al Mahdi et al.,
2014; Balakumar et al., 2015). Most of these were
carried out by following the formation of
[Fe(phen)s]** complex produced at 510 nm, its
wavelength of maximum absorption (Ford—Smith
and Sutin, 1961; Mentasti and Pelizzetti, 1977,
Adedinsewo and Adegite, 1979) and were found to
be first order with respect to the concentration of
[Fe(phen)s]**(Ford-Smith and Sutin, 1961; Pelizzetti
and Mentasti, 1977a; Mentasti and Pelizzetti, 1977;
Adedinsewo and Adegite, 1979; Ayoko et al., 1993).

Reactions of [Fe(phen)s]** are mainly
observed to occur via the outer—sphere mechanism
(Mentasti and Pelizzetti, 1977; Adedinsewo and
Adegite, 1979; Ayoko et al., 1993; Yao—Chu et al.,
1992). Some of these are reported to be acid
dependent (Sutin and Gordon, 1961; Kimura and
Wada, 1978; Ayoko et al., 1993), while others were
independent of acidity (Mentasti and Pelizzetti,
1977, Pelizzetti and Mentasti, 1977a; Pelizzetti and
Mentasti, 1977b). Stoichiometries of 1:1 (Ayoko et
al., 1993; Mehrotra and Mehrotra, 2003), 2:1
(Mentasti and Pelizzetti, 1977; Pelizzetti and
Mentasti, 1977a; Pelizzetti and Mentasti, 1977b)
have all been reported for the redox reactions of
[Fe(phen)s]3* with different reductants.

Oxidation of sulfur compounds is usually
complex (Simoyi et al, 1991; Jonnalagadda et al.,
2002; Gao et al., 2008) with the study of sulphur and
sulphur containing compounds like thiourea,
hereafter designated TU, being important because
they have numerous applications (Sahoo et al., 2010;
Sharma et al.,, 2011; Asghari et al.,2015). Thiourea
reactions are important in the study of nonlinear
chemical kinetics and depending on the reaction
conditions, its exhibits exotic behaviors (Mundoma
and Simoyi, 2000; Sahoo et al., 2010).

A search in the literature for data about the
reaction of [Fe(phen)s]®* with thiourea failed. Our
work will cover investigation of the redox reactivity
of [Fe(phen)s]>** to throw more light on its
mechanistic behaviour. Moreover, iron is an
important component of almost all living systems,
serving multiple functions, depending on their
location and the form in which they exist within the
biological system (Pradyot, 2003; Tanvir et al., 2013).
Therefore basic knowledge about its redox
behaviour in the presence of different ligands and at
different pH values is very important. Because of
their importance to medicine, many of these iron
compounds that are found in nature have been
studied in great detail and model systems have been

synthesized in efforts to reproduce their properties
and understand the mode of their actions (Buchanan
et al, 1994; Bhattacharyya and Mukhopadhyay,
2005; Bhattacharyya et al, 2007). Progress in
medicinal coordination chemistry is heavily
dependent on the understanding of the
thermodynamics and the kinetics and mechanisms
of reactions of metal complexes, especially under
biologically relevant conditions (Guo and Sadler,
1999). Also information on thiourea reactivity
patterns could be beneficial for the studies of the
biological role of sulphur compounds in living
systems.

MATERIALS AND METHODS

Thiourea, FeSOs 7H20, (NHa4)2Ce(NO3)s, 1,
10—phenanthroline monohydrate, sulphuric acid,
sodium perchlorate and perchloric acid were all used
without further purification. The [Fe(phen)s])®*
complexes ion was prepared by the oxidation of
dilute sulphuric acid solution of [Fe(phen)s]?* with
(NHa4)2Ce(NOs)s, ceric ammonium nitrate, as reported
by several researchers (Ford—Smith and Sutin, 1961;
Ng and Henry, 1977; Chowdhury and Ali, 2005;
Adhikamsetty et al., 2008; Al Mahdi et al., 2014).
Solutions of [Fe(phen)s]?* ion was prepared in
sulphuric acid solution by adding known excess
stoichiometric amounts of 1, |I0—phenanthroline to
FeSOs 7H.0. The perchlorate salts of the
[Fe(phen)s]®* ion was precipitated as blue powder
from the sulphate solutions by adding concentrated
perchloric acid. The salt was confirmed to be pure
from the agreement of their spectral characteristics
with previously published values (Schilt and Taylor,
1959). The molar absorption coefficient of
[Fe(phen)s]3* in concentrated HClIOswas found to be
830 dm® mol™? cm™ at its absorption maximum of
600 nm (Adhikamsetty et al., 2008).

Stock solution of the [Fe(phen)s]** complex
was prepared daily by dissolving its perchlorate salt
in concentrated perchloric acid and this was stored
at 0°C in a refrigerator between use. Suitable
volumes of this solution were taken for kinetic runs
immediately before the reactions were initiated.

The kinetics of the redox reaction of
tris(1,10—phenanthroline)iron(lll) complex ion with
TU in aqueous perchloric acid media was
investigated at temperature of 26.0 + 1.0 °C over the
hydrogen ion concentration range 0.50 — 1.0 mol
dm3using a UNICO UV-2102PC Spectrophotometer
at 510 nm, the visible absorption maximum (Amax) of
the product iron specie, [Fe(phen)s]?*, obtained in
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the reaction. The ionic strength was maintained at
1.0 mol dm using sodium perchlorate salts, except
for the determination of the effect of ionic strength
on the rate of the reaction were it was varied
between 0.50 and 1.0 mol dm?.

Under the kinetic conditions, [Fe(phen)s3*] =
1.0 x 10 mol dm3, [TU] = 4.0 x 10 mol dm3, [H*] =
0.50 mol dm3 (HCIOa4), | = 1.0 mol dm™ (NaClOs4) and
T = 26.0 + 1.0 °C, with [Fe(phen)s;]** as the limiting
reagent and using the Beer—Lambert’s equation (A =
ecl), where ¢ of [Fe(phen)s]?* was taken to be 11,100
dm3 mol? cm™(Bhattacharyya and Mukhopadhyay,
2005; Bhattacharyya et al., 2007; Adhikamsetty et
al., 2008), the concentration of [Fe(phen)s]** was
quantified spectrophotometrically at 510 nm after
the reaction was confirmed to have been complete.
Formamidine disulphide, (H2N)HN=C-S-S—
C=NH(NH2), was qualitatively confirmed as the
organic product of thiourea oxidation.

The effect of the variation of [TU] on rate is
investigated at several initial concentrations (2.0 x
10%, 2.5 x 10, 2.75 x 104, 3.0 x 104, 3.25 x 10, 3.5
x 10%, 3.75 x 10* and 4.0 x 10* mol dm?3) of
thiourea but at constant [Fe(phen)s], [H*], ionic
strength and temperature of 1.0 x 10* mol dm3,
0.50 mol dm™ (HClO4), 1.0 mol dm (NaClOs) and
26.0 + 1.0°C respectively, unless stated otherwise.
The reaction was studied by following the formation
of [Fe(phen)s]?, the product of the reaction, at 510
nm, its wavelength of absorption maximum (Amax)
using a UNICO UV-2102PC Spectrophotometer with
a 1 cm cell compartment. Pseudo first order rate
constants, kobsd, were obtained from the slopes of
log (A-~—A:) versus time plot (A-~ and A: are the
absorbances at the end of the reaction and after
time t respectively). The effect of variation of
[H*1(0.50-1.0 mol dm3) and ionic strength (0.50-1.0
mol dm=3) were investigated at 26.0 + 1.0°C, [TU] of
2.0 x 10*mol dm and [Fe(phen)s:**] of 1.0 x 10 mol
dm?3,

In  order to find out whether
spectroscopically determinable intermediate
complex is formed between the complex and
thiourea, the spectra of the reaction mixture was

taken at intervals over the 400-700 nm range
immediately after the reactions were initiated. The
formation of an intermediate complex will be
indicated by an increase in peak height or a shift in
Amax Of the binuclear complex (Osunlaja et al., 2012).
Also aliquot of the mixture of 1.0 x 10 mol dm™3
[Fe(phen)s*] at [H'] = 0.50 mol dm™ and ionic
strength 1.0 mol dm3 was mixed with 10 w/v%
acrylamide solution and allowed to stand for some
time before 2.0 x 10*mol dm™ [TU] was added to
initiate the reaction, after which large excess
methanol was then added. The formation of a
gel/polymer will indicate the presence of a free
radical intermediate (Sen Gupta et al., 1999; Idris et
al., 2014). Blank experiments from which TU was
excluded were also carried out.

RESULTS AND DISCUSSION

After the completion of the reactions
between solutions of 1.0 x 10* mol dm3
[Fe(phen)s]** and 4.0 x 10 thiourea at [H*] = 0.50
mol dm3and | = 1.0 mol dm3, 20 cm? of ethanol and
5 cm® of concentrated HCl were added to the
reaction mixture, which resulted in the formation of
white crystals of formamidine dihydrochloride
(McAuley and Gomwalk, 1969). This confirmed the
oxidation product of thioureas as formamidine
disulfide and the dihydrochloride salt is formed in
presence of concentrated hydrochloric acid
(McAuley and Gomwalk, 1969; Olatunji and
Okechukwu, 1987). The reduction product was
characterized to be [Fe(phen)s]**by comparing the
spectra of the spent reaction mixture with that
already published. The [Fe(phen)s;**] produced was
found spectrophotometrically using Beer's law to be
1.0 x 10* mol dm?3. These gives credence to 1:1
stoichiometry for the system i.e. one mole of the
reductants are consumed by one mole of the
oxidant, with the formation of one mole of
[Fe(phen)s]** and one—half mole of formamidine
disulphide, (H2N)HN=C-S—S—-C=NH(NH2), as product
for the [Fe(phen)s]**—thiourea redox reaction. Thus
the overall reaction may be represented by equation

(1):

2[Fe(phen)s]®* + 2H2NCSNH2 - 2[Fe(phen)s]?* + (H2N)HN=C-S-S—C=NH(NH2) + 2H* (1)

[Fe(CN)e)** (Lilani et al., 1986), KMnOa (Khan
et al, 2007), Chloramine-T (Shubha and
Puttaswamy, 2009) and IrCle>™ (Po et al.,1979), which
are all known typical outer-sphere oxidant just like
[Fe(phen)s*], were also found to oxidize thiourea to

formamidine disulfide. Several researchers have
reported the formation of formamidine disulfide
when excess thiourea was reacted with some
oxidants at low pH (Bowley et al., 1986; Saradamba
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et al., 1988; Arifoglu et al., 1992; Martincigh et al.,
2013).

The initial rate method was used in
analyzing the pseudo—first order plots of log(A«-At)
versus time. This suggests a first order dependence
of rate on [Fe(phen)s])** for the system. The typical
plot is shown in Figure 1. The pseudo first order rate
constants, kobss, determined at various initial
concentrations of [TU] and at constant [Fe(phen)s*'],
[H*] and ionic strength are reported in Table 1. Least
square plot of respective kobsa values against the

d[Fe(phen)3*]

corresponding initial concentrations of [TU] (Figure
2) is linear with r equal to 0.999, meaning the
reactions is also first order with respect to [TU]. This
was further corroborated by slopes of 1.00 obtained
from the plot of logkobsda vs. log[TU] (Figure 3).
Therefore the reaction is second order overall and
the second order rate constant were determined as
kobs¢/[TU] and were found to be fairly constant at
19.01 £ 0.21 dm? mol? s (Table 1). The rate law of
the reaction can be fitted into equation (2).

——————— = ky[Fe(phen)3*][H,NCSNH,] )

dt
Solution of [Fe(phen)s]®* undergoes slow

photodecomposition in weakly acidic solutions of pH
above 1.4 (Novak and Arend, 1964; Al Mahdi et al.,
2014), therefore our work was carried out at pH 0—
0.3 ([H*] = 0.50-1.0 mol dm3). The variation of [H]
in the range 0.50-1.0 mol dm=was observed to have
no effect on the observed rate constants of the
reactions. Similar results have been reported for the
redox reaction of [Fe(phen)s]** with 1,1'-biphenyl-
4,4'-diol (Pelizzetti and Mentasti, 1977b). This can be
supported by the fact that the protonation of
[Fe(phen)s]* in equation (3) of the proposed
plausible mechanism is of similar rate with the
deprotonation of H.NCSNH: in equation (4).

Rate constants of the redox reaction were
found to decrease with increase in ionic strength
from 0.50 to 1.0 mol dm? (Table 1). This is an
indication that both species at the activated complex
are of opposite charges (equation 6) and the product

of their charges was found to be -0.58 from the plot.
The non-integral value of the product of the species
at the activated complexes indicates that some other
interaction might be occurring during the reaction
(Ayoko et al., 1992). Spectroscopic evidence and
Michaelis-Menten’s plot of 1/kobss versus 1/[TU]
suggests that intermediates may be unimportant in
the rate determining step.

Since H2NCSNH: requires two electrons to
be converted into (H2N)HN=C-S-S—-C=NH(NH2), and
with [Fe(phens)]3* being a well-known one—electron
oxidants (Ng and Henry, 1977), the reaction was
proposed to occur via two successive univalent
changes generating the reactive (RHN)HN=C-S
radical, which is a well established intermediate in
thiourea reactions (Rabai et al, 1993).The
polymerization of acrylamide provides support for
the existence of free radical in this reaction.

0 4 g  tyminp 16 20 24
O 1 1 1 1 J
¢
0.1 -
02 -
2z 0.3 -
v -0.4 -
< o5 -
(@)
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0.7 - N
0.8 - ¢ * .
0.9 -

Figure 1: Typical Pseudo-first order plot for the redox reaction of [Fe(phen)s]3* with thiourea at
[H*] =0.50 mol dm=3, 1 = 1.0 mol dm3(NaClO4) and T = 26 + 1.0°C.
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Table 1: Pseudo first order and second order rate constants for the redox reaction of [Fe(phen)s]** and TU in
aqueous perchloric acid media at [Fe(phen)s**] = 1.0 x 10 mol dm, T = 26.0 + 1.0 °C and Amax= 510 nm.

10*[TU], moldm2  [H*], moldm™ [ (NaClOa4), mol dm3 103Kobsd, 571 k2, dm3 mol* s
2.0 0.50 1.0 3.76 18.80
2.5 0.50 1.0 4,74 18.96
2.75 0.50 1.0 5.20 18.91
3.0 0.50 1.0 5.75 19.17
3.25 0.50 1.0 6.19 19.05
3.50 0.50 1.0 6.61 18.89
3.75 0.50 1.0 7.16 19.09
4.0 0.50 1.0 7.68 19.20
2.0 0.50 1.0 3.90 19.50
2.0 0.60 1.0 3.96 19.75
2.0 0.70 1.0 3.78 18.90
2.0 0.80 1.0 3.81 19.05
2.0 0.90 1.0 3.92 19.60
2.0 1.0 1.0 3.90 19.50
2.0 0.50 0.50 6.91 34.55
2.0 0.50 0.60 6.29 31.45
2.0 0.50 0.70 5.92 29.60
2.0 0.50 0.80 5.50 27.50
2.0 0.50 0.90 5.00 25.00
2.0 0.50 1.0 4.21 21.05
8 -
7.5 -
7 4
6.5 -
B 6
Bss -
~
[32]
=
= 5 -
4.5 -
4 .
3.5 -
3 T T T T T 1
1.5 2 2.5 3 3.5 4 4.5

104[TU], mol dm-3

Figure 2: Plot of kobsd versus [TU] for the reduction of [Fe(phen)s]3* by TU.
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Figure 3: Plot of logkobsd Versus log[TU] for the reduction of [Fe(phen)s])®* by TU.
Proposed Mechanism formation of H[Fe(phen)s]*" in acidic medium has
Based on the observations made, a five— been previously reported by several authors (Sutin
step, outer—sphere transfer mechanism with and Gordon, 1961; Kimura and Wada, 1978; Ayoko
intermediate radical formation and with equation 6 et al., 1993).
as rate determining is proposed for this system. The
[Fe(phen);]**+ HY [HFe(phen); |+ (3)
. KE W= + (4)
H,NCSNH, ==— H,NHN-C§S +H
[Fe(phen);]**+ H;NCSNH, —Kap [Fe(phen); 2+ H,NHN-CS +[H]  (5)
k
[HFe(phen); [** + H,NHN=CS" Sl—of‘f [Fe(phen); ]2+ HaNHN-CS (6)
H,NHN-CS* + H,NHN-CS$: S H,NHN-CSCS-NHNH, (7)
d[Fe(phen)5]**
_ dlFe(phen);[™" ks|HFe(phen),** | [(RNH)HN = CS] @)
|HFe(phen),** |
1= 4 (9)
[Fe(phen). ™ |[H*]
[HFe(phen)EHJ = KllFe(phen)EHJ[H"'] (10)
= [(RNH)HN = CS™|[H*] 1
27 [RNHCSNHS,] an
RNH)HN = Cs-] = <2[RNHCSNH] 12
[(RNH)HN = CS7] = BT (12)
d[Fe(phen)s]**  kyK,K;|Fe(phen), ™ |[RNHCSNH,][H*] 1
B d - [H*] (13)
d[Fe(phen)5]®* 3
—[e(pd& = kyK,K;|Fe(phen);"" |[RNHCSNH_] (14)
ko = ky KK (15)
d[Fe(phen),]** 1
—%: k, |Fe(phen)s>* |[RNHCSNH,] (16)
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CONCLUSION

The kinetics of [Fe(phen)s]** reduction by
thiourea in aqueous perchloric acid solution at
different reductant concentrations was studied. The
reaction order, rate constant and rate law were
determined. Taking into account the results of the
kinetic studies and the observations made, a
plausible reaction mechanism was proposed for the
system. The initial reaction is first order with respect
to each reactant. The complication that arise
towards the end of the reaction was most likely due
to the slow decomposition of both [Fe(phen)s]** and
[Fe(phen)s]?*.
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