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Electroanalytical, kinetic, and mechanistic investigations of
coordination-inspired electron transfer between Fe(II)/Cu(II)

SYED RAASHID MAQSOOD, MOHSIN AHMAD BHAT* and BADRUDDIN KHAN

Department of Chemistry, University of Kashmir, Srinagar, India

(Received 8 September 2012; in final form 20 December 2012)

Herein, we report that the thermodynamic barrier for solution-phase electron transfer (ET) between
Cu(II) and Fe(II) in aqueous acidic media can be overcome through the addition of 2,9-dimethyl-
1,10-phenanthroline (Neocuproine [NC]) to the reaction mixture. A detailed discussion of the
kinetic and mechanistic aspects of this coordination-inspired ET is presented. We attribute the
observed change in the thermodynamic feasibility to the change in the reduction potential of
Cu(II)–Cu(I) couple on its ligation with NC. The reaction was found to be slow, following first-
order kinetics with respect to each Cu(II) and Fe(II). In the presence of excess NC, the reaction
was observed to proceed with a pseudo-second-order rate constant of 3.37 ± 0.05 dm3mol�1 s�1 at
298K, with an activation barrier of ca. 26.22 kJmol�1. The slow reaction is attributed to the signif-
icant reorganization energy associated with large-scale changes in the coordination sphere of the
oxidant. A two-step mechanism that explains the experimental observations is proposed for the
investigated reaction.

Keywords: Neocuproine; Metalloproteins; Redox potential; Nonspontaneous; Activation energy

1. Introduction

Coordination complexes of transition metal ions [1–3] have established roles as metallo-
proteins in life processes. Analytical and other applications of coordination complexes
make studies related to redox properties, mechanistic, kinetic, and applied aspects of inner
and outer sphere electron transfers in coordination complexes important [4, 5]. Few reports
[6–8] using transition metal ion complexes as model systems for understanding electron-
transfer processes in metalloproteins have been demonstrated. A long-standing challenge
related to electron-transfer processes in metalloproteins is to unravel the basic cause for
the metal ion center in electron transfer proteins that allows them to mediate a huge num-
ber of electron transfer reactions with high sensitivity and accuracy [9, 10]. XRD and other
structural studies in blue copper proteins have established that this ability of metallopro-
teins can be partly attributed to a large variation in the redox potential of metal ion center
(190–780mV) due to the nature and complexation geometry specific to the redox tuning
properties of ligands [11, 12].

In continuation to our work on coordination-inspired redox systems [13, 14], we
investigated redox titration between Fe(II) and Cu(II) in the presence of 2,9-dimethyl-1,
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10-phenanthroline, also known as Neocuproine (NC). NC is used as Cu(I) stabilizing
ligand for its tendency to form a very stable [Cu(NC)2]

1+ complex [15–17]. Formation of
this complex has been explored for analytical monitoring of many bioactive molecules like
cysteine, ascorbic acid, dazomet, and carpital [18–23]. Cu(I) stabilization and tuning of
redox properties of Cu(II) by NC are the underlying principles for CUPric Reducing
Antioxidant Capacity-based hydroxyl–scavenging antioxidant assay of various antioxidants
[22, 24, 25]. Reduction of Cu(II) to Cu(I) by Fe(II) is thermodynamically a nonspontane-
ous process [26]. We report here that the unfavorable electron transfer (ET) between Cu
(II) and Fe(II) can be made thermodynamically feasible by the presence of NC in the reac-
tion mixture. We propose that owing to its tendency to stabilize Cu(I), NC modifies the
redox behavior of Cu(II)–Cu(I) system by increasing its apparent redox potential. A
detailed discussion of kinetic and mechanistic aspects of this coordination-inspired ET is
presented and a probable mechanism that justifies the feasibility and associated observa-
tions of the investigated process is also presented. Spectrophotometric and potentiometric
investigations were used for the estimation of various kinetic and thermodynamic parame-
ters of the investigated redox process.

2. Experimental

Research-grade ferrous ammonium sulfate, copper sulfate, and NC were purchased from
Merck India and used without purification. In view of the poor solubility of NC in water
and possible hydrolysis complications for Fe(II) in neutral water, all solutions were pre-
pared in 1�10�3M H2SO4 in water. Spectrophotometric measurements were carried out
on a Shimadzu 1650 UV–visible spectrophotometer with thermostatic control (±0.2 °C).
Potentiometric measurements were done on a Eutech PC5500 ion analyzer over a thermo-
static magnetic stirrer. All experiments were repeated at least five times to ensure reproduc-
ibility of the reported observations.

3. Results and discussion

3.1. Redox titration between Cu(II) and Fe(II)

ET between Cu(II) and Fe(II) in H2O is thermodynamically nonspontaneous [26, 27], and
hence expectedly, we observed no significant potential break during potentiometric titration
of Cu(II) with Fe(II). However, a marked change in potentiometric behavior in terms of a
significant potential break in emf versus volume of titrant added was observed when the
titration was carried out in the presence of NC (figure 1). This observed change in potenti-
ometric response clearly indicates spontaneity of ET between the Cu(II) and Fe(II) in the
presence of NC in aqueous solutions.

Expecting ligation effect of NC to be responsible for the previously mentioned observa-
tion, UV–visible spectra for Fe(II), Cu(II) and their solutions with NC were recorded
(figure 2). From these recorded UV–visible spectra, it is clear that, while Fe(II) aq. shows
no significant absorbance in the 900–300 nm region, Cu(II) shows a broad absorbance
peak around 815 nm, and NC shows the absorbance in UV region at 285 nm. Fe(II) and
NC taken together showed no prominent changes in their absorption characteristics in
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comparison to their absorption behavior when they are present individually. This indicates
that there is no significant interaction between Fe(II) and NC in aqueous solution. How-
ever, the absorbance band characteristic to Cu(II) (aq.) was shifted hypsochromically by
ca. 70 nm in the presence of NC, indicating a possible complex formation between Cu(II)
and NC. Using Job’s method, we established a stoichiometry of 1 : 2 ([Cu(NC)2]

2+) for this
precursor complex (inset figure 3). It was found that the addition of Fe(II) solution to the
solution of Cu(II) and NC results in the disappearance of absorbance band at 745 nm char-
acteristic to [Cu(NC)2]

2+ and the appearance of a new band at 450 nm. Compared to the
band at 815 nm (for Cu(II) aq.) and 745 nm (for [Cu(NC)2]

2+), this new band at 450 nm

Figure 1. Potentiometric titration of Cu(II) (10mM, 5mL) with Fe(II) (20mM) in the presence of varying
concentrations of neocuproine.

Figure 2. Effect of Neocuproine (100mM) on the absorbance spectra of Cu(II) (10mM) and Fe(II) (10mM).

Electron transfer between Fe(II)/Cu(II) 1213
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was narrower and more intense (ɛmax = 7.5� 10�3L cm�1mol�1). These features are char-
acteristic of a charge transfer band. These prominent changes in absorbance, wavelength,
and absorbtivity coefficient indicate that some significant changes in the electronic and
bonding pattern of [Cu(NC)2]

2+ complex occur on its interaction and spontaneous reduc-
tion by Fe(II). In light of these observations, it can be safely argued that breaking of non-
spontaneity of the the investigated ET (from Fe(II) to Cu(II)) is on account of the com-
plexation of NC. We propose that the addition of NC to Cu(II) aqueous solutions alters
the reduction potential of Cu(II)–Cu(I) couple to a level wherein ΔG associated with ET
from Fe(II) to Cu(II)-NC complex is sufficiently negative that ET proceeds spontaneously.
The spectral and potentiometric results indicate complexation-driven ET between Fe(II)
and [Cu(NC)2]

2+ to form highly stable [Cu(NC)2]
1+.

Calculations on the basis of equation (1),

EComplex ¼ E0
aqua � ð59:16 mVÞ log bII

bI ð1Þ

where EComplex is the reduction potential of Cu(II) in complexed form, E0
aqua is the standard

electrode potential of Cu(II) as aqua complex, βII(11.7) and βI(19.1) are the stability con-
stants of oxidized and reduced form of Cu(II) with NC, respectively [28], suggest that in
the presence of NC, the reduction potential of Cu(II)–Cu(I) couple increases from 153mV
[29] to 709mV. This much variation in reduction potential ensures spontaneous ET from
Fe(II) to Cu(II).

Though the thermodynamic feasibility attained by the complexation effect predicted
smooth ET from Fe(II) to Cu(II), fluctuations in the emf readings were observed during
potentiometric titrations of Cu(II)+NC solution with Fe(II). After the addition of Fe(II) to
Cu(II) and NC solution, the potential readings stabilized only after at least 10–20 s. Hence,
all emf readings used for the present study were recorded with a 20-s delay. These fluctua-
tions in potential readings during potentiometric titrations are suggestive of the slow ET
between the titrant (Fe(II)) and the titrand (Cu(II)-NC complex). We attribute this slow

Figure 3. Absorption spectra recorded for Cu(II)+NC solutions of varying compositions. (Inset) Job’s plot that
establishes a 1 : 2 stoichiometry for Cu(II)-NC complex.

1214 S.R. Maqsood et al.
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kinetics of ET to unusually large changes in coordination geometry attending the reduction
of [Cu(NC)2]

2+ due to which the investigated ET will be associated with an appreciable
kinetic barrier and hence, slow kinetics. Cu(II) complexes prefer to exist as Jahn–Teller
distorted octahedra (though other configurations are known), while Cu(I) complexes usu-
ally are four-coordinate tetrahedra or linear species [30]. Hence, large changes in the com-
plex geometry are expected during redox, which in turn slow down the rate of ET. It is
due to this effect that the choice of ligands has a major effect on the rates of Cu(II)-medi-
ated catalytic processes like the Ullmann reaction [31]. The slow kinetics of the ET in the
present case allow us to carry out detailed kinetic investigations through conventional
kinetic methods.

3.2. Kinetic studies

Investigated redox reaction was monitored spectrophotometrically for kinetic investigations.
During kinetic investigations, the absorbance of the reaction mixture at 450 nm (λmax for
[Cu(NC)2]

1+ (product of redox reaction)) was recorded as a function of time with time
interval of 0.1 s over a period of 5min; typical absorbance versus time plots are presented
in figure 4. From the recorded absorbance versus time plot, it appeared that the investigated
ET reaction approached 95% completion in 120–130 s. The absorbance plot at varying reac-
tant concentrations (Cu(II) (1.5–5.0mM) and Fe(II) (1.5–5.0mM) with NC (1.5–12.0mM))
was recorded and the order with respect to each reactant was calculated. From these calcula-
tions, it appears that in the presence of excess of NC (12.0mM), the reaction follows
pseudo-second-order kinetics with order with respect to both Fe(II) and Cu(II) equal to one.
Order for NC was calculated by comparing the initial rates for two reactant mixtures which
were similarly concentrated for Fe(II) and Cu(II) but differed in the concentration of NC,
which was, however, kept in excess in both cases. From these calculations, it was observed
that the investigated reaction follows second-order kinetics with respect to NC.

3.3. Mechanistic aspects

In view of the kinetic investigations, it appears that the investigated redox reaction
between Fe(II) and Cu(II) in the presence of NC can take place through three possible

Figure 4. Change in absorbance with time and with different concentrations of reactants.

Electron transfer between Fe(II)/Cu(II) 1215
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pathways (scheme 1). Complexation of either of the two redox species (Fe(II) or Cu(II))
with NC followed ET, or stabilization of the product/s of ET by complexation with NC.
Absorption spectra recorded for Fe(II) and Cu(II) in the presence of NC clearly establish
complexation of NC with Cu(II) but rule out complexation of Fe(II) with NC (see figure
2). Similarly, in view of our observations during potentiometric titrations and the reported
value of standard redox potentials of Cu(II) and Fe(II) [29], the possibility of ET prior to
complexation can be safely ruled out. In light of these facts, we propose that the investi-
gated redox reaction follows complexation-mediated ET pathway.

We propose that the reaction involves complexation of Cu(II) with NC that leads to for-
mation of a less stable Cu–NC precursor complex, which in turn is reduced by Fe(II),
which is oxidized to Fe(III).

Formation of Cu–NC complex was shown by shift in the absorbance maximum for Cu
(II) by 70 nm on the addition of NC in the aqueous solution. Following Job’s method, the
stoichiometry of the resulting complex was (1 (Cu) : 2 (NC)) (see figure 3). We propose
that the investigated NC-mediated redox reaction between Cu(II) and Fe(II) in aqueous
media involves an initial complexation of Cu(II) with NC to form [Cu(NC)2]

2+, which in
turn is reduced by aqueous phase Fe(II) to a more stable [Cu(NC)2]

1+. The proposed
mechanism for the overall process can be summarized as below:

Cu2þaq þ 2NC
k1
k�1

½CuðNCÞ2�2þ ðfastÞ ð2Þ

½CuðNCÞ2�2þ þ Fe2þaq !k2 ½CuðNCÞ2�1þ þ Fe3þaq ðslowÞ ð3Þ

Keq ¼ ½CuðNCÞ2�2þ
½Cu2þaq �½NC�2

ð4Þ

Scheme 1. Schematic representation for the three possible pathways in favor of the studied electron transfer
reaction.

1216 S.R. Maqsood et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

52
 1

3 
O

ct
ob

er
 2

01
3 



½CuðNCÞ2�2þ ¼ Keq½Cu2þaq �½NC�2 ð5Þ

Rate ¼ k2½CuðNCÞ2�2þ½Fe2þaq � ð6Þ

Rate ¼ k2Keq½Cu2þaq �½NC�2½Fe2þaq � ð7Þ

Rate ¼ k0½Cu2þaq �½NC�2½Fe2þaq � k0 ¼ k2Keq ð8Þ

From the proposed mechanism, the investigated reaction should follow first-order kinet-
ics with respect to each Cu(II) and Fe(II) and second-order kinetics with respect to NC, in
agreement with our kinetic investigations. Substituting for the Keq (logKeq = 11.7) [28] and
experimentally determined rate, the average value for k2 was ca. 3.37 ± 0.05 dm

3mol�1 s�1.
Kinetics of the reaction at varying temperatures (temperature maintained with an accu-

racy of 0.2 °C) with two of the reactants in excess (NC and Cu(II) or Fe(II)) was followed
for the estimation of temperature-dependent rate constant of the reaction (figure 5). For
estimation of the rate constant, each experiment was repeated at least five times. The aver-
age value of rate constants at varying temperatures as estimated in these experiments is

Figure 5. Effect of temperature on the rate of ([Cu(NC)2]
1+) formation in a reaction mixture of Cu(II) (1.7mM)

+Fe(II) (5.0mM) +NC (40mM) at varying temperatures. (Inset) Arrhenius plot for the determination of activation
energy.

Table 1. Variation of rate constant with change in temperature for the reaction of Cu(II) with Fe(II) in the
presence of excess of neocuproine in 1�10�3M H2SO4.

Temp. (°C) Rate constant k ± 0.05 (s�1) 1/T (K�1) ln (k)

20.0 1.85 0.003413 0.62
25.0 1.99 0.003356 0.69
30.0 2.30 0.003300 0.86
35.0 2.60 0.003247 0.97
40.0 3.30 0.003195 1.19
45.0 4.24 0.003145 1.45
50.0 5.80 0.003096 1.76

Electron transfer between Fe(II)/Cu(II) 1217
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listed in table 1. The Arrhenius plot corresponding to the data presented in table 1 led to
an overall activation energy of ca. 26.22 kJmol�1 for the redox reaction.

4. Conclusion

Kinetic, mechanistic, and electroanalytic aspects of coordination-inspired ET between Fe(II)
and Cu(II) in the presence of Neocuproine (NC) were explored. The presence of NC
ensures spontaneity of the otherwise nonspontaneous solution phase ET from Fe(II) to Cu
(II) in aqueous acidic media. Besides being important for understanding the ligand effect in
biologically important ET reactions, these studies present a new means for the potentiomet-
ric estimation of Cu(II)/Fe(II).
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