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Mechanism of the electron-exchange reactions between mixed ligand Fe(III)
complexes and cyano complex of Fe(II)
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Our interest was to study the reactions of those mixed ligand complexes of Fe(IIl), where cyanide plays its role as a
ligand. We synthesized the mixed ligand complexes of Fe(IIl) with diimine and cyanide as ligands to form octahedral
geometry with high stability. We adopted previously cited procedures with improvements. The synthesized complexes,
[Fe"(phen/bpy)2(CN).]* were reduced by the hexacyano complex of Fe(II) that is well-known for its high stability and
octahedral geometry. The reduction was performed in aqueous medium at constant ionic strength of 0.06. The progress
of the reactions was monitored spectrophotometrically by measuring the formation of [Fe''(phen/bpy)2(CN).], i.e., the
increase in absorbance with time. We found that the reduction of the mixed ligand Fe(IlI) complexes takes place in two
phases. The first phase, when the Fe(IlI) complex is reduced to the neutral Fe(Il) complex followsing zeroth order
kinetics. The second phase was observed to be the rate-determining or slow step in the reduction of each complex, and
the electron-exchange took place by an overall second order kinetics. In order to refine our results and to differentiate
between the species which were taking part in the rate-determining step (slow step) and those which were taking part in
the fast step, we studied the effect of protons and ionic strength on the rate constants in aqueous medium. We proposed
an outer-sphere mechanism for the electron-exchange between Fe(IIl) and Fe(IT) complexes.
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INTRODUCTION solvatochromism, indicators (nonaqueous acid-base
and redox), and kinetic studies [2, 21-52]. The
kinetic studies involve the redox reactions of these
compounds, but such reactions have rarely been
studied since the compounds have been synthesized
in the 1960s. [Fe''(bpy)(CN),] was oxidized by
S,0¢%, and the effect of various parameters were
determined [36, 39, 40]. The effects of solvents and
the solvation in the transition state, as well as the
reorganization energy were discussed [41].
Bromate ion, BrO;, has been used to oxidize
[Fe'(bipy)(CN)aJ*",  [Fe'(bipy)2(CN)2]  and
[Fe'(bipy)s;]*" in acidic medium, and the kinetic
parameters were reported [5, 43]. Meanwhile, the
literature survey surfaced oxidation of a number of
biologically active compounds by
dicyanobis(bpy)iron(IIT); [Fe™(bpy)(CN).]* and
dicyanobis(phen)iron(III); [Fe(phen),(CN),]".
Dicyanobis(phen/bpy)iron(Ill) is a sufficiently
stable compound in aqueous, mixed aqueous and
non aqueous media. This electrochemical stability
draws the interest of the chemists to use this
coordination complex in various redox reactions.
Hydroquinone,  ascorbic  acid,  sulfatoiron,
rusticyanin, derivatives of ferrocene, Piloty’s acid,
iodide, cysteine and catechol were oxidized by

The redox chemistry of the coordination
complexes is specifically important considering the
wide ranging applications of those compounds [1-
5]. We chose the redox reactions of Fe(IIl)/Fe(Il)
complexes, and studied the electron-exchange
mechanism of the reactions of the mixed ligand
complexes of Fe(Ill) with a well-known stable
cyano complex of Fe(I).
Dicyanobis(diimine)iron(IIl) was selected as an
oxidizing agent due to its stability and solubility in
aqueous medium, high molar absorptivity of its
reduced form and the moderate value of the
reduction potential (0.80 - 0.76 V) [6]. We selected
1,10-phenanthroline and 2,2'-bipyridine ligands as
the representatives of the diimine group.
Dicyanobis(phen/bpy)iron(111)/(1I);
[Fe"(phen/bpy)>(CN),]”* were the outer-sphere
mixed ligand complexes. They were synthesized in
the 1960s [7] and their structure and properties,
such as electrochemical behavior, were
subsequently studied [8-17]. The derivatives of
these compounds were also synthesized and
characterized [18-20]. Later on, their applications
were found through extensive research work on
photosensitizing ability, acid  hydrolysis,
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[Fe(phen/bpy)2(CN),]" in different media under
various conditions [2-4, 44-47, 49-52]. The kinetic
parameters of these studies show that the reactions
follow an outer-sphere mechanism which was
discussed in the view of Marcus theory. We chose
to oxidize hexacyanoferrate(I); [Fe'(CN)s]* by
each of dicyanobis(phen)iron(I1I) and
dicyanobis(bpy)iron(Ill) in order to compile the
results of a  thorough kinetic  study.
Hexacyanoferrate(I) has been oxidized by cumene
hydroperoxide, chloroperoxidase compounds I and
II, horseradish peroxidase compounds I and II,
lactoperoxidase compound II, hydrogen peroxide,
bromate, iodate, N-bromosuccinimide, and
permanganate [53-62]. The kinetic parameters such
as rate constants of some of these reactions were
monitored and reported, and the mechanisms were
discussed. Our study contributes the results of the
kinetic study of the redox reactions between
[Fe(phen/bpy)>(CN).]" and [Fe(CN)]* in
aqueous medium. We determined the effects of
various parameters such as proton and ionic
strength on the rate constants. In the view of the
results and their comparison, we aimed to know the
reactive species that were involved in the slow
step(s) to control the mechanism(s).

EXPERIMENTAL

Analar grade materials were used. The nitrate
salt of [Fe(phen/bpy)(CN).]" was synthesized
and purified by implementing the reported
procedures [2, 6, 7]. We purchased potassium salt
of hexacyanoferrate(Il), potassium nitrate, nitric
acid and dioxane from Merck and used them
without further purification. We used a rapid
reaction monitoring system (home built) by
following changes in absorbance with respect to
time in the visible region [2, 6]. A total of 3 mL of
the reaction mixture was put into the quartz cuvette
(1 cm path length). We recorded the formation of
dicyanobis(phen/bpy)iron(Il) at 510 nm and 522
nm, respectively.

The reactions were studied under the condition
of pseudo-first order in aqueous medium at 0.06
ionic strength and room temperature. The
concentration of [Fe''(CN)s]* was always in excess
over [Fe''(phen/bpy)»(CN),]*. The results helped to
conclude that the electron-exchange reaction of
dicyanobis(phen/bpy)iron(11I) with
hexacyanoferrate(Il) was completed in three phases
(Fig. 1). We observed the first phase soon after
starting the reaction(s). In this phase, the rate of
reaction(s) remained independent of the
concentrations of the reactants, and the order of
reaction(s) with respect to the oxidant and reductant
was zero. A ~69 (bpy system) and ~72 (phen

system) percent fraction of the reactions obeyed an
overall zeroth order. The second phase started soon
after the first phase. In this phase, the order of
reaction with respect to the oxidant and the
reductant was first, and we observed an overall
second order. The third phase was the competition
phase. The competition occurred between the rate
of redox reaction(s) and the rate of precipitation of
the neutral product, dicyanobis(phen/bpy)iron(Il);
[Fe''(phen/bpy)>(CN),]. We followed the progress
of reaction(s) by monitoring the formation of
product species, [Fe'(phen/bpy)»(CN),], i.e., the
increase in absorbance with respect to time. The
monopositive oxidizing agent,
[Fe"(phen/bpy)>(CN),]*, was gaining an electron to
yield neutral [Fe'(phen/bpy)>(CN).]. The increasing
concentration of the neutral product near
completion of the reaction(s) tended to decrease its
solubility in aqueous medium. Due to this decrease
in the solubility, we observed precipitates in the
cuvette, and changes in the absorbance occurred.
The decrease in absorbance changed the data near
the end of each reaction. We implemented an
integration method to determine the rate constant in
each phase of the reaction(s). The values; observed
zeroth order (£.b.kobs; s!) and observed pseudo-first
order (K'obs; s'), are the average values of 3-6
experimental trials.

We collected data to characterize the
synthesized complexes by using UV-Visible
spectrophotometer (UV-160A  Shimadzu) and
elemental analyzer (Carlo Erba 1106). We used pH
meter (HANNA HI 8314), and circulating water
bath (Haake KT 33) to monitor pH and maintain
temperature at a desired value, respectively.

RESULTS AND DISCUSSION
Kinetic parameters

We studied the effect of variation in the
concentration of [Fe(phen/bpy)>(CN).]", and or,
[Fe"(CN)s]* upon the product of molar absorptivity
of [Fe'(phen/bpy)>(CN),] and observed zeroth
order rate constant (€.kobs) 1.€., the first phase of the
reaction(s), and, observed pseudo-first order rate
constant (k'obs) 1.e., the second phase of the
reaction(s). There = was no  effect of
[Fe'(phen/bpy)2(CN)>*] on ‘€.kobs” and ‘k'obs” (Fig.
2). This confirms the zeroth order with respect to
[Fe'(phen/bpy)2(CN),]" and the suitability of the
pseudo-first order condition to probe the reaction(s)
according to the following Eqns. 1-3.

Rate = k,ps[Fe'! (phen/bpy),(CN)31° +
kops[Fe' (phen/bpy),(CN)3] (1)
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where, [Fe'(CN)s*] >>>[Fe!ll (phen/ k'ss = observed pseudo-first order rate constant
bpy)2(CN)F] = ks [Fe'(CN)6* ] 3)

kobs = observed zeroth order rate constant = The value of ‘k’ps’ varied in a sine-wave pattern
ki[Fe'(CN)6*1° ) and ‘e.kobs’ remained unchaged with respect to

[Fe'(CN)s*] (Fig. 3).
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Fig. 1. A representative plot to show the phases of the reaction of [Fe(phen),(CN),]* with [Fe'((CN)¢]*" at
[Fe(phen)2(CN)>*] = 0.1 mM, [Fe'"(CN)¢*] = 1.3 mM, I = 0.06, T = 298 + 0.5 K and Jumax = 510 nm.
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Fig. 2. Effect of the concentration of [Fe™(phen/bpy)2(CN),]" on the rate constants “e.kobs” and “k'obs” at 298 + 0.5
K, [Fe"(CN)s*] = 1.8/1.3 mM, and I = 0.06 (e phenanthroline and A bipyridine systems).
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Fig. 3. Effect of the concentration of [Fe'(CN)s]*-on the rate constants “e.kobs” and “k'obs” at 298/302 + 0.5 K,
[Fe(phen/bpy)2(CN),*] = 0.08/0.11 mM, and I = 0.06 (e phenanthroline and A/ A bipyridine systems).

40


Welcom
The font size of the headings/axes’ legends have been reduced to 12 Times New Roman and a ‘dot’ was inserted between epsilon and k sub obs.


Welcom
The font size of the headings/axes’ legends have been reduced to 12 Times New Roman and a ‘dot’ was inserted between epsilon and k subscript obs.


Rozina Khattak et al.: Mechanism of the electron-exchange reactions between mixed ligand Fe(Ill) complexes and ...

2.2 1.4
e  {
~ 2
o 14 - - 0.7 =,
w A B
0.6 T T T ® 0
-10 50 110
[H*] (mM)

Fig. 4. Effect of the concentration of H" on the rate constants “e.kqps” and
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at 298/302+£ 0.5 K,

obs

[Fe(phen/bpy)>(CN),*] = 0.08/0.11 mM, [Fe"'(CN)¢*]r = 0.8/1.1 mM, and I = 0.12 (e phenanthroline and A
bipyridine systems).
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Fig. 5. Effect of the ionic strength on the rate constants “e.kops” and “k’obs” in aqueous medium at 300/302 + 0.5 K,
[Fe™(phen/bpy)>(CN),*] = 0.08/0.11 mM, and [Fe'(CN)¢*]r = 0.8/1.1 mM (® phenanthroline and A bipyridine

We observed a similar effect for each reaction.
The results confirmed an initial zeroth and then first
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Fig. 6. The plot of k'ys against 1/[Fe"(CN)s*]r or 1/[H"] at 298 & 0.5 K, [Fe™(phen/bpy)>(CN),"] = 0.08/0.11 mM,
[Fe''(CN)¢* ]t = 0.8/1.1 mM, and I = 0.06/0.12 (e phenanthroline and A bipyridine systems).

order with respect to [Fe''(CN)s]* in the first and
second phase of the reaction, respectively. The
sine-wave pattern corresponding to the increasing
concentration of [Fe(CN)¢]* shows that the
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Effect of protons on the rate constants

Hexacyanoferrate(Il) may protonate and form
H[Fe'(CN)6]*~, Ho[Fe''(CN)6]*~, H3[Fe''(CN)s], and
Ha[Fe(CN)s], which depends upon the acidity of
the reaction mixture, concentration of [Fe((CN)s]*,
and the conditions employed [6]. However, there is
no evidence of protonation of
[Fe(phen/bpy)2(CN)2]" under the experimental
conditions [7]. In order to rectify the outcomes
(Fig. 3), we varied the concentration of protons
(H") in the reaction mixture by adding HNO; and
determined its effect on the rate constants. The
pseudo-first order condition was maintained by
keeping [Fe"(CN)s*] in a 10-fold excess over
[Fe(phen/bpy)>(CN),"], and [H'] in excess over
[Fe"(CN)¢*]. We did not observe any change in
‘€.kobs’. This was obvious due to the zeroth order
rate law in the first phase of the reaction(s). The
value of k'ws decreased gradually with increase in
[H] and became constant at the higher
concentration of proton. Each reaction underwent
similar effect (Fig. 4). The results confirm the
formation and participation of H[Fe(CN)s]>~ and
Hy[Fe''(CN)s]*in the reaction(s) because under the
experimental conditions, the existence of
H3[Fe''(CN)s]~ and Hi[Fe''(CN)s] is not possible.
The value of k'ps became constant at the higher
concentration of proton because of the constant
concentration of the limiting reactant i.e.,
[Fe"(CN)¢]*. The decrease in the value of Kk'ops
indicates that the rate-determining step involves
free [Fe'(CN)s]*. The findings were confirmed by
studying the effect of ionic strength on the rate
constants.

Effect of ionic strength on the rate constants

The effect of ionic strength was studied by
adding KNOj; in the reaction mixture and maintaing

_d[Fe(I)]
dt

According to Eqn. (4) the rate should be
independent of the reactants in the first phase, and
should be of first order with respect to each reactant
in the second phase. Our results are in conformity
with the rate law (Figs. 2-3). The conversion of free
hexacyanoferrate(Il) into mono and diprotonated
species reduces the concentration of the reactive
entity [Fe(CN)s*] that controls the rate-
determining step and leads to the decrease in the
value of the rate constant upon increasing [H'] and
[Fe"(CN)e*], (Figs. 3-4). If we plot k'ops versus the
reciprocal of [H'], and or, [Fe"'(CN)s*], the straight
line should yield a +ve slope, which may be used to
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=k, +k, [Fe(lI)][ Fe(ID)], +

the pseudo-first order condition at constant
temperature in aqueous medium. The ionic strength
was varied from 7.6 mM to 250 mM for each
reaction and the rate constant was determined in
each phase. The zeroth order rate constant (€.kobs)
remained neutral and confirmed the zeroth order
rate law in the first phase of each reaction (Fig. 5).
The value of k'ps decreased upon increasing the
jonic strength. The plot of log k'ws vs VI/(14I)
yielded a negative slope and an intercept equivalent
to the value of log k'os at zero ionic strength (Fig.
5). From the slope (1.02 zazg) of the plot (Fig. 5),
we deduced the product of the charges on the
reactive species (zazs) that take part in the rate-
determining step to form the activated complex.
The slopes were —3.7 and —3.5 for the reaction
between [Fe'''(phen)»(CN),]" and [Fe(CN)s]*, and,
[Fe(bpy)2(CN).]" and [Fe'(CN)s]*, respectively.
The negative sign represents the electron-exchange
between opposite charge carriers such as
[Fe(phen),(CN).]* or [Fe™(bpy)(CN),]" and
[Fe''(CN)g]*". The value of the slope is around 4,
which confirms the electron-exchange between
[Fe(phen),(CN),]* or [Fe™(bpy)(CN),]" and
[Fe"(CN)¢]* in the rate-determining step of the
reaction i.c., the second phase of the reactions.
However, the decrease in the value of k'ohs upon
increasing the concentration of proton in the
reaction mixture confirms the oxidation of
H[Fe"'(CN)g]*~ in the fast step of the reactions i.e.,
the first phase of the reactions.

CONCLUSION

The results of our studies enabled us to propose
a common outer-sphere electron-exchange
mechanism for the two reactions. Following rate-
law  was  proposed for the reactions:

ky [ Fe(III)]
K, [ H" |[Fe(I)],

deduce k3. Our results are consistent with the rate
law (Fig. 6). From our resuts we calculated the
values of the rate constants for each reaction as
follows.

e ki, ky, and k; for [Fe"(phen),(CN),]" +
[Fe''(CN)g]* reaction=2.1 x 10° M s}, 1.63 x 10°
M5!, and 2.94 x 10® M s! respectively at 298 +
05K

e ki, ky and k; for [Fe(bpy)(CN)]" +
[Fe(CN)g]* reaction = 1.1 x 10* M s at 302 +
05K, 1.1 x10° M 's!at302+0.5K, 2.34 x 108
Ms!at298+0.5K
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We concluded from the results that the phen
complex (0.80 V, [6]) has a high affinity of
electron-exchange with hexacyanoferrate(Il) (0.4
V, [6]) than that of bpy complex (0.74 V, [6]).
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MEXAHU3BbM HA PEAKIIMUTE HA OBMEH HA EJIEKTPOHU MEXAY CMECEHU
JIMT'AHJJHU KOMIIJIEKCHU HA Fe(11I) 1 TIMAHO KOMIIJIEKC HA Fe(II)

Posuna Xarak'2*, Myxaman Cydaun Xan®, Upruxap Mmam Haksu?

! lenapmamenm no xumusi, XKencku ynusepcumem Illaxeed Benaszup bBxymo, Ilewasap, Iaxucman
2[lenapmamenm no xumus, Ynusepcumem na Kapauu, Kapauu-75270, Haxucman
3 llenapmamenm no ¢usuxoxumus, Uncmumym no xumus, Joprcasen ynusepcumem Iaynucma(UNESP)-Apapaxyapa
14800-900, CII, bpaszuaus

[Toctpnuna Ha 1 1onu, 2018 r.; npuera Ha 1 okromBpu, 2018 .
(Pesrome)

B cratmsaTa ca wW3cneABaHM peakIUUTe Ha cMeceHHW IuranmHu komruiekcn Ha Fe(Ill) ¢ nmaHmaeHmurasm.
CuHTe3upanu ca cMeceHH JurangHu komruieken Ha Fe(Ill) ¢ muranmu AMMMHUH W [UAHWA, XapaKTepU3UpaIld ce C
OKTaeJpUYHa TCOMETPHUS U BHCOKA CTAOMIIHOCT. 3a meira ca MoAu(pUIMpaHu U3BECTHU mpoueaypu. CHHTe3MpaHuTe
komruiekc, Fel'(penanrponnn/Gunupunnn)(CN),]" ca penyuupanu or xexcanuano kommiekca na Fe(Il), koito e
M3BECTCH C BUCOKATa CH CTAOWMJIHOCT W OKTaeApUYHA TeoMeTpus. Pemykiusra ce M3BBPINBA BHB BOJIHA cpela IpU
nocrosiHHa WoHHa cuia = 0.06. HampensaneTo Ha peakIMUTE ce MPOCIensiBa CeKTPOHOTOMETPHYHO Ype3 U3MEpPBaHE
Ha HapacTBaHETO Ha abcopOuusaTa ¢ BpeMero, T.e. oOpasyBamero Ha [Fe'(penanrponun/Ounupuann),(CN):].
VYcraHoBeHO e, ye peAyKuusTa Ha cMecenute Jaurananu komiiekcu Ha Fe(Ill) craBa na nBa etama. [IbpBusT etan Ha
penykmmsa Ha Fe(Ill) xommurekca mo uHeyrpaneHn Fe(Il) koMmiuiekec e ¢ KMHETHKa OT HyJIEB MOPSABK. Bropmar eram e
CKOPOCTOOIIPEIEIISII WIH OaBeH eTal MpH peAyKIIUATa Ha KOMIUIEKCUTE U eJIEKTPOHHHUAT 0OMeH € ¢ 00ma KHHEeTHKA OT
BTOPH MMOPSAIBK. 32 MpEIU3NpaHe Ha PE3yITaTUTE U pa3rpaHnYaBaHe Ha (popMuTe, ydacTBaIIl B CKOPOCTOOIPEICIISIINS
erar (0aBeH €Tal) W TE3W, YJ4acTBAIlU B OBP3MS €Tall € W3y4eHO BIUSHHETO HAa NPOTOHHWTE W HOHHATA CHIAa BBPXY
CKOPOCTHUTE KOHCTaHTH BHB BOIHA cpexa. [IpemnoskeH e BRHITHO-C(hepeH MEXaHU3bM Ha eJICKTPOHHUS 00MEH MEKIY
kommekcute Ha Fe(IIl) and Fe(Il).
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