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Abstract: The reaction of Dicyano-bis-(2,2'-bipyridine) Iron (1) Trihydrate with periodate shows 1.5 order
overall; first order with respect to the complex and half-order with respect to TO™,. A detailed mechanism
mvoelving a of one-electron transfer steps is  proposed and shows agreement with
experimental data. The kinetics and mechanism of the reaction extubit significant solvent medium
dependence. The reaction shows complexities resulting from the variety of species of both reactants present
in solution. This is reflected in the ionic strength dependence studies. In acid and hydroxyl ion medium, the
reaction strength dependence in neutral (distilled water) medium, indicative of the charges on the reacting
species in the different media. Slopes of log k vs I* are less than unity in all cases. The rate law in

series

The corresponding rate law in OH™ medium

¥z
T

acid medium iSrate:(a+b/ [HjT)[IO;} [Fe(biPY)Z(CN)JT_

18 rate= (a'f b'[OH’ D[IO; T; [Fe(bipy)2 (CN), }T. Observed inhibition by H and OH™ is due to the less
reactive HFe{bipy),(CN)', and H,Fe(bipy),(CN)', species formed in H' medium and dimeric H,I,0"; in OH~
medium. 1O, is suggested as one of the reactive periodate ions in acid medium. The reaction takes place
through mixed mner and outer sphere mechamsms 1n acid and neutral medium. Electron transfer by the
formation of an outer-sphere complex 1s the only possible reaction path in OH™ medium. Observed autocatalysis
suggests the accumulation of reactive intermediate(s).
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INTRODUCTION

The many, sometimes complex, possible reaction
pathways in periodate oxidations resulting from the
various aquo speciles are probably responsible for the
relatively little work done on the mechanism of its
oxidation of inorganic metal complexes. Oxidation
reactions mvolving periodate and orgamc reductants
have been studied extensively!™ and have been found to
have large variations in their rates with temperature and
hydrogen ion activity. These variations can be explained
by a more detailed knowledge of the species present in
solution.

Meta-periodate is found by Crouthamel et al”” to
exist in various degrees of hydration and protonation in
solution as in the following equilibria:

H,I0; — 10;

i) 4(aq)

+2H,0, K, =40 M

H,I0,,, —= H,O;  +H;

= -4
§ay) e Ky =351 10 (2)

[
~

H,10.,, H,IO;, +Hp,. K, =2.0 x 107 (3)

(ag)>
These equilibrium constants agree with the earlier
reported values obtained from studies of dissociation of
periodic acid™. At 25°C and in the absence of added acid,
metaperiodate 1on, 107, predommates forming at least
95% of the total periodate!®. The ion dimerises!” at pF>7.

s
-~

210; +20H" H,1,0% (4)
Hence in alkaline (i.e. OH™) medium, competition for the
reductant by meta-periodate and the dimeric form is to be
expected. The extent of dimerisation and the relative
reactivity of the diner and meta-periodate species may
be inferred from analysis of the kinetic data. At high
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temperatures and high pH the concentration of the dimer
in solution becomes insignification because the dimeric
species are thermally unstable with respect to the parent
1011,

In the periodate oxidation of glycol® equilibrium
equations 2 and 3 were applied The reaction is OH™ and
H* dependent and was postulated to go through an
intermediate involving 10, and glycol adduct™.

The existence of stable protonated species of
Fe(bipy),(CN), which exhibits di-basic character in strong
concentrated mineral acid has been proposed!™' with the
presence of three interconvertible species through the
following equilibria

g
Fe(dipy),(CN), = HFe(dipy),(CN); K, 3x10° (5)

HFe(dipy),(CN); = H,Fe(dipy),(CN)" ©6)

The present study was motivated by the likely
mechanistic consequence resulting from the strong
dependent characteristics of 107, and
Fe(bipy),(CN),. The possible formation of a binuclear
complex m which CN, donated by Fe(bipy),(CN),, acts as
a bridging ligand between Fe (IT) and 107, is also of
interest.

solvent

MATERIALS AND METHODS

Materials: Analar grade sodium periodate, potassium
cyamde, ferrous ammonium sulphate, sodium sulphate,
sodium hydroxide and BDH laboratory reagent sulphuric
acid were used. Dicyanobis-(2,2'-bipyridine)-Tron (IT)
trihydrate [Fe(bipy),(CN),.3H,0] was prepared from analar
grade 2,2'-bipyridine according to the literature!™" and
was characterised by 1its UV-Visible spectrum. The
purity of the complex was ascertained by comparing the
extinction coefficients of the UV and visible peaks with
reported value!'. The calculated extinction coefficients
are less than the literature values by about 0.5%.

Kinetics: The measurement of kinetic data was
established by following the change m absorbance
of Fe(bipy),(CN), at .. = 492 nm using SP500 series 2
UV-Visible Spectrophotometer equipped with a
thermostable compartment. The reaction was run with
periodate always in at least 20 fold excess and are
prepared fresh since 107, 1on on solvolysis decomposes
slowly with production of ozone™. Sodium sulphate was
used to make up the ionic strength which was fixed
at 1.0 except in lomic strength dependent study. Low
concentrations of sodium hydroxide were used because

the less soluble dimeso-periodate H,1,0°";, precipitaes at
high [OH™];. All reactions were monitored at constant
temperature of 25°C.

Analysis of product shows No. I, was present and
Fe(bipy),(CN), was confirmed by AgNO, test. The
presence of Fe(bipy),(CN)', was detected by its blue
colour and its visible spectrum! ™.

RESULTS

Plots of In(A-A.) vs twere linear to at least two
half-lives. Auto-catalysis was observed beyond 80%
reaction. Pseudo-first order rate constants (k) were
obtained from the slopes of these plots. The reaction was
studied m neutral (distilled water), acid and alkaline
medium, using a 1:1 Fe (II) to periodate concentration
ratio. In all such cases plots of 1/In(A-A.) vs t were
always linear, a confirmation that the reaction is 1.5 order
overall. k, was found to be propoertional to [IO™,]% within
the limits of experimental error. Specific reaction rate
constants (k) were therefore calculated from k, by
dividing it by [IO7,]%. k values so obtained were
constant with minor variations (Table 1) for fixed
values of [H']; and [OH™];. The pseudo first order rate
constant, k,, was found to vary with Fe (IT), as shown in
Fig. 1.

[IO~,]% was fixed at 0.04 mol dm ™. k decreases
linearly with [Fe(bipy),(CN), ], in both neutral medium and
at fixed acid concentration of 0.002 mol dm™. The
decrease in k, with increase in [Fe(bipy),(CN),]; is
observed to be also valid in the periodate concentration
range covered in Table 1.

The reaction is inhibited by acid at fixed Fe (IT)
complex concentration (3.093 x 10~ mol dm ™), in the acid
range < 0.040 mol dm™ and periodate concentration range
0.0005-0.10 mol dm . The plet of k, vs [H]™'; is linear
(Fig. 2) and suggests a functional dependence of the
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Fig. 1. Vanation of k, with [complex]; at fixed 107,

concentration of 0.04 mol dm— T = 25°C
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Table 1: Pseudo-first order rate constants (k,) and specific reaction rate constants (k) at various [TO,]*r. [complex]; is constant

[H']r = 0.002 mol dm™

[H'r = 0.010 mol dm™

[H"): = 0.020 mol dm™

[0~ ]*
mol dm~* k1073 (571 k, mol~* dm*?s~! k/107% (571 k. mol™ dm**s™! k/107° (571 k, mol™* dm*s~!
0.010 0.840 0.00840 0.722 0.00722 0.734 0.00734
0.020 1.042 0.00737 1.002 0.00709 1.005 0.00709
0.025 1.667 0.01054 1.140 0.00721 1.258 0.00796
0.030 1.841 0.01020 1.351 0.00783 1.383 0.00798
0.040 2.002 0.00930 1.548 0.00774 1.420 0.00710
0.050 2.204 0.00046 1.751 0.00783 1.505 0.00678
0.060 2.528 0.01000 1.793 0.00734 1.698 0.00693
0.080 3.013 0.01054 1.906 0.00667 1.854 0.00654
0.090 3.528 0.01176 - - - -
0.100 - - - 1.962 0.00623
[complex]; = 3.093 x 107° x 107> mol dm—>, T = 25°C
12 1
4
104 3.51
T
-] -
L :
%5 T, 2.51
5 6 b 21
.
L 4 L5
5 y
2] 051 « [H+] = 0.00M
; u [H+] =0.005M
0 0 L] L] T T L} 1
T T T T § 1 0 Q.02 0.04 0.06 0.08 0.1 0,12
0 200 400 600 800 1000 1200 .
1/[H'], moldm * [10,], moldm

Fig. 2: Variation of k, with 1/[H"}; T = 25°C [complex ], =
3.093x107" mol dm ™

T T 1
0.0006 0.0008 0.001

[OH ], moldm *

T
0.0004

Fig. 3: Variation of k. with [OHT] . [complex] =
1.827x107 mol dm™, [10~,]% = 0.10 mol dm™,
T =25°C

k. =a-+b/[H }
where: a = {(6.5520.25) x 107 mol *dm*%™
and b =(3.45+0.20)x 10~ mol*dm "™

(7a)

form; a represents k., at infinite acid concentration when all
the Fe (IT) will be present as the protonated species. The
results, in the same range of periodate concentration, for
the variation of k, with [OH | are plotted in Fig. 3. Like H”,
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Fig. 4: A typical plot of k, vs [IO~,]% at 25°C. [complex];
=3.093%x10"" mol dm™’

OH™ inhibits the reaction but with a functional
dependence of the form;

K, = a-b[OH ],
where a' = (10.4040.70) x 1077 mol *dm*%s™!
b' = (0.7240.02) mol **dm*?s ™

(7a)
and

For the data plotted in Fig. 3, the Fe (IT) complex
concentration was maintained constant at 1.827x107
mol dm™. Fer the study in alkaline media, OH ™ in the
range 3.0x10 " mol dm™ t0 10.0x 10" mel dm™ were used
because of the lower solubility of the polymeric periodate
(which is formed rapidly in alkaline medium) in water. At
high [OH ], precipitates of the white crystalline polymeric
periodate were observed.

Complete k-[OH ], profiles were obtained at fixed
[H']; and in neutral (distilled water) medium. The
k-[10~,]% profiles shown in Fig. 4 are typical. The rest of
the data i1s summarised in Table 1.

Tonic strength dependence studies were carried out
in neutral, alkaline and acid medium which show a linear
dependence of log k. on 1* The slopes are -0.09, 0.13 and
0.38 mol *dm™, respectively. The positive slopes in
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alkaline and acid medium suggest reaction between
similarly  charged though Fe (II) and
metaperiodate  carry  opposite  charges. For the
experimental runs on 1onic strength dependence periodate
and Fe (I} concentration were fixed at 0.02 and 2.23x 107
mol dm™, respectively. The low values (i.e <1.0) of the
slopes suggest that the reaction is not sumple and
mvolves a variety of charged species. In all the studies,
ionic strength was varied by the addition of Na,30,.
[OH ], [H'}, were fixedat 3.0x10"and 2.0x10 " mol dm ™,
respectively.

Equation 7 considered with the half-order and first
order dependence of the rate of reaction on metaperiodate
and the Fe (IT), respectively, suggest the rate expression
mEqg. 8.

reactants

Rate = {a + b/[H']:} [I07, % [Fe(bipy),(CN),J» ~ (8)

MECHANISM AND DISCUSSION

To explain the above rate expression, we propose the
following mechanism
11k,
H,10,- H* = H.IO,

17k,
10,” 2H,0 = H,I0,"

The three periodate species 107,, HJIO,”, H.JIO,
present in solution can react with Fe(bipy),(CN),
and the protonated species HFe(bipy),(CN)’, and
H,Fe(bipy),(CNY",, formed in equilibria 5 and 6. The
umportant reactions are

HFe(bipy), (CN); + H.IO, —

9

Fe(bipy),(CN); +10, + 3H,0 ©
H,Fe(bipy),(CN);" + H,IO] —

Fe(bipy), (CNY; + 10, + 31,0 (10)
Fe(bipy),(CN), + 10, +H,0 —

(11)

Fe(bipy),(CN); + 10, + 20H"

where, 10, 1s a reactive mtermediate, which oxidises Fe (II)
in another set of one-electron transfer steps involving two
molecules of TO,.

Fe(bipy), (CN); + 210, —

Fe(bipy), (CN); + H™ + LO; (12)
H,Fe(bipy),(CN¥* + 210, —
Fe(bipy),(CN); +2H" + L,O; (13)
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Fe(bipy),(CN), + 210, —

Fe(bipy),(CN); + 1,07 (14)
I,O.™ is a reactive intermediate which combines rapidly
with the Fe (TT) species to form the corresponding Fe (I11)
complex. One molecule of IO, can also react by direct
one-electron transfer with the same complex species as in
Eq 15-17.

HFe(bipy),(CN); +10, —

Fe(bipy), (CN); + HIO,

(15)
H,Fe(bipy),(CN:* +10, — 16
Fe(bipy),(CN); + HIO, +H” (16)
Feibipy),(CN), +10;, —
Fe(bipy),(CN), + O] (17)
At steady state
10, =
1 1 L2 1 L2
KstiDKs[H } +K5K6K7DK10 [H } +Ey,
+ 72 +
KSKﬁKIB[H } +K5K12|:H :| +tK,
42
10,
[107] s

when
{KSKﬁKH |:H+}2 + KSKIZ |:H+} + K14}[IO3]2
R[] kg ] vrllio] a9

Assuming that Eq. 16 1s the rate limiting step, the rate law
for the reaction is

Rate = KKK, [H ] [10, | Fe(bipy), (CN), ~ (20)
KKK, H ] ) RE[H]+K, @)
and
1) K
KK, +—K, | +=—
[[ 6010 K, BJ |:H+:| I
1 ¥
2Kﬁ{KaK1u + KZKBJ
(1]
(22)

Eq. 18 reduces to
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1 46 %
|:{K6KID + K_ZKQJ + [Hlj} [104:|
(23)
and the rate law reduces to
Rate =
1Y 1Y kY
KsKlﬁ(_KlaJ [KﬁKID + _KsJ + :1
Ky K, [H }T
_s .
® [104 :|T [Fe(blpy)z (CN)Z ]T (24)

where, concentrations are expressed in terms of total
mnitial concentrations subject to the constramts that

K[H] » RE[H] +1 (26)
and [H'] = [H']; at low [TO~, %, with
[H']_ ) Felbipy),(CN), (27)

Tn arriving at our final rate law, we had to malke many
approximations. Equation 27 1s valid within the conditions
of the present experiment. Equation 26 1s also valid since
the mono-protonated Tron (IT) complex is expected to be
formed much more readily than the di-protonated species.
Equation 25 1s valid given the values of 1/K;, 1/K; but
this is only sc at high [H']", greater than the acid
concentrations covered in this report. The reverse

approximationi.e.i +1 % LL[H*} 1s valid at
I<D I<D KZ T
acid concentrations <0.002 mol dm™. Except at

0.002 mol dm™ H; this is below the range of acid
concentration covered. Given the complexity of the overall
reaction, 1t 18 hoped that any error resulting from this
approximation will have no serious quantitative effect.
There is no way we can test the validity of Eq. 19 and 22.
They appear reasonable in so far that they yield the
desired rate law m Eq. 24. Equation 21 1s valid provided

K, is negligibly small and K, {{ K, [H+]
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It is obvious that Eg. 24 is the same as the
experimentally obtained rate expression if

¥ %
1 1
a=K.K | —| | KK, + ——
5516 [ KK, J [ 510 KK, J (28)
and
¥
1 y,
b= KsKm T 1 Kn
KoK, (29)

It should be noted however that there are other
possible reaction pathways which will give a similar
rate expression. Reactions 12-14 can take place by direct
two-electron transfer,; m which Fe changes its oxidation
state from +2 to +4 as in equation 30 for example:

HFe(bipy),(CN); + 210, —

Fe(bipy),(CN)¥* + HIO, + 0] (30)

The resulting complex, Fe(bipy),(CNY, will be a
highly  oxidising intermediate which can undergo
re-proportionation:

Fe(bipy),(CN)," + Fe(bipy),(CN); —

2Fe(bipy), (CN);, + H* (31)
While it 15 true that direct two-electron transfer step has
been proposed in some oxidation reactions involving
oxyhalogens"”, it is obvious that such reactions are less
feasible in the present system. This 1s mspite of the fact
that the use of the above alternative scheme yields a
similar rate law but with the less valid approximation that
reactions 15-17 are slower than the corresponding direct
two-electron transfer processes m Eq. 30.

Reaction between similarly charged species m acid
medium, as suggested by ionic strength dependence is
possible if 1O, is one of the reacting periodate species.
We postulate that 10", can be formed from the
disproportionation of 10;;

200, —= 10} +10; (32)
or from the reaction of H* and 10~,;
10, +2H* — IO} +H,0 (33)

While there 1s no evidence in the literature that this 1on
exists, [(OH)',, protonated periodic acid, is proposed to be

present in 10.0 M perchloric acid" i.e.
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H,10, +H (34)

— 1

(OH),

Since we are working in dilute sulphunc acid, reaction
34 1s ruled out. Equation 32 1s also ruled out since k, does
not show any dependence on 1075 in all our experimental
data. Inclusion of Eq. 33 in the reaction scheme such that
the 10", formed can react as in

10} + H,Fe(bipy),(CN)>*  —

Fe(bipy),(CNY, + 10, + 2H" (35)
107 + HFe(bipy),(CN); —
Fe(bipy),(CNY, +10, + H” (36)
10; + Fe(bipy),(CN), —
Fe(bipy),(CN); +10, (37)
yielding
KK, | 1 [k, T
Ra’[eKmKﬁ{ 33 35} 14— 37 :|
Ky |:H :|T LKasKsKﬁ
o .
[10; ] %[ Fe(bipy), (CN), ],
(38)
if Eq. 14 1s rate limiting.
Additional assumptions mn deriving Eq. 38 are that
Ko [HJ>>1 (39)
and
K, T
(1] + { } »
K35K5Kﬁ
K3ﬁ |:H+} _ 2{ KBT :|"r’z |:H+:|
KBSKﬁ KBSKSKﬁ (40)

Equation 37 like Eq. 24 has the same form as the
experimentally obtained rate expression Eq. 8, if

2
aKmKﬁ{KHKBS} (41)
13
and
KKK, |
b=E 330370 :| (42)
14{ K13K5

The observed dependence of k., on OH™ and the order
of reaction with respect to 107, and Fe(bipy) (CN) in
OH™ medium suggest arate expression of the form;
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Rate = {a-b'[OH],} [10_4]%T[Fe(biPY)z(CN)z]T

In alkaline medium, the dimeso-pericdate HLI,Oy,' ™~ is more
stable and may not be as reactive as the meta-periodate.
Increasing [OH™]; increases the concentration of these
less reactive species and accounts for the inhibition by
OH™. This, coupled with the fact that the specific
periodate and Fe (IT) equilibria, in alkaline medium, are not
as well known as those in acid medium, makes postulation
of an actual mechanism in alkaline medium much more
difficult.

In neutral medium the only periodate equilibria are 1
and 3. Protonation of Fe(bipy),(CN) ,is slight and
11, significant with slight
contributions from reactions 12 and 15. At steady state

[10,] = (E“j [10; "

14
K £
% :
Rate = {K—“J K| 10} | [Fetbipy), (CN), ],

14

reactions 14 and are

and

Reactions like

HFe(bipy), (CN); +H,IO;
Fe(bipy),(CN); +2H,0+ OH"

—

will account for the slight negative dependence of k, on
1omic strength.

We propose that the reaction goes by mixed inmner
and outer sphere mechanisms. A priori, the formation of
an mner sphere complex such as I

Fe(bipy), (CN), +10°, <= | (bipy), Fe<

in which the coordination number of iodine is increased
from 4 to 6 1s feasible because CN 13 a pseudohalogen and
is known to bond with halogen atoms like iodine'™. This
is similar to the proposed binuclear complexes of Birk and

1213 However, in acid and neutral medium the

Weaver
predominant periodate species are HJIO,; or I0IC", and
H,IO™, respectively. Formation of a similar immer sphere
complex (I) with H,JO, and HJIO™,, is impossible. Even
when only one CN is donated as a bridging ligand with
lodine not having a coordination number of 7, the

imner-sphere complex (1),
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O
HO\ I yz OH
Fe(bipy), (CN), + H,10, #|(CNXbipy), Fe-CN.... ) I\
HO | OH
OH
(D

formed 1s not energetically feasible.
With 10", the innersphere complex 111 is possible

o

CN I o
Fe(bipy), (CN), + 10", =—=| (bipyp, Fe” 17

+
CN/l\O
0

and contributes to the electron transfer process.

Formation of 1T will be catalysed by acid due to
increase in [IO%;] through equilibrium 36. However,
observed mhibition by acid 1s due to the protonation of
Fe (1I). Formation of 1T using the protonated species of Fe
(IT) is inhibited due to coulombic repulsion between
HFe(bipy),(CN),/H,Fe(bipy),” and IO",. The proton is not
on CN™, thus making the formation of III by protonated
Fe (II) species possible.

Formation of outersphere complexes such as TV

O
HO I / OH
Fe(bipy), (CN}, + IO, = [(CN)bipy), Fe-CN.... Y, I N
o’ | Mom
OH
(V)

is equally likely. The three Fe (IT) species can form
complexes similar to TV with HJO,; and HIO™,. It 1s
however not clear how acid will affect the formation of I'V
but given the lugh proton affinity of the unprotonated Fe
(IT) in TV and the likely H-bonding between N and H, the
Fe(bipy),(CN),-H.IO, outer sphere complex will be most
readily formed. This consideration coupled with the
mertness of Fe (II) to substitution indicate that reaction
by outersphere mechanism is also possible in acid
medium.

Inner-sphere mechamsm can also operate
neutral medium, where 95% of the periodate 1s present as
107, which enhances formation of I. However, H,JO™,
formed from the solvation of 107, will react by outer
sphere mechamsm through formation of IV. A more
detailed 1nvestigation 1s necessary to determine the
extent to which each of these two modes of electron

n

transfer contributes to the reaction in acid and neutral
media.

779

Observed auto-catalysis in all the reactions is due to
the accumulation of reactive mtermediates. Observation
of auto-catalysis is common in oxidations involving
oxyhalogens"”. In bromate oxidations for example, this is
often due to the accumulation of Br,. No I, was however,
detected in the present work.

CONCLUSIONS

Overwhelming experimental evidence and the above
discussion suggest that the reaction of 107, with
Fe(bipy),(CN), goes by outer sphere mechanism in
alkaline medium with possibilities for mixed outer and
imner-sphere mode of electron transfer in neutral and acid
media. TO"; or a positively charged periodate species
exists in acid medium in addition to other species. The
reaction exhibits mnteresting kinetics resulting from the

strong solvent dependence of reactant species in
solution.
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