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Abstract—Kinetics of Fe(Il)—azo complexes derived from amino acids (DL-phenylalanine, DL-tryp-
tophane, histidine and alanine) and p-nitroso aromatic substituted amines (/V, N-dimethylamino-4-nitroso-
aniline and N,N- dimethylamino-4-nitrosoaniline) with hydrogen peroxide in the aqueous solutions and
under pseudo-first order conditions have been studied. The reaction exhibits two-stage kinetics. The reaction
mechanism was proposed and discussed in terms of complex structure, pH and nature of the medium. The
activation parameters and pK, values were evaluated and correlated with the structural effects of the com-

plexes.
DOI: 10.1134/S0023158411010162

Azo compounds constitute an important class of
industrial, medical and biological interests. Azo
amino acids are used as dyes in polish, soap, cooking
oils and margarine. For these reasons, novel azo amino
acid compounds were synthesized and chelated to low
valent Fe(Il) ions.

In literatures, kinetics of reactions of Fe(II) com-
plexes of different ligands with H,O, (Fenton’s Reac-
tions) were discussed in details [1—6]. Rate laws for
those reactions of Fe(Il) complexes have been dis-
cussed in terms of ion-pair or parallel dissociation and
oxidation [7, 8], as well as, simple bimolecular oxida-
tion with appropriate contribution from radicals gen-
erated during the reaction. Thus, the observed rate
constants of these reactions are composite with terms
corresponding to the rate-determining dissociation
and the rate-determining oxidation [9, 10].

Moreover, many studies discussed kinetics of the
reactions of azo compounds, particularly azo dyes [11]
with H,O, for the importance of these studies industri-
ally [12, 13], environmentally [14] and biologically
[15]. Detailed kinetic and spectroscopic investigations
have been made on the oxidation of 4-(4-sulphony-
lazo)-1-naphthol,  4-(1-sulphonylazo)-2-naphthol
and series of substituted 1-arylazo-2-naphthol dyes by
hypochlorite, peracids and H,0O, in aqueous media
[16] and in different pH [17]. It is so far for in litera-
tures the kinetic studies of the reaction of Fe(II)—azo
complexes with peroxo reagents generally and H,0,
specifically.

The applicability of the current study in the envi-
ronmental aspects would be the possibility of recovery
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of hazardous colored azo dyes and their chelates pro-
duced from textile fibers, and from waste water by
using suitable and cheap oxidants viz. H,0,. The final
products like H,O, O, or CO, are environmentally
friendly. Therefore, we managed to discuss kinetics of
the reaction between some novel low spin Fe(II)—azo
complexes and H,0, (see scheme 1).

EXPERIMENTAL
Materials

All chemicals used in the preparation of the com-
plexes and in the kinetics are tafrl of analytical grade
AnalaR reagent (BDH and Aldrich) products.

The studied complexes and their corresponding
ligands were synthesized and characterized by Shaker
et al. (Scheme 1) [18]. The purity of the complex was
tested spectrophotometrically (Fig. 1) [18] and by
confirming that the kinetics were exactly first-order
over the first 2.5 half lives and that the measured rate
constants agreed with the literature values [18—20],
Moreover, the formation of these complexes was con-
firmed by potentiometric titration in nitric acid with
constant ionic strength /= 0.1 mol dm~ using KNO;,
cf. Fig. 2. As shown, the tested complex begins form-
ing at pH = 3.

Kinetic Measurements

The recent kinetic measurements were executed
under pseudo-first order conditions. H,0O, was mixed
in a large excess (0.1 to 2.0 mol dm~3) over the com-
plex (1 x 10~* mol dm~?) at constant ionic strength
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Ligand

[Diaqua di(2-{[4-(dimethylamino)phenyl]azo}-3-phenylpropanoic acid)

ferrous] sulphate

[Diaqua di(2-{[4-(diethylamino)phenyl]azo}-3-phenylpropanoic acid)

ferrous] sulphate

[Diaqua di(2-{[4-(dimethylamino)phenyl]azo}-3-indol-3-ylpropanoic acid)

ferrous] sulphate

[Diaqua di(2-{[4-(diethylamino)phenyl]azo}-3-indol-3-ylpropanoic acid)

ferrous] sulphate

[Diaqua di(2-{[4-(dimethylamino)phenyl]azo}-3-imidazol-3-ylpropanoic

acid) ferrous] sulphate

[Diaqua di(2-{[4-(diethylamino)phenyl]azo}-3-imidazol-3-ylpropanoic acid)

ferrous] chloride
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Scheme 1. The chemical structure of Fe(II)-azo complexes.

(0.1 mol dm—3) of KNO,, pH ~ (1.8—2.3), the stability
range of the complexes [18] at 298 K. The reaction
kinetics were followed by monitoring the decrease in
absorbance A at A,,,, = 485—500 nm of each complex,
over the first 2.5 half lives for each run [20]. Observed
first-order rate constants were computed by least-
squares from the slopes of the plots (In A4 vs. time, 7),
cf. Fig. 3. Repeated spectral scans were recorded for
the reactions of different molar ratios of complex to
H,0, (1:1,1:30,and I : 3000), respectively, as repre-
sentative work, to get more kinetic evidences for the
studied reaction mechanism, cf. Figs. 4, 5.

RESULTS AND DISCUSSION

All complexes showed two-stage Kinetics, cf. Fig. 3.
Standard kinetic analyses of these plots gave good esti-
mates for the observed rate constants of the fast and
slow stages. The first stage corresponds to the parallel
attack reactivities of H,0, on more labile fac (first

KINETICS AND CATALYSIS VWl. 52  No. 1 2011

stage) and inert mer (second stage) isomers of the
complexes (Fig. 3, Scheme 2). Similar isomer obser-
vations were detected and analyzed kinetically in else-
where reports [21, 22].

The contribution from the labile isomer in the
reactivity of the reaction readily becomes minor at
10—15% of the time elapsed for the total kinetic run,
cf. Fig. 3. Thus, the observed first-order rate con-
stants k,,, were evaluated from the slopes of the slow
second stage (Fig. 3, Table 1). The plots of kg, vs.

6- N\\N o] N\\N

\ '5+ \ 6+
H,0—Fe**~—O0H, H,0—~Fe* ™= N

VAN N

N. O H,0 o)

\\NJ
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Scheme 2. The two isomeric structures of Fe(IT)—
azo complexes.



64 SHAKER et al.

A
1.6

1.4

T

1.2
1.0

0.8F
0.6

0.4

0.2F

_——— =
I —_——

1 1
400 50 600 700
A, nm

0 !
200 300

Fig. 1. Molecular electronic spectra of MphA and its cor-
responding ligand in the aqueous solutions and methanolic
solutions, respectively, at [complex] and [ligand] = 1 x

10~* mol dm™> and 298 K. /—The MphA complex, 2—
the MphA ligand.

[H,O,] exhibited linear relation with the rate law in
Eq. (1).
—d[complex]/dr = k., [complex]. (1)

pH
10

2 1 1 | 1 1 1 | |
-20 0 20 40 60 80 100 120 140

VNaow»> ml

Fig. 2. Potentiometric titration curves for HNOj
(0.01 mol dm~%), HNO; (0.01 mol dm—>) + MinA ligand
(1073 mol dm~3) and HNO5 (0.01 mol dm™—>) + MinA ligand
(10_3 mol dm_3) + MinA complex (10_3 mol dm_3) Vs.

NaOH (10’5 mol dm’3) in the aqueous solutions at 298 K.
® HNOj3, O HNOj3 + MinA ligand, * HNO; + MinA

ligand + Fe?™.

The spectra of Fe(II)—azo complexes show three
main peaks at 250—270, 360—420, and 480—500 nm
corresponding to t w*, M-LCT and d-d transitions in
these complexes [18]. Injection of H,0, in the com-
plex solution enhances the molar absorptivities of the
bands at 500 and 270 nm to maximum values with
slight shift, then decay, cf. Fig. 4. The enhancement of
these bands was explained elsewhere as due to the for-
mation of intraperoxo-intermediate [23—25]. It is
assumed that the 360—420 nm bands in the original
complexes decay and add to the bands at 480—500 nm
during the formation of the peroxo-intermediate. In
other words, the intermediate has two bands at 250—
270 and 480—500 nm in common with the complexes
employed. The rate and the extent of the enhancement
depend on the [complex] : [H,0,] ratio. This means
that, in equimolar ratio, the growth occurs slowly, cf.
Fig. 4, and the intermediate complexes have not
decomposed within 24 h due to low concentration of
H,0,. Unfortunately, several trails have been made to
isolate the peroxo-intermediate, but faced with fail-
ure. The slow formation of intermediates was observed
only in equimolar solutions, ca. 1 x 10~* mol dm=3.
This result would be understood if the slow decompo-
sition of the peroxo-intermediate, in parallel with its
second-order formation kinetics, has been taken into
consideration, particularly when measurable mass of
this intermediate is formed. Furthermore, it is proba-
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Fig. 3. The observed first-order rate plots for the reaction
of MinA with [H,O;] in the aqueous solutions, at
[MinA] = 1 x 10~* mol dm™3, 7 = 0.10 mol dm™>, pH 2
and 298 K (A .x =498 nm). A—0.1 M H,O, (In A + 1.5),
x—0.3 M H,O, (In A + 1.0), v—1.0 M H,0, (In A +
0.5), *¥—1.2 M H,0,, 0—1.8 M H,0, (In4 — 0.5), O—
2.0 M H,O0, (InA4 — 1.0).
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Fig. 4. Repeated molecular electronic spectral scans dur-
ing the reaction of MimA with H,O, in an equimolar
aqueous solution of 1 x 10~* mol dm~3 each with interval
time 20 min (for ~4 h), at / = 0.10 mol dm_3, pH 2 and

298 K. (For the slow rate of formation T of the peroxo-
intermediate complex, the decomposition has not yet been
detected within 24 h.) /—The MphA complex before
addition of H,O,, 2—the MphA complex after addition of

H,0, (1 x 1074 M).

bly that an ion-pair intermediate between the cation
complex and peroxide forms in the equimolar reaction
mixture employed in the kinetic test. In the presence
of 1 : 30 molar ratio of [complex] : [H,0,] the growth
renders faster and to a least extent prior to the decay.
Upon mixing very large excess of H,0,, i.e., in 1 : 3000
molar ratio, the rate of the band growth renders too
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Fig. 5. Repeated molecular electronic spectral scans dur-
ing the reaction of MimA with H,0O, in an aqueous solu-

tion (containing 1 : 3000 molar ratio of complex : H,O,)
with interval time 20 min (for ~4 h), at [complex] = 1 x
10~* mol dm™3, [H,0,] = 0.30 M, 7 = 0.10 mol dm3,

pH 2 and 298 K. (For the very fast rate of formation T and

the slow decomposition l of the peroxo-intermediate com-
plex.) /—The MimA complex before addition of H,0,,
2—the MimA complex after addition of H,0, (0.30 M).

rapid to follow by conventionally available spectro-
photometric tools, cf. Fig. 5. A slight enhancement of
the band at 500 nm was observed just after mixing the
complex solution with H,0,, then decays.

Therefore, a kinetic investigation has been made
for the slow growth of the band at 500 nm, cf. Fig. 4,
corresponding to the formation of the intraperoxo-

Table 1. The observed first-order rate constant values &, for the reaction of Fe(Il)—azo complexes with H,0, in the aqueous
media, at [complex] = 1 x 10~ mol dm~3, 7= 0.1 mol dm—3, pH 2 and 298 K

(H,0,]. Kyps % 104,571

mol dm” MphA EphA MinA EinA MimA EimA EprA
0.1 0.73 1.16 0.25
0.3 1.49 1.00 0.93 0.97 1.77 0.84 0.96
0.8 1.86 2.28 1.90 2.35 2.37
1.0 2.76 2.16 2.67
1.2 2.42 2.65 3.27 2.97 2.81
1.4 3.15 3.00 277 2.9 3.19 3.31 3.13
1.8 3.57 3.80 3.64 3.82 3.79
2.0 421 4.04 3.80 4.19 4.08
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Table 2. The values of the component rate constant values as
calculated by least squares of the plots of ks vs. [H,O,] of
Fe(Il)—azo complexes in the aqueous media, at [complex]| =
1 x10~*mol dm~3, 7= 0.1 mol dm~3, pH 2 and 298 K

Complexe kyx10°, s | kyx 10*, mol~! dm?s™!
MphA 7.03 1.68
EphA 5.83 1.74
MinA 5.74 1.73
EinA 5.20 1.69
MimA 1.18 1.52
EimA 2.52 2.12
EprA 6.66 1.75

complex intermediate in the equimolar ratios. So, a
linear second-order plots (1/4 vs. f) were obtained for
the formation of the intermediate complex. Absor-
bance, A, displayed in these plots is given by

A= (Apax — Ag) — (A — Ay), (2)

where A, is the maximum absorbance value at
500 nm in Fig. 4, A4, is the minimum absorbance and
A, is the absorbance at any arbitrary time. Therefore,
the second-order kinetics plotted is given as

kgps X 10°, 571
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Fig. 6. Plot of the observed first-order rate constants of
EphA, MinA, EinA, MimA, and EprA vs. pH of the stabil-
ity range in the aqueous solutions, at [complex] = 1 x
10~* mol dm™3, [H,0,] = 0.30 M, /=0.10 mol dm—> and
298 K. m—EphA, O—MinA, ¥—EinA, *—MimA, x—
EprA.

1 k1
(Amax _AO) - (At _AO) Agl (Amax _AO)

and the rate law can be assumed as

d[Int] _ —d[complex]
dr dt

where Int is the intermediate. This is providing that,
the decomposition of the intermediate is negligible,
especially in the earlier stages of the reaction. This
kinetic behavior probably points to the development of
peroxo-intermediates via substitution of one H,O,
molecule and/or peroxo anion for one of the two coor-
dinated H,0O molecules (Scheme 1).

The studied growth of the peroxo-intermediate fol-
lows pseudo-first order kinetics, in the presence of
large excess of [H,O] compared to [complex], i.e., in
(1:30) or (1:3000) molar ratios, which is very fast.
The rate of decay of the parent complex is approxi-
mately the same as that rate of the decay of the inter-
mediate leading to the final products. The rate law can
be assumed as

)

= k,[complex][H,0,], (4)

—d[complex] _ —d[complex-Int]
ds dr
[P]

dt

where P is the final product, and the observed rate
constant k. follows the relation:

kops = ki + ky[H,0,]. (6)

Again, this indicates the formation of mono-peroxo
complex intermediate. k; corresponds to the rate con-
stant of aquation of the azo complex in the pH range
1.8—2.3 used in all kinetic runs. The plots of kg, vs.
[H,O,] present linear relations with intercept values of
k, and slopes values of k, from least squares of these
plots, cf. Table 2, indicating direct attack of H,0O, on
the complex in the reaction.

In acidic solutions, pH < 4, where our complexes
exhibit their high stability and these are the media of
following kinetics of all runs with almost 20% aquation
of the initial concentration of the complex in the reac-
tion mixture in an average time of a month. In the
solutions of pH range ~1.8—2.3 the complexes keep
their intensely reddish violet color within the reported
time.

Figure 6 shows reactivity profiles with pH within
the stability range values of the studied complexes.
These profiles show reactivity peaks at pHs 1.5—3. In
this pH range, isosbestic points were established at 395
and 446 nm [18] due to the existence of the equilib-
rium between azo (ammonium form) and azonium
forms. The intensification of the reddish violet color of
our complexes in these pH media may be an evidence
for the establishment of this equilibrium. The proto-
nation equilibrium and this type of pH profiles were
observed before by Beck [26]. The reactivity peaks

%)

= k[ complex],

obs
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Table 3. Second-order rate constant values k, and the activation parameters for the reaction of EphA, EimA, EinA and EprA
with H,0, at different temperatures, at [complex] = 1 x 10~* mol dm™3; [H,0,] =0.30 M, /= 0.1 mol dm~3and pH 2

c | Temperature, K E AL AG* AS*

omplex a_1 —1 _ Ay -
288 293 303 308 kIM IM KM UMK Mo s

EinA 0.83 0.90 0.96 1.01 112.9 36.39 23.01 —77.08 2.63

EphA 0.87 0.94 0.99 1.08 60.08 38.04 72.7 —24.26 5.12

EimA 0.93 0.97 1.04 1.16 68.47 37.73 9.76 —32.65 6.91

EprA 1.01 1.02 1.10 1.27 97.80 37.03 18.51 —61.98 13.94

Note: ky x 104, mol ™! dm3 s~

locate at pH starting from 1.8 for MinA with the less
donor N, N-dimethyl substituent to the phenyl moiety
and the most electron-attracting indolyl attached to
the amino acid moiety and ending at 2.3 for EprA with
two donor groups on both sides, the more donor p-
N,N-diethyl on the phenyl side and —CH; group on
the amino acid opposite side. These reactivity peaks
were assumed to be due to the full protonation of N, N-
dialkylamino whereby retarding the intramolecular
CT within the complex and enhancing the reactivity
towards the attack of H,O,.

The observed decrease in k., at pH < 2 is probably
attributed to the full protonation of the azo ligand
leading to reduce the basicity and then the reactivity
towards H,O, reagent. Furthermore, in these strong
acid media, H,O, exists in its conjugate acid form with
low nucleophilicity.

At higher pH >4, the azo ligands in the complexes
fully deprotonate, and the azonium (Schiff base) tau-
tomer prevails. Schiff base tautomers exhibit high
reactivities against aquation and base hydrolysis, cf.
Scheme 3.

The shift in A,,, from 390 to 500 nm or equiva-
lently, the decay of the band at 390 nm and its growth
on d — d transition band at 500 nm, enhances the
latter band and renders broad (Figs. 4 and 5). This evi-
dence, and the development of the absorption peak at
270 nm. are comparable with those observations
reported for Fe(IT)edta—H,0O, [27, 28]. The high neg-
ative entropies of activation assume an experimental
evidence against the release of carboxylate in the azo
ligand by peroxide, cf. Table 3, the second pathway
suggested by Francis et al. [29] for the reaction of
H,0, with Fe(Il)edta-(ethylenediamine-tetraace-

tate)*~.
The reaction studied, in this work, implies the fol-
lowing disproportionation of H,O,

catalyzed by the Fe(II)—azo complexes, as well as, the
break down of the oxidized complexes, Fe(I1I)- azo
chelates. Our complexes undergo catalysis due to the
ability of Fe to form two oxidation states, Fe(II) and
Fe(III), and the structure of the present metal com-
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plexes containing labile replaceable coordinated
ligands, mainly H,O molecules.

An interesting observation, in the recent investiga-
tion, is the possibility of spectroscopically visible
growth of the peroxo-Fe(Il)—azo intermediate com-
plex as mentioned above, cf. Fig. 4. The formation of
the peroxo-intermediate follows pseudo-first order
kinetics in the mixing molar ratio 1 : 30 [complex] :
[H,0,]. In equimolar ratio, the peroxo-substitution
reaction follows second-order kinetics, first-order in
each of [complex] and [H,0,]. This kinetic evidence
probably supports the mechanism that only one per-
oxo ion replaces one coordinated H,O. In literatures
[23—25, 28], the growth of bands at 270 and 500 nm and
decay of band at 390 nm suggest the formation of new
Fe(II) species, namely peroxo-intermediates. A further
support for the mechanism is the visual color changes
just after addition of H,O, to the complex from reddish
violet — more intense reddish violet — pale reddish
violet — violet — pale violet — pale brown —

N
R | ~°
Fe2+
2
R
N
HY R\ HY 7 Aé;o_
pH>2 /N N 0
R \ -
F62+
2
R
R . N
n N\ 4 OH
pH<2 R/ \‘ /O
F€2+
2

Scheme 3.
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Fig. 7. A comparison of spectral scans of the products of
the reaction between MimA and H,0, with N, N-dimeth-

ylamino-4-nitrosoaniline and histidine as reagents for the
formation of MimA. /—p-Nitroso-N, N-dimethylaniline,
2—histadine, 3—the product.

yellow to finally pale yellow. The more intensive color
probably assumes the substitution of H,O, and/or per-
oxo in the place of coordinated H,O. Fading in color
supports oxidation followed by decomposition of the
complex.

The final product from both oxidation and decom-
position of our chelates were characterized. The
absorption spectra of the final products were consis-
tent with these spectra of the reference samples of the
corresponding free amino acid (histidine, A, =
275nm) and  N,N-dialkylamino-p-nitroaniline,
Amax = 385 nm, cf. Fig. 7. The solid line spectra corre-
spond to the final product (p-nitro-N, N-dimethyla-
niline (A,,,, = 385 nm), but the dashed line spectra are
for p-nitroso- N, N-dimethylaniline (A, = 420 nm).
The brown precipitate formed, long after the end of
each kinetic run, settling down in the spectrophoto-
metric cell, indicates the formation of the nitro deriv-
ative, the oxidation product of N,N-dimethyl-p-
nitrosoaniline. In the same Figure, the spectral dotted
line is for a reference amino acid (histidine) and solid
line spectra for amino acid product from the reaction.
The brown precipitate disappears long after the end of
the kinetic reaction (2—3 days), presumably due to the
coordination of Fe3* ions to the nitro product with dis-
appearance of the band at 385 nm. The pale yellow
color formed at the end of each kinetic run indicates
the formation of Fe3* ions which gave red color with
thiocyanate test.

The reaction exhibits a mechanism in which a
composite rate-limiting step is assumed as substitution

and oxidation in equimolar reaction mixtures and in
the presence of excessive molar ratios of H,O, up to 30
fold the concentration of the complex, as shown
below.

[Fe(II)L,(H,0),]+2H"

A

) (11
~—L[Fe(I)(HL),(H,0),]*",

A2+

H,0, ==HOO +H", i

K, = 5.59x 10" mol dm™’,

[Fe(IT)(HL),(H,0),]*" + H,0,

A2+
(Iv)
& [Fe(11)(HL),(H,0)(HOO)]" + H,0 + H",

ky
slow
B+

€
[Fe(I(HL),(H,0)(HO0)]"
B+
e -[Fe(IN(HL),(H,0)(0)]" + HO",
C+

V)

[Fe(II1)(HL),(H,0)(0)]"
C+

+2HO" +2H,0,+4H" (VD)

== Fe’* + 2(R"),NHPhNO,
+2RCH,CH(NH,)COOH + 4H,0,

where HL* = R, N*"H—Ph—N=N—-CH(COOH)CH,R,
K, is the protonation constant value of the complex [18].

The decomposition of the complex after oxidation
via inner-sphere electron transfer is assumed to be due
to that the smaller Fe3* ionic size no longer so fits the
ligand cavity as to the larger size Fe?* ion. As men-
tioned elsewhere [30], that the mechanism for the
decoloration of azo dyes with hydrogen peroxide is not
quite understood, but assumed as hydroxyl radicals
attacking the organic colorants and destroying the
chromophore, azo group (N=N). Hydroxyl free radi-
cal adds to the azo chromophore and homocleaves it.
Excess hydrogen peroxide in the reaction, oxidizes
N,N-dialkylamino-p-nitrosoaniline to the corre-
sponding p-nitro derivative. The presence of free radi-
cals in the reaction mechanism was tested by the addi-
tion of acrylonitrile and the formation of white gel
precipitate after a period from the beginning of the
kinetic run [31].
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In the presence of very large excess of H,O,
(0.30 M), the substitution reaction (IV) in the mecha-
nism proposal, is assumed to be fast. Assuming the
steady state approximation for the intermediates B*
and C* and setting [A] as

[Alr = [A*] + [B*], (7)

where [A]; is the total analytical concentration of the
complex.

This is provided that [C*] = 0 due to its much
higher reactivity. Thus, the following rate equation can
be formulated as follows

W = Kiks(1+k)[Al{[H'][H,0,]. (8)

In the presence of very large excess of [H,O,] and [H*]
compared to [A]r, thus the rate law becomes

—d[complex] _ Kk [Aly. 9)
dt
Accordingly, on comparing Egs. (8) and (9), k.., can
be deduced as

kovs = Kiks(1 + ky)[H'][H,0,], (10)
[Hy0,]r = [H,0,] + [HOO™] + [B*] + [CT], (11)

where [H,0,] is the total analytical concentration of
hydrogen peroxide.

Assuming that, [B*] = [C*] = 0, due to their high
reactivity, particularly in the presence of very large
excess of [H,0O,] compared to [complex], and in acid
solutions, undissociated H,0, molecules and proto-
nated complex A?* are prevailing species. According
to Eq. (10) at constant [H*], a plot of k. vs. [H,0,]
should be a straight line as obtained experimentally.
The slope k, of these plots is found in the order of mag-
nitude as that value of (1 + k,)K,k;|H"], the slope in
the derived Eq. (10). The positive intercept observed in
these plots can be labeled k&, and explained as due to
the rate constant of the slow aquation at pH = 3 of car-
rying out kinetic run (Table 3). The plot of kg, vs.
[H*], within the pH range 1.5—3 at constant [H,0,],
gave a straight line with a positive intercept.

Again, in the equimolar ratio, the general rate
equation is

% = Kiky(1 +k,)[H'1[H,0,][A]r. (12)

The general second-order rate law under these condi-
tions is

—d 1 '
~Aleomplex] - k10,1 (AL, (13)
Thus, k,,, can be derived as
kaos = (1 + k) Kik3[H™]. (14)

The observed decrease in pH during the kinetic run
from 2.3 at the beginning to 1.8 at the end of each run,
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suggests the liberation of the free protons as in step
(IV) of the mechanism and the formation of the disso-
ciation products in the last step (VI).

H,0, has not been affected by buffer alone of pH =
2.2, in which all kinetic runs were executed. It keeps
constant its concentration in the buffer solution within
a time of 5 h, the maximum period for a kinetic run.
The intercepts, k; in the plots of k. vs. [H,O,] con-
firm that these values are due to minor aquation of the
azo complex in the aqueous medium. The characteris-
tic band of the azo complex at 500 nm never alters and
slightly decreases (~20%) in the old solution com-
pared with the same band in the freshly prepared solu-
tion of the complex. It is worthwhile to report that azo
ligands investigated are more labile against H,O, than
their chelates with Fe(II). This supports the proposal
mechanism that the oxidation of Fe(II) to Fe(IlI) via
inner-sphere electron transfer, enhances the subse-
quent degradation of the azo ligand, cf. steps (V)
and (VI). This result agrees with the previous reports
in the literature [32].

Table 3 shows second-order rate constants and
activation parameters for representative complexes.
The data indicate high stabilities leading to low reac-
tivities against H,0,, and thus to large values of activa-
tion energies and to low frequency factors which are in
agreement with the low values of the rate constants
kos- These results support that the reaction follows an
association mechanism. Negative entropies of activa-
tion and low frequency factors would support the for-
mation of peroxo-intermediate complex and inner-
sphere electron transfer mechanism [33—36].

The relative decrease in the observed rate constants
(k/k,), in the presence of methanol cosolvent,
increases with increasing the degree of hydrophilicity
of the complexes, cf. Fig. 8. Based on these relative
decrease in reactivities &, and k,, in the presence and
absence of methanol in the aqueous solution respec-
tively, cf. Fig. 8, it would be deduced the descending
order of the hydrophilicity of the complexes, as follows

MimA > MphA > MinA> EinA > EphA
> Eima > EprA.

The latter sequence based on the relative decrease
in reactivity in aqua-methanol binary mixtures is more
consistent with the structure of the investigated
ligands. There is a paradox in the position of EprA, in
the respective hydrophilicities derived from the differ-
ent methods of the relative solubilities [ 18] and the rel-
ative reactivities in the aqueous solutions and in aqua—
methanol binary mixtures [37]. This would be
explained due to the presence of donor groups on both
sides of the ligand molecule which reduce the meso-
meric shift within the molecule, thus enhance the reac-
tivity of the complex against H,O,. If some disagree-
ment emerges in hydrophilicity order expected in the
two different methods, this may be due to the depen-
dency of the solubility method on the accuracy of €,,,,
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Fig. 8. Plot of In(ky/k,,), the relative reactivities in the

aqueous containing methanol (k) and in methanol free

aqueous solutions (k,,) for the reaction of all complexes

with H,O, vs. the molality (mg) of MeOH in binary aqua-

methanolic mixtures, at [complex] = 1 x 10_4, [H,O,] =

0.30 M, 7= 0.10 mol dm—>, pH 2 and 298 K. m, MphA;
O, EphA; *, MinA; ¢, EinA; A, MimA; x, EimA; &, EprA.

the molar absorptivity, measurements for the com-
plexes.

It is interesting here that, CH, spacer in all the
complexes attached to the amino acid moiety, has
blocked the effects of substituents R on this side of the
ligand molecule. This has been observed in Table 3,
that the rate constants have not altered remarkably
with changing the amino acid moiety. Similar observa-
tion has been reported before [38] by our working
group.

Kinetics and mechanism of the reaction of some
Fe(II)—azo amino acid complexes with H,O, were
investigated spectrophotometrically. Following vital
conclusions were recognized.

(1) The formation of intraperoxo Fe(Il)—azo
amino acid intermediate complex, at A,,,, = 500 nm,
is too rapid to follow in the presence of very large
excess in [H,0,] ca. 3 x 1073 mol dm~3 compared with
[complex] ca. 1 x 10~* mol dm™3. The reaction of
growing intraperoxo-intermediate follows first-order
kinetics under these conditions.

(2) Novel spectrophotometric evidence for growing
intraperoxo Fe(Il)-azo amino acid complex equimo-
lar mixing ratio of [complex] : [H,0,].

(3) The slow decomposition of the peroxo interme-
diate, in parallel with its second-order formation
kinetics would exert a barrier against the precipitation
of the intraperoxo Fe(Il)-azo amino acid complex

intermediate. It would be an ion-pair formation
between the complex cation and the peroxo anion in
these equimolar solutions.

(4) pH profiles show an azo/azonium equilibrium
and reactivity peaks at pH 1.8—2.3. These reactivity
peaks would be due to the full protonation of N,N-
dialkylamino group which retards the intramolecular CT.

(5) The rate was assumed to be

—d[complex] _ —d[peroxo-Int] _ k
dr dr

where k. = k; + k;|H,0,].

(6) A mechanism was proposed involving a com-
posite rate determining step as substitution of one H,O
molecule with peroxo in the parent complex and then
oxidation via intraclectron transfer.

(7) Activation parameters curve evaluated by least
squares of Arrhenius and Eyring plots and discussed.
High negative entropy of activation assumes and evi-
dence against the release of carboxylate by peroxide in
the azo amino acid ligand.

(8) The relative decrease (k./k,,) in the observed
rate constant, in the presence and absence of metha-
nol, increases with increasing the degree of hydrophi-
licity of the reacted complexes as follows, MimA >
MphA > MinA > EinA > EphA > EimA > EprA. Para-
dox in EprA position in the respective hydrophilicities
has been assumed as due to the presence of the donor
groups on both sides of the ligand molecule whereby
reducing mesomeric shift and thus enhancing reactiv-
ity of the complex towards H,0,.

(9) It is interesting that, the methylene spacer
attached to the amino acid screened the effects of the
substituent on this side of the ligand molecule.
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