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The kinetics and mechanism of the redox reaction of the Mn(III) ions with
hydrazoic acid in the medium of 54% acetic acid was studied. The curve
representing the dependence of the rate constant on the concentration of azides
rises linearly at first, reaches a maximum and afterwards sinks non-linearly.
The values of the enthalpy and entropy of activation depend on temperature
considerably. From the temperature dependence of these values the activation
heat capacity was calculated AC;=1569 J mol~* K~'. The probable reaction
mechanism according to which the redox reaction goes through the inter-
mediary complex MnHN,(Ac); is discussed. However, in the region of higher
concentrations of azides the less reactive Mn(HN,),(Ac); complex ion com-
petes with that intermediary complex.

Bbina u3ydeHa KHHETHKA M MEXAHHU3M OKHCIMTENbHO-BOCCTAHOBHTENBHON
peakuuu noHoB Mn(III) ¢ a30THCTOBONOPOAHOM KHCIOTOMH B cpene 54 %-Hoi
YKCYCHOM KHMCNOTbI. KpHBasti 3aBHCMMOCTH M3MEDEHHO#M KOHCTAHTBI CKOPOCTH
OT KOHIEHTPALMH1 a3U0B CHavyana JIMHEHHO BO3pacTaeT, JOCTUIaeT MaKCUMY-
Ma ¥ MOTOM HEJMHEHHO nafacT. 3Ha4EHUS IHTAJBIIMK U IHTPONIMHM aKTHBALIMH
B 3HAYMTENLHOH Mepe 3aBHCAT OT TeMnepaTtypbl. Ha ocHOBaHMM MX TeMmepa-
TYPHOW 3aBHCHMOCTHM ObUIM NOJIy4eHb! 3HAYEHHMS TEMIOEMKOCTH aKTHBaLMH
AC}=1569 Ix monp™' K™'. O6cyXpnaeTcs BEPOATHbIH MEXaHH3M pEaKLMH,
COrNacCHO KOTOPOMY OHa MPOTEKAaeT 4Yepe3 06pa3oBaHHE NPOMEXYTOYHOIO
koMmmiekca MnHN,(Ac);, xoTtopoMy npu Goiee BbLICOKOH KOHLEHTPaLHUH
a30THCTOBOAOPOAHOH  KHCIOTbl  KOHKYPMpPYET  KOMIUIEKCHbIH  HOH
Mn(HN,),(Ac); ¢ MeHblIel peakKIMOHHON CNOCOGHOCTLIO.

The redox reactions of the Mn(III) ions with organic or inorganic ligands are
remarkable from the view-point of a more comprehensively conceived research
into the kinetics of redox reactions. The Mn(III) ions are a strong oxidation agent.
The redox potential of the system Mn(II)/Mn(III) has the value +1.5V in
non-complexing media [1—3]. Though these ions are relatively unstable, the

* For Part VI see Collect. Czech. Chem. Commun. 39, 3456 (1974).

Chem. zvesti 31 (2) 145-152 (1977) 145



L. TREINDL, M. MRAKAVOVA

number of the papers on their redox reactions increased recently [4—22]. The
relatively stable solutions of the Mn(III) ions in a medium of 2—5 M perchloric or
sulfuric acid are usually used for kinetic measurements. The presence of pyrophos-
phate ions or ethylenediaminetetraacetic acid stabilizes the Mn(III) ions even at
lower concentrations of H,O" ions. For instance, the pyrophosphate complex of the
Mn(III) ions used in the oxidations of aliphatic aldehydes and ketones, oxalic acid,
malonic acid, phenols [23], a-hydroxy acids [24], and mandelic acid [25]. The
kinetics of the oxidation of organic compounds with the Mn(III) ions was also
investigated in the medium of ethylenediaminetetraacetic acid [26—28] or acetate
[15, 29—32]. The redox reactions of the Mn(III) ions with substrates usually follow
a mechanism involving the formation of intermediary complexes owing to changes
inside the sphere. We proved a successive formation of intermediary complexes
with increasing number of coordinately bonded ligands for the redox reaction of
the Mn(111) ions with SCN~ ions [13] and for the redox reaction of the Mn(III) ions
with oxalic acid in the medium of acetic acid [15]. In this medium we also
investigated the temperature dependence of the activation parameters and found
the value AC7 =699 J mol™' K™'.

The redox reaction of the Mn(Ill) ions with hydrazoic acid was studied in
a solution of perchloric acid [33, 34]. Since it was observed that the reaction was of
second order with respect to hydrazoic acid and of first order with respect to the
Mn(III) ions, the authors [33] assumed that the rate-determining step was the
reaction of the Mn(H,O)sHN3" ion with a molecule of HN; giving a H,N¢ - radical
which subsequently reacted rapidly with another Mn(III) ion. According to [34],
the intermediary complex of this reaction is Mn(N,);* the intramolecular redox
step of which is rate-determining. In the medium of acetic acid the redox reaction
of Mn(III) with hydrazoic acid shows a different kinetic character and for this
reason we have chosen the study of this reaction as topic of the present paper.

Experimental

The kinetic measurements of the redox reaction of the Mn(III) ions with hydrazoic acid
were carried out polarographically and spectrophotometrically. For polarographic measure-
ments a polarograph OH 102, Radelkis was used. The limiting diffusion current of the
Mn(III) ions was recorded as a function of time at the constant potential of — 0.3 V against
the potential of a Hg,(C,H,0,), electrode in a solution of 0.1 M sodium acetate in 70%
acetic acid. A Kalousek vessel with nitrogen supply was used. This vessel was equipped with
a thermostatting jacket which was connected with a universal Wobser thermostat U 3.
Before entering the Kalousek vessel, nitrogen passed through a washing bottle with 54%
solution of acetic acid. A dropping mercury electrode with the dropping time of 5 s and flow
rate of 1.24 mg s™' at the above-mentioned potential and at the height of mercury column of
75 cm was used as an indication electrode. The spectrophotometric kinetic measurements
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were performed with a spectrophotometer Specord UV VIS (Zeiss, Jena), which was
equipped with a thermostatting block connected with a thermostat of the above type.

Before every kinetic measurement the solution of the Mn(III) ions was prepared by
electrooxidation of a solution of 2.6 X 10~> M-MnSO, and 0.1 M sodium acetate in 70%
acetic acid on a platinum electrode. This electrooxidation always took 30 min. In the course
of day between measurements the solution was kept in a refrigerator in order to prevent
disproportionation of the Mn(III) ions. All chemicals were anal. grade reagents and the
solutions were prepared from redistilled water.

Results

By using the differential and integral method it was found that the reaction order with
respect to the Mn(III) ions was equal to one in the temperature interval from 5 to 35°C
(Fig. 1). In order to formulate the equation for the rate of the reaction studied, it was
necessary to find out the dependence of the rate constant on the concentration of sodium
azide. This relationship is not simple. Initially, the value of the rate constant increases
linearly with the concentration of sodium azide (interval from 0.1 to 0.225 M) to reach
a maximum and afterwards it decreases non-linearly (Fig. 2). The redox reaction studied is
an acid-catalyzed reaction. The rate constant measured increases with the concentration of
perchloric acid almost linearly in the concentration range from 0.04 to 0.2 M. In the region
of higher concentrations of perchloric acid (0.2—0.3 M) it increases non-linearly (Fig. 3). In
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Fig. 1. Verification of the order of reaction at
different temperatures.
2x107* M-Mn(IIl), 2x 10" M-NaN,, 54%
CH,COOH, 0.08 M-CH,COONa.

A, is absorbance of the Mn(III) solution at the
beginning of reaction, A is absorbance at any
time of reaction.

1. 5°C; 2. 10°C; 3. 15°C; 4. 20°C; 5. 30°C.
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Fig. 2. Experimental rate constant as a function
of the concentration of azides.

2x 107 M-Mn(Ill), 54% CH,COOH, 0.08
M-CH,COONa, T =303.16 K.
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Fig. 3. Rate constant as a function of the Fig. 4. Variation of the rate constant with
concentration of perchloric acid. temperature.
2x 107 M-Mn(III), 2x10™" M-NaN,, 54% Experimental conditions see in Fig. 1.
CH,COOH, 0.08 M-CH,COONa,
T=303.16 K.

the first concentration interval the relationship may be expressed approximately by the
equation

k = ky+ ky+[H;0%]

where k,=5%10"*s™" and ky+=6.2X107*s™' I mol™'.

The rate of reaction does not practically change with the ionic strength of electrolyte. In
order to verify a radical mechanism, the effect of acrylonitrile on the rate of this reaction was
examined. The presence of this substance in solution raises the rate of the redox reaction to
such a degree that it cannot be measured by the method used in these investigations. In the
absence of sodium azide acrylonitrile does not affect the change in the concentration of the
Mn(III) ions.

The relationship between the logarithfn of the rate constant measured and the reciprocal
value of absolute temperature in the interval from 5 to 35°C shows a non-linear character
(Fig. 4). By using the Eyring equation the activation parameters — the values of the
enthalpy and entropy of activation — could be calculated from two neighbouring points
(T, + T;)/2 in particular temperature intervals. As obvious from Fig. 5, the value of the
activation enthalpy decreases with increasing temperature practically linearly from 288 to
310 K on the basis of which the value of the activation heat capacity could be determined
AC}=(—3AH*/3T),= 1569 J mol~' K~'. Similarly the values of the entropy of activation
were calculated by means of the Eyring equation for various temperatures (Table 1). The
kinetics of the studied reaction was also investigated spectrophotometrically. In the presence
of sodium azide the absorption maximum of the Mn(III) ions shifts from the original value of
Anx =490 nm to the value of A.,,=432 nm. During the reaction the absorbance of the
Mn(III) ions decreases according to the first order kinetics while the position of 4, does not
change (Fig. 6).
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Fig. 5. Variation of the activation enthalpy with Fig. 6. Time dependence of the absorption
temperature. spectrum of the Mn(III) ions.
Experimental conditions see in Fig. 1. Experimental conditions see in Fig. 1 ;

T =303.16 K. The curves were taken
in 9 minutes’ intervals.

Table 1

Dependence of the activation entropy on temperature
2x1072 M-Mn(lIII), 2x 10! M-NaN;, 54% CH;COOH, 0.08 M-CH;COONa

AS*

Jmol' K™! LR
42.7 288.16
85.0 295.66

110.5 300.66
114.3 305.66
169.5 310.66

Discussion

For the region of lower concentrations of sodium azide (from 0.1 to 0.225 M)
a simple rate equation of the reaction studied may be put forward

_ ﬂ‘%"_l)l = k [Mn(III)] [NaN,]

where [Mn(III)] stands for the total concentration of the Mn(I11) ions and [NaN,] is
the total concentration of sodium azide. It may be assumed that the reactive form
of sodium azide in acidic medium is a molecule of HN,. The increase in the rate
constant with concentration of H;O" ions may be explained in the main by a shift in
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the equilibrium

MnOH(Ac), + H,O* =MnH,0O(Ac); + H,O (A)

in favour of the form MnH,O(Ac);. In the first stage of reaction an interaction
between a molecule of HN,; and an MnH,O(Ac); ion occurs evidently, which gives
rise to the formation of an intermediary complex

MnH,O(Ac); + HN, = MnHN,(Ac); + H,0 (B)

The formation of an intermediary complex is also indicated by a shift in the
absorption maximum from the original value of 490 nm to the value of 432 nm.
The second step is an intramolecular (inside the sphere) transfer of electron as
a slow and rate-determining process

MnHN,(Ac); =Mn(Ac), + Ny +H* (©)

The increase in reaction rate due to the addition of acrylonitrile gives evidence for
the existence of intermediary radicals which are subject to recombination in the
subsequent step

2N;=3N, (D)

The influence of acrylonitrile on the reaction rate necessitates reversibility of step
(C) and a greater rate constant of the reaction of the Ny radical with acrylonitrile
than the rate constant of step (D).

If the concentration of azides is higher than 0.225 M, the value of the rate
constant attains a maximum and subsequently decreases non-linearly. In this
concentration range the above rate equation is not more valid and a more
complicated reaction mechanism must be taken into account. Besides the inter-
mediary complex MnHN,(Ac); the formation of the complex Mn(HN,),(Ac);
which reacts slower must be assumed. On the basis of the above dependence of the
rate constant on the concentration of azides the following reaction scheme may be
proposed for the first step

MnH,O(Ac); + HN;=MnHN;(Ac); + H,O =2 Mn(Ac),+Ns+H;0"
+ HN,

)
Mn(HN,)(Ac); (E)

An analogous reaction pathway is assumed in the kinetics of enzyme reactions the
reaction rate of which increases with the concentration of substrate to reach
a maximum and subsequently decreases [35, 36]. Since the value of A... does not
change any more during the redox reaction and does not depend on the concentra-
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tion ratio of both reactants as well, it may be assumed that the reaction proceeds
through an intermediary 1:1 complex while the higher complex Mn(HN,).(Ac);
reacts substantially slower.

The values of activation parameters AH* and AS™ of the reaction’ studied
depend considerably on temperature. The value of the activation heat capacity
ACt= (—3AH*/3T), = 1569 J mol™' K™'. It is substantially higher than the
value of AC}, which was measured for the reaction of the Mn(III) ions with oxalic
acid in a solution of 70% acetic acid (AC} =699 J mol~' K™') [15]. It is probable
that the considerable temperature dependence of activation parameters is also
related with the physicochemical properties of the solvent used. If a higher value of
AC7} occurred in other redox reactions taking place in a given solvent (mixture of
solvents) too, it would be easier, in contrast to purely aqueous solutions, to find out
correlations between this activation quantity and different types of reaction
mechanism.
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