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Kinetics and mechanism of oxidation of nitrilotriacetic acid
by diperiodatoargentate(lll)
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ABSTRACT: Diperiodatoargentate(lll) oxidizes nitrilotriacetic acid in a mildly basic medium to produce
formaldehyde and ammonia. This reaction follows a complex kinetic behaviour. The axial binding of NTA to
silver(lll) complex takes place on the millisecond time-scale with a second-order rate constantob(8)& 10°

dm® mol~* s7%. Two electrons are transferred from bound NTA to the silver(lll) centre sequentially. At low [NTA]
(<1 x 103 mol dm™3), the rate law follows first-order kinetics with respect to NTA but at high [NTA] it becomes
independent of its concentration. The first electron is transferred to the silver(lll) centre with a second-order rate
constant of (7.2- 0.5) dn? mol~* s™. The second electron is transferred subsequently in the fast step from NTA
radical to the silver(ll) species. The latter stages of reaction consists of a composite process involving the oxidation of
NTA and its products in parallel reactions. Kinetic experiments suggest thdt(AgOe)(H,0),] " is the reactive
silver(lll) species involved. Copyrighil 1999 John Wiley & Sons, Ltd.

KEYWORDS: nitrilotriacetic acid oxidation kinetics; silver(lll) oxidation; diperiodatoargentate(lll) oxidation;
reaction mechanism

INTRODUCTION examined the reaction of nitrilotriacetic acid (NTA) with
the diperiodatoargentate(lll) (DPA) complex in a mod-

The chemistry of the unusual oxidation state species of erately basic medium. DPA is known to be a relatively

silver has attracted considerable attention in the recentstrong oxidant These investigations demonstrate step-

past because of their high redox potentials and their wise electron transfer from axial bound NTA to the

involvement in Ag -catalysed redox reactionis! Reac-  silver(lll) centre.

tions of silver(lll) species have generated further interest

mechanistically, being a two-electron oxidant. The

reduction of Ag(lll) to Ag(l) may occur either by

simultaneous two-electron transfer in a single step or in EXPERIMENTAL

two successive one-electron steps. Various oxidants

containing a silver(lll) centr&;® e.g. [Ag(OH)] >° Reagents. NTA (Aldrich), KOH, AgNOs; sodium

and [ethylenebis(biguanide)]silver(llf)have been em- metabisulphite (BDH), 35% HCHO solution, ,80s

ployed. Reactions of [Ag(OH)™ are in general fairy  (Merck), KCIO, (Reidel de Ham), KIO, (Qualigen),

fast and have to be monitored using the stopped-flow acrylonitrile (SRL) and chromotropic acid (CDH) were

technique. In contrast, reactions of other silver(lll) of analytical grade. All chemicals except acrylonitrile

complexes are fairly sloW® [Ag(OH)4]~ is stable in and K;S,05 were used as received. Acrylonitrile and

highly alkaline medium® whereas [ethylenebis(bigua- K,S,0g were purified by distillation and recrystallization

nide)]silver(lll) cation is stable in highly acidic solu- to remove any traces of impurities ,80g is known to

tions.” Moreover, in the investigations cited, mechanistic decompose thermally and photochemically into

observations of the interaction of redox species and theSQ,*~.°*°

mode of electron transfer were at variance. Hence further

extensive studies of these reactions are required tofquipment. The electronic spectra and slow kinetics

establish a general conclusion. In the present work, wewere recorded on Shimadzu UV-2100/s and Beckman
DU-6 spectrophotometers. Fast kinetic experiments were

*Correspondence toA. Kumar, Department of Chemistry, University performed on an Applied .PhOtOphySICS Model 1705

of Roorkee, Roorkee 247 667 (UP), India. stopped-flow apparatus equipped with a DL-905 datalab

Contract/grant sponsorCSIR, New Delhi. transient digitizer.
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Synthesis. Sodium diperiodatoargentate(lll) complex
was prepared by following the reported methbdby
oxidation of Ag(l) with $Og”~ in the presence of KIQ

Its sodium salt was precipitated by the addition of NaOH,
which produced a thick, reddish orange, crystalline
product which was recovered by filtration through a G-
3 frit and washed with cold water. The crystals thus
obtained were recrystallized from water and recovered
after washing with cold water. The product was stored in
a dark bottle under vacuum. The formation of DPA was
confirmed by its characteristic electronic spectrum,

having three peaks at 213, 255 and 362 nm and a molar

absorptivity of 1.4x 10* dm® mol~*cm™t at 362 nm, in
agreement with the earlier repoftsThis complex had a
magnetic moment value of 0.4 BM, which suggests it to
be diamagnetic. Its oxidizing power was checked by
liberating b from KI.

Schiff's*® and Nesslers® reagents were prepared by
following the literature methods.

Methodology. Chromotropic acid (10%) was used as a
specific reagent for the detection of formaldehy@dt
produces a violet colour which exhibifg,ax at 570 nm.
The amount of formaldehyde in unknown samples was
estimated spectrophotometrically by preparing a calibra-
tion graph with an authentic sample at 570 nm. Nessler's
reagent was used to test the formation of ammonia, which
produces an orange—brown colour with this reagent. Its
concentration in an unknown sample was measured
spectrophotometrically at 415 riftby plotting a calibra-
tion graph with known concentrations of ammonia
solutions.

The kinetics of the reaction were monitored by
following the disappearance of absorption due to
silver(lll) species at 360nm, where NTA has no
absorption. Most of the kinetic experiments were
designed under pseudo-kinetic conditions with NTA
about 50 times in excess over DPA. Reactions were
followed up to about 70% of their completion. The
stoichiometry of the reaction was determined by
measuring the amount of unreacted DPA spectrophoto-
metrically at 360 nm.

RESULTS AND DISCUSSION

Product analysis

Upon mixing DPA (4x 10~% mol dm3) with NTA

(5 x 102 mol dm™3) at pH 10.5, the yellow colour of
DPA disappeared within a few minutes. The product of
this reaction was identified to be an aldehyde with
Schiff's reagent. The production of a violet colour with
chromotropic acid confirmed it to be formaldehyde.
The amount of HCHO formed was estimated as a
function of [NTA] (Fig. 1). In the low concentration
range of NTA (< 4 x 10° mol dm3), the amount of

Copyright0 1999 John Wiley & Sons, Ltd.
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Figure 1. Amount of formaldehyde formed as a function of
[NTA]

HCHO increased with increase in [NTA] but it attained a
limiting value at high [NTA]. This suggested that at high
[NTA], the HCHO formed undergoes further oxidation
which restricts its amount. This could be verified by
performing the oxidation of HCHO by DPA, which
occurs efficiently under the experimental conditions
used. HCHO formation does not take place in the
reaction of NTA with periodate and NTA does not
interfere with this test. The formation of free Agluring

the reaction course was tested by adding KCI, which
produced a white precipitate of AgCI. The formation of
ammonia was detected with Nessler’'s reagent, which
produced an orange—brown colour with the above
reaction mixture. For typical concentrations of DPA
(1.5x10°° mol dm>) and NTA (3.0x 10°* mol
dm~3), the concentration of Nilwas estimated to be
0.25x 10> mol dm 2 Hence the reaction involved may
be

N(CH,COOH), + 3[Ag" (H3l06),] ™ + 3H,0
— 3HCHO+ 3CQ; + 3Ag" + 6H3106%~
+ NHz + 6H" (1)

Stoichiometry

The reaction mixture containing NTA (t 10~* mol
dm>) and DPA (1.1x 102 mol dm™>) was left
overnight for completion of the reaction. By estimating
the amount of unreacted DPA at 360 nm, the stoichio-
metry of the reaction was determined to be about 1:5.7
(NTA:DPA). In view of reaction (1), the reaction
obviously involves partial oxidation of products of
oxidation also by silver(lll) species. Had silver(lll) alone
participated in the oxidation process, the stoichiometry of
the reaction would have been 1:6 (NTA:DPA). Appar-
ently, the free periodate ion released in the solution by the
decomposition of DPA might be contributing to a small
extent to the oxidation of reactant and product. In blank
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Table 1. Pseudo-first-order rate constants? at different [NTA] 12
and [OH™] for two-stage reaction® — ol
[OH] x 10° NTA] x 16 ki x 10° ko x 10° L
(mol dm™3) (mol dm™3) (s (s s
s |- | -
0.32 0.50 3.8 55 £ 65—
0.32 0.75 53 8.9 2 CNTAJxI03mol dri$)
0.32 1.00 6.7 10.3 <
0.32 1.50 9.0 10.7
0.32 2.00 9.4 11.0 VoLl L L
0.32 2.50 10.3 11.4 00 O] 02 03 04 0506 0.7
0.32 3.00 10.6 14.0 Time (s)
0.57 2.50 8.1 10.0 o
0.82 2.50 7.3 9.0 Figure 2. Kinetic trace for the uptake of NTA by DPA. Inset:
1.07 2.50 6.4 77 dependence of the pseudo-first-order rate constant (3k) on
1.32 2.50 55 6.7 [NTA). [DPA] =5 x 107> mol dm~3; [NTA]=2 x 102 mol
1.57 2.50 4.6 5.7 dm™
2k, andk, are pseudo-first-order rate constants for the initial and latter
stages of reaction respectiveks. denotes the composite rate constant Lo . .
comprisingky, k' andk” (K andk’ are depicted in Scheme 1). _ takes place. The initial decrease in absorption showed a
I =1.57x 10~ mol dm™* (KCIO,); [DPA] =5 x 10"~ mol dm~. dependence on [NTA] (Fig. 2, inset) from which a

second-order rate constant)lof (4.8+ 0.5)x 10° dm®
mol~* st is calculated for the uptake of NTA by DPA.

experiments, reactions of periodatex(1.0~* mol dm>) Effect of [NTA] on redox kinetics. Under pseudo-
were carried out with NTA ( 102 mol dm3) and kinetic conditions, the decrease in absorbance of
HCHO (2.5x 102 mol dm3) separately by monitoring  silver(lll) species followed a complex kinetic behaviour.
periodate at 275 nm. Periodate reacted slowly with both For the reaction mixtures containing DPA510~° mol

of these substrates. In about 6 h, only 40% and 15% ofdm>) and various [NTA] (5x 10~* to 3x 10~° mol

periodate was consumed with NTA and HCHO, respec- dm~3), the occurrence of two consecutive processes was
tively. recorded. Both processes followed pseudo-first-order

kinetics. The pseudo-first-order rate constants for these
processes are given in Table 1. A representative first-
order plot is depicted in Fig. 3(a). The data in Table 1
Kinetic Studies [Inset: Fig. 3(a)] reveal that an increase in [NTA] up to
1.0x 10> mol dm 2 enhanced the rate of reaction
Complexation. To analyse the nature of the interaction linearly but it became independent of [NTA] at higher
between DPA and NTA, electronic spectra of the concentrations. At low [NTA], the plot of lok;, vs
reactants and their reaction mixture were recorded. Thelog[NTA] gives a straight line with a slope of unity,
absorption spectrum of the reaction mixture did not show which suggested that the order with respect to NTA is
any additional peak other than those of the reactants,unity in this concentration range but becomes zero at high
except that a slight red shift was noted in the 362 nm peak[NTA]. A plot of 1/k; vs 1/[NTA] is, however, linear with
of DPA. This is possibly due to complexation of NTA an intercept [Fig. 3(b)]. This manifests kinetically the
with DPA. The resulting absorption then simply decayed formation of an intermediate complex between DPA and
with time over the entire recorded wavelength range
(280-500 nm) without producing any new peak. On the
basis of the observed magnetic moment of 0.4 BM and _
comparison with other silver(lll) systerﬁé;G’lS the Table 2. Effect of [KIO4] on pseudo-first-order rate

geometry of DPA has been considered to be square ©stants’

planar, analogous to the diperiodatocuprate(lll) com- [KIOJ] x 10° Ky x 10° Ky x 10°
plex.16 Hence only an axial position is available for (mol dm3) (sh (s

nucleophilic attack by NTA which might be occurring in 103 114
the fast step. A typical kinetic trace recorded in a g 85 111
stopped-flow experiment at 360 nm is shown in Fig. 2. 0.4 7.1 10.8
Mixing of the two reactants exhibited a fast decay of 0.6 5.1 10.0
DPA absorption in the millisecond time range, which 0-8 4.7 8.8

recovered slightly to the seconds range. The recovery of - 4.0 &

absorption is possibly due to the rearrangement of theappaj=5x 105 mol dm3 [NTA]=25x 102 mol dm
NTA-bound silver(lll) complex before electron transfer [OH ]=0.32x 10 > mol dm % 1 =1 x 10 ° mol dm > (KCIO,).
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Figure 3. (a) Pseudo-first-order kinetic plots with [DPA]=5x 107> mol dm~3, [NTA]=1.0x 10~ mol dm~3 and
[OH]=3.2 x 107* mol dm~3. Inset: dependence of pseudo-first-order rate constant (k1) on [NTA]. (b) Plot of 1/k; vs 1/[NTA]

NTA. From the slope and intercept of this plot, the rate kinetics. At pH< 8.0, the predominant periodate species
constantsky and k, (see below, Scheme 1) were in solution will be HlOg .*" Hence at low pH, DPA in
calculated to be 10.06 and 0.02'srespectively. solution can be represented as [Ng4lOg),] ™. Since
The higher values of kin Table 1 suggest that the the second i§ of the periodate monoanion in water is
second process might involve a composite reaction 8.36, in the basic medium used the important ligands
comprising simultaneous oxidation of NTA and its species will be HIOg?~. The protonated and deproto-
oxidation products. This was checked in an independentnated DPA can be represented by the following
experiment by performing the oxidation of one of the equilibrium:
products, HCHO, under identical pseudo-kinetic condi-
tions with DPA. This reaction occurred efficiently with a  [Ag" (HalOg),]" + 20H" = [Ag" (H3l0¢),]~ + 2H,0
second-order rate constant of 0.5%mol™* s, 2)

Effect of ionic strength. An increase in the ionic An increage in [per?odate] reduced the rate of the DPA-
strength of the medium by adding a solution of neutral NTA reaction drastically, as shown by the data_ m_TabIe
salt, KCIQ,, up to 0.01 mol dm?, did not result in any 2.‘ The_ln\_/erse rate dgipe'nden.ce on [periodate] |nd|(iates a
change in the rate of reaction. This suggests that one Ofd|ssomat|on pre-equmbr!um in which [AY(HslOg)2]

the reactive species in the reaction is neutral. It is I°S€S & periodate ligand:

therefore likely that uncharged NTA participates in the

reaction. [Ag" (HslO),]” +2H,0

= [Ag" (H3l06)(H20),]" + H3lO6*™  (3)
Effect of [Periodate] and [OH]. In view of the The above equilibrium clearly suggests that the

periodate being the ligand in DPA, it was necessary to monoperiodatosilver(lll) complex is the reactive species
investigate the effect of [periodate] on the reaction in the reaction since an increase in [periodate] will shift

Copyright0 1999 John Wiley & Sons, Ltd. J. Phys. Org. Cheni?2, 79-85 (1999)
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Figure 4. Electronic spectra of DPA (1.1 x 107* mol dm~) at pH (———
absorption spectrum of periodate (5 x 107> mol dm~3) at pH 11.3

ka
[Ag"(H3l0)(H,0),1* + N(CH,COOH) === [Ag"(H;l0g(HOOCH,C);NI*

. + fast "
Ag” + H,C-N(CH,COOH), e—r_—f—[Ag (H5l0g)
[

fast

(iv)

(i) kg

ke (ii)

H,C

N]+ CO, +HT
(HOOCH,C),

(Hydrolysis)

CH,0 + NH(CH,COOH),

. CH,CO0H |,
21Ag"(H,104) (H,0),1 + HN<

in + k”(vi)
[Ag"(H4105)(H,0),]7 + HCHO ————
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—— NH; + 2C0, + 2HCHO
CH,COOH (V)

+ 2Agt + 2H,I0% + 2H,0

HCOOH + Ag™ + Hjl0% + H,0

Scheme 1
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Table 3. Effect of [acrylonitrile] on pseudo-first-order rate
constants®

[Acrylonitrile] x 10° k, x 10°
(mol dm™3) ki x 10° (s} (sH
0.0 10.3 11.4
1.5 9.6 11.0
3.0 9.0 10.7
5.0 8.8 104
7.5 8.4 9.8
10.0 8.3 9.7
15.0 8.2 9.6

JDPA]=5x 10> mol dm > [NTA]=25x 102 mol dm3
[OH1=0.32x 1072 mol dm 3,

the equilibrium to the left to produce a diperiodato
complex, which in turn reduces the rate of reaction.

A change in pH modifies the electronic spectrum of
DPA. The absorption spectra of DPA in the pH range

P. KUMAR

periodatosilver(lll) is the reactive species. NTA binds to
this species axially in a bimolecular step to produce an
intermediate complex. Initial electron transfer from NTA
to the silver(lll) centre occurs in the slow step to produce
NTA radical, which is then oxidized by silver(ll) in the
fast step to yield HCHO and Ag Silver(ll) is known to
oxidize NTA with a rate constant of @ 0.5)x 10°
s 1% The observed stoichiometry is in accordance with
the involvement of silver(lll) species in the oxidation of
HCHO as shown in reaction (vi). It is also indicated by
the higher value of rate constark,) (Table 1) for the
second stage of the reaction. Acrylonitrile possibly binds
the NTA radical formed within the silver complex which
inhibits its decomposition. It thus retards the rate of the
reaction and eventually reduces the yield of products. The
proposed reaction scheme parallels the Michaelis—
Menten type of mechanism observed in enzyme-cata-
lysed reactions.

The important outcomes of this work are that the

9.5-11.3 are depicted in Fig. 4. The results show that anreduction of silver(lll) species occurs stepwise through
initial increase in pH causes a decrease in absorption atsequential electron transfer from NTA and this reaction
362 nm with a slight blue shift along with a simultaneous could be performed in a moderately basic medium.
increase in absorption around 210 nm. These changedlthough different silver(lll) species are known to form
exhibit an isosbestic point at 325 nm. Periodate showsin different pH conditions? their reactions could not be
absorption in 200—300 nm range (Fig. 4; dashed curve).investigated owing to the strong reactivity of their
This is exactly the wavelength range in which the precursors, Ag(ll) intermediates, with the substraies
increase in absorption is observed in Fig. 4 upon addition the pH range 4-10.

of OH™ to DPA solution. Obviously, more of periodate is

produced by adding OHto the DPA solution:
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