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Abstract The kinetics and mechanism of base hydrolysis
of tris(3-(2-pyridyl)-5,6-bis(4-phenyl sulphonic acid)-
1,2,4-triazine)iron(II), Fe(PDTS);F have been studied in
aqueous, sodium dodecyl sulphate (SDS) and -cetyl-
trimethyl ammonium bromide (CTAB) media at 25, 35
and 45 °C under pseudo-first-order conditions, i.e.
[OH™] > Fe(PDTS); . The reaction is first order each in
Fe(PDTS);F and hydroxide ion. The rate increases with
increasing ionic strength in aqueous and SDS media,
whereas this parameter has little effect in CTAB. In SDS
medium, the rate-determining step involves the reaction
between [OH™] and Fe(PDTS); , whereas in CTAB
medium, it involves reaction between a neutral ion pair,
{Fe(PDTS)§_~4CTA+} and [OH™] ions. The specific rate
constants and thermodynamic parameters (E,, AH*? , AS*
and AGhsoc) have been evaluated in all three media. The
near equal values of AG%s-c obtained in aqueous and SDS
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media suggest that these reactions occur essentially by the
same mechanism. Slightly lower AG#sec values in CTAB
medium can be attributed to a higher concentration of
reactants in the Stern layer. The reaction is inhibited in
SDS medium but catalysed in CTAB. The former can be
attributed to the anionic surfactant creating more repellent
space between the reactants. Catalysis in CTAB medium is
ascribed to electrophilic and hydrophilic interactions
between hydroxide ion/substrate with the cationic Stern
layer, resulting in increased local concentrations of both
reactants.

Introduction

In recent years, base hydrolysis of low-spin iron(II)-di-
imine complexes and their derivatives in aqueous solution,
water—methanol mixtures, micellar, mixed micellar and
reverse micellar media, has received the attention of sev-
eral workers [1-6]. Smith and Case synthesized a group
of ligands by introducing various substituents on the
diimine moiety; 3-((2-pyridyl)-5,6-diphenyl)-1,2,4-triazine
(PDT), 3-(4-(4-phenyl-2-pyridyl)-5,6-di-phenyl-1,2,4-tri-
azine (PPDT) and 2,4-bis (5,6-bis(4-phenyl)-1,2,4-triazin-
3-yl) pyridine (BDTP) are some among them. To overcome
the difficulties of insolubility of these ligands in water, they
also prepared sulphonated derivatives, 3-(2-pyridyl)-5,6-
bis(4-phenyl sulphonic acid)-1,2,4-triazine disodium salt
(PDTS), 3-(4-(4-phenyl sulphonic acid)-2-pyridyl)-5,6-
bis(4-phenyl sulphonic acid)-1,2,4-triazine (PPDTS) and
(2,4-bis(5,6-bis(4-phenyl sulphonic acid)-1,2,4-triazin-3-
yl) pyridine tetrasodium salt (BDTPS). These triazines as
well as their sulphonated derivatives have adequate ligand
strength to force spin pairing in iron(I) and form the
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kinetically inert tgg configuration in 1:3 mol ratio [7-12].
These triazines are also of considerable interest in the study
of kinetics of substitution reactions due to their high molar
absorptivities. Studies on the acid fission, base hydrolysis
and cyanide ion attack of iron(Il)-diimine complexes hav-
ing ionisable substituents revealed that the anionic sul-
phonate-substituted complexes react faster than their
unsubstituted analogues [13—-17]. Moreover the electron-
withdrawing effect of SO reduces electron density at t
he iron(Il) centre and so facilitates hydroxide ion attack.
We have previously reported on the base hydrolysis
of  tris(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine)iron(Il),
Fe(PDT)g+ in aqueous, SDS and CTAB media [18]. This
work was aimed at the study of the effect of the base
hydrolysis of iron(II) complexes with the bidentate 3-(2-
pyridyl)-5,6-diphenyl-1,2,4-triazine ligand in aqueous,
sodium dodecyl sulphate (SDS) and cetyltrimethyl
ammonium bromide (CTAB) media. In this paper, the
effect of sulphonate group on the base hydrolysis of the

analogous complex, Fe(PDTS);P, is reported.

Experimental
Reagents and instrumentation

PDTS was obtained from GFS Chemicals Inc., USA, and
used without purification. A standard PDTS solution of
1.0 x 1072 mol dm™> was prepared by dissolving the
required quantity in water. A 1.0 x 1072 mol dm > solu-
tion of iron(II) was prepared by dissolving the requisite
quantity of ammonium iron(Il) sulphate hexahydrate (BDH,
AnalaR) in 1.0 x 107 mol dm™> H,SO,- Fe(PDTS)3i"
was prepared by mixing iron(II) and PDTS solutions in 1:3
molar ratio [19]. All other solutions were prepared as pre-
viously described [18]. A Varian Cary 100 Bio UV-visible
spectrophotometer equipped with a Varian Peltier temper-
ature controller accurate to within +0.05 °C was used to
perform kinetic runs for slow reactions and record the
absorption spectra of reactants and products. Kinetic
measurements of fast reactions were made with an Applied
Photophysics SX20 stopped-flow spectrophotometer
coupled with an online data acquisition system. The tem-
perature of the sample chamber was controlled to with-
in & 0.1 °C (Scheme 1).

Kinetic procedure
The base hydrolysis of Fe(PDTS)g" in aqueous and SDS is
relatively slow and hence its kinetics were followed by

conventional UV-visible spectrophotometry. The spectral
changes were recorded over 350-700 nm. The progress of
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Scheme 1 Structures of tris(3-(2-pyridyl)-5,6-bis(4-phenyl sulphonic
acid)-1,2,4-triazine disodium salt)ferrate(II), Fe(PDTS)j;*

the reaction was monitored at A,,, = 562 nm, where the
maximum change in absorbance was observed, as a func-
tion of time. The reaction conditions and procedure
employed were as described earlier [18]. The effect of
temperature on the reaction was studied by performing
kinetic runs at 25, 35 and 45 °C. Figure la shows the UV—
Vis spectral changes observed for the base hydrolysis of
Fe(PDTS)g" in aqueous media, and the inset shows a
typical kinetic trace at 562 nm. The absorbance—time data
at the selected wavelength were best fit to single expo-
nential, using Origin 7.5% graphical analysis software [20].
The observed pseudo-first-order rate constant, kqps, values
were calculated using nonlinear least-square fit of the data
to equation [21];

A = Ag + (Ag—As) expl v (1)

where A,, A; and A, represent the absorbance of the
reaction mixture initially, at time, 7 and at the end of the
reaction, respectively. All the runs were performed in
duplicate. The rate constants were reproducible to
within +4%. The kg, values for the base hydrolysis of
Fe(PDTS);~ in aqueous and SDS media at 35 °C are
shown in Table 1.

The base hydrolysis of Fe(PDTS)g‘_ in the cationic
CTAB medium is relatively very fast; hence, its kinetics
were studied by stopped-flow spectrometry using an
Applied Photophysics SX20 stopped-flow spectropho-
tometer. This apparatus consists of two syringes, which are
filled with the reactants through separate valves from the
reservoir syringes, containing the individual reactants. The
drive syringes were thermostatted by means of a water
bath. The reactants were charged into the reaction chamber
by a compressed gas-driven piston (800 kPa) to allow
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Fig. 1 Visible absorption changes of Fe(PDTS)g_ with time in aqueous
medium as acquired by UV-Vis spectrophotometry. Inset is a typical
kinetic trace at A, = 562 nm (a) and a typical kinetic trace acquired on
a stopped-flow reaction analyser showing a perfect fit to a single

Table 1 ks effect of base on base hydrolysis of Fe(PDTS);‘* in aqueous and micellar media at 35 °C

T
10

15 20

Time (seconds)

25 30

exponential at A, = 562 nm (b). Fe(PDTS)‘;* =20 x 107 -
[OH ] =5.0 x 1072 mol dm >,
temperature = 35 °C

mol dm™3 )

1= 0.2 mol dm™3,

kobs x 10* (s7

[OH™] x 107 (mol dm ™) Fe(PDTS)?™ x 10° (mol dm™?) u
Aqueous SDS CTAB*

1.0 2.0 0.2 0.61 £ 0.27 0.73 + 0.06 0.32 + 0.40
3.0 2.0 02 1.51 £ 0.14 1.40 £ 0.07 0.73 + 0.23
5.0 2.0 02 2.69 + 0.08 1.99 + 0.10 0.99 + 0.55
7.0 2.0 0.2 4.00 £ 0.10 342 +0.14 171 £ 073
10.0 2.0 0.2 535 £ 0.21 4.69 + 0.05 221 + 120
12.0 2.0 0.2 6.36 £ 0.26 551 £ 0.13 2.86 £ 1.67
15.0 2.0 0.2 8.35 + 0.18 6.49 £ 0.11 3.44 + 1.06
17.0 2.0 02 9.03 + 0.23 748 £ 0.17 3.84 + 1.20
20.0 2.0 02 10.98 + 0.21 8.83 £ 0.15 4.44 £ 1.51
5.0 1.0 02 2.58 £ 0.19 2.04 + 0.04 0.98 + 0.73
5.0 3.0 0.2 249 £ 0.22 2.09 £ 0.08 1.01 + 0.92
5.0 4.0 0.2 2.65 £ 0.28 2.00 + 0.12 0.99 + 1.01
5.0 5.0 0.2 2.67 £ 0.20 1.98 + 0.11 0.97 £ 1.27
5.0 6.0 0.2 2.57 £ 0.16 1.95 + 0.14 1.05 + 1.64
5.0 7.0 0.2 272 £ 0.15 2.01 £ 0.13 1.01 £ 1.11
5.0 8.0 0.2 275 £ 0.17 1.97 + 0.07 0.92 + 2.02
5.0 2.0 0.1 1.09 £ 0.26 1.02 £ 0.06 1.07 + 1.053
5.0 2.0 0.3 3.48 + 0.18 3.14 £ 0.10 1.14 + 1.59
5.0 2.0 0.4 4.14 £ 0.23 3.87 + 0.13 0.98 + 1.34
5.0 2.0 0.5 4.59 £ 0.24 424 + 0.09 092 + 121
5.0 2.0 0.6 5.09 £ 0.19 451 £ 0.12 1.10 + 2.03
5.0 2.0 0.7 535 £ 0.25 476 £ 0.13 1.05 + 1.34
5.0 2.0 0.8 552 4 0.21 4.90 £ 0.16 L1+ 127

n CTAB medium, k., values are in the order of 10° mol dm~>
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ultra-rapid mixing (within 107> s). The absorbance—time
kinetic trace was recorded at the set wavelength and the
pseudo-first-order rate constants were evaluated [22, 23]
(kobs values at 35 °C are given in Table 1). A typical single
exponential kinetic trace acquired from these experiments
is shown in Fig. 1b.

Results and discussion
Base hydrolysis in aqueous medium

The rate constants for the title reaction are linearly
dependent on [OH™], showing first-order dependence on
hydroxide. A plot obtained in aqueous medium is presented
in Fig. 2, and those for SDS and CTAB media are given in
supplementary data S1. The rate increases with increasing
ionic strength, indicating that the rate-limiting step
involves ions of like charges, i.e. [OH™] and Fe(PDTS)5".
Thus, in the rate-limiting step Fe(PDTS)g’ reacts with
[OH7] to give an intermediate [Fe(PDTS),(PDTS-
nl)(OH)]5 ~ which furthers reacts with another OH™ to
give [Fe(PDTS),(OH),]*". Subsequently this intermediate
decomposes to Fe(OH), and two PDTS ions. Under aerobic
conditions, Fe(OH), rapidly oxidizes to colourless Fe(OH);
[18]. A detailed stepwise mechanism for the base hydrol-
ysis is given in supplementary data S2. The rate law is
described by the equation ko, = k [OH™|, with the rate
data given in Table 1. Hereafter, the rate constant ks in
aqueous medium is referred to as k. The specific rate
constants k have been evaluated from the slopes of plots of
kobs versus [OH™]. By measuring k at different tempera-
tures, the activation parameters (E,, AH", AS* and AG%sc)
were computed using the Arrhenius and Eyring equations

-1

4
kwx 107, sec

0 5 10 15 20
[OHT x 10°, mol dm’

Fig. 2 Effect of hydroxide ion on the base hydrolysis of Fe(PDTS);F
in aqueous media

@ Springer

[24]. The specific rate constants and activation parameters
data are presented in Table 2.
Blandamer et al. [25] studied the reaction of tris(fer-

rozine)iron(I[) abbreviated as Fe(ppsa);F (where ppsa =
PDTS) with hydroxide in the concentration range from 0.67
to 1.33 mol dm ™ in both water and aqueous methanol. They
postulated a ligand-substituted intermediate on the basis of

changes in the spectrum of Fe(ppsa)gf. On addition of
hydroxide ion, the magnitude of the charge transfer band of
Fe(ppsa)g_ at 562 nm was observed to decrease markedly,
accompanied by the emergence of a new band at 635 nm.
They also found that the intensities of both peaks decreased
with time. However, the overlay spectra obtained in
the present study (in which [OH™] = 0.01-0.20 mol dm )
do not show any such peak at 635 nm (see Fig. 1). The lack
of an observable intermediate in the present study is likely
due to the lower hydroxide concentrations employed. The
substrate reacts directly with [OH ] in the rate-limiting step
to give [Fe(PDTS),(PDTS-;')(OH)]*~ (see Supplementary
data S2).

Base hydrolysis in micellar media

Micelle formation occurs at the critical micelle concen-
tration (CMC), and reactions are frequently studied at the
CMC to understand the effect of micelles on the reaction
[26, 27]. The CMC values of CTAB-OH™ and SDS-OH™
mixtures are reported to be 1.5 x 107> and 1.0 x 1072 -
mol dm_3, respectively [18]. Hence, the kinetic runs in
CTAB and SDS media were carried out at their respective
CMC values, maintaining the same conditions as employed
in aqueous medium. The results suggest that the pseudo-
first-order rate constants, ky, increase with increasing
hydroxide concentration (see Table 1) and follow the same
trend as in aqueous medium, suggesting that the reactions
in micellar media occur by a similar mechanism to that
proposed for aqueous medium. Hence, the rate equation
can be expressed as ky, = k [OH"]. In SDS medium, the
rate increases with increase in ionic strength, whereas in
CTAB medium, there is little effect on the rate (see
Table 1). Plots of k, versus [OH] are given in Fig. 2 and
Supplementary data S1.

The specific rate constants, k, have been evaluated from
the slopes of the plots of kg,s versus [OH™]. From these
specific rate constants E,, AH", AS* and AGhogk for the
reaction in CTAB and SDS media were computed using the
Eyring equation [28] (Table 2). Eyring plots [29] for base
hydrolysis of Fe(PDTS);F in aqueous, SDS and CTAB
media are given Fig. 3.

The results indicate that the reaction is inhibited in
anionic surfactant (SDS), but catalysed by cationic sur-
factant (CTAB). Inhibition is only to the extent of about
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Table 2 Specific rate constants
and activation parameters for
the base hydrolysis of
Fe(PDTS)g‘* in the presence of

Temperature (°C)/parameter

k x 10% (mol dm™3s71)

Aqueous medium Micellar medium

aqueous and micellar medium SDS CTAB*
25 1.53 + 0.021 1.16 + 0.08 1.02 + 0.59
35 5.43 + 0.019 448 £ 0.10 227 + 1.08
45 17.31 + 0.23 14.16 + 0.13 446 +2.42
E, (k] mol™}) 95.6 + 1.7 96.1 + 2.1 58.0 + 2.0
AH* (kJ mol™") 93.1 £ 1.6 98.0 £ 1.9 555422
AS* (K™ mol™") 137 £ 4.9 213+ 5.7 —20.2 £ 6.5
AGsoc (kJ mol™h 88.9 + 0.16 89.1 &+ 0.19 61.7 + 0.13

“In CTAB medium, specific rate constant (k) values are in the order of 10?

10-\\‘_\’\
9 CTAB
£ s
<
=
%
=
<
& 67
5
Aqueous
4 o SDS
3.15 3.20 3.25 3.30 3.35
10°/T

Fig. 3 Eyring plots for the base hydrolysis of Fe(PDTS);‘* in
aqueous and different surfactant media

50% of the rate in aqueous medium, whereas catalysis is of
the order of 10*. The effect of ionic strength is interesting,
with the rate increasing with ionic strength in both aqueous
and SDS media, whereas it has little effect in CTAB
medium. We infer that in aqueous and SDS media, the rate-
determining step involves ions of like charges, i.e.
Fe(PDTS); and OH™. In SDS solutions both substrate and
hydroxide ions are repelled by dodecyl sulphate anion
(DS7), resulting in a decrease in rate. In CTAB medium,
the rate-determining step involves an ion and a neutral
species. Due to electrostatic interactions, the Fe(PDTS);‘*
molecules will be ion-paired with cetyltrimethyl ammo-
nium cations, CTA™ to form ({Fe(PDTS); -4CTAT}).
These neutral species react with OH™; hence, there is no
effect of ionic strength on the reaction rate. The E, values
in Table 2 also suggest inhibition in SDS but catalysis in
CTAB media. The large negative value of AS* and low
positive AH" values indicate favourable conditions for base
hydrolysis [30]. The data in CTAB medium indicate the
formation of a more ordered transition state than in the
aqueous and SDS media. Further the high values of free

energy of activation AG* and enthalpy AH" suggest that the
transition state is highly solvated. Comparable AG* values
observed in aqueous and SDS media clearly indicate that
these reactions occur by an equivalent mechanism in either
media.

The reactants Fe(PDTS)g‘_ and OH™, together with the
medium (dodecyl sulphate anion, DS™) are all anionic,
resulting in electrostatic repulsion of OH™ and
Fe(PDTS);F by DS~ aggregates. In other words, SDS
creates more anionic space between the reactants which
slows down the reaction. Catalysis to the extent of 10
times was noticed in CTAB compared to aqueous medium.
Electrostatic and hydrophobic interactions between
hydroxide and cetyltrimethyl ammonium cation, CTA™,
lead to concentration of OH™ in the Stern layer [18].
Likewise the substrate (Fe(PDTS);F) is a negatively
charged species; hence, both reactants are concentrated in
the Stern layer of CTAB. This facilitates the reaction
between Fe(PDTS);l_ and OH™ ions, hence the significant
catalysis in this medium. The low AG" values in CTAB
medium are consistent with this interpretation.

Effect of SDS/CTAB on the rate

As discussed above, SDS inhibits the base hydrolysis of
Fe(PDTS);F, whereas CTAB catalyses it. Hence, the effect
of SDS/CTAB mixtures on the rate of reaction was studied
at different [SDS] (1.0 x 107°=1.0 x 1072 mol dm>)/
[CTAB] (zero to 1.0 x 107> mol dm ™) keeping [OH]
(5.0 x 1072 mol dm~?) and 1 (0.2 mol dm™®) constant.
The ky-[SDS] and k-[CTAB] profiles can be explained by
using the Berezin’s pseudo-phase [27, 31] and the Menger—
Portnoy [32] models, respectively. Similar results obtained
for the base hydrolysis of Fe(PDT);' in these media
indicate that the same reaction trend is followed by both
Fe(PDT)g+ and its sulphonated analogue in SDS and
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CTAB media. The data for these experiments, together
with plots of ky, versus [SDS]/[CTAB], are given in Sup-
plementary data S3-S11.

Comparison with base hydrolysis of Fe(PDT)g+

It is expected that under similar conditions, the rate of base
hydrolysis of anionic Fe(PDTS);‘* should be lower than that

of its cationic unsulphonated analogue, Fe(PDT)?. How-
ever, the present experimental results are contrary to this
expectation. This may be ascribed to weakening of the iron—
nitrogen bonds, due to the electron-withdrawing sulphonate
groups. According to Burgess, sulphonation generally
results in lower stability with respect to ligand substitution
for iron(I) complexes [33]. For example, substituting the
electron-withdrawing sulphonate group into the coordinated
1,10-phenanthroline ligands of Fe(phen);' weakens the
iron—nitrogen bond significantly and increases its rate of
dissociation to a small but significant extent. For dissocia-

tion of Fe(phen)?, the ligand dissociation rate constant
(kig) is 7.3 x 1075 7! [17, 34, 35] as against
11.0 x 107> s7! for Fe(SOsphen); [33] in aqueous solu-
tion at 298.2 K. Similarly the strongly electron-withdraw-
ing nitro group increases the k4 value for Fe(NOjphen);

to 49 x 107> s~! under the same conditions [36].
Burgess and coworkers [13] reported that sulphonate sub-
stitution of the 3-(2-pyridyl)-5,6-bis(2-furyl)-1,2,4-triazine
(fertri) ligand has a similar effect. The electron-withdraw-
ing properties of sulphonate substituents affect both g-and
n-bonding between iron and the nitrogen donors in substi-
tuted triazine ligands. The o-bonding involves electron
donation from the ligands to the metal centre through the
coordinated nitrogen atoms, whereas sulphonation enhan-
ces m-back donation of electrons from the metal to the
ligand. This latter effect appears to be dominant in the
present case.

Rate inhibition in SDS and catalysis in CTAB medium are
common features observed for the base hydrolysis of both
Fe(PDTS);F and Fe(PDT)?. In the case of Fe(PDT)§+, the
decrease in rate in SDS medium is to the extent of 6-8 times
depending on the conditions. Fe(PDT)%+ concentrates in the
Stern layer because of electrostatic interactions, thus parti-
tioning between aqueous and micellar phases leading to
lowering of [Fe(PDT);'] in the aqueous phase. OH™ is
repelled by the Stern layer and thus remains only in the
aqueous phase, reacting only with the partitioned Fe(PDT)g+
which results in the observed inhibition. In the case of
Fe(PDTS); , both the substrate and OH ™~ are repelled from
the Stern layer and hence both reactants remain in the
aqueous phase. The inhibition (~ 50%) noticed may be due

@ Springer

to medium effects, i.e. DS™ anions cause more anionic space
between substrate and hydroxide ions resulting in a decrease
in interactions between these two reactants.

For the base hydrolysis of Fe(PDT)if:+ in CTAB med-
ium, the PDT ligands in the substrate will orient around the
Stern layer due to their high electron density. The [OH™] in
the Stern layer will be high because of electrostatic inter-
actions between hydroxide and CTA™. This brings
hydroxide ions and Fe(PDT);" together in the Stern layer,
leading to the observed catalysis enhancement of only ~2
times in this cationic micelle. In the base hydrolysis of
Fe(PDTS);‘*, both the substrate and OH™ are anionic and
concentrate in the cationic Stern layer due to electrostatic
and hydrophobic interactions. This results in a marked
catalysis of 10* times.

Conclusions

The rate of base hydrolysis of Fe(PDTS);‘* is higher than

that of its unsulphonated analogue, Fe(PDT)?r in aqueous
medium, contrary to the expectation that it should be
slower on electrostatic considerations. This can be
explained by weakening of the iron—nitrogen bond due to
the presence of electron-withdrawing sulphonate groups.
Base hydrolysis of Fe(PDT)%Jr and its sulphonated ana-
logue is inhibited in SDS medium, but catalysed in CTAB.
In SDS medium, the ky-[surfactant] profile can be
explained by the Berezin’s pseudo-phase model and by the
Menger—Portnoy model in CTAB phase, indicating that the
same reaction trend is followed in both SDS and CTAB
media. The decrease of rate in SDS medium for the iro-
n(II)-PDT complex can be explained by partitioning of
Fe(PDT);" between the aqueous and micellar phases. The

inhibition is ~50% in the case of Fe(PDTS)gf as both the
substrate and hydroxide ions remain in the aqueous phase,
and this decrease can be ascribed to medium effects in the
presence of SDS. In CTAB medium, the OH™ ion con-
centrates in the cationic Stern layer. In the case of base
hydrolysis of Fe(PDT)§+, PDT ligands in the substrate
orient around the Stern layer due to their high electron
density and thus hydroxide ions and Fe(PDT)%+ are con-
centrated in the Stern layer, leading to moderate catalysis,
whereas in the case of Fe(PDTS);P, the anionic substrate
concentrates highly in the Stern layer, leading to marked
catalysis of the order of 10* times.
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