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The effect of sodium dodecyl sulfate (SDS) micelles on the reaction between the 3-methylbenze-
nediazonium (3MBD) ion and either the hydrophilic antioxidant gallic acid (GA) or the hydrophobic
analogue octyl gallate (OG) have been investigated as a function of pH. Titration of GA in the absence
and presence of SDSmicelles showed that themicelles do not alter the first ionization equilibrium of GA.
Analysis of the dependence of the observed rate constant (kobs) with pH shows that the reactive species
are GA2� and OG�. Kinetics results in the absence and presence of SDS micelles suggest that SDS
aggregates do not alter the expected reaction pathway. SDS Micelles inhibit the spontaneous
decomposition of 3MBD as well as the reaction between 3MBD and either GA or OG, and upon
increasing the SDS concentration, with kobs approaching the value for the thermal decomposition of
3MBD in the presence of SDS. Our results are consistent with the prediction of the pseudophase model
and show that the origin of the inhibition for the reaction with GA is different to that for the reaction with
OG; in the former case, the observed inhibition can be rationalized in terms of the micelle-induced
electrostatic separation of reactants in the micellar Stern layer, whereas the observed inhibition in the
reaction with OG is a consequence of the dilution effect caused by increasing SDS concentration,
decreasing the local OG� concentration in the Stern layer.

1. Introduction. – Reactions of natural reducing agents with arenediazonium ions,
ArNþ2 , have attracted substantial attention in recent years from a biochemical point of
view, because antioxidants reduce ArNþ2 ions via one-electron-transfer processes [1 – 4]
to aryl radicals, which are thought to be tumorigenic or to react with important cellular
constituents to generate mutagenic and carcinogenic products, or by undergoing O-
coupling reactions leading to highly unstable diazo ethers, Ar�N¼N�OR, which may
split homolytically [5 – 7]. Other studies, however, point to the genotoxicity of ArNþ2 as
a whole, or a combination of ArNþ2 and Ar. [1 – 3] [8 – 12].

Among others, gallic acid (¼ 3,4,5-trihydroxybenzoic acid; GA), which can be
considered as the simplest prototype of vegetable tannins, is habitually used as a natural
reducing agent [13 – 15]. Tannins constitute a class of natural polyphenolic compounds
widely distributed in fruits and plants. Their chemical and biochemical properties have
been investigated in detail, because they are significantly present in human diets [16 –
20]. Esters of GA are also widely used as antioxidant additives in both food and
pharmaceutical industry, e.g., in the form of E310 (propyl gallate), E311 (octyl gallate),
and E312 (dodecyl gallate), to protect important organic and biological molecules
against oxidative degradation responsible for a number of chronic health problems
such as aging, cancer, atherosclerosis, etc., as well as to prevent lipid peroxidation
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generating rancid odors and flavors in food systems, producing a significant decrease in
food quality and safety [21 – 27]. In addition to the protection against lipid
peroxidation, GA may also react with other components in the system such as trace-
metal ions to yield active oxygen species that are dangerous pro-oxidants [19].

The biological activity and the efficiency of a particular antioxidant in multiphasic
food or biological systems depends on a variety of factors, including the location of the
antioxidant in the different phases [23] [24] [26] [28]. The multifunctional environment
created by micellar solutions has been used in many areas of chemistry for analysis,
control of reactivity, and as model for biological membranes or other biological systems
[29 – 31]. Among them, sodium dodecyl sulfate (SDS) micelles are often used as model
system for testing antioxidant activity [21] [24] [32] [33].

In this work, we will explore the effects of substrate compartmentalization on the
kinetics of the reaction between 3-methylbenzenediazonium ions (3MBD) and either
hydrophilic GA or hydrophobic octyl gallate (OG) in SDS micellar aggregates as a
simple membrane-mimetic system.

3MBD was chosen because a substantial knowledge on its reactions in acidic
alcohol/H2O mixtures is available; its spontaneous decomposition takes place through
a DNþAN mechanism, i.e., rate-limiting formation of a highly reactive aryl cation that
immediately reacts with any nucleophile available in its solvation shell (Scheme 1,a)
[34] [35]. In addition, we recently investigated the reaction with methyl gallate,
concluding that this reaction takes place through the formation of an unstable O-
coupling adduct that further decomposes (Scheme 1,b) [36]. Similar O-coupling
mechanisms have been proposed before for the reaction between a number of ArNþ2
ions with neutral nucleophiles such as MeOH [7] and EtOH [37], cationic nucleophiles
such as ascorbate ions [4] [6] [38] [39], and with polyalcohols in systems of restricted
geometry [5]. The results of the present study should contribute to bridging the gap
between the chemical and biological antioxidant activity by exploring the effects of the
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Scheme 1. a) Currently Accepted DNþAN Mechanism for the Spontaneous Dediazoniation of
Arenediazonium Ions. b) Competitive DNþAN and O-Coupling Mechanisms Leading to the Formation
of Unstable Diazo Ethers. The O-coupling reaction may also take place with neutral R�OHnucleophiles

followed by loss of Hþ [7] [37].



micro-environment in which the antioxidant is located, as studied by means of
membrane-mimetic systems.

2. Results. – 2.1. Micellar Effects on the Spontaneous Dediazoniation of the 3-
Methylbenzenediazonium Ion in the Absence of Antioxidants. Previous kinetics and
product-distribution studies on the spontaneous decomposition of 3MBD in acidic
aqueous solution (0.01m aq. HCl), in the absence of micellar aggregates, showed that
the reaction follows a DNþAN mechanism [40] via rate-limiting formation of a highly
unstable aryl cation that further reacts with any nucleophile in the solvation shell
(Scheme 1,a), with a half-life, t1/2 , of ca. 30 min at a temperature of 308. High-
performance-liquid-chromatography (HPLC) analyses of the reaction mixtures
showed that m-cresol (¼ 3-methylphenol) is the major product (> 95% yield) of this
reaction [34].

Upon addition of SDS, the observed rate constants, kobs, for the spontaneous
decomposition of 3MBD are slightly depressed (Fig. 1), with kobs decreasing by ca.
30% on increasing the SDS concentration from 0 to 0.1m. Because 3MBD ions are
cationic and somewhat hydrophobic, they should distribute between the aqueous and
micellar pseudophases, as shown in Scheme 2 (horizontal process). Thereby, the rate of
the reaction is equal to the sum of rates of concurrent reactions in each pseudophase
[41] [42]. In the absence of antioxidant, the observed rate constant, kobs, is given by
Eqn. 1:

kobs ¼
kW þ kMKsDn

1þKsDn
(1)

where kW and kM refer to the rate constants in the aqueous (W) and micellar (M)
pseudophases, and where Ks is the association constant of 3MBD; Dn¼ [SDS]� cmc
stands for the micellized surfactant, cmc being the critical micelle concentration, which
is 8 mm in neat aqueous solution at 258 [43].

Fig. 1. Effects of SDS concentration on the spontaneous decomposition of 3MBD. Conditions:
[3MBD]¼ 10�4 m, T¼ 308, pH 2.
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By fitting the data to Eqn. 1, values of Ks¼ 200� 12 m�1 and kM¼ (5.7� 0.3)� 10�4

s�1 for 3MBD were estimated. The Ks value is similar to that obtained previously by
other methods [44], and shows that even at low surfactant concentration a significant
fraction of 3MBD ions are present in the micellar aggregate. For instance, for [SDS]¼
0.1m, ca. 95% of the total 3MBD ions are associated to the micellar aggregates.

HPLC Product-distribution analysis of the samples obtained after completion of the
reaction indicated that a quantitative conversion to the phenol derivative was achieved;
no extraneous chromatographic peaks that could eventually be associated to reduction
products were detected [44]. Formation of ArOH in the micellar Stern layer is
consistent with the current view of micelles as water-permeated structures [45], and is
also consistent with results of previous investigations on the location of arenediazo-
nium ions in micellar systems, in which it was concluded that 3MBD is located in the
neighborhood of the Ca�Cb atoms of the surfactant chain, the reactive �N¼Nþ group
being located very close to the micellar surface [44].

2.2. Effects of Acidity on the Observed Rate Constant for the Reaction of the 3-
Methylbenzenediazonium Ion with Gallic Acid and Octyl Gallate. Gallic acid (GA)
behaves as a weak acid, with pKa(1) and pKa(2) values of 4.3 and 8.5 for the ionization
of the COOH and one of the OH groups of the pyrogallol moiety, respectively.
Therefore, electrophilic attack of 3MBD at theO-atom of the carboxylate group of GA
is theoretically possible. To test this hypothesis and to analyze the dependence of kobs as
a function of the acidity of the medium, we investigated the pH dependence of kobs and
the effect of pH on the reaction with GA and octyl gallate (OG).

In Fig. 2,a and Fig. 2,b, the effect of pH on kobs is shown for the reaction with GA,
and in Fig. 2,c and Fig. 2,d the corresponding plots are depicted for the reaction with
OG. In both cases a variation of kobs with pH was found, with a clear upward bend, kobs
increasing approximately 10-fold on going from pH 3.5 to 5.1 (GA), and increasing
approximately 14-fold on going from pH 4.5 to 6.0 (OG). At pH< 3.5, kobs values
approach that for the thermal decomposition of 3MBD: kobs¼ (4.0� 0.2)� 10�4 s�1.
Note that no studies were performed at pH> 6 to minimize complications due to GA
and OG autoxidation, which may be important in alkaline solution [27] [46], and to
minimize side reactions of ArNþ2 with OH�, which may lead to the formation of
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Scheme 2. Proposed Mechanism for the Reaction between 3MBD
and GA in SDS Micellar Solution under Spontaneous Decom-
position of 3MBD, Both in the Aqueous and Micellar Pseudo-
phases, as well as Formation of the Presumed Diazo Ether in the
Aqueous Pseudophase. The ionization equilibrium of GA is not

indicated for the sake of clarity.



diazotates [10]. The variations of log kobs with pH were found to be linear for both GA
and OG, as shown in Fig. 2,b and Fig. 2,d, respectively, with slopes of 1.12� 0.04 (GA)
and 0.87� 0.03 (OG), indicating an inverse dependence of kobs with [Hþ].

2.3.Micellar Effects on the First Acidity Constant of Gallic Acid.Reactions of ArNþ2
with RCOO� are known, and they proceed, as most O-coupling reactions, through an
equilibrium step. However, this equilibrium lies very much on the side of the starting
ions (K¼ 10�5 m�1) [10] [47] [48]; therefore, a hypothetical O-coupling reaction should
be negligible under the present experimental conditions. This point was, nevertheless,
investigated, because micellar solutions may shift the acid – base equilibrium of dyes
and weak acids, and an eventual shift in the pKa values of GA may lead to significant
changes in the concentration of the reactive species.

The method of choice was spectrophotometric titration, by monitoring the pH-
induced change in the absorbance of GA at 271 nm. As can be seen in Fig. 3, a typical
sigmoidal profile was obtained by fitting the data to the Henderson –Hasselbach
equation, giving rise to a pKa(1) value of 4.21� 0.03 at 308 in the absence of SDS, in
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Fig. 2. a) and c) Variation in kobs upon changing the pH. An upward-bent profile for GA (a) and OG (c)
is observed. b) and d) Plot of log kobs vs. pH for GA (b) and OG (d). A linear relationship with slopes
close to unity, indicative of a inverse relationship between kobs and [Hþ], are found. Conditions:
[3MBD]¼ 0.1 – 0.3 mm, [GA]¼ 40 mm, [OG]¼ 20 mm. Reactions with OG were carried out in 500 mm

aq. SDS micellar soln. at 308.



close agreement with literature data: pKa(1)¼ 4.4 [49] or 4.16 [50] at 258. In the
presence of 0.25m SDS, a pKa(1) value of 4.12� 0.09 was obtained, indicating that the
micellar aggregates exhibit only a negligible effect on the acidity constant.

2.4. Micellar Effects on the Reaction between 3-Methylbenzenediazonium Ions and
Gallic Acid or Octyl Gallate. The effects of SDS micelles on the reaction between
3MBD and GAwere determined at different acidities, and those for the reaction with
the OH group at a single pH. Fig. 4,a shows the effect of increasing SDS concentration
on kobs at selected pH values for the reaction with GA. In all cases, the reaction was
inhibited, kobs decreasing by factors of ca. 18 (pH 5), 13 (pH 4.5), and 7 (pH 4.1), for
[SDS]¼ 0.3m. The kobs values obtained at high SDS concentrations seem to be
independent of the pH, approaching the value obtained for the spontaneous
decomposition of 3MBD in SDS micellar solution: kobs¼ 5.7� 10�4 s�1 [44].

The effect of the SDS concentration on kobs for the reaction with OG are shown in
Fig. 4,b. As can be seen, a bell-shaped profile was obtained (inset). Upon addition of
SDS, kobs increased slightly up to a maximum value, after which further addition of SDS
led to a decrease in kobs by a factor of 6, for [SDS]¼ 0.2m, thus approaching the value
for spontaneous decomposition of 3MBD in SDS micellar solution (5.7� 10�4 s�1).
Biphasic profiles as that shown in Fig. 4,b are typical for bimolecular reactions carried
out in micellar systems, where concentration and dilution effects play a significant role
[29] [45].

3. Discussion. – The results presented in Fig. 3 suggest that SDS micellar aggregates
show a negligible effect on the first ionization equilibrium of GA. Therefore, the
inhibition observed in Fig. 4,a cannot be rationalized on the basis of eventual changes
in reactive concentrations due to micelle-induced variations in pKa. According to the
pseudophase-ion-exchange (PIE) model [45], which is commonly used to interpret
micellar effects on chemical reactivity [30] [45] [51], shifts of pKa values in micellar
media compared to the values in the absence of surfactant may be caused primarily due
to the transfer of the indicator (in both neutral and ionic form) andH3Oþ from the large
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Fig. 3. Determination of the pKa of GA in aqueous acid (&) and in micellar solution (*). Conditions:
[SDS]¼ 0.25m, [GA]¼ 10�4 m, T¼ 308. The solid lines were obtained by fitting the exper. data to the

Henderson –Hasselbach equation.



bulk volume of H2O into the much smaller volume of the micellar interface. When the
indicator is significantly incorporated into the aggregate, then addition of HCl may
increase the apparent pKa of the indicator probe, because addition of HCl into an SDS
micellar solution results in the displacement of Naþ ions from the micellar surface by
Hþ ions [52]. The results obtained may, thus, be suggestive of insignificant
incorporation of GA into the micellar aggregate, which is consistent with the high
water-solubility of GA.

The acid dependence of kobs, shown in Fig. 2,a, suggests that the reactive species are
the dianionic form of gallic acid (GA2�), and not GA� or even GA proper. The
observed inhibition shown in Fig. 4,a can be qualitatively interpreted according to
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Fig. 4. Effect of SDS concentration on kobs for the reaction of 3MBD with GA (a) at different pH values,
and with OG (b) at pH 5.1. The inset in b is a magnification of the data at low SDS concentration. Solid
lines are drawn to aid the eye. Conditions: [3MBD]¼ 0.1 – 0.3 mm, [GA]¼ 40 mm, [OG]¼ 1.3 mm, T¼

308.



HartleyLs rule, by assuming a micelle-induced separation of reactants originated by the
electric barrier imposed by the SDS micelles [51] [53] [54]. 3MBD is positively charged
and bears a hydrophobic aromatic part. It, thus, will be incorporated to some extent
into the micellar aggregates upon increasing the SDS concentration, in keeping with the
results shown in Fig. 1 and with 1H-NMR data on the location of 3MBD in micellar
aggregates [44]. Alternatively, one would expect that GA is not significantly associated
to the micellar aggregates, because it is hydrophilic and, even more, because at the
working pH the carboxylic-acid function of GA is completely ionized (pKa(1)� 4.3),
i.e., negatively charged. Hence, GA� molecules (and especially the kinetically reactive
species GA2�) should be excluded from the Stern layer, which should significantly
decrease their local concentration in the vicinity of 3MBD.

Quantitatively, the results shown in Fig. 4,a can be interpreted in terms of the PIE
model, which basically assumes that i) the micelles are uniformly distributed in the
aqueous phase and may act as a separate phase, the so-called pseudophase, where the
reaction may take place; ii) the substrates may be incorporated at nearly diffusion-
controlled rates; and iii) the micellized surfactant is at thermal equilibrium with solutes
throughout the reaction. Further details on the assumptions and limitations of the PIE
and related models can be found elsewhere [30] [45] [51]. Consequently, 3MBD can be
distributed between the aqueous and micellar pseudophases, but GA� andGA2�will be
mainly located in the aqueous pseudophase because of the electric repulsion due to the
negatively charged micellar surface (Scheme 2).

According to the pseudophase model, the rate of the reaction will be the sum of the
rates in each pseudophase (Eqn. 2):

n ¼ kW½3MBDW� þ kM½3MBDM� þ kKDE½HG2�
W �½3MBDW� (2)

whereKDE stands for the equilibrium constant for the formation of the diazo ether, and
the subscripts MWL and MML stand for the water and micellar pseudophases, respectively.
By considering the corresponding mass balances, and by recognizing that the reactions
were carried out under pseudo-first-order conditions, Eqn. 3 can be derived, where Ks

stands for the association constant of 3MBD to the micellar aggregate, and Dn

represents, as indicated above, the concentration of micellized surfactant:

kobs ¼
kW þ kMKsDn þ kKDE½HG2�

W �
1þKsDn

(3)

The results presented in Fig. 2 show that at the kobs value for the spontaneous
decomposition of 3MBD in aqueous solution is negligible compared to those with
GA2�. Moreover, Fig. 1 indicates that, on increasing the concentration of SDS, kobs for
the spontaneous decomposition of 3MBD is even lower than that in acidic aqueous
solution. Consequently, Eqn. 3 can be simplified to Eqn. 4 :

kobs ¼
kKDE½HG2�

W �
1þKsDn

¼ ko

1þKsDn
(4)

Thus, kobs should decrease upon increasingDn, as illustrated in Fig. 4,a. Note thatEqn. 4
also predicts that when Dn¼ 0, kobs¼ ko¼ kKDE[GA2�

W ], where ko stands for the
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observed rate constant in the absence of micelles. Eqn. 4 can now be rearranged to
Eqn. 5 :

ko � kobs
kobs

¼ Ks½SDS�T �Ks 	cmc (5)

This latter equation predicts that a plot of (ko�kobs)/kobs vs. [SDS]T should be linear,
with a negative intercept equal to the product Ks · cmc, which, indeed, is the case, as
shown in Fig. 5 and the Table, which shows the correspondingKs and cmc values for the
three pH values investigated. The Ks values are similar to that obtained by monitoring
the effects of SDS micelles on the spontaneous decomposition of 3MBD (Fig. 1). The
obtained cmc values are lower than that in pure aqueous solution (8 mm at 258), which
is consistent with the well-known effects of electrolyte concentration on cmc [51] [52].

The solubility of OG in H2O is extremely low [55], and because of its hydrophobic
tail, it is likely to behave as a surfactant. On the basis of the effect of the hydrocarbon
chain length on the association constant of the substrates and micelles [56], it can be
expected that the value for the association constant of OG with SDS should be ca. 103

m
�1, similar to that of 6-O-octanoyl-l-ascorbic acid [38]. Auxiliary experiments showed

that its water-solubility does not increase significantly up to pH> 6 (reported pKa¼
7.82), and even when ionized, it is still sparingly water-soluble. Therefore, both OG

Fig. 5. Linear plot according to Eqn. 5. The data were taken from Fig. 4,a (pH 4.5).

Table. Binding Constants for the Association of 3MBD with SDS Micelles. Also given is the kinetically
determined critical micelle concentration (cmc) obtained by fitting the data of Fig. 5,a to Eqn. 6 (see

Exper. Part).

pH Ks [m�1] cmc [m]

4.1 159� 4 (9� 2)� 10�4

4.5 140� 2 (8� 1)� 10�4

5.0 138� 1 (9� 1)� 10�4
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and OG� ions should be completely bound by the micelles, giving rise to mixed
OG�SDS micelles. The reaction between 3MBD and OG� takes place exclusively in
the micellar Stern layer, as shown in Scheme 3. Similar situations have been described in
micellar systems where hydrophobic ascorbic acid esters were dissolved [6] [38] [39].

The reaction between 3MBD and OG is second-order overall, even though it has
been carried out under pseudo-first-order conditions by adjusting [3MBD]
 [OG].
Thus, a bell-type kinetics profile, as that shown in Fig. 4,b, commonly found in
bimolecular processes where both reactants bind to the micelles [30] [45] [51], was
expected. The results can be interpreted in terms of 3MBD and OG reacting at the
micellar surface according to Scheme 3. The kobs values increased rapidly as long as the
concentration of the reactants at the micellar Stern layer increased to a maximum, and
then decreased sharply due to the MdilutionL of the reactants within the micellar
pseudophase upon increasing the micelle concentration in solution [30]. In the present
case, the increase in kobs due to this concentration effect was observed in a very narrow
SDS concentration range, because OG is virtually insoluble in H2O, giving rise to
immediate formation of mixed micelles. A complete quantitative treatment was not
attempted because a number of approximations are needed, but a comprehensive set of
equations for solving Scheme 3 (or similar reaction schemes) can be found elsewhere
[30] [51].

Scheme 3. Basic Two-Dimensional Representation of the Stern Layer of an SDS Micelle in which the
Reaction between 3MBD and OG� Takes Place. Note that, in the present case, OG� is acting as a co-ion.
For the sake of clarity, the spontaneous decomposition of 3MBD, the ionization equilibrium of OG, and

the counter ions and other co-ions are not included.
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4. Conclusions. – In summary, we have shown that, regardless of the hydrophobicity
of the gallic acid derivative used, SDS micelles inhibit their reaction with 3MBD, with
kobs values approaching that for the spontaneous decomposition of 3MBD in aqueous
micellar solutions.

The origin of the inhibition for the reaction with GA is different from that for the
reaction with OG. On the one hand, at relatively low acidities, a substantial fraction of
GA is ionized, and both GA� and the reactive GA2� ions are excluded from the vicinity
of 3MBD, which is associated to the micellar aggregate, because of the electric barrier
imposed by the negatively charged micellar SDS surface. Therefore, the effect of SDS
micelles is to decrease the local GA2� concentration in the vicinity of 3MBD. On the
other hand, the origin of the observed inhibition in the reaction with OG arises from
the dilution of the antioxidant within the micellar pseudophase upon increasing the
concentration of SDS, i.e., upon increasing the number of available micelles in the
system, because 3MBD, OG, and OG� are water-insoluble, the OG� ions being co-ions
of the dodecyl sulfate monomers of the SDS micelles.

When cationic micelles such as cetyltrimethylammonium halides (CTAX) are used
instead of the anionic ones, both GA� (or GA2�) and OG should be totally bound to the
micelles because of the electrostatic attraction with the ammonium head groups and
because of the hydrophobic tail of OG. However, the 3MBD ions will be mainly located
in the aqueous pseudophase because of their positive charge, as demonstrated
previously by Cuccovia et al. [57] and by Bravo-D9az and co-workers [58]. Thus, one
would expect a similar inhibition of the reactions when employing CTAX micelles.

Financial support from the Ministerio de Educación y Ciencia (CTQ2006-13969-BQU), Xunta de
Galicia (PGDIT06PXIB314249PR), FEDER, and Universidad de Vigo is kindly acknowledged. S. L. B.
and V. S. P. thank the Ministerio de Educación y Ciencia for FPU research training grants.

Experimental Part

General. UV/VIS Spectra and kinetics experiments were followed on an Agilent HP-8453 UV/VIS
spectrophotometer equipped with a thermostated cell carrier attached to a computer for data storage.
Kinetics were performed at a const. temp. of 30� 0.18. Reagents were of maximum purity available and
used without further purification. Gallic acid (GA) and the reagents used in the preparation of 3-
methylbenzenediazonium (3MBD) tetrafluoroborate and in the preparation of Britton –Robinson (BR)
buffer were purchased from Fluka orAldrich, and were used as received. Other materials employed were
from Riedel de H=en. All solns. were prepared withMilli-Q-grade H2O. 3MBD was prepared under non-
aqueous conditions as described elsewhere [59], and stored in the dark at low temp. to minimize
decomposition. The UV/VIS spectrum of an aq. ca. 10�4 m soln. of 3MBD in buffer (pH 3) showed one
main absorption band centered at 250 nm, with a shoulder at 310 nm. Variations in absorbance as a
function of the concentration of 3MBDwere linear up to 2� 10�4 m, with e250 and e310 values of 4700� 90
and 1773� 19 l mol�1 cm�1, in accord with lit. values [34]. The UV/VIS spectrum of a 10�4 m aq. soln. of
GA in buffered H2O (pH 1.6) showed two absorption bands at 222 and 271 nm. The wavelength of the
absorption at 222 nm remained constant upon changing the pH in the range 1.6 – 5, but that of the
absorption band at 271 nm showed a hypsochromic shift of ca. 10 nm at pH 5.0, the exact position
depending on the ionization state of GA. Reported acidity constants for GA are a pKa(1)¼ 4.4
(ionization of the COOH group) at 258 [49] and, upon alkalinization, pKa(2)¼ 8.55 (deprotonation of a
phenolic OH group) [50].

Methods. Reactions were followed by UV/VIS spectroscopy. Fig. 6,a displays a number of UV/VIS
spectra obtained at different times in the course of the reaction between 3MBD and GA, showing a
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decrease in the absorbance at 260 and 310 nm due to 3MBD consumption, and an increase in the
absorbance at 416 nm due to product formation. Similar results were obtained for the reaction between
3MBD and OG in 0.5m SDS soln. (data not shown).

In previous studies on the reaction between 3MBD andmethyl gallate under acidic conditions [36], a
similar increase in the absorbance was detected at 440 nm. Electrochemical results confirmed that such
an increase corresponds to a transient diazo ether, which is formed in the course of the reaction, rather
than to the formation of an azo dye. The saturation-kinetics profiles attained [36] are also consistent with
the formation of a diazo ether, and not with the commonly accepted electrophilic-aromatic-substitution
(EAS) mechanism. Moreover, preliminary (unpublished) results on the kinetics of the reaction between
3MBD and GA are also suggestive of saturation-kinetics profiles that are not compatible with the EAS
mechanism.

The reactions between 3MBD and GA or OG were monitored by measuring the changes in the
absorbance at 416 nm with time (product formation), and kobs values were obtained by fitting the time-
dependent absorbance data to the integrated first-order Eqn. 6, using a non-linear least-squares method
provided by a commercial computer program (Fig. 6,b):

ln
At �A1
A0 �A1

� �
¼ �kobst (6)

Runs were performed at 30� 0.18 under pseudo-first order conditions, and linear plots were obtained for
more than 3 t1/2 . Duplicate or triplicate runs gave identical kobs values within 5% error.

It is worth noting that, after completion of the reaction (Fig. 6,b), the absorbance at 416 nm
remained practically constant after leveling off (although in some runs a slight decrease was detected), in
contrast with the observed behavior in the reaction between 3MBD and methyl gallate, where a
subsequent decrease in absorbance was detected [36]. This point may need extra attention because the
effects of the substituents in the pyrogallol moiety (i.e., the change of an ester group by a carboxylic one)
and the effects of SDS on product stabilization are currently unknown and deserve further investigations.
In fact, stabilization of the diazo ethers formed in the course of the reaction between ArNþ2 and

Fig. 6. a) UV/VIS Monitoring of the reaction between 3MBD and GA as a function of time. The arrows
indicate the trend in the change of absorbance. b) Typical kinetics run showing the variation in the
absorbance at 416 nm and linear fitting to the integrated first-order equation. [3MBD]¼ 0.3 mm, [GA]¼

80 mm, T¼ 308, pH 3.7.
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antioxidants, such as vitamin C (ascorbic acid) and its hydrophobic esters, by SDSmicellar aggregates has
been pointed out previously, but not sufficiently investigated yet [6] [38] [39].
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