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The  present  comprehensive  kinetic  investigation  in  micellar  systems  deepens  and  broadens  the
knowledge  of mononuclear  rearrangement  of heterocycles  (MRH)  of  Z-phenylhydrazone  of  3-benzoyl-
5-phenyl-1,2,4-oxadiazole,  reaction  already  carried  out in  different  reaction  media.  As  a matter  of fact
the use  of four  types  of  micelles  different  for charge,  shape  and  polarity  has allowed  us  to  evaluate  the
role  of  micellar  systems,  as reaction  media,  on  the rate  of MRH  and  to  quantify  their  catalytic  effect.
eywords:
ononuclear rearrangements of

eterocycles (MRH)
atalysis in micellar media
ubstrate localization in micelles
ransition state

Moreover,  the  data  obtained  have  enabled  us  to draw  some  intriguing  conclusions  on the  localization  of
the substrate  in  the  micelles,  the  transition  state  structure  and  the  driving  force  of the reaction.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

The chemistry of heterocyclic compounds represents a crucial
egment of the today’s chemistry, with at least 55% of organic chem-
stry papers devoted to this field. Heterocycles, especially five and
ix-membered rings containing nitrogen, play a key role in life pro-
esses such as the transfer of hereditary information from DNA to
roteins, enzyme activity, storage and transfer of bioenergy, oxy-
en transport by haemoglobin, chlorophyllian synthesis, and so on
1].

Beside organic chemistry and biochemistry, many other sci-
nces, from medicinal to agricultural and from material science
o technology, are in debt to heterocycles. Indeed, several drugs
antibiotics, neurotropics, cardiovascular and anticarcinogenic
gents), plant development regulators, pesticides, thermostable
olymers, highly durable fibres exploit nitrogen containing hete-

ocyclic systems [1–21].

For these reasons we have addressed our interest to syn-
hetic applications and mechanistic studies of the mononuclear

∗ Corresponding author. Tel.: +39 0871 3554790; fax: +39 0871 3554911.
E-mail address: fontana@unich.it (A. Fontana).

381-1169/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcata.2013.11.029
rearrangements of heterocycles (MRHs, Scheme 1) [22–26]. This
type of reaction, involving an azole five-membered aromatic het-
erocycle generally linked to a side chain through a continuous
�-electron system, leads to the synthesis of several different
heteroaromatic azoles. MRHs are SNi processes occurring via a
quasi-aromatic transition state (10 � electrons in a bicyclic struc-
ture) characterized by structure and solvent-dependent pathways
[2,27–38].

We  have previously studied the interconversion of several
Z-arylhydrazones of 5-substituted-3-benzoyl-1,2,4-oxadiazoles
into the relevant 4-acylammino-2-aryl-5-phenyl-1,2,3-triazoles in
order to clarify the mechanistic aspects of the reaction by col-
lecting both kinetic [2,27–29] and computational data [30]. More
recently the use of micelles (Triton X-100 and C14DMAO) [39,40]
and cyclodextrin (�-cyclodextrin) [41,42] as well as ionic liquids
[35,36,43] has allowed us to obtain detailed information concerning
both the reaction mechanism and the effects of substrate structure
on the MRH  reaction rates.

The micelles provide interfaces able to modify physico-chemical

properties of the investigated compounds [44–49].

The incorporation of 1,2,4-oxadiazoles derivatives in non-pre-
organized (micelles) [39,40] or in pre-organized (�-cyclodextrin)
[41,42] systems has allowed to overcome their poor solubility in

dx.doi.org/10.1016/j.molcata.2013.11.029
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2013.11.029&domain=pdf
mailto:fontana@unich.it
dx.doi.org/10.1016/j.molcata.2013.11.029
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Scheme 1. Azole-in

ater and, in order to determine proton concentration, to avoid the
se of operational scales such as the pS+ scale [50,51], established
y interpolation from known pKa data in aqueous dioxane.

Moreover the use of an inherently microheterogeneous sol-
ent such as the aqueous micellar solution may  offer different
dvantages over the continuous media. For example reactants in a
ontinuous solvent undergo desolvation in order to approach close
nough to react to each other. On the other hand, two reactants of

 bimolecular reaction solubilized in the same micelle are forced
n close proximity, thereby increasing the rate of reaction at the
xpense of a substantial loss of freedom of translational motions of
he reactant molecules. Indeed, the dimension of the micelles could
e critical for the molecular reciprocal orientation in the transition
tate formation [52].

Besides, in a previous paper, a concerted process was  sug-
ested for this MRH, where the magnitude of the activation barrier
as determined by the interplay of two opposite factors, that is,

he nucleophilicity of the nitrogen atom and the acidity of the
itrogen-bonded proton [30]. Nevertheless, while the former plays

 significant role in the micellar aprotic region, the acidity of the
itrogen-bonded proton preferentially manifests itself in the aque-
us compartment. Thus, the prevalence of one factor over the other
n different micellar systems may  highlight their relevant contribu-
ion to the MRH  process.

Therefore, in order to complete and integrate the results
btained with non-ionic (Triton X-100, polyethylene glycol
ert-octylphenyl ether) [39] and zwitterionic (C14DMAO, N-
etradecyl-N,N-dimethylamine oxide) [40] micellar systems we
ave now undertaken a kinetic study in the presence of a
ide variety of surfactants (i.e.  SDS, sodium dodecyl sulfate;
TABr, cetyltrimethyl ammonium bromide; C14DMAO; Triton X-
00) in the presence of phosphate buffers at different pH values
nd temperatures. The SNi reaction of the Z-phenylhydrazone
f 3-benzoyl-5-phenyl-1,2,4-oxadiazole (1) into the relevant 4-

enzoylamino-2,5-diphenyl-1,2,3-triazole (2) was  chosen as a
odel reaction to elucidate mechanistic aspects such as, to name a

ew, the charge dispersion and timing of chemical bond formation-
nd-breaking in the transition state (Scheme 2).

cheme 2. MRH  of the Z-phenylhydrazone of 3-benzoyl-5-phenyl-1,2,4-oxadiazole (1) in
r  the solvent.
le interconversion.

The experimental data were fitted into the classical equation
based upon Berezin’s model [53], i.e. the so called pseudophase
model, and allowed us to obtain both the reaction rate constants
in aqueous and in micellar pseudophase, kW and kM respectively,
as well as the relevant binding constants (KS). These results have
proven particularly useful and have shown that the four investi-
gated surfactants exhibit some significant differences in catalytic
activity due to the prevailing contribution of nitrogen nucleophilic-
ity or of nitrogen-bonded proton acidity in the process.

2. Experimental

2.1. General

The Z-phenylhydrazone of 3-benzoyl-5-phenyl-1,2,4-
oxadiazoles (1) was  prepared according to literature methods
[55]. The zwitterionic surfactant, C14DMAO, was used as received
from Prof. Hoffmann (Bayreuth Centre for Colloids & Interfaces).
All other surfactants obtained from commercial suppliers were
used without further purification.

Aqueous stock solutions in doubly distilled water of surfactants
and phosphate buffer solutions at pH 7.4 ([H2PO4

−] = [HPO4
2−])

and 11.7 ([HPO4
2−] = [PO4

3−]) were prepared by weight and used
within few days. The pH measurements were carried out by using
a Radiometer PHM 84, calibrated at pH 7.0 and 12.0 (±0.05). The
ionic strength of the buffered solutions was kept constant at the
value of 0.2 mol  dm−3 through addition of KCl.

2.2. Critical micellar concentration measurements (c.m.c.)

The surface tensions of the investigated surfactant (SDS, CTABr,
C14DMAO and Triton X-100) in the presence and in the absence
of 1 (5.0 × 10−5 mol  dm−3) were measured with a SensaDyne
QC6000 Surface Tensiometer by the maximum bubble pressure

method [56]. Dry nitrogen flows into a capillary immersed into
the surfactant solution. On gradually increasing the pressure
in the capillary, the bubble increases in size and curvature
until it becomes hemispherical. Beyond this point the bubble

to the relevant 4-benzoylamino-2,5-diphenyl-1,2,3-triazole (2). B− is an added base
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ecomes unstable and eventually escapes from the capillary.
easurements were carried out at different pHs (7.4 and 11.7),

emperatures (from 293.1 to 313.1 K) and buffer concentrations.
he concentration of additive 1 was kept constant and added,
rom stock dioxane solution, to surfactant solutions of the elected
oncentration. The concentration interval of surfactants used in
he measurements were: 1.00 × 10−5–2.20 × 10−3 mol  dm−3

or Triton X-100, 6.00 × 10−4–1.00 × 10−2 mol  dm−3 for
DS, 1.00 × 10−4–6.00 × 10−3 mol  dm−3 for C14DMAO and
.00 × 10−6–2.00 × 10−3 mol  dm−3 for CTABr. Surface tension
alues (dyne cm−1) were plotted vs. the decimal logarithm of
olar concentration. The graphs are reported in Figs. S1–S5 of the

upplementary data.
It is well known that electrolytes affect the c.m.c. of surfactants.

uffer salts behaves as additional electrolytes. Indeed, the forces
f electrostatic repulsion between head groups in a micelle of ionic
urfactants are considerably reduced in the presence of electrolytes,
nabling micelles to form more easily and at a lower surfactant
oncentration. The c.m.c. value of SDS is reduced of 15% and 85%
t 293.1 and 313.1 K [57], respectively, whereas the c.m.c. of CTABr
s reduced of 80% [58] under the adopted experimental conditions.
evertheless in the presence of substrate 1, at the highest investi-
ated temperature, the c.m.c. values increase slightly approaching
he literature values. La Mesa has already demonstrated that the
ncrease of temperature from 293.1 to 313.1 K causes the increase of
he respective c.m.c. values [57]. Moreover, in the present case, the
ydrophobicity of the substrate may  partially hamper the screen-

ng effect of the electrolytes thus strengthening the effect of the
emperature.

On the other hand, the effect of electrolytes on non-ionic sur-
actants is not straightforward. Salting-out electrolytes, such as
hosphate and Na+, are known to strongly compete with surfactant
olyoxyethylene chains for water of hydration [59]. Nevertheless it
as been demonstrated [60] that this decrease of water molecules
ydrogen bonded to the surfactant is associated to a progressive

ncrease in the micellar aggregation number and a rise of asso-
iated water which is non-specifically bound with the micelle.
ndeed, polyoxyethylene chains demonstrated to perfectly interact

ith hydrophobic surfaces [61] and may  thus easily, once dehy-
rated, deepen in the micellar core rather than expose themselves
o the bulk water. These competing effects appear to disfavour,
n the present case, Triton X-100 micellization (i.e. c.m.c. in water
.6 × 10−4 mol  dm−3) [62].

C14DMAO is known to partially protonate at acidic pH (pKa

f C14DMAO in the micelle is 6.30 at 298 K) [63] and the
bserved relatively high c.m.c. may  confirm a high protonation
egree [64].

.3. Kinetic measurements

MRHs of 1 in the presence of the four surfactants were fol-
owed at different temperatures (293.1, 303.1, and 313.1 ± 0.1 K)
n a Cary 1E spectrophotometer by measuring the disap-
earance of 1 at the wavelengths of maximum absorption
� = 373 nm,  375 nm or 390 nm). The reaction mixtures were
btained by mixing equal volumes of surfactant and buffer solu-
ions.

Substrates were firstly dissolved in dioxane and then diluted in
ater so as to obtain a final solution with <1.0% of organic solvent

nd 5.0 × 10−5 mol  dm−3 of 1. Pseudo-first order conditions were
eached by using a large excess of phosphate buffer. Kinetic mea-

urements were carried out at pH 11.7 by keeping the concentration
atio acid/base constant and equal to unity. The investi-
ated concentrations of buffer ions ([HPO4

2−] = [PO4
3−]) were

.010, 0.015 and 0.025 mol  dm−3. For the ionic and zwitterionic
Scheme 3. Reaction of substrate and base partitioned between water and the micel-
lar  pseudophase.

surfactant kinetics were performed at pH 7.4 ([H2PO4
−] = [HPO4

2−] = 0.010 mol  dm−3) as well.

3. Results and discussion

Surfactant aggregates can be considered as supramolecular
reactors in which the reactants, compartmentalized in the micelles
through electrostatic and/or hydrophobic interactions, may  acquire
physico-chemical properties significantly different from those
experienced in the bulk solvents and may  interact more easily and
effectively than in a homogeneous solvent due to concentration
and orientation effects [52]. The study described herein was  under-
taken with the primary goal of quantitatively evaluate and compare
the influence of neutral (Triton X-100), zwitterionic (C14DMAO),
positively (CTABr) and negatively charged (SDS) surfactants on the
MRHs rate.

The first and meaningful effect consequent to the use of micellar
system as the reaction media is the ability of micelles to solubi-
lize the substrate in water. As already observed in previous studies
[39,40], the relatively hydrophobic substrate, embedded in the
micelles and sequestered from the aqueous bulk, forms clear aque-
ous solution. Therefore the MRH  processes can be carried out in
micellar buffered aqueous solutions rather than in pure or mixed
organic or aqueous-organic solvents allowing to overcome prefer-
ential solvation effects of mixtures.

The data were treated quantitatively by Berezin pseudophase
model (Scheme 3) [52,53]. Scheme 3 implies the partitioning
of both the substrate (S) and the phosphate ions between the
aqueous (W)  and the micellar phase (M)  with binding con-
stants KS = {[SM]/([SW]C)}, where C = ([Surfactant] − c.m.c.) and
KB = {[phosphateM]/([phosphateW]C)}, respectively.

Rate constants kW
obs and kM

obs are pseudo-first order rate constants
in water and in the micellar phase, respectively; strictly speaking,
they correspond to the sum of the uncatalysed (ku) and the gen-
eral base-catalysed processes, i.e. catalysed by bases OH− (kOH) and
phosphate (k), in both phases, following Eq. (1):

kobs = ku + kOH[OH] + k[phosphate] (1)

Therefore, two  base-catalysed reaction paths may contribute to
the overall rearrangement rate. The observed second order rate
constants, k, can be related to the second order rate constants in
both phases, kW and kM, and to the binding constants KS and KB of
the substrate and of the base with the surfactant respectively, by
using Eq. (2):

k = kW + (kM/V)KBKSC

(1 + KBC)(1 + KSC)
(2)

where V is a quantity related to the volume element for the reaction

in micelles [53,54].

Moreover, KBC can be considered negligibly small with respect
to unity due to the high hydrophilicity of the phosphate ions
and second order rate constants can therefore be fitted into the
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Fig. 1. Dependence of the observed rate constant (kobs, s−1) on micellized Triton
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-100 concentration (mol dm−3), i.e. [Triton X-100] − c.m.c., in the presence of phos-
hate buffer (pH 11.7, [acid] = [base] = 0.015 mol  dm−3) at 293.1 ± 0.1 K. The c.m.c. in
he presence of the substrate is 5.4 × 10−4 mol  dm−3.

implified Eq. (3). This assumption had already been made in
revious studies [39,40]

 = kW + (kM/V)KBKSC

(1 + KSC)
(3)

Triton X-100 forms, above the c.m.c. (∼5.0 × 10−4 mol  dm−3,
ee also Table S1 and Fig. S1 in the Supplementary data), neu-
ral micelles. This surfactant has already been investigated as

RH  promoter, nevertheless, differently from previous mea-
urements, in the present case, MRH  of Z-phenylhydrazone of
-benzoyl-5-phenyl-1,2,4-oxadiazole has been investigated in the
resence of phosphate rather than in borate buffer (i.e. at pH = 11.7
ather than at 9.6) and at different phosphate concentrations (i.e.
HPO4

2−] = [PO4
3−] = 0.010, 0.015 and 0.025 mol dm−3) at 293.1 K.

Rate constants were measured over a wide concentration inter-
al of Triton X-100 (5.0 × 10−4–1.0 × 10−1 mol  dm−3). The obtained
ata are collected in Table S2 of Supplementary data. At constant
H, the kobs values increase with surfactant concentration, lev-
lling off to a maximum plateau value (at ≈5.0 × 10−2 mol  dm−3

f surfactant; see Fig. 1) presumably corresponding to the com-
lete incorporation of the substrate in the micelles. This kinetic
ehaviour is similar to what is usually observed for enzymatic catal-
sis where the rate of catalysis does not show a linear dependence
ith increasing substrate concentration but, due to enzyme sat-
ration, highlights a levelling to a maximum rate of reaction. At
onstant Triton X-100 concentration, the kobs values increase lin-

arly with buffer concentration (see Fig. S6 and Table S2 in the
upplementary data). Therefore at each concentration of Triton X-
00 a second order rate constant, k, related to the observed general
ase-catalysis for phosphate can be obtained by following Eq. (1).

able 1
econd order rate constants in water (kW) and micellar phase (k′

M) and binding constants (
nd  pH values.

Surfactant T, K pH 102kW, dm3

Triton X-100 293.1 11.7 1.11 (±0.3
[313.1]b [9.6]b [0.24 (±0.0

SDS 293.1 11.7 0.0050 (±
SDS  313.1 7.4 0.56 (±0.7
CTABr 313.1 7.4 12.2 (±0.1)
C14DMAO 313.1 7.4 0.52 (±0.0

[313.1]c [9.6]c [27.4 (±0.08

a k′
M = (kM/V)KB.

b Data from Ref. [39].
c Data from Ref. [40].
: Chemical 383– 384 (2014) 114– 120 117

A plot of k values vs. micellized [Triton X-100] allowed us, by fol-
lowing Eq. (3), to obtain kW, k′

M = (kM/V)KB and KS (see Table 1 and
Fig. S7 in the Supplementary data).

The major contribution to the rate of the process in Triton X-100
is the reaction in the micellar pseudophase (k′

M/k′
W = 3.4). This is

not surprising because in the micellar pseudophase the MRH  may
proceed in the outer hydrophilic poly(ethoxy) sheath of the surfac-
tant micelles (i.e. in Triton X-100 the Stern layer is much thicker,
25 Å, than that of ionic surfactant such as CTABr and SDS, 6–9 Å)
[65] where the anionic base species reside, with the diffusion of
the substrate to this region being much more rapid than the time
scale of the reaction kinetics. A similar evidence has been previously
highlighted [39] in the case of borate buffer at pH 9.6 at 313.1 K,
although in the present case the micellar contribution is 7 times
higher with respect to that observed in borate buffer, in agree-
ment with a general-base-catalysis from the stronger base PO4

3−

{pKa(HPO4
2−) = 12.38 vs. pKa(H3BO3) = 9.23} [66]. The value of the

binding constant (KS) is comparable with that previously calculated
(KS = 120 mol−1 dm3) in borate buffer at pH 9.6 and 313.1 K.

Nevertheless, while in borate buffer the kinetic constants
decrease upon increasing Triton X-100 concentration, in the
present case the opposite is true. Likely, upon increasing the sur-
factant concentration, the substrate, diluted in a higher number of
micelles, tends to adopt a more superficial localization where the
encounter in the micellar sheath with the strong base is favoured.
This circumstance may  affect the driving force of the MRH  process
[30], i.e.  the prevalence of the acidity of the nitrogen-bonded proton
contribution over the nucleophilicity of the nitrogen contribution
can be hypothesized. Therefore, in the presence of the weak basic
borate the prevailing contribution to the rearrangement process is
the nucleophilicity of the nitrogen in the micellar aprotic phase,
whereas in the presence of the strong basic phosphate the acidity
of the nitrogen-bonded proton prevails allowing the acceleration of
the rearrangement until the maximum distribution of the substrate
on the micellar surface has been reached.

The absorption maximum of 1 undergoes a significant
bathochromic shift from 373 nm (at surfactant concentrations
≤5.0 × 10−4 mol  dm−3) to 390 nm (at surfactant concentrations
≥5.0 × 10−4 mol  dm−3). The observed shift associated to the forma-
tion of micelles in the solution is a clear evidence of specific binding
interactions of the substrate to micelles. The associated high bind-
ing constant of the substrate for these micelles allows to confirm
the localization of the substrate at the interface of the hydropho-
bic micellar core and the polyoxyethylene corona-forming chains
of the micelle, region in which 1 favourably interacts with Triton
X-100 through �-interactions between the aromatic moiety of Tri-
ton X-100 and both the phenyl moiety and the heterocyclic ring of

the substrate. The solubilization of the substrate in this portion of
the micellar aggregate does also support and explain the prevail-
ing contribution of micellar over aqueous phase [39] and the scarce
variation of Triton X-100 c.m.c. on addition of 1.

KS) for the investigated rearrangement in phosphate buffer at different temperature

mol−1 s−1 KS, mol−1 dm3 [102k′
M, dm3 mol−1 s−1]a

7) 133 (±63) 3.75 (±0.17)
7)]b [120 (±80)]b [0.58 (±0.06)]b

0.0012) 9.9 (±10.2) −0.015 (±0.022)
0) 88 (±152) 0.049 (±0.009)

 50 (±15) 3.25 (±0.49)
2) 12 (±4) 2.75 (±0.39)
)]c [155 (±28)]c [39.2 (±0.2)]c
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Fig. 2. Dependence of the observed rate constant (kobs, s−1) on SDS micellized
concentration (mol dm−3), i.e. [SDS] − c.m.c., in the presence of phosphate buffer
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concentration analogously to those observed in the presence of Tri-
pH = 11.7, [HPO4 ] = [PO4 ] = 0.015) at 293.1 ± 0.1 K. The c.m.c. in the presence of
he  substrate is 4.4 × 10−3 mol  dm−3.

The rearrangement of 1 into 2 has been hence performed in the
egatively charged SDS micelles at various temperatures (293.1
nd 313.1 K) and at different pH values (7.4 and 11.7, in the lat-
er case phosphate buffers [HPO4

2−] = [PO4
3−] = 0.010, 0.015 and

.025 mol  dm−3 have been investigated). The choice of this micel-
ar environment has been made in order to gain further information
n the mechanism of the reaction from the influence of a negatively
harged micellar compartment on the formation of the transition
tate. As a matter of fact the reactivity of the substrate in SDS is
trongly reduced compared to that observed in neutral micelles
o that only the obtained kW at pH 11.7 and k′

M at pH 7.4 have a
eal physical meaning, being the other kinetic or equilibrium values
egative or characterized by a high error.

The plot of kobs values vs. [SDS] shows a prevailing rate decrease
ith increasing the concentration of the surfactant thus highlight-

ng the unfavourable role of anionic micelles on the MRH process
Fig. 2 and Table S3 in the Supplementary data), the only excep-
ion being data close to the c.m.c. The inhibitory effect can be
xplained by considering both electrostatic and hydrophobic inter-
ctions which operates simultaneously in this reaction system.
n particular the effect is twofold: (1) the approach of negatively
harged base to negatively charged micelles is limited thus decreas-
ng the encounter of the micellized substrate with the catalyst; and
2) negatively charged micellar environment unfavourably affects
he formation of the incipient negatively charged transition state.

At pH = 11.7 and T = 293.1 K, a second order rate constant, k, has
een calculated at each SDS concentration following Eq. (1) (see
ig. S8 in the Supplementary data). A plot of k values vs. [SDS]M
llowed us, by using Eq. (3), to obtain kW (see Table 1 and Fig. S9
n the Supplementary data), the negatively k′

M = (kM/V)KB and the
S, characterized by a large error, having no physical meaning. It

s plausible to hypothesize that the substrate solubilized in a nega-
ively charged and polar micellar system is not able to encounter the
ase except in the aqueous phase beyond the negatively charged
icellar region. Therefore, by recalling the previously mentioned

aper [30] and the interplay of the nucleophilicity of the nitrogen
tom and the acidity of the nitrogen-bonded protons in controlling
he MRH  process, in this micellar system only N H acidity, although
ith scarce base assistance, drives the process.

The increase of the temperature to 313.1 K high-
ights, despite the reduction of the pH from 11.7 to 7.4
[H2PO4

−] = [HPO4
2−] = 0.010 mol  dm−3) (see Fig. S10 in the
upplementary data), a slight increase of the reactivity. Due to the
educed pH and the consequent absence of any significant base
atalysis from OH−, the second order rate constants for each SDS
: Chemical 383– 384 (2014) 114– 120

concentrations were calculated by following the simplified Eq. (4)
[39]

kobs = k[phosphate] (4)

In this case, k′
M obtained according to Eq. (3), although partic-

ularly small, was  not negligible but significantly lower than the
corresponding k′

M values obtained at the same temperature and
pH for other surfactant systems (see below).

CTABr, being a positively charged surfactant, is expected to
accelerate the MRH. Therefore the rearrangement was investi-
gated only at pH = 7.4 ([H2PO4

−] = [HPO4
2−] = 0.010 mol dm−3) and

313.1 K. Second order rate constants obtained by following Eq. (4)
have been fitted into Eq. (3). As a matter of fact the reactions appear
faster in CTABr rather than in SDS or Triton X-100 (see Table in
Fig. S11 in the Supplementary data and compare it with Tables in
Fig. S10 and Table S2) with k′

M 65 times higher than that deter-
mined at the same temperature and pH in SDS (see Table 1 and
Fig. S11 in the Supplementary data) and kW four times higher than
k′

M. This evidence is in agreement with the capability of the posi-
tively charged CTABr to favour both the approach of the negatively
charged base with the micellized substrate and to assist the forma-
tion of the negatively charged transition state (see Scheme 2). Vice
versa the affinity of the substrate with this surfactant is not partic-
ularly high and, although data are characterized by a high standard
error, comparable with those determined in other micellar systems,
highlighting that the micellization of the substrate is hydrophobi-
cally rather than electrostatically driven, as expected for a neutral
substrate.

The major contribution of the reaction in the aqueous phase
(kW/k′

M = 3.8) is not surprising because of the thinness of the Stern
layer of cationic micelles. Likely, the micellized substrate is ori-
ented with the reaction site towards the micellar/water interface
in order to favour the encounter with the base present in the bulk.
Because it has been reported that when base-catalysed conditions
prevail, the acidity of the proton bound to the nitrogen of the hydra-
zone moiety should become the dominant factor, it is likely that in
CTABr the role of nitrogen atom nucleophilicity is hampered by
the nitrogen-bound proton acidity [30]. Indeed, in this positively
charged micellar system, some of the negatively charged hydro-
gen phosphate ions are located in the proximity of the surfactant
headgroup region and comprise the micellar Stern layer. Therefore
micellar catalysis could benefit of the presence of the base resulting
in a k′

M 60 times higher than that in SDS, where hydrogen phos-
phate ions are vice versa repelled from the Stern layer by negatively
charged surfactant headgroups.

Eventually, kinetics in phosphate buffer
([H2PO4

−] = [HPO4
2−] = 0.010 mol  dm−3, see data reported in

Fig. S12 in the Supplementary data) at pH = 7.4 and 313.1 K in
the presence of zwitterionic micelles of C14DMAO (N-tetradecyl-
N,N-dimethylamineoxide) were carried out. The choice felt on
C14DMAO because it behaves as a cationic or zwitterionic surfac-
tant depending on the solution pH, it forms spherical aggregates
or short rod-like micelles depending on the concentration and
finally is characterized by a potential basic site that by itself may
promote the rearrangement and thus replace an eventual external
base [40]. The evidence of structural changes of the aggregates
on increasing the concentration of surfactant is evidenced also
in the plots used for c.m.c. determination, i.e. it is possible to
evidence two  different breaks in the surface tension vs. logarithmic
surfactant concentration (see Fig. S5 in the Supplementary data).

The plot of k values vs. [C14DMAO]M (see Fig. S12 in the Sup-
plementary data) shows a rate constant increase with surfactant
ton X-100 (Fig. S7 in the Supplementary data) and to that recently
published for the MRH  of 1 in C14DMAO in borate buffer at pH 9.6
[40]. Second order constant separated for both the two phases, kW
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nd kM, following Eq. (3), are reported, and compared to corre-
ponding values in borate buffer at pH 9.6, in Table 1.

The reaction of MRH  of 1 in zwitterionic micelles in the pres-
nce of phosphate buffer highlight, as yet observed in the presence
f Triton X-100, k′

M > kW. It is therefore interesting to note that
he micellar systems in which the major contribution to the
bserved rearrangement rate constants is the reaction in micelles
o take advantage, on increasing the surfactant concentration, of
he already mentioned maximum distribution of the substrate on

icellar surface and consequent increased reactants encounter
ssociated to increased surfactant concentration.

As far as the second rate constants in both phases are con-
erned, they are much lower than those obtained in borate buffer
ccording to the weaker base catalyst hydrogen phosphate as com-
ared to borate [pKa(H2PO4

−) = 7.20 vs. pKa(H3BO3) = 9.23] [66]. It
ppears noteworthy that the decrease of k′

M parallels that in KS
i.e. KS(pH=9.6)/KS(pH=7.4) = 14), in agreement with a reduced contri-
ution of the micellar pseudo-phase due to a reduced affinity of
he substrate for the micelles. The more than 10-fold decrease
n the binding constant may  be imputable to partial surfactant
rotonation at the lowest investigated pH and a consequent varia-
ion of micellar structure [63]. Indeed, the high c.m.c. measured
nder the adopted experimental conditions confirms the partly
ccurred protonation [63]. Maeda and Kakehashi [63] have shown
hat short-range attractive interactions between the headgroups
f the non-ionic (deprotonated) and the cationic species could
ffect the aggregation type favouring the transformation of rod into
nfinitely and long cylinder micelles. This transformation confers
iscoelastic properties to the solution and could affect the affin-
ty for the sterically hindered 1 [67]. The absence of any evidence
f catalysis by the potential basic site of the nitroxide is a further
onfirmation of the occurred surfactant partial protonation.

. Conclusions

The data obtained by studying the MRH  in different micelles
nd at different proton concentrations allow to draw some inter-
sting conclusions. The reactivity, at the same pH and temperature
nd considering the same base catalyst concentration, follows
he order CTABr > C14DMAO � SDS at pH = 7.4 and 313.1 K and
riton X-100 � SDS at pH = 11.7 and 293.1 K. Similarly, when sec-
nd order rate constants are compared, the reactivity follows the
rder kW(CTABr) > kW(C14DMAO) � kW(SDS) in micellar pseudo-phase
nd kM(CTABr) � kM(C14DMAO) ≈ kM(SDS) in aqueous pseudo-phase,
espectively; whereas the second order rate constant are much
igher in Triton X-100 than in SDS in both pseudo-phases. There-

ore it appears that surfactants able to create aprotic micellar
ompartments which favour nitrogen nucleophilicity and N N
ond formation, such as Triton X-100 and C14DMAO, strongly
nhance the MRH. Indeed, in these systems, it has been demon-
trated that the observed rate constants increase with surfactant
oncentration, the reaction in the micellar phase controlling the
ate of the process and prevailing over the reaction in the aque-
us phase. Triton X-100 is particularly effective because it favours
oth the nucleophilic contribution in the aprotic micellar core and
he encounter of the base with the substrate in the micellar sheath
ormed by the dangling hydrophilic polyoxyethylene chains.

Vice versa in micelles from more polar surfactants, the contribu-
ion of the aqueous pseudo-phase cannot be neglected and rather
ontrols the MRH  process. Therefore the rearrangement appears
articularly effective in those micellar systems that electrostat-
cally favour the encounter of the substrate with the negatively
harged base catalyst at the micellar surface (i.e. CTABr) or assist
he formation of the negatively charged transition state. It appears
uite awkward that in both positively and negatively charged

[

[

[
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micellar systems the observed rate constant decreases upon
increasing the surfactant concentration. This effect is imputable to
a persistent competition of the aqueous and micellar contributions
to the MRH  process. The initially insignificant micellar contribu-
tion shows itself when the majority of the substrate is perfectly
solubilized in the micellar core and the base-substrate interactions
decreases. This is especially true when one considers the high Ks of
1 in SDS.

The ability of the micelles in favouring the reaction depends
therefore on the feature of the surfactant and could be tuned
by promoting the nitrogen nucleophilicity in the aprotic micellar
microenvironment or the N-H acidity in the aqueous rich phase.
Indeed, CTABr micelles do exert the greatest catalytic effect in both
pseudo-phases because positively charged headgroups stabilize
the negatively charged transition state and favour the encounter
with the phosphate ions at the micellar surface. Analogously but for
opposite reasons, SDS is the less effective micellar system notwith-
standing, but because, the high affinity that 1 has for this micellar
system.

Acknowledgment

This work was carried out with support from the Universities of
‘G. d’Annunzio’ Chieti-Pescara and Bologna, and MIUR (PRIN 2010-
11, prot. 2010N3T9M4).

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.molcata.
2013.11.029.

References

[1] A.F. Pozharskii, A.R. Katritzky, A.T. Soldatenkov, Heterocycles in Life and Soci-
ety: An Introduction to Heterocyclic Chemistry, Biochemistry and Applications,
John Wiley & Sons, Chichester, United Kingdom, 2011, and references therein.

[2] F. D’Anna, V. Frenna, F. Ghelfi, S. Marullo, D. Spinelli, J. Org. Chem. 76 (2011)
2672–2679.

[3] K.R. Campos, Chem. Soc. Rev. 36 (2007) 1069–1084.
[4] S.F. Kirsch, Synthesis 20 (2008) 3183–3204.
[5] N.T. Patil, Y. Yamamoto, Chem. Rev. 108 (2008) 3395–3442.
[6] L.A. Wessjohan, D.G. Rivera, O.E. Vercillo, Chem. Rev. 109 (2009) 796–814.
[7] S. Patai, Z. Rappoport, The Chemistry of Functional Groups, John Wiley & Sons,

Chichester, United Kingdom, a series of monographs edited from 1968 to today.
[8]  A. Dömling, Chem. Rev. 106 (2006) 17–89.
[9] S. Fetzner, B. Tshisuaka, F. Lingens, R. Kappl, J. Hüttermann, Angew. Chem. Int.

Ed.  37 (1998) 576–597.
10] M.S. Egbertson, Curr. Top. Med. Chem. 7 (2007) 1251–1272.
11] A. Castro, T. Castãno, A. Encinas, W.  Porcal, C. Gil, Bioorg. Med. Chem. 14 (2006)

1644–1652.
12] C.V. Galliford, K.A. Scheidt, Angew. Chem. Int. Ed. (2007) 8748–8758.
13] R. Budriesi, B. Cosimelli, P. Ioan, M.P. Ugenti, E. Carosati, M.  Frosini, F. Fusi, R.

Spisani, S. Saponara, G. Cruciani, E. Novellino, D. Spinelli, A. Chiarini, J. Med.
Chem. 52 (2009) 2352–2362.

14] M.  Viale, C. Cordazzo, B. Cosimelli, D. de Totero, P. Castagnola, C. Aiello, E. Severi,
G.  Petrillo, M.  Cianfriglia, D. Spinelli, J. Med. Chem. 52 (2009) 259–266.

15] S. Kang, S.A. Vignon, H.-R. Tseng, J.F. Stoddart, Chem. Eur. J. 10 (2004)
2555–2564.

16] G.M. Fischer, M.  Isomaki-Krondahl, I. Gottker-Schnetmann, E. Daltrozzo, A.
Zumbusch, Chem. Eur. J. 15 (2009) 4857–4864.

17] H. Komatsu, M.M.  Matsushita, S. Yamamura, Y. Sugawara, K. Suzuki, T. Sug-
awara, J. Am.  Chem. Soc. 132 (2010) 4528–4529.

18] G. Ma,  L. Sun, R. Zhang, Z. Shen, S. Hou, Chem. Phys. 375 (2010) 67–72.
19] T.W. Bell, N.M. Hext, Chem. Soc. Rev. 33 (2004) 589–598.
20] B. Korybut-Daszkiewicz, R. Bilewicz, K. Wozniak, Coord. Chem. Rev. 254 (2010)

1637–1660.
21] A. Zettl, Adv. Mater. 8 (1996) 443–445.
22] A.J. Boulton, A.R. Katritzky, A. Hamid, J. Chem. Soc. C (1967) 2005–2007.
23] A.R. Katritzky, M.F. Gordev, Heterocycles 35 (1993) 483–518.

24] A.J. Boulton, Lectures in Heterocyclic Chemistry, Hetero-Corporation, Provo,

UT, 1973.
25] H.C. Van der Plas, Ring Transformations of Heterocycles, vols. 1 and 2, Academic

Press, London, 1973.
26] G. L’abbé, J. Heterocycl. Chem. 21 (1984) 627–638.

http://dx.doi.org/10.1016/j.molcata.2013.11.029
http://dx.doi.org/10.1016/j.molcata.2013.11.029
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0005
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0010
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0015
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0020
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0025
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0030
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0040
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0045
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0050
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0055
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0060
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0065
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0070
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0075
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0080
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0085
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0090
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0095
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0100
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0105
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0110
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0115
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0120
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0125
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0130


1 lysis A

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[
[
[

[
[

[
[

[
[

20 S. Guernelli et al. / Journal of Molecular Cata

27] M.  Ruccia, N. Vivona, D. Spinelli, Adv. Heterocycl. Chem. 29 (1981) 141–169.
28] N. Vivona, S. Buscemi, V. Frenna, G. Cusmano, Adv. Heterocycl. Chem. 56 (1993)

49–154.
29] B. Cosimelli, V. Frenna, S. Guernelli, C.Z. Lanza, G. Macaluso, G. Petrillo, D.

Spinelli, J. Org. Chem. 67 (2002) 8010–8018.
30] A. Bottoni, V. Frenna, C.Z. Lanza, G. Macaluso, D. Spinelli, J. Phys. Chem. A 108

(2004) 1731–1740.
31] F. D’Anna, V. Frenna, C.Z. Lanza, G. Macaluso, S. Marullo, D. Spinelli, R. Spisani,

G.  Petrillo, Tetrahedron 66 (2010) 5442–5450.
32] F. D’Anna, V. Frenna, G. Macaluso, S. Morganti, P. Nitti, V. Pace, D. Spinelli, R.

Spisani, J. Org. Chem. 69 (2004) 8718–8722.
33] F. D’Anna, F. Ferroni, V. Frenna, S. Guernelli, C.Z. Lanza, G. Macaluso, V. Pace, G.

Petrillo, D. Spinelli, Tetrahedron 61 (2005) 167–178.
34] F. D’Anna, V. Frenna, G. Macaluso, S. Marullo, S. Morganti, V. Pace, D. Spinelli,

R.  Spisani, C. Tavani, J. Org. Chem. 71 (2006) 5616–5624.
35] F. D’Anna, V. Frenna, R. Noto, V. Pace, D. Spinelli, J. Org. Chem. 71 (2006)

9637–9642.
36] F. D’Anna, V. Frenna, S. La Marca, R. Noto, V. Pace, D. Spinelli, Tetrahedron 64

(2008) 672–680.
37] V. Frenna, N. Vivona, G. Consiglio, D. Spinelli, J. Chem. Soc., Perkin Trans. 2

(1985) 1865–1868.
38] A. Fontana, S. Guernelli, P. Lo Meo, E. Mezzina, S. Morganti, R. Noto, E. Rizzato,

D.  Spinelli, R. Zappacosta, Tetrahedron 64 (2008) 733–740.
39] S. Guernelli, R. Noto, C. Sbriziolo, D. Spinelli, M.L. Turco Liveri, J. Colloid Interface

Sci. 239 (2001) 217–221.
40] S. Guernelli, A. Fontana, R. Noto, D. Spinelli, M.L. Turco Liveri, J. Colloid Interface

Sci.  381 (2012) 67–72.
41] S. Guernelli, M.F. Laganà, D. Spinelli, P. Lo Meo, R. Noto, S. Riela, J. Org. Chem.

67  (2002) 2948–2953.
42] S. Guernelli, P. Lo Meo, S. Morganti, R. Noto, D. Spinelli, Tetrahedron 63 (2007)

10260–10268.
43] F. D’Anna, V. Frenna, R. Noto, V. Pace, D. Spinelli, J. Org. Chem. 70 (2005)
2828–2831.
44] C.A. Bunton, F. Nome, F.H. Quina, L.S. Romsted, Acc. Chem. Res. 24 (1991)

357–364.
45] J.H. Fendler, E.J. Fendler, Catalysis in Micellar and Macromolecular Systems,

Academic Press, New York, 1975.

[
[

[

: Chemical 383– 384 (2014) 114– 120

46] J.H. Fendler, Membrane Mimetic Chemistry: Characterizations and Applica-
tions of Micelles, Microemulsions, Monolayers, Bilayers, Vesicles, Host–Guest
Systems, and Polyions, John Wiley & Sons, New York, 1982.

47] M.  Gratzel, K. Kalyansundaram, Kinetics and Catalysis in Microheterogeneous
Systems, Marcel Dekker, New York, 1991.

48] K.L. Mittal, Micellization, Solubilisation and Microemulsion, vols. 1 and 2,
Plenum, New York, 1977.

49] Th.R. Singh, M.N. Luwang, S.K. Srivastava, React. Kinet. Mech. Cat. 104 (2011)
17–26.

50] R.G. Bates, in: J.F. Coetzee, C.D. Ritchie (Eds.), Solute–Solvent Interactions, Mar-
cel  Dekker, New York, 1969, p. 46.

51] H.S. Harned, B.B. Owen, The Physical Chemistry of Electrolytic Solution, Am.
Chem. Soc. Monograph No. 137, 3rd ed., Reinhold, New York, 1958, pp. 716–755.

52] V.C. Reinsborough, Interfacial Catalysis, Taylor & Francis Group, 2003 (Chapter
13) and references therein.

53] I.V. Berezin, K. Martinek, A.K. Yatsimirskii, Russ. Chem. Rev. 42 (1973) 787–802.
54] J.M. Cuccovia, E.H. Schroter, P.M. Monteiro, H. Chaimovich, J. Org. Chem. 43

(1978) 2248–2252.
55] N. Vivona, M.  Ruccia, V. Frenna, D. Spinelli, J. Heterocycl. Chem. 17 (1980)

401–402.
56] K.J. Mysels, Hepatology 4 (1984) 80S–84S.
57] C. La Mesa, J. Phys. Chem. 94 (1990) 323–326.
58] S.E. Olaseni, N.A. Oladoja1, I.A. Ololade1, C.O. Aboluwoye1, M.O. Osundiya,

Chem. Sci. J. (2012) CSJ-52.
59] J.-L. Chai, J.-H. Mu,  Colloid J. 64 (2002) 550–555.
60] J.A. Molina-Bolívar, J. Aguiar, C. Carnero Ruiz, J. Phys. Chem. B 106 (2002)

870–877.
61] A. Di Crescenzo, M. Aschi, A. Fontana, Macromolecules 45 (2012) 8043–8050.
62] S. Cerritelli, D. Velluto, J.A. Hubbell, A. Fontana, J. Polym. Sci. Polym. Chem. 46

(2008) 2477–2487.
63] H. Maeda, R. Kakehashi, Adv. Colloid Interface Sci. 88 (2000) 275–293.
64] J.F. Rathman, S.D. Christian, Langmuir 6 (1990) 391–395.

65] D. Mandal, S.K. Pal, K. Bhattacharyya, J. Phys. Chem. A 102 (1998) 9710–9714.
66] A. Albert, E.P. Serjeant, The Determination of Ionization Constants, 2nd ed.,

Chapman and Hall, London, 1971.
67] H. Maeda, A. Yamamoto, M.  Souda, H. Kawasaki, K.S. Hossain, N. Nemoto, M.

Almgren, J. Phys. Chem. B 105 (2001) 5411–5418.

http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0135
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0140
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0145
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0150
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0155
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0160
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0165
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0170
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0175
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0180
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0185
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0190
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0195
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0200
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0205
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0210
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0215
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0220
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0225
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0230
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0235
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0240
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0245
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0250
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0255
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0260
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0265
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0270
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0275
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0280
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0285
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0290
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0295
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0300
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0305
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0310
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0315
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0320
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0325
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0330
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335
http://refhub.elsevier.com/S1381-1169(13)00451-2/sbref0335

	Elucidating chemical reactivity and transition state of mononuclear rearrangement of heterocycles through the use of compa...
	1 Introduction
	2 Experimental
	2.1 General
	2.2 Critical micellar concentration measurements (c.m.c.)
	2.3 Kinetic measurements

	3 Results and discussion
	4 Conclusions
	Acknowledgment
	Appendix A Supplementary data
	Appendix A Supplementary data


