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Abstract

Complexation of thiazorylazododecylphenol (TADP) with Ni2+ at the surface of sodium dodecylsulfate (SDS) micelles has been
trophotometrically studied. Complicated spectral changes are analyzed by a factor and multivariate analysis, which implies the fo
[TDAP(OH−)Ni]0 as well as a simple 1:1 complex of Ni2+ with TDAP at the micellar interface. All of the equilibrium constants require
describe this system are substantially affected by electrolyte concentrations. Coexistent electrolytes vary the surface potential of t,
and in turn influence the equilibria taking place on the micellar surface. The electrostatic potential estimated based on the equilib
is more negative than that calculated according to Poisson–Boltzmann theory, which simply involves electrostatic effects. This dis
is possibly caused by different aqueous environments around the micelle from bulk solution, which also facilitate the formation o
complex such as [TDAP(OH−)Ni]0.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Self-assembled systems have received increasing a
tion in various disciplines of chemistry. Current major
terests focus on self-assembled monolayers formed on
surfaces, to which various approaches including spec
scopic and electrochemical methods are applied, bec
they have allowed us to minimize effects of surface morp
ogy and to obtain monolayer information [1–5]. Molecula
smoothed layers can be formed in much simpler ways; t
cal examples include Langmuir membranes formed on s
tion surfaces, L–B membranes, micelles, vesicles, etc. [6
Molecules are loosely fixed on the surface in many ca
and continuous exchanges occur between molecules al
along the surfaces and those dissolved in bulk.

Electrostatic effects dominate the distribution of io
(and possibly polar) solutes in the vicinity of the charg
surfaces, and influence reaction of these species. The
trostatic effects have been theoretically and experimen
well studied, and, it has been known that, in many instan
relatively simple models give good explanations to exp
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mental results. Additional effects are expected to come f
a difference in solvent structures between the interfaces
bulk solution. Various approaches have revealed that so
natures at interfaces are different from those in bulk; e
lower permittivity, highly oriented structures, and differe
solvation strength of solvents have been indicated [9–
Interfacial reactions may thus be different from reaction
bulk, but are often difficult to detect or distinguish from bu
reactions. Micelles are classical systems, but still prov
attractive and versatile environments for interfacial stud
One of the major advantages of micelles over other in
faces is that a number of simple approaches are applic
because micellar systems are macroscopically homogen
and transparent.

2-Hydroxy-azo compounds have been employed ma
for analytical purposes in combination with spectrop
tometry, chromatography, solvent extraction, etc. [12–
Their high absorptivity and complexation capabilities h
allowed the developments of a variety of analytical metho
In the present paper, our attention focuses on the reacti
a 2-hydroxy-azo compound at micellar surfaces. The in
duction of a hydrocarbon chain to this class of compou
lowers the solubility in bulk water, and allows the polar a
tive groups to be present at the solution/micelle interf
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[17,18]. Because of the high absorptivity of the ligand a
metal complexes, spectrophotometry is a simple and us
approach to investigate the reactions occurring at the in
face. However, spectrophotometric studies possibly su
from a serious disadvantage that the acid-base and com
ation equilibria of 2-hydroxy-azo compounds often produ
a number of colored species, and make the electronic sp
complicated. A factor and multivariate analysis is a pow
ful tool for separating the spectra of individual species
for extracting the information of the equilibria between the
species [19–23], and should thus be suitable for studying
present system.

2. Experimental

2-Thiazolyl-azo-4-dodecylphenol (TADP),

was synthesized from 2-thiazolamine and 4-dodecyl-ph
by diazo-coupling. Oily product was dissolved in dichlo
methane, and washed with aqueous sodium hydrogen
bonate several times. After evaporation of dichlorometha
the residue was dissolved in hexane, and products wer
tracted into methanol. Finally, TADP was purified by prep
ative silica gel chromatography with hexane–ethyl ace
(8:2) as the mobile phase; elemental analysis data (ca
lated values in parentheses), C= 67.61% (67.52%), H=
8.64% (8.36%), N= 10.95% (11.25%), S= 8.43% (8.58%).
SDS of chemical grade was purified by recrystallizat
from methanol. Other reagents were of analytical gra
Solutions were prepared with water purified by a Milli-
system. NaClO4 was added to adjust the ionic strength
solutions.

Electronic spectra were recorded with a Shimadzu U
visible spectrophotometer Model UV-2100, and proces
with homemade programs written in Microsoft Visual Bas

3. Principle of calculation

The principle of a factor analysis employed in this wo
is briefly described here; the details can be found in the
erature [19].

A data matrix (D) is represented by the product of a sp
tral matrix (R) and a component matrix (C),

D = RC.

An eigenvalue matrix (E) and an eigenvector matrix (Q) are
extracted from a covariance matrix (Z),

Z = tDD = tQEQ.
l

-

a

-

-

After the number of pure components (n) is determined by
referring to the eigenvalue matrix, new spectral (R′) and
component matrices (C′) for n components are derived:

D = R′C′.

Assuming appropriate equilibria betweenn components, we
can calculate their concentrations (C∗). The equilibrium
constants and thus the most probableC and R are deter-
mined by selecting an optimum rotational matrix (T), which
gives the minimum LSMconc defined by

LSMconc=
√∑n

i

∑m
j ((C

∗)i,j − (T C)i,j )2

nm
,

wherem refers to the numbers of samples.

4. Results and discussion

4.1. Electronic spectra and dissociation equilibria of TADP

TADP is highly insoluble in water, but soluble in SD
solutions, suggesting that TADP molecules be solubili
by partition into the micelles. The concentrations of S
and TADP were kept constant (50 and 25 µM, respectiv
throughout this work. Since the critical micellar concent
tion of SDS is 2.43 mM in, e.g., 0.05 M NaClO4 solution,
almost all of SDS molecules form micelles [24]. It has a
been reported that the mean aggregation number of SD
60 [25]; one SDS micelle contains ca. 0.03 TADP molecu
on an average under the present experimental conditio
can thus be reasonably assumed that the addition of T
does not change the nature of the SDS micelles.

Figure 1 shows electronic spectra of TADP in SDS
lutions of various pH. A broad absorption band is seen
λmax = ca. 450 nm in acidic solutions. Theλmax shifts to
420 nm as pH increases, and a new absorption band ap
at λmax = 520 nm in basic solutions. The application o
factor analysis gave the following eigenvalues: 0.821, 0.1
5.28× 10−3, 5.35× 10−6, . . . . This strongly indicates th
contributions from three species to the entire spectra, w

Fig. 1. pH dependence of electronic spectra of TDAP. TDAP= 25 µM,
SDS= 0.05 M, and NaClO4 = 0.05 M.
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Fig. 2. Extracted molar spectra of TDAP species.

agree with the prediction based on the dissociation equil
of TADP

(1)H2L+ � HL + H+, Ka1 = aHLaH

aH2L
,

(2)HL � L− + H+, Ka2 = aLaH

aHL
,

wherea refers to the activity of the compound represen
by a subscript (valency was omitted for simplicity). T
activity coefficients were calculated based on the exten
Debye–Hückel law. The analysis of the spectra illustrate
Fig. 1 gave pKa1 = 2.43 and pKa2 = 11.01 with LSMconc=
1.7 × 10−6 M. Figure 2 shows the extracted molar spec
of three chemical forms of TADP. The analytical proced
described above works very well for this relatively sim
system.

4.2. Ni2+ complexation with TADP at the SDS
micellar surface

Complexation of TADP with Ni2+ at the SDS micella
surface was investigated by a similar approach. Figu
shows the electronic spectra of TDAP–Ni2+ obtained with
changing pH. The concentration of Ni2+ was kept 40 times
as high as that of TDAP in order to avoid the multip
complexation, in which more than two TDAP molecu
are involved. Although the entire spectral features are s
ilar to those for TDAP itself, the detailed inspection im
plied that the spectra involve the contributions from TDA
Ni2+complexes. Factor and multivariate analyses are so
ful to extract the spectral and equilibrium information
minor species that their application should facilitate to
derstand the chemistry of this system. The following co
plexation equilibrium was taken into account,

(3)Ni2+ + HL � NiL+ + H+, KNiL = aNiLaH

aNiaHL
.

It should be noted that HL (not L−) is mainly involved in
complexation with Ni at moderate pH ranges judging fr
the dissociation constant of TDAP. However, the above e
librium could not explain complicated spectral changes s
over the wavelength range 500–600 nm. Enlarged spectr
-

e

Fig. 3. Change in electronic spectra of Ni2+–TDAP system. Ni2+ = 1 mM,
TDAP= 25 µM, SDS= 0.05 M, and NaClO4 = 0.05 M.

shown in Fig. 3b. In this wavelength range, the absorba
increases with increasing pH up to 8.7, decreases to pH
and then markedly increases due to the dominated co
bution of L−. This absorbance changes suggest that th
volvement of another species formed around pH 9.

Since TDAP is a tridentate ligand, water molecu
should coordinate Ni2+ in the 1:1 Ni2+–TDAP complex.
The deprotonation of water ligands will be facilitated
an electron withdrawing effect of the centered Ni2+. Thus, it
should be reasonable to introduce the following equilibriu

NiL(H2O)+ � NiL (OH−)0 + H+,
(4)KNiLOH = aNiL (OH)aH

aNiL (H2O)
.

The multivariate analysis was applied by assuming th
equilibria (Eqs. (3) and (4)) and the hydroxo complex f
mation of Ni2+ in solution; hydroxo complex formatio
constants were taken from a reference, logβ1 = 3.08 and
logβ2 = 13 [26]. Figure 4 shows the molar spectra
NiL(H2O)+ and NiL(OH−)0 as well as those of HL an
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Fig. 4. Extracted molar spectra of TDAP and its Ni2+ complex species
(a) 0.05 M NaClO4; (b) 0.2 M NaClO4.

L− extracted from a series of spectra, and compare th
sults obtained with different NaClO4 concentrations. The
two molar spectra of NiL(OH−)0 are slightly different in
the wavelength range of 500–600 nm because of the st
adsorption of the L−. However, almost the same molar spe
tra are derived from the spectra measured at different
concentrations. In addition, the molar spectra of the lig
species agree with those obtained without Ni2+, suggest-
ing that the present calculation be successfully applie
the system under study. Since the concentrations of N2+
complexes are very low, the extracted molar spectra of N2+
complexes include ambiguities coming from their simi
spectral features to ligand species. The equilibrium const
for Eqs. (3) and (4) were determined as logKNiL = 5.43
and logKNiLOH = −9.03 in 0.05 M NaClO4 solution and
logKNiL = 4.55 and logKNiLOH = −8.45 in 0.2 M NaClO4
solution. The former set of values gives the changes in
concentrations of the species that are present in the TA
Ni2+ system with pH as depicted in Fig. 5. NiL(H2O)+ is
formed at pH 6–10, while NiL(OH−)0 is formed at pH 8–11
The presence of these two complexes causes the sp
changes over this alkaline pH range.

4.3. Electrostatic equilibrium shift at the surface
of SDS micelles

Various equilibrium shifts due to electrostatic effe
have been studied to evaluate electrostatic potential [27–
l

.

Fig. 5. Distribution of TADP and its complexes with Ni2+ in 0.05 M SDS
and 0.05 M NaClO4 solution.

When a molecular probe is present on the micellar surf
unambiguous evaluation of the surface potential is fe
ble. TADP is a water-insoluble compound, and entirely
trapped by the SDS micelles. Although there is still ambi
ity in regard to the exact location of TADP molecules, it
reasonable to assume that a relatively hydrophilic thiazo
azo group exists in the palisade portion of the micelle,
thus the equilibria of TADP undergo electrostatic effec
In order to evaluate electrostatic effects on the acid di
ciation of TADP, the acid dissociation of its water-solub
analogue, thiazoryl–azo–cresol (TAC), was investigate
a similar way. Its dissociation constant was determined
pKa2 = 7.97, which is obviously larger than that of TADP
the micellar surface. An effect of the alkyl group on the d
sociation of phenolic hydroxyl groups is so marginal that t
difference is not caused by substituting the dodecyl gr
in TADP by a methyl group. It has been pointed out t
there are two effects in the equilibrium shifts occurring
the micellar surfaces, i.e., electrostatic and environme
effects [27,28]; the precise evaluation of the latter one is g
erally difficult. Assuming that the equilibrium shift in th
present case is caused solely by the negative surface p
tial of the SDS micelles, the surface potential is given by
following equation:

(5)ψ = −2.3
RT

F
(pKaDTAP − pKaTAC).

This equation is derived by assuming that hydrogen i
are condensed in the vicinity of the micellar surface by
negative surface potential of the SDS micelles, and in
pH should be lowered in comparison with the correspond
bulk value. The potential of the SDS micelle surface was
termined as−180 mV. It has been reported that the surfa
potential of the SDS micelle is−100 mV in 0.05 M Na+
solution [28], which is less negative than that determine
the present work. The micellar surface potential is discus
below in more details on the basis of the electrostatic ca
lations.

As noted above, the equilibrium constants depend on
electrolyte concentration. Effects of electrolyte concen
tion on the equilibrium constants can be discussed on



500 A. Ikeya, T. Okada / Journal of Colloid and Interface Science 264 (2003) 496–501

ed
in

and

ilib-
ur-

e.
h in-

e
d

ois-
al-
thu

eri-
lle.

ytes
face

r,
S

rted
en-

cia-
r

DS
e
rface

n
e-
the
y

Na
el-

g on

rted
set-
ce
tion.
r-

om
two
llar

tatic)
ally
t the
fore
s in
of
ow-
ntial
ubsti-

the
e

eld
lec-

n,

7

h,

22

iu,
17

91
basis of micellar surface potential,

(6)�ψ = −2.3
RT

F

(
logK1 − logK2),

whereK1 andK2 denote equilibrium constants determin
for different electrolyte concentrations. The differences
the SDS micellar surface potential between in 0.05 M
0.1 M NaClO4 and between in 0.05 M and 0.2 M NaClO4
were determined as 30 mV and 58 mV based on the equ
rium shifts ofKa2, respectively. As discussed above, the s
face potential of the SDS micelle was estimated−180 mV
in 0.05 M NaClO4 with TAC as a water-soluble referenc
Thus, the surface potential becomes less negative wit
creasing electrolyte concentration, as−150 mV in 0.1 M
NaClO4 and−122 mV in 0.2 M NaClO4 solution. The equi-
librium shifts ofKNiL andKNiLOH also gave the differenc
between 0.05 M and 0.2 M NaClO4 solutions as 52 an
34 mV.

The potential differences were estimated based on P
son–Boltzmann theory to test the validity of the above v
ues. SDS micelles can be regarded as a sphere, and
the solution of Poisson–Boltzmann equation for the sph
cal geometry should give the surface potential of the mice
When a spherical charged body is present in 1:1 electrol
the following equation can be used for estimating the sur
potential (ψ0) [30],

σeff = 2ε0εRT

F
sinh

(
Fψ0

2RT

)

(7)

×
[

1+ 2

κa cosh2
(Fψ0

4RT

) + 8 ln
{
cosh

(Fψ0
4RT

)}
(κa)2 sinh2(Fψ0

2RT

)
]1/2

,

wherea is the radius of a charged sphere,σeff is the effective
surface charge density,κ is the Debye shielding paramete
andR, T , ε, ε0, andF have usual meanings. For the SD
micelles,a and the aggregation number have been repo
to be 1.67 nm [31] and 60 [25], respectively. The charge d
sity, σ , is thus estimated to be 0.32 C m−2 if all the sulfate
groups are dissociated. It is well known that the disso
tion of counterions (α) from micelles is almost constant; fo
SDS, several values have been reported, i.e.,α = 0.27–0.35,
meaning that 65–73% of the total sulfate groups on the S
micellar surface bind Na+ [32,33]. The effective surfac
charges are substantially reduced, and, in turn, the su
potential is also lowered than that calculated fromσ . The
ion-association constant of Na+ with the sulfate groups o
the micellar surface,KNa

m , was introduced to take the r
duction of effective charges into consideration. Thus,
effective surface charge density of the micelle is given b

σeff = σ
1

1+ [Na+]KNa
m exp

(−Fψ0
RT

) .
The exponential term represents the condensation of+
due to the negative potential in the vicinity of the SDS mic
lar surface. WhenKNa

m is set to 1 M−1, α ranges from 0.34 to
s

,

Fig. 6. Calculated surface potential of the SDS micelle. (a)KNa
m = 1 M−1;

(b)KNa
m = 2 M−1. Details are given in the text.

0.36 when no electrolytes are added, slightly dependin
the SDS concentration. Similarly, whenKNa

m is set to 2 M−1,
α ranges from 0.27 to 0.28. These values agree with repo
α values. The surface potential was thus calculated by
ting KNa

m = 1 and 2 M−1. Figure 6 shows the dependen
of the surface potential on the 1:1 electrolyte concentra
Regardless of assumedKNa

m values, differences in the su
face potential between at [Na2+] = 0.05 M and= 0.2 M are
ca. 30 mV, which is lower than the values estimated fr
the equilibrium shift as stated above. There are at least
possible explanations for this discrepancy; (1) the mice
surface environments (for the reason other than electros
make a particular structure or species thermodynamic
preferable and (2) the micellar surface reaction occurs a
different distance from the micellar surface, and there
undergoes different electrostatic effects. The ambiguitie
the location of a probe molecule may imply the limitation
the molecular probe to evaluate electrostatic potential. H
ever, the above calculation cannot explain larger pote
differences even though any distance parameters are s
tuted into the equations. Aqueous environments around
micelle, which is different from bulk solution, facilitate th
formation of unusual complex such as [TDAP(OH−)Ni] 0.
It is reasonable to consider that this specific reaction fi
causes the deviation from the prediction of the simple e
trostatic theory.
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