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Abstract

Complexation of thiazorylazododecylphenol (TADP) witt?Niat the surface of sodium dodecylsulfate (SDS) micelles has been spec-
trophotometrically studied. Complicated spectral changes are analyzed by a factor and multivariate analysis, which implies the formation of
[TDAP(OH™)NI]© as well as a simple 1:1 complex of i with TDAP at the micellar interface. All of the equilibrium constants required to
describe this system are substantially affected by electrolyte concentrations. Coexistent electrolytes vary the surface potential of the micelle
and in turn influence the equilibria taking place on the micellar surface. The electrostatic potential estimated based on the equilibrium shifts
is more negative than that calculated according to Poisson—Boltzmann theory, which simply involves electrostatic effects. This disagreemer
is possibly caused by different aqueous environments around the micelle from bulk solution, which also facilitate the formation of unusual
complex such as [TDAP(OH)Ni]©.
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1. Introduction mental results. Additional effects are expected to come from
a difference in solvent structures between the interfaces and
Self-assembled systems have received increasing attenbulk solution. Various approaches have revealed that solvent
tion in various disciplines of chemistry. Current major in- natures at interfaces are different from those in bulk; e.g.,
terests focus on self-assembled monolayers formed on solidower permittivity, highly oriented structures, and different
surfaces, to which various approaches including spectro-solvation strength of solvents have been indicated [9-11].
scopic and electrochemical methods are applied, becauseénterfacial reactions may thus be different from reactions in
they have allowed us to minimize effects of surface morphol- bulk, but are often difficult to detect or distinguish from bulk
ogy and to obtain monolayer information [1-5]. Molecularly reactions. Micelles are classical systems, but still provide
smoothed layers can be formed in much simpler ways; typi- attractive and versatile environments for interfacial studies.
cal examples include Langmuir membranes formed on solu- One of the major advantages of micelles over other inter-
tion surfaces, L-B membranes, micelles, vesicles, etc. [6-8].faces is that a number of simple approaches are applicable
Molecules are loosely fixed on the surface in many cases,because micellar systems are macroscopically homogeneous
and continuous exchanges occur between molecules aligneénd transparent.
along the surfaces and those dissolved in bulk. 2-Hydroxy-azo compounds have been employed mainly
Electrostatic effects dominate the distribution of ionic for ana]ytica] purposes in combination with Spectropho_
(and possibly polar) solutes in the vicinity of the charged tometry, chromatography, solvent extraction, etc. [12—16].
surfaces, and influence reaction of these species. The elecCTheijr high absorptivity and complexation capabilities have
trostatic effects have been theoretically and experimentally gjjowed the developments of a variety of analytical methods.
well studied, and, it has been known that, in many instances, | the present paper, our attention focuses on the reaction of
relatively simple models give good explanations to experi- 5 2-hydroxy-azo compound at micellar surfaces. The intro-
duction of a hydrocarbon chain to this class of compounds
~* Corresponding author. lowers the solubility in bulk water, and allows the polar ac-
E-mail address: tokada@chem.titech.ac.jp (T. Okada). tive groups to be present at the solution/micelle interface
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[17,18]. Because of the high absorptivity of the ligand and After the number of pure components) (s determined by
metal complexes, spectrophotometry is a simple and usefulreferring to the eigenvalue matrix, new spectrl)(and
approach to investigate the reactions occurring at the inter-component matricesY) for » components are derived:
face. However, spectrophotometric studies possibly suffer L

from a serious disadvantage that the acid-base and compIexD =RC.

ation equilibria of 2-hydroxy-azo compounds often produce assuming appropriate equilibria betweeicomponents, we
anumber of colored species, and make the electronic spectrgan calculate their concentration€*). The equilibrium
complicated. A factor and multivariate analysis is a power- cqonstants and thus the most probaBlend R are deter-

ful tool for separating the spectra of individual species and ined by selecting an optimum rotational matriX) (which
for extracting the information of the equilibria between these gives the minimum LSMync defined by

species [19-23], and should thus be suitable for studying the

present system. TN(CHF); i — (TC); )2
LSMconcz\/ Lo Ly (i e
nm
2. Experimental wherem refers to the numbers of samples.

2-Thiazolyl-azo-4-dodecylphenol (TADP),
4. Resultsand discussion

s. N=N
&Z/ W 4.1. Electronic spectra and dissociation equilibria of TADP
HO

TADP is highly insoluble in water, but soluble in SDS
solutions, suggesting that TADP molecules be solubilized
by partition into the micelles. The concentrations of SDS

was _synthesagd ”0”.‘ 2-thiazolamine gnd 4 dOQecyI phenOIand TADP were kept constant (50 and 25 uM, respectively)
by diazo-coupling. Oily product was dissolved in dichloro- . . . .

. : throughout this work. Since the critical micellar concentra-
methane, and washed with aqueous sodium hydrogen car-

. ; . tion of SDS is 2.43 mM in, e.g., 0.05 M NaCjGolution,
bonate several times. After evaporation of dichloromethane, ;
. . . almost all of SDS molecules form micelles [24]. It has also
the residue was dissolved in hexane, and products were ®Xbeen reported that the mean agaregation number of SDS is
tracted into methanol. Finally, TADP was purified by prepar- P 9greg

ative silica gel chromatography with hexane—ethyl acetate 60 [25]; one SDS micelle contains ca. 0.03 TADP molecules

) : : . ~on an average under the present experimental condition. It
I(Stsc)j %ZILTS %Ozgfezg?es:éslinee?ng; ng%/sslsé(;i)?taH(:calcu can thus be reasonably assumed that the addition of TADP
8.64% (8.36%), N= 10.95% (1’1_25%), S 8.43% (8.5’8%). doe; not change the nature.of the SDS m|ceIIes..

SDS of chemical grade was purified by recrystallization .Flgure 1 shows electronic spectra O.f TADP n SDS so-
from methanol. Other reagents were of analytical grade. lutions of various pH. A broad absorption band is seen at

Solutions were prepared with water purified by a Milli-Q 228’(: ca. 430 nm in aC|d|cdsqut|onst; Tmtn_ax sbh|ftsd to
system. NaCl@ was added to adjust the ionic strength of M as pH Increases, and a new absorption band appears

: at Amax = 520 nm in basic solutions. The application of a
solutions. factor analysi the following eigenvalues: 0.821, 0.173
Electronic spectra were recorded with a Shimadzu UV- actor analysis gave the foflowing eigenvaiues. 1.2, 4. 17,

-3 6 i indi
visible spectrophotometer Model UV-2100, and processed 5.28 i 1(.) 535 107 ,.....Th|s strongly indicates the.
with homemade programs written in Microsoft Visual Basic, contributions from three species to the entire spectra, which

TADP

1r
3. Principle of calculation 08l
The principle of a factor analysis employed in this work S o6}
is briefly described here; the details can be found in the lit- "':
erature [19]. 2 04r
A data matrix D) is represented by the product of a spec-
tral matrix (R) and a component matrixc{, 0.2r
D=RC. 0
300 400 500 600 700
An eigenvalue matrixK) and an eigenvector matriQ) are A/nm

extracted from a covariance matrix)(
Fig. 1. pH dependence of electronic spectra of TDAP. TBARS uM,

Z ='DD ='QEQ. SDS=0.05 M, and NaClQ = 0.05 M.
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Fig. 2. Extracted molar spectra of TDAP species.

agree with the prediction based on the dissociation equilibria

of TADP
HoLt = HL +HT,  Kyp = 1)
aH,L
_ aLan
HL=L™ +HT, Ka2= , 2
- a anL ) 0.08 A\
wherea refers to the activity of the compound represented
by a subscript (valency was omitted for simplicity). The 0.06

activity coefficients were calculated based on the extended
Debye—Hickel law. The analysis of the spectra illustrated in

Fig. 1 gave K,1 = 2.43 and [K,2 = 11.01 with LSM¢onc=

1.7 x 10-% M. Figure 2 shows the extracted molar spectra

of three chemical forms of TADP. The analytical procedure 0.02
described above works very well for this relatively simple

system. 0

absorbance
<
i

4.2. Ni%* complexation with TADP at the SDS A/nm

micellar surface _ : , .
Fig. 3. Change in electronic spectra ofNi-TDAP system. Nt =1 mM,

i ; i TDAP = 25 uM, SDS= 0.05 M, and NaCIQ = 0.05 M.
Complexation of TADP with Ni* at the SDS micellar K and NaClQ

surface was investigated by a similar approach. Figure 3
shows the electronic spectra of TDAP-2Niobtained with
changing pH. The concentration of i was kept 40 times

as high as that of TDAP in order to avoid the multiple
complexation, in which more than two TDAP molecules
are involved. Although the entire spectral features are sim-
ilar to those for TDAP itself, the detailed inspection im-
plied that the spectra involve the contributions from TDAP—
Ni2+complexes. Factor and multivariate analyses are so use
ful to extract the spectral and equilibrium information of
minor species that their application should facilitate to un-
derstand the chemistry of this system. The following com- NiL(H20)" = NiL (OH™)° + H*,

shown in Fig. 3b. In this wavelength range, the absorbance
increases with increasing pH up to 8.7, decreases to pH 9.1,
and then markedly increases due to the dominated contri-
bution of L™. This absorbance changes suggest that the in-
volvement of another species formed around pH 9.

Since TDAP is a tridentate ligand, water molecules
should coordinate Ni in the 1:1 NFF—TDAP complex.
The deprotonation of water ligands will be facilitated by
an electron withdrawing effect of the centeredNiThus, it
should be reasonable to introduce the following equilibrium:

plexation equilibrium was taken into account, ANiL (OH)a@H @)
. KNiLOH = —————. 4
NiZF 4 HL = NIiL* + HY, Ky = e, 3) aNiL (H,0)
ANi@HL The multivariate analysis was applied by assuming these

It should be noted that HL (not1) is mainly involved in equilibria (Egs. (3) and (4)) and the hydroxo complex for-
complexation with Ni at moderate pH ranges judging from mation of NF* in solution; hydroxo complex formation
the dissociation constant of TDAP. However, the above equi- constants were taken from a reference, Apg= 3.08 and
librium could not explain complicated spectral changes seenlogg, = 13 [26]. Figure 4 shows the molar spectra of
over the wavelength range 500-600 nm. Enlarged spectra aréNiL(H>0)* and NiL(OH)? as well as those of HL and
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b Fig. 5. Distribution of TADP and its complexes with &i in 0.05 M SDS
4} and 0.05 M NacClQ solution.
«"/-\’\ . .
3t N\ When a molecular probe is present on the micellar surface,

unambiguous evaluation of the surface potential is feasi-
ble. TADP is a water-insoluble compound, and entirely en-
trapped by the SDS micelles. Although there is still ambigu-
ity in regard to the exact location of TADP molecules, it is
reasonable to assume that a relatively hydrophilic thiazoryl—
’50 200 250 00 50 00 azo group exists in the palisade portion of the micelle, and
thus the equilibria of TADP undergo electrostatic effects.
In order to evaluate electrostatic effects on the acid disso-
Fig. 4. Extracted molar spectra of TDAP and its?Nicomplex species. ciation of TADP, the acid dissociation of its water-soluble
(a) 0.05 M NaCIQ; (b) 0.2 M NaCIQ. analogue, thiazoryl-azo—cresol (TAC), was investigated in
a similar way. Its dissociation constant was determined as
L~ extracted from a series of spectra, and compare the re-PKa2 =7.97, which is obviously larger than that of TADP at
sults obtained with different NaClDconcentrations. The  the micellar surface. An effect of the alkyl group on the dis-
two molar spectra of NiL(OH)° are slightly different in ~ Sociation of phenolic hydroxyl groups is so marginal that this
the wavelength range of 500—600 nm because of the strongdifference is not caused by substituting the dodecyl group
adsorption of the L. However, almost the same molar spec- N TADP by a methyl group. It has been pointed out that
tra are derived from the spectra measured at different saltthere are two effects in the equilibrium shifts occurring at
concentrations. In addition, the molar spectra of the ligand the micellar surfaces, i.e., electrostatic and environmental
species agree with those obtained without'Nisuggest-  effects [27,28]; the precise evaluation of the latter one is gen-
ing that the present calculation be successfully applied to erally dlfflcult._ Assuming that the eqwhbnqm shift in the
the system under study. Since the concentrations &t Ni Présent case is caused solely by the negative surface poten-
complexes are very low, the extracted molar spectra &f Ni tial of .the SDS mlcelles, the surface potential is given by the
complexes include ambiguities coming from their similar following equation:
spectral features to ligand species. The equilibrium constants RT
for Egs. (3) and (4) were determined as kg, = 5.43 V= —23——(PKaotap — PKaTAC). )
and logKniLon = —9.03 in 0.05 M NaClQ solution and  This equation is derived by assuming that hydrogen ions
log KniL = 4.55 and logkniLon = —8.45in 0.2 M NaCIlQ are condensed in the vicinity of the micellar surface by the
solution. The former set of values gives the changes in the negative surface potential of the SDS micelles, and in turn
concentrations of the species that are present in the TADP—pH should be lowered in comparison with the corresponding
Ni%* system with pH as depicted in Fig. 5. NiLgB)* is bulk value. The potential of the SDS micelle surface was de-
formed at pH 6-10, while NiL(OH)? is formed at pH 8-11.  termined as-180 mV. It has been reported that the surface
The presence of these two complexes causes the spectrgdotential of the SDS micelle is-100 mV in 0.05 M N&

e/ 10*M'em™

A/ nm

changes over this alkaline pH range. solution [28], which is less negative than that determined in

the present work. The micellar surface potential is discussed
4.3. Electrostatic equilibrium shift at the surface below in more details on the basis of the electrostatic calcu-
of SDSmicelles lations.

As noted above, the equilibrium constants depend on the
Various equilibrium shifts due to electrostatic effects electrolyte concentration. Effects of electrolyte concentra-
have been studied to evaluate electrostatic potential [27—29].tion on the equilibrium constants can be discussed on the



500 A. Ikeya, T. Okada / Journal of Colloid and |

basis of micellar surface potential,

Ay = _2.3’;—T(|og K'—logk?), (6)
wherek! and k2 denote equilibrium constants determined
for different electrolyte concentrations. The differences in
the SDS micellar surface potential between in 0.05 M and
0.1 M NaCIlQ, and between in 0.05 M and 0.2 M NaCJO
were determined as 30 mV and 58 mV based on the equilib-
rium shifts of K2, respectively. As discussed above, the sur-
face potential of the SDS micelle was estimateti80 mV

in 0.05 M NaClQ with TAC as a water-soluble reference.

Thus, the surface potential becomes less negative with in-

creasing electrolyte concentration, ad50 mV in 0.1 M
NaClOs and—122 mV in 0.2 M NaClQ solution. The equi-
librium shifts of Knj. and KnjiLon also gave the difference
between 0.05 M and 0.2 M NaClGsolutions as 52 and
34 mV.

The potential differences were estimated based on Pois-

son—Boltzmann theory to test the validity of the above val-

ues. SDS micelles can be regarded as a sphere, and thu%f

the solution of Poisson—Boltzmann equation for the spheri-
cal geometry should give the surface potential of the micelle.

When a spherical charged body is presentin 1:1 electrolytes,

the following equation can be used for estimating the surface
potential §/o) [30],

2¢0eRT . F
_ 2008 smh( Vo

Oeff =

F 2RT
1/2
<1t 2 8In{cosH£12)}
xkacosit(£¥9)  (ka)?sintP(£9) |

)
wherea is the radius of a charged sphesgs is the effective
surface charge density,is the Debye shielding parameter,
andR, T, ¢, g9, and F have usual meanings. For the SDS
micelles,a and the aggregation number have been reported
tobe 1.67 nm [31] and 60 [25], respectively. The charge den-
sity, o, is thus estimated to be 0.32 CTif all the sulfate
groups are dissociated. It is well known that the dissocia-
tion of counterionsd) from micelles is almost constant; for
SDS, several values have been reported,d¢.es,0.27-0.35,
meaning that 65—73% of the total sulfate groups on the SDS
micellar surface bind N&a [32,33]. The effective surface

nterface Science 264 (2003) 496-501
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Fig. 6. Calculated surface potential of the SDS micelle K =1 M~1;
(b) kNa=2 M~1, Details are given in the text.

0.36 when no electrolytes are added, slightly depending on
the SDS concentration. Similarly, whéi\?is set to 2 M2,
« ranges from 0.27 to 0.28. These values agree with reported
a values. The surface potential was thus calculated by set-
ting kN2 =1 and 2 ML, Figure 6 shows the dependence
the surface potential on the 1:1 electrolyte concentration.
egardless of assumed\? values, differences in the sur-
face potential between at [R&] = 0.05 M and= 0.2 M are
ca. 30 mV, which is lower than the values estimated from
the equilibrium shift as stated above. There are at least two
possible explanations for this discrepancy; (1) the micellar
surface environments (for the reason other than electrostatic)
make a particular structure or species thermodynamically
preferable and (2) the micellar surface reaction occurs at the
different distance from the micellar surface, and therefore
undergoes different electrostatic effects. The ambiguities in
the location of a probe molecule may imply the limitation of
the molecular probe to evaluate electrostatic potential. How-
ever, the above calculation cannot explain larger potential
differences even though any distance parameters are substi-
tuted into the equations. Aqueous environments around the
micelle, which is different from bulk solution, facilitate the
formation of unusual complex such as [TDAP(Oi]°.
It is reasonable to consider that this specific reaction field
causes the deviation from the prediction of the simple elec-
trostatic theory.
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