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a b s t r a c t

Sodium Lauryl Ether Sulfates (SLES) are an increasingly important and versatile type of surfactants. The
complexation between ortho-Toluidine blue (TBO) and a homologous series of SLES, including Sodium
Lauryl Sulfate (SDS) without Ethylene Oxide (EO), has been investigated using visible spectrophotometry.
Upon increasing the molar surfactant-dye-ratio (S/D), three TBO organization regimes can be identified
from the absorption spectra: (i) Ion-pair formation, (ii) Pre-micellar aggregation and (iii) Micellar ag-
gregation. The limited solubility of SDS-TBO ion pairs, leading to precipitation of ion-pair clusters, causes
a decrease of the TBO monomeric peak height when S/D is increased. The better solvability of TBO-SLES
ion-pairs causes the onset of precipitation to occur at higher S/D when the EO-block length increases. In
an intermediate S/D range, metachromasy is observed as a result of dye-stacking onto the SDS arranged
in a pre-micellar state at surfactant concentrations well below the critical micelle concentration (CMC).
For SDS, the S/D range showing pre-micelles depends on TBO concentration but seems independent of
variation of ionic strength (phosphate buffer, pH ¼ 7.0, Cbuffer ¼ 0.1e10 mM), whereas the metachromatic
peak height increases with decreasing ionic strength. The pre-micellar region for all SLES-TBO is located
at the same S/D range but the maximum metachromatic peak height follows the trend:
EO2 > EO4 > SDS > EO12 z EO30. The onset of the micellar range, in which TBO is again present in
monomeric form, is shown to coincide with the CMC. These findings could proof helpful in either
formulation or analysis of SLES. Likewise, understanding the dyes' interactions may facilitate formulation
of dyeing solutions for optimal performance, or alternatively, as part of the textile plant effluent treat-
ment to remove, and possibly recycle, dyes.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Ortho-Toluidine blue (TBO), a cationic phenothiazinium dye (CI
52040) [1], discovered by William Henry Perkin in 1856, was the
first synthetic organic dye. Next to being a dyeing agent, nowadays,
it is widely used for a variety of other practical applications,
including specific staining in histology [2], clinical use [3,4] and as a
reagent in analytical chemistry [5e8]. TBO owes its use in clinical
and analytical applications, as an indicator for the presence of
polyanions, to a visible colour change when interacting with these
s@dsm.com (L.F.W. Vleugels),
I.K. Voets), r.tuinier@tue.nl

SL2 5DS, United Kingdom.
species; this phenomenon is called metachromasy [9]. Meta-
chromasy, in the case of TBO the appearance of a typical hyp-
sochromic, or blue shifted, change in its absorbance spectrum, is
the result of self-organization of TBO via stacking. To allow for such
stacked organization, TBO needs to electrostatically bind to a suit-
able template which has multiple anionic charges at regularly
spaced positions in order to fit the stacked TBO assemblies. The
stacking of dye molecules, which involves bringing the charged
groups into close proximity, is driven by both hydrophobic in-
teractions as well as the overlap of the conjugated double bond p-
orbitals of adjacent dye molecules. Polyanions, either synthetic
[5,7,8,10,11] or natural [12], offer such a template and this is
employed both in specific staining of cell organelles (rich in poly-
anions like e.g. heparin [13]) and in chemical analysis. Meta-
chromasy is not unique for TBO but is observed for many other
cationic azo dyes. Similarly, anionic dyes such as methyl orange,
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showmetachromasy in the presence of polycations [14]. Most dyes,
or their degradation products, are toxic [16] and their presence in
effluents from textile dyeing plants is therefore a major concern.
Understanding the interactions of a dye may help applying these
compounds more effectively in the textile dyeing process, e.g. by
tuning their optical properties, or alternatively, as part of the textile
plant effluent treatment to remove, and possibly recycle, them.

TBO also forms complexes with anionic surfactants, this has
been studied for SDS [15], but the resulting absorption character-
istics depend on surfactant concentration and molar surfactant-to-
dye ratio and seem to reflect more complicated structures formed
than those of polyanion-TBO complexes. At low surfactant con-
centration, TBO molecules form 1:1 ion-pairs with oppositely
charged surfactants and no metachromasy is observed. When the
ion-pairs exceed their solubility limit they may precipitate. Upon
further increase of the surfactant concentration, but still below the
critical micelle concentration of the surfactant, the ion-pair pre-
cipitates transform into an organized structure. In such structures
surfactants can provide a suitable template for the binding of
stacked formations of adjacent TBO ions, which show meta-
chromasy. This organization of the surfactant has been denoted as
pre-micellar aggregation [15]. Upon further increase of the sur-
factant concentration, the critical micelle concentration (CMC) is
attained, and the dye molecules distribute themselves as mono-
mers over these micelles [15]. In the scarce literature on TBO in-
teractions with surfactants [15], the solution conditions were rarely
controlled by use of a buffer; most work was done in ultrapure
water. In such aqueous solutionsminor quantities of salts, acids and
bases, present as impurities in either of the reagents, may cause
substantial differences in observed pH and ionic strength.

The goal of this paper is to gain understanding in the effect of
the presence, and size, of an EO-block adjacent to the charged head
group on the complexation and self-organization of TBO onto So-
dium Lauryl Ether Sulfate (SLES) surfactants. Sodium Lauryl Ether
Sulfate (SLES) surfactants can be found in a number of important
applications. SLES with a small EO-block, commonly 1e3 EO
groups, are mostly used in shampoo or other personal care prod-
ucts [17]. SLES with larger EO-blocks, typically containing 3e12 EO
units, are used for instance as emulsifiers in emulsion polymeri-
zation [18]. The SLES with even larger EO-blocks are used as sta-
bilizers for emulsions and dispersions due to their combined action
of the electrostatic charge of the head group and the extended and
hydrated EO-chain.

The approach we took in this work is to study complexation
under well controlled solution conditions of pH, ionic strength and
dye concentration. To this end, and for comparison to earlier
research, we initially investigate the complexation of TBO with a
high purity surfactant, Sodium Dodecyl Sulfate (SDS), using visible
light spectrophotometry tomonitor changes in the state of TBO as a
function of buffer strength and dye concentration. Next, TBO
Scheme 1. Molecular struc
complexation is investigated with a set of industrial grade SLES
surfactants, with varying EO-block size, under previously deter-
mined solution conditions. To relate spectral changes to the pres-
ence of micelles, the CMC of all tested surfactants is determined
under identical solvent conditions both in the absence and pres-
ence of TBO. This knowledge may be further used in formulation of
dye solutions, analytical method development for SLES and in un-
derstanding the effect of the presence of SLES in dye solutions in
coloration/dyeing and in environmental remediation of textile
dyeing process effluents.

2. Materials and methods

2.1. Materials

In our experimental studies, Ortho-toluidine blue, (7-amino-8-
methyl- phenothiazin-3-ylidene)-dimethyl-ammonium chloride,
analytical grade, further referred to as TBO, was obtained from
Fluka Analytical (India). The homologous series of sodium lauryl
ether sulfates (SLES) used were commercial samples of industrial
grade products, kindly supplied by BASF, of Disponil® series sur-
factants: (1) Disponil FES 27; Sodium lauryl (EO)2 sulfate, (2) Dis-
ponil FES 32; Sodium lauryl (EO)4 sulfate (3) Disponil FES 993;
Sodium lauryl (EO)12 sulfate and (4) FES 77; Sodium lauryl (EO)30
sulfate. Sodium Lauryl Sulfate (SLS), of highest purity (99.6%)
available, was purchased from Merck (Germany). Scheme 1 shows
the molecular structures of TBO and SLES.

Auxiliary materials used were: TEGO®trant A100: 1,3-didecyl-2-
methylimidazolium chloride (DDMICl) purchased from Metrohm
(Switzerland). All other chemicals were of highest purity available
and were used without further purification. Ultrapure water, used
throughout the investigation, was obtained using a Milli-Q
Advantage A10 purification system from Millipore SA Molsheim,
France.

2.2. Methods

2.2.1. Reagent preparation
All reagents were prepared as stock solutions in ultrapurewater.

The stock solutions of surfactants were freshly prepared at a suit-
able concentration of at least 10 mM (the experimental verification
thereof is described in the next sub-section) and stored in the dark
for the duration of the study. To maintain constant pH and ionic
strength, all experiments, except those in which the effect of ionic
strength was investigated, were performed in a phosphate buffer at
c(buffer) ¼ 1 mM and pH ¼ 7.0.

2.2.2. Determination and definition of surfactant concentration (S)
The surfactants used in this study were, apart from SDS, in-

dustrial grade commercial SLES samples. It is known for these
tures of TBO and SLES.



Table 1
Critical micelle concentrations of SLES surfactants, resp. in ultrapure water, in
phosphate buffer (pH ¼ 7.0 Cbuffer ¼ 1 mM) and in buffer with TBO (CTBO ¼ 28 mM).

Surfactant CMC Water (mM) CMC Buffer (mM) CMC Buffer, TBO (mM)

C12SO4
� 8.4a 7.0 5.0

C12(EO)2SO4
� 1b 0.5 0.4

C12(EO)4SO4
� 0.47b 0.4 0.5

C12(EO)12SO4
� 0.27b 0.16 0.18

C12(EO)30SO4
� 0.17b 0.12 0.13

a Literature value.
b Value stated by supplier.
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products that the proposed molecular formula represents an
average composition, as there is both distribution in the alkyl-chain
length and in the number of EO-groups per molecule. There are also
species present that do not carry a sulfate group. The SLES surfac-
tants were supplied as an aqueous solutionwith an indicated range
of active matter, expressed as weight fraction (wt%). For our study
we envisaged to study the effect of, mainly, electrostatic in-
teractions between oppositely charged species, thereby necessi-
tating the definition of surfactant concentration inmoles per liter of
charged surfactant species, regardless of the actual chemical
structure. We used monotonous turbidimetric titration employing
a Metrohm 907 Titrando titrator fitted with a Metrohm Spec-
troSense photometric detector (610 nm) and a freshly prepared,
and standardized, 10.0 mM TEGO®trant A100: 1,3-didecyl-2-
methylimidazolium chloride (DDMICl) titrant solution [19] to
determine this concentration. In a previous study [20] its was
shown that this is feasible by direct aqueous one-phase titration
[21] using the cationic titrant Hyamine© 1622 only for the SLES with
EO-block sizes up to 12. In the current study, where Hyamine© 1622
was replaced by TEGO®trant A100 [21,22], titration curves of all
SLES, including (EO)12 and (EO)30, gave identifiable endpoints.
Diluted solutions of all SLES were prepared and analyzed in tripli-
cate, yielding the average SLES content in the original samples.
Based on the SLES content thus found (given in Supplementary
Information, from here on referred to as SI), stock solutions were
made and the SLES concentration S was defined as the amount that
followed from titration using TEGO®trant A100. Verification of the
actual SLES concentration S in the final stock solutions, using the
same titration method, showed that all were at their targeted value
(within 2%, the accuracy of the applied method).

2.2.3. Critical micelle concentration (CMC) determination by
tensiometry

Surface tension measurements were carried out at 296 K by the
Wilhelmy plate method using an Attention Sigma 70 tensiometer
under atmospheric pressure. The plate was thoroughly rinsed with
ultrapurewater and heated to orange-red in a Bunsen burner flame
before each measurement series. To measure the surface tension,
the vertically suspended plate was dipped 1mm into the liquid and
subsequently slowly pulled out. The maximum force required to
pull the plate from the liquid-air interface divided by the circum-
ference of the plate yields the surface tension, g, expressed in mN/
m. Measurement of the surface tension of pure water was used to
calibrate the tensiometer and check the cleanliness of the mea-
surement vessel. For every composition tested, four successive
measurements were carried out, and the standard deviation did not
exceed 0.2 mN/m. At the start of each experiment, the measure-
ment vessel was rinsed and filled with an exactly known weight of
buffer solution; in a second series also TBO was added to this buffer
solution. Next, surfactant stock solution was stepwise added using
calibrated micropipettes. After each surfactant addition, a clean
glass pipette was used to stir the new composition, after which
stirring of the sample was discontinued for 3 min and the surface
tension was measured. To avoid liquid losses, the Wilhelmy plate
was cleaned only at the end of each CMC determination. CMC
values were determined from a plot of g versus log(S), either from
the intercept of two lines fitted to the linear sections prior and after
the minimum surface tension was observed or, in case of insuffi-
cient data points, the concentration at which the lowest value of
the surface tension observed was used.

2.2.4. Spectral studies on TBO and TBO-SLES interactions
Visible light absorbance of solutions containing TBO or TBO plus

SLES was determined by UV-VIS spectrophotometry, employing a
Shimadzu UV-2450 double beam spectrophotometer using
disposable, 10 mm path length, PMMA cuvettes. The instrumental
baseline was recorded using two cuvettes with ultrapure water. For
all subsequent analyses, a cuvette with ultrapure water was placed
in the reference position of the spectrophotometer. To establish the
applicable concentration range for the experiments performed,
absorbance spectra were recorded for TBO concentrations up to
56 mM. All spectra show a maximum absorbance at 632 nm, which
corresponds to TBO in its monomeric form [23]. The molar
extinction coefficient, derived from the slope of a plot of absor-
bance (A) versus TBO concentration D, was 38.500 L mol�1 cm�1,
which is in close agreement with results from previous studies [23].

For the study of the TBO-SLES interactions various compositions
were made by titration, also known as the method of continuous
variation. A 50 mL solution of TBO at a fixed and defined concen-
tration was prepared in buffer solution and an absorbance spec-
trum was recorded (wavelength l scan from 800 to 340 nm). Next,
the selected SLES stock solution was added stepwise using cali-
brated micropipettes. After each addition, the newly established
composition was mixed and equilibrated for 2 min prior to taking
an aliquot on which the absorption spectrum was recorded. The
composition of solutions was expressed as S/D, the dimensionless
ratio of surfactant concentration S over the TBO concentration D
(both expressed in moles/liter). The quantity S/D is used
throughout the paper. All absorbance spectra were corrected for
changes in reagent concentration caused by volume increase due to
the volumetric addition of reagents.
3. Results

3.1. Determination of the critical micelle concentration (CMC)

To verify whether the organization of TBO with SLES can be
correlated to the presence and/or formation of micelles, the CMC
values of the SLES surfactants were determined in buffer and in the
presence of TBO; these values were compared to either literature or
supplier data obtained in ultrapure water. Tensiometry, using the
Wilhelmy-plate method, was employed to determine the CMC of
the SLES surfactants in this study. The derived CMC values are given
in Table 1. The actual g-log(S) plots, indicating the location of the
CMC, are provided in SI.
3.2. Spectral changes in SDS-TBO mixtures

The complexation of the anionic surfactant SDS with TBO in a
buffered aqueous solution can be studied by Visible light spec-
troscopy (VIS). The variation in the spectra of TBO (D ¼ 28 mM),
upon successive addition of SDS, is presented in Fig. 1.

For TBO in buffer (S/D ¼ 0) two peaks can be identified: the
monomeric peak A at l ¼ 632 nm, and a superimposed peak B
around l ¼ 595 nm, seen here as a shoulder on the monomeric
peak, which is consistent with TBO in dimeric organization. When
SDS is added to a certain S/D value, next to a decrease of peaks A



Fig. 1. Visible light absorption spectra of TBO-SDS, Absorbance (A), as a function of
SDS over Dye ratio S/D. A, B and C resp. indicate the location of the monomeric,
dimeric and metachromatic peak. (solvent conditions: D ¼ 28 mM, phosphate buffer
pH ¼ 7.0, Cbuffer ¼ 1 mM).
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and B, a third, metachromatic, peak C appears (in Fig. 1 for S/D
values 32 and 71) at l ¼ 505 nm. Once S/D exceeds a critical value
(shown in Fig. 1 for data series S/D ¼ 502 and 609) peak C disap-
pears with a simultaneous increase of peaks A and B.

To better visualize the influence of composition on spectral
changes, A632 (peak A) and A505 (peak C) are plotted as a function of
S/D in Fig. 2. Three complexation regimes can be distinguished: I
Ion-pair region, II Premicellar region and III Micellar region [15].
The transitions between these regimes are delimited resp. by the
Critical Aggregation Concentration (CAC) and the CMC, as indicated.

In region I, the ion-pair-region, the initial addition of SDS to the
buffered TBO solution, causes a very gradual decrease of the
monomeric absorbance peak height A632. From S/D z 1 onwards,
A632 shows a stronger linear decrease which is accompanied by the
formation of larger, non-soluble, ion-pair clusters, which are clearly
evident as precipitated particles in the test solution. The absor-
bance at the location of the metachromatic peak, A505, shows a
similar trend. Region II, is associated to the premicellar regime
[15,25,26], starting at S/D z 4. In region II, A632 further decreases.
Simultaneously, a metachromatic, hypsochromic peak appears at
Fig. 2. Local absorption maxima, A632 and A505, of SDS-TBO mixtures; (identified as
the monomeric and metachromatic peak height, respectively) versus S/D, indi-
cating three distinct regimes: I, II and III. (Solvent conditions as for Fig. 1).
l z 505 nm. With increasing S/D (4 < S/D < 200), A505 soon ap-
proaches a maximum value, while A632 decreases gradually. When
S/D is further increased to S/D > 200, the micellar regime, region III,
is indicated by an apparent minimum in A632 and a simultaneous
onset of the decrease of A505.

The results obtained when reversing the dosing order, i.e. add-
ing TBO to SDS at fixed concentrations corresponding with the
three main regions, corroborate the above findings and obey
Lambert-Beer's law. The recorded spectral data contain no new
information, but the derived molar extinction coefficients may
prove useful for analytical purposes, hence they have been pre-
sented in the SI section.
3.3. Influence of TBO starting concentration and ionic strength on
SDS-TBO complexation

To verify the influence of the solubility of ion-pairs, the initial
TBO concentration ([TBO]0) was varied in the previously estab-
lished range in which TBO follows Lambert-Beer's law. By
normalizing A632 in each experiment to the starting value (only
TBO, no SDS added), giving a value Ans, it is possible to compare the
experimental results on a similar ordinate.

Ans ¼
A632;x

A632;0
; (1)

in which A632,x and A632,0, are the absorbances at a particular S/D
and at the start respectively. The results are presented in Fig. 3.

Fig. 3 shows that with increasing [TBO]0, the S/D for transition
from ion-pair to premicellar region (indicated in Fig. 3 by vertical
lines with Roman numerals I and II) decreases. Next to that, the
decrease in Ans, at this transition, is larger for higher [TBO]0. In the
premicellar region (region II) the further decrease in Ans seems to
proceed via a more gradual decrease in case [TBO]0 is lower;
eventually for all tested [TBO]0 a similar value of Ans is found. The S/
D required for the subsequent transition from the premicellar to the
micellar region (indicated by the second set of vertical lines,
marked with Roman numerals II and III) also decreases with
increasing [TBO]0, however here the trend of Ans seems indepen-
dent of [TBO]0. The apparent shift in the onset of the micellar re-
gion, as suggested in Fig. 3, is the result of the fact that for smaller
[TBO]0, the CMC is located at higher S/D values. Comparing the S/D
required for this final transition, it is observed that this is indeed at
Fig. 3. The influence of TBO starting concentration; Ans versus S/D for SDS-TBO
complexes (solvent conditions: [TBO] ¼ variable, else as for Fig. 1).
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the CMC.
Pre-micelle formation is thought to be electrostatically driven

and is therefore expected to be suppressed by increased ionic
strength. As the solubility of sparingly soluble solutes or complexes
hence is expected to be influenced by the ionic strength, we
investigated the effect of varying the concentration of the phos-
phate buffer applied. Fig. 4 (top panel) shows, that the influence of
ionic strength on the observed trend of A632 as a function of S/D is
small with only a slightly smaller S/D for the onset of the micellar
region. The absorbance at A505 (lower panel Fig. 4) however, shows
that increased ionic strength shifts the onset of the premicellar
region towards higher S/D and results in a lower A505. Also here, the
start of the micellar region, as observed by the decrease in A505, is
shifted to lower S/D for the highest ionic strength tested (10 mM).
The earlier onset of the micellar region at Cbuffer ¼ 10mM,may very
well be explained by a further decrease of SDS's CMC value.
3.4. Complexation behaviour of TBO with SLES

To compare the results of SLES-TBO mixtures to the previous
experiments on SDS-TBO mixtures, the same experimental condi-
tions were maintained for the study of the interaction of TBO with
Fig. 4. The influence of ionic strength (Cbuffer) on SDS-TBO interaction, top panel
A632 and lower panel A505 versus S/D, (solvent conditions: [TBO] ¼ 28 mM,
Cbuffer ¼ variable, else as for Fig. 1).
SLES: [TBO] ¼ 28 mM and phosphate buffer, pH ¼ 7, Cbuffer ¼ 1 mM.
To facilitate a comparison at a fixed D, we plot A632 and A505 as a
function of S/CMC, as shown in Fig. 5.

The upper panel in Fig. 5 shows, that when the EO-block size
increases, the initial decrease in A632, due to the formation of
insoluble ion-pair aggregates, shifts to higher S/CMC ratios.
Furthermore, a larger EO-block size decreases the effect on A632. The
spectral data in the ion-pair region shows no additional peaks, next
to the monomeric peak A632. This indicates that TBO is primarily in
its monomeric form either as solvated ion-pairs or as insoluble ion-
pair aggregates. Compared to SDS, SLESwith 2 or 4 EOgroups showa
similar, distinct shift in the onset of the decrease of A632,whereas for
SLES with 12 and 30 EO-groups, the onset of the decrease in A632 is
further shifted towards higher S/CMC. The premicellar region for
SLES with 2 or 4 EO groups, centered around the minimum value of
A632, appears to be shifted to higher S/CMCwith a similar minimum
value of A632, as observed for SDS. The premicellar region appears to
get narrower with increasing EO-block size and the observed min-
imum A632 similarly shifts to higher values. The transition to the
micellar region, for SDS and all tested SLES, appears at the surfac-
tant's CMC (S/CMC ¼ 1) and can be identified by the onset of an
Fig. 5. Monomeric peak height, A632, upper panel, and metachromatic peak height
A505, lower panel, as a function of S/CMC for the tested SLES (solvent conditions: as
for Fig. 1).
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increase of A632. For the SLES the increase in A632 is less abrupt than
observed for SDS. To assess differences in the pre-micellar state, A505
was plotted as a function of S/CMC in the lower panel of Fig. 5. This
figure indicates that the beginning of the pre-micellar zone, and the
development of the metachromatic peak, appears at the same S/
CMCvalue for SDSandSLESwithonly2and4EO-groups. Confirming
the trend observed for A632 (Fig. 5, upper panel), SLESwith 12 and 30
EO-groups exhibit a shift to higher S/CMC before a metachromatic
peak is observed. Interestingly, the intensity of the metachromatic
peak seems to suggest an optimumvalue for SLESwith 2 EO-groups.
From Fig. 5 (lower panel) it follows that the maximum meta-
chromatic peak height can be ranked by
EO2 > EO4 > SDS > EO30 z EO12.
3.5. Investigation of a (co)existing dimeric TBO state prior to the
micellar state

The spectra obtained just prior to the micellar state show
another peak, located at 595 nm. This peak, has been ascribed to
TBO in its dimeric state [15,29] and consists of two superimposed
peaks located resp. at 580 and 610 nm [29]. The dimeric peak is not
always detected as a clear, separated peak, but rather superimposed
on the more prominent monomeric peak. Similar dimerization has
been reported for other dyes [25,30]. To see whether and where an
intermediate dimeric TBO organization occurs, the dimeric peak
height A595 is normalized towards the monomeric peak height and
the start condition at S ¼ 0, which is assumed to be primarily TBO
existing in its monomeric state. The result of this normalization of
the dimeric peak height, expressed as the value AND, is calculated as
follows:

AND ¼

�
A595
A632

�
obs�

A595
A632

�
s¼0

(2)

in which the fractions (A595/A632)obs and (A595/A632)s¼0 are the
observed and the starting values resp. the S¼ 0 values are obtained
for TBO solution without SLES. Fig. 6 shows AND as a function of S/
CMC.

Fig. 6 shows that for all tested SLES AND, over a certain S/CMC
range, close to S¼ CMC, exceeds the value of 1, indicating the tran-
sient manifestation of a dimeric organization of TBO. For SDS the
Fig. 6. Dimeric peak height normalized by monomeric peak height and starting
conditions, as a function of S/CMC for the tested SLES (solvent conditions: as for
Fig. 1).
dimeric state is present over a relatively large S/CMC-range and
reaches an apparent maximum at S/CMC ¼ 1; next the dimeric or-
ganization seems to disappear rapidly as AND displays a sharp
decrease. For SLES with short EO-blocks (EO2 and EO4) the same
overall behaviour is observed, however, in a narrower S/CMC-range
and with a less abrupt decrease in AND at the surfactants' CMC. For
the SLES with the largest EO blocks (EO12 and EO30) the dimeric
organization occurs to very minor extent and at S/CMC > 1.
Assuming that themaximumAND value can be used as ameasure for
the relative occurrence of TBO present in the dimeric state, this in-
termediate state follows the order EO4> EO2z SDS> EO12> EO30.

3.6. Estimation of the S/D-range for the different states of SLES-TBO

Combining the reported data, allows for an estimation of the
compositional range S/D, at TBO ¼ 28 mM, for the different orga-
nizations of TBOwith the investigated SLES. It should be noted that,
with the compositional variation of the SLES, this can only be an
estimation as the transitions between states in some cases are a
smooth rather than sharp change. Table 2 shows the estimated
values.

4. Discussion

To relate the organization of SDS/SLES-TBO complexes to
micellization, firstly the CMC values of the studied surfactants were
analyzed. For SDS and the studied SLES the CMC is lower in buffer
than in ultrapurewater as expected, as a higher ionic strength leads
to more screening of the charged head groups of the surfactant
molecules. Addition of TBO to this buffer does not seem to further
lower the CMC; the CMC values even suggest a small increase in the
CMC value for all species except for sodium dodecyl sulfate and
SLES with two EO groups.

Investigation of SDS-TBO complexes: Based on a plot of the
monomeric and metachromatic peak height (Fig. 2) for SDS-TBO
three regimes of interaction can be distinguished; the ion-pair
regime, the premicellar regime and the micellar regime. The
three regimes are delimited resp. by the Critical Aggregation Con-
centration (CAC) and the CMC. This behaviour can be explained as
follows. At the first addition of SDS, due to the electrostatic inter-
actionwith TBO, soluble SDS-TBO ion-pairs are formed. Once S > D,
the abundance of SDS leads to the formation of non-soluble ion-
pairs as is evident from the observed precipitate. The subsequent
decrease in A632 is the result of the fact that the precipitated SDS-
TBO ion-pairs to a far lesser amount contribute to absorption of
light. In region I there is no metachromasy as A505 follows a similar
trend as A632. When S/D is further increased by the addition of SDS
a new, metachromatic peak appears which results from the tran-
sition from precipitated SDS-TBO ion-pairs into solubilized as-
semblies in which multiple, interacting TBO ions bind to a group of
clustered SDS ions. As this occurs at concentrations below the CMC
of SDS, and this assembly resembles a micelle-like structure, these
clusters are commonly referred to as ‘pre-micelles’ [15]. Pre-
Table 2
Estimated compositional range (S/D), for TBO organization with SLES in phosphate
buffer (pH ¼ 7.0 Cbuffer ¼ 1 mM).TBO (CTBO ¼ 28 mM).

Surfactant Estimated S/D ranges for the different states of SLES-TBO

Ion-pair I Pre-micellar II Dimeric Micellar III

C12SO4
� <3 3e130 130e310 >310

C12(EO)2SO4
� <2 2e8 8e41 >41

C12(EO)4SO4
� <3 3e6 6e41 >41

C12(EO)12SO4
� <4 4e10 10e43 >43

C12(EO)30SO4
� <5 5e11 11e29 >29
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micelles are the result of a, most likely cooperative, binding
involving long-range electrostatic and non-coulombic (SDS-TBO),
hydrophobic (SDS-SDS) and p-p interactions (TBO-TBO) [27]. Upon
reaching a maximum value for A505, with only minor variation, it is
considered that all complexed TBO is present in ‘pre-micelles’ and
further added SDS ions are incorporated into existing ‘pre-micelles’.
The border to region III is marked by a sharp decrease of A505, and a
simultaneous increase of A632 which signifies that the ‘pre-micelles’
have grown into regular micelles on which TBO is able to organize
in monomeric form. As this binding is primarily driven by elec-
trostatic interactions, it is likely that TBO organizes at the surface or
in the Stern-layer of the SDS micelles [28]. The CMC of SDS, under
the experimental conditions (phosphate buffer pH ¼ 7.0,
Cbuffer ¼ 1 mM, [TBO] ¼ 28 mM) is equal to 5.0 mM, suggesting the
onset of region III at S/Dz 180, which is in good agreement with S/
Dz 200 as observed here. The small deviation is most likely due to
slight dilution of the buffered TBO solution by addition of SDS.

As solubility of sparingly soluble salts is governed by the con-
centration of both consisting ions, a lowering of [TBO]0 should
require a higher S and thus S/D prior to precipitation of the SDS-
TBO ion pairs, as is observed. This evidently shows that solubility
of the SDS-TBO ion-pair is the driving parameter for the observed
initial decrease in A632. The initial formation of pre-micelles also
seems to be governed by [TBO]0, as can be seen by the observed
plateau in Ans at the start of region II. Eventually, just before the
transition into the micellar regime (region III), similar pre-micelles
seem to form as can be judged from comparable values of Ans

regardless of [TBO]0. Variation of the buffer concentration in SDS-
TBO complexation shows little effect on ion-pair formation or the
micellar state, obtaining a similar trend in A632. However A505,
representing the premicellar state, is shown to be depending on
ionic strength, having an earlier onset and greater magnitude as the
ionic strength is lower. Hence it is confirmed that premicellar ag-
gregation is, at least partly, driven by electrostatic interactions,
which are more screened as the ionic strength increases.

Investigation of SLES-TBO complexes. SLES surfactants, con-
trary to SDS, have an extended hydrophilic moiety by the presence
of an EO block adjacent to the charged head group. This mildly
hydrophilic EO block, tends to be heavily hydrated for low to
Scheme 2. Postulated schematic representation of TBO organization with increasing sur
intermediate ionic strength, making it a relatively bulky group
which both imparts better solvation in aqueous solution as well as a
possible spatial restriction with respect to e.g. ions interacting with
the neighbouring sulfate group. As the extent of precipitation of the
ion pairs is the key parameter controlling A632, the differences in
the initial decrease of A632, in the ion-pair region, for SDS versus
SLES, can be explained by a higher solubility of the TBO-SLES ion-
pairs or the formation of smaller aggregates, both caused by the
presence and size of the EO block. The similar onset of the pre-
micellar state for SDS, and SLES with 2 or 4 EO units, suggests that
short EO-blocks do not hamper the formation of pre-micelles. For
SLES with longer EO blocks, the presence of this larger group, with
its inherent possibility to bend, could impede the favorable align-
ment of the TBO-SLES complexes to establish the premicellar state.
Based on the observed maximum values for A505
(EO2 > EO4 > SDS > EO30 z EO12), it seems that pre-micelles
consisting of SLES with small EO-blocks offer a more ideally
spaced binding site for TBO, thus allowing stronger interaction
between the bound TBO ions resulting in a more pronounced
metachromasy. The observed more gradual increase of A632, and
decrease in A505, at the start of the micellar region, as the EO-block
sizes increases, is most likely caused by the fact that, contrary to
SDS which is a relatively pure compound, the SLES, and mainly
those with a larger EO-block size, have a certain compositional
variation causing a range of CMC values.

Upon closer inspection of the experimental data it is shown that
the transition from premicellar to the micellar organization pro-
ceeds via an intermediate state in which TBO, at least partly, or-
ganizes in dimers. This dimeric TBO organization, which involves
alignment of both TBO and SLES, based on the observed maximum
AND, seemsmost favorable for the SLES with 4 EO groups. As shown
earlier, larger EO blocks are more flexible, allowing bending which
hampers the proper alignment to establish a dimeric organization.
The observation that the maximum AND for SLES with EO12 and
EO30 is reached at S/CMC >1 is most likely related to the compo-
sitional variation in these SLES; probably only species with smaller
EO-blocks form dimers and these have a higher CMC than the
overall composition. Hence this would lead to the fact that at S/
CMC ¼ 1 for the overall SLES mixture, the CMC for the species with
factant addition (schematic, as no additional structural characterization was done).
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the short EO blocks is not yet reached and the dimeric state can still
be observed. The organization of TBO with SLES is schematically
represented in Scheme 2. Based on spectral data it is possible to
estimate the compositional ranges for each of the four identified
SLES-TBO interaction regimes. From Table 2 it follows that SDS,
without EO, displays the widest range of composition S/D in which
TBO can be organized into stacked or dimeric conformations. Partly
due to the lower CMC values of the SLES surfactants and the better
solvability of TBO-SLES ion pairs, the stacked or dimeric complex of
TBO with SLES appears in a significantly smaller compositional
range. SLES with 2 and 4 EO-groups show the most pronounced
pre-micellar and dimeric states in a rather narrow compositional
range. From the presented data it appears that the dimeric orga-
nization, which precedes the monomeric distribution in the
micellar region, is a clearly identifiable state that may coincide with
other larger stacked formations of TBO.

5. Conclusions

In mixtures of ortho-toluidine blue (TBO) and anionic surfac-
tants, such as Sodium Dodecyl Sulfate (SDS), a number of distinct
complexes form, which are evident from discrete spectral changes.
Here we investigated the influence of complex composition by
stepwise addition of surfactant to a TBO solution in buffer.
Depending on the surfactant to dye molar ratio S/D, three distinct
types of complexes are observed: I. Ion-pairs, II. Pre-micelles and III.
Micelles. In the ion-pair regime, the decrease of the monomeric
peak height of the dye is mainly driven by the solubility of the ion-
pairs formed, i.e. higher dye concentrations show this decrease at
lower S/D; the minimum absorbance at l ¼ 632 nm is however
independent of dye concentration. In the pre-micellar region, TBO
displays its typical metachromatic behaviour, that results from dye-
stacking. The S/D required for pre-micellar aggregation has a
similar dependence on [TBO]; at higher [TBO], a lower S/D is
required to observe metachromasy. Variation of the buffer con-
centrations (0.1e10mMphosphate buffer at pH¼ 7) shows that the
pre-micellar state is suppressed by increased ionic strength. The
onset of the micellar range for SDS-TBO coincides with the
observed CMC value of SDS in the tested system. Upon reversing the
order of addition, TBO added to SDS, both monomeric and meta-
chromatic peak heights plotted versus [TBO] obey Lambert-Beer's
law.

SLES-TBO complexes are organized similarly as for SDS-TBO. As
the EO-block size in SLES increases, the relative reduction in
monomeric peak height, due to ion-pair formation and precipita-
tion, is less pronounced and occurs at higher SLES concentration
due to better solvability of the ion-pairs. TBO and SLES also form
premicellar structures. The extent of this premicellar aggregation,
judged from the observed metachromatic peak height, shows the
following trend EO2 > EO4 > SDS > EO30 z EO12. The composi-
tional range inwhich pre-micellar aggregation for TBO-SLES occurs,
when expressed as the fraction S/CMC, shows similar ranges for all
SLES, with minor variation of the end of the pre-micellar range,
most likely due to compositional variation of the SLES. Further-
more, spectral data reveal that prior to the transition from pre-
micellar to micellar state, TBO is shown to also, partly, organize as
dimers. From a homologous series (0, 2, 4, 12 and 30 EO) it seems
that this coexisting, intermediate, dimeric, state is most dominantly
present for the species with 4 EO-groups which seems related to
most optimal spacing between the surfactants' charged head
groups for TBO to align. The above findings allow us to better un-
derstand TBO's behaviour in the presence of SLES, whichmay prove
beneficial for the purpose of formulation, remediation or the
development of analytical methods.
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