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Introduction

Comparative study of the co-assembly behaviour
of 3-chloro-4-hydroxy-phenylazo dyes with
DTAB+
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The co-assembly of three one-fold negatively charged 3-chloro-4-hydroxy-phenylazo dyes (Yellow,
Blue and Red) with the cationic surfactant dodecyltrimethylammoniumbromide (DTAB) was studied to
probe dye—-DTAB binding stoichiometry and assembly morphology. For each dye, phase separation was
observed above a given dye:DTAB ratio with the ratio depending on the dye. While Yellow and DTAB
showed liquid/liquid phase separation above Yellow:DTAB = 1:1.67, crystalline dye—DTAB complexes
were observed for Blue—DTAB and Red—-DTAB above Blue:DTAB = 1:2.56 and Red:DTAB = 1:2.94
respecively. In homogeneous solution, UV/vis spectroscopic investigations suggest stochiometries of
Yellow:DTAB = 1:2, Blue:DTAB = 1:3 and Red: DTAB = 1:4. It was concluded, that Yellow exhibits the
highest dye : DTAB binding stoichiometry in both, dye—surfactant complexes in the 2-phase region and
in solution, whereas the lowest dye:DTAB binding stoichiometry was observed for Red—DTAB in
both cases. The observed stoichiometries are inversely correlated to the impact dye addition has on
the morphology of DTAB micelles. Generally, addition of dye to DTAB micelles leads to a reduction in
spontaneous curvature of these micelles and to the formation of triaxial ellipsoidal or cylindrical micelles
from oblate ellipsoidal DTAB micelles. At a DTAB concentration of 30 mM and a dye concentration of
5 mM, this effect was most pronounced for Red and least pronounced for Yellow, whilst Blue showed
an intermediate effect.

n-m-interactions play a role, but other phenomena such as
entropic effects, repulsive interactions, cooperativity and exter-

Non-covalent intermolecular interactions, leading to self- and
co-assembly, are pivotal to life. They enable structures and
functions ranging from cell membranes over metabolic pro-
cesses to the DNA double helix. Inspired by nature, scientists
are trying to exploit the spontaneous assembly of one or more
components for the creation of functional materials, which
could be used in regenerative medicine,"” as carrier systems,>*
for solar cells,” as sensors®’ or in photonics.®®

The complexity of intermolecular interactions exacerbates
the prediction of assembly behaviour by simple models, as not
only forces like van der Waals-, dipole-dipole-, electrostatic- or
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nal forces might need to be considered.'® This highlights the
necessity of comprehensive investigations of co- and self-
assembling systems to obtain a better understanding of their
fundamental principles as well as the system specific features
that govern assembly structures and properties.
Polyelectrolytes are a typical family of building blocks for
self-assembly processes in aqueous systems, while also being
a simple model system for biological building units.'*™?
One reason for this is that assembly of linear polyelectrolytes
or dendrimers can be triggered by oppositely charged
counter ions. To give but an example, specific counter ion
binding of Ca** was used to induce micellization of a block-
copolyelectrolyte."* Morphological changes of polyelectrolyte
micelles in solution can also be triggered by the addition of
charged amphiphilic molecules, which is interesting for the
design of well-defined nanostructures.'® In a recent example
it was shown, that the addition of ionic surfactants to an
amphoteric diblock-copolyelectrolyte resulted in the formation
of core-shell complexes, with an internal crystalline core struc-
ture and either positive or negative surface charge, dependent
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on the charge of the surfactant.'® Moreover, like the addition of
inorganic counter ions or amphiphilic molecules, the introduc-
tion of charged dye molecules into polyelectrolyte systems
yields supramolecular structures. These structures may be
responsive to light as a trigger for morphological changes."”
This was, among others, shown in a recent example where
assembly morphology between oppositely charged polyelectro-
lyte and azo dye was controlled by a change in N=N-bond
configuration, demonstrating the complexity of underlying
intermolecular interactions.'® Due to the interest in light-
switchability, the interaction between dye molecules and poly-
electrolytes has been studied for a long time, revealing that
such systems form well-defined supramolecular nanoparticles
of adjustable size, based on electrostatic assembly with various
azo dyes.'® Furthermore, the assembly morphology was shown
to not only depend on structural features of the dye, but also on
its self-assembly behaviour.?°

The use of polymeric building blocks does, however, come
along with some drawbacks. Apart from challenges arising due
to availability of some polymers in sufficient purity at the
needed degree of polymerization and dispersity, pathways in
polymer assembly are frequently subjected to kinetic limita-
tions.”'>* Substituting polyelectrolytes with low molecular
weight surfactants that assemble into micelles could be a
pathway to circumvent such problems while obtaining assem-
blies with interesting and well-defined properties. To give an
example, the Faul group observed the formation of highly
ordered complexes between azo dye and oppositely charged
surfactant molecules.>® Some of these complexes showed
pleochroism.?® Considering the defined and regular shape of
charged dye molecules and their potential to not only interact
electrostatically, but also to form n-n-interactions makes them
an interesting system for studying intermolecular interactions.”®

Herein we report investigations on the stoichiometry of
dye-surfactant binding between the positively charged surfac-
tant dodecyltrimethylammoniumbromide (DTAB) and three
negatively charged azo dyes (Fig. 1). The stoichiometry of
dye-surfactant binding in solution is compared to the stoichio-
metry of dye-surfactant binding in solid complexes as obtained
from the corresponding phase diagrams. Furthermore, differences
in the morphology of dye-DTAB micelles were elucidated with
small-angle neutron scattering (SANS).

Experimental

Chemicals and sample preparation

Three azo dyes Yellow (HC Yellow 16, >99%), Blue (HC Blue 18,
>99.8%) and Red (HC Red 18, >99%) were provided by KAO
GmbH, Germany. Completely hydrogenated dodecyltrimethy-
lammoniumbromide (DTAB, 99%) was obtained from abcr
GmbH, Germany. Completely deuterated dodecytrimethyl-
ammoniumbromide (d**-DTAB, 99% isotopic purity) was obtained
from INNOVACHEM SAS, France. Tail-deuterated dodecyltri-
methylammoniumbromide (d*>-DTAB, 99.1% isotopic purity)
was obtained from C/D/N Isotopes Inc., Canada. The buffer
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Fig. 1 Chemical structure of three azo dyes with their common structural
sub-unit marked in blue and of the cationic surfactant DTAB. At alkaline
pH such as pH = 10.5, the phenolic hydroxyl group is deprotonated in all
cases.

salts sodium carbonate Na,CO; (>99.8%) and sodium bicar-
bonate NaHCOj; (>99.7%) were obtained from Sigma Aldrich
Chemie GmbH, Germany. MilliQ water was used to prepare the
NaHCO;/Na,CO; buffer solutions (pH = 10.5, ionic strength) for
UV/vis-spectroscopy and light scattering samples. D,O was used
to prepare the NaHCO3/Na,CO; buffer solutions (pD = 10.7,
ionic strength I ~ 0.25 M) for small-angle neutron scattering
samples. D,0 (99.90% D) was obtained from Eurisotop, France.
Chemicals were used without further purification. Samples
were prepared from stock solutions, followed by a minimum
equilibration time of 20 h at room temperature prior to
analysis.

Phase diagrams

Phase diagrams were established by stepwise addition of a dye
stock solution to a DTAB solution. NaHCO;/Na,CO; buffer
solution (pH = 10.5, ionic strength I ~ 0.25 M) was prepared
in H,0 and used as a solvent in all cases. Dye stock solutions
contained dye molar concentrations of 10 mM, and 15 mM for
Yellow, Blue and Red respectively. The concentration of the
employed DTAB stock solution was chosen according to the
desired sample composition. After each addition of dye stock
solution, the sample was vortexed for approximately 30 s and its
visual appearance observed immediately. Phase diagrams were
established at room temperature (~22 °C). Longer timescales
were not systematically investigated. It should, however, be
noted that at low DTAB-concentrations (below its critical
micelle concentration of 9 mM) some initially stable samples
showed precipitation after 24 h.

UV/vis spectroscopy

UV/vis spectra of solutions containing dye and DTAB were
recorded with a Lambda-19 spectrometer from PerkinElmer.
A Hellma quartz glass cuvette with an optical path length of
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0.01 cm was used. The spectrometer was equipped with a
thermostat to guarantee a constant measurement temperature
of 25 °C. Samples showing precipitation were filtered prior to
measurement (MACHEREY-NAGEL, CHROMAFIL Xtra H-PTFE
syringe filters, pore size 0.2 um).

Small-angle neutron scattering

Samples for small-angle neutron scattering (SANS) measure-
ments were obtained by mixing the solvent, a dye stock solution
and a stock solution containing DTAB at appropriate ratios. The
solvent was a NaHCO3/Na,CO; buffer in D,O (pD = 10.7, ionic
strength I ~ 0.25 M). The sample containing [Blue] = 5 mM and
[DTAB] = 30 mM represents an exception to this procedure, as it
was initially prepared for another project. For this sample, the
solvent, a dye stock solution and a stock solution containing d*°
-DTAB and d**-DTAB at a ratio of 46:54 (v/v) were mixed at
appropriate ratios. The solvent was a NaHCO;/Na,CO; buffer
prepared in a mixture of H,0:D,0 = 50:50 (v/v) (pH/D = 10.5,
ionic strength I ~ 0.25 M). The resulting SANS curve of this
sample and its fit were scaled by a factor of 3.6 in Fig. 5 to
account for the difference in contrast.

After their preparation, sample solutions were filtered
(MACHEREY-NAGEL, CHROMAFIL Xtra H-PTFE syringe filters,
pore size 0.2 pm) into a dust-free sample vial and equilibrated
for a minimum of 20 h at room temperature.

SANS measurements were performed at the instrument D11
at the Institut Laue-Langevin (ILL, Grenoble, France) and at the
instrument SANS-I at the Paul Scherrer Institute (PSI, Villigen,
Switzerland).

At the ILL, different setups were used: (1) the sample
containing no dye and [DTAB];,: = 30 mM and the sample con-
taining [Blue],; = 5 mM and [DTAB];oc = 30 mM were measured
at three sample-to-detector distances (28 m collimation 28 m),
(8 m collimation 8 m), (1.7 m collimation 4.0 m) at a neutron
wavelength of 6 A to cover a g-range of 0.002 A~ to 0.5 A™".
A circular neutron beam with a diameter of 15 mm was used.
(2) All samples containing Red were measured at three sample-
to-detector distances (38.0 m collimation 40.5 m), (10.5 m
collimation 10.5 m), (2.5 m collimation 2.5 m) at a neutron
wavelength of 6 A to cover a g-range of 0.0014 A™* to 0.5 A™".
A circular neutron beam with a diameter of 14 mm was used.
Neutrons were detected with a *He-detector (Reuter-Stokes
multi-tube detector consisting of 256 tubes with a tube diameter
of 8 mm and a pixel size of 8 mm x 4 mm), detector images
azimuthally averaged, corrected to the transmission of the
direct beam and scaled to absolute intensity using the Mantid
software.””?® Solvent scattering and empty cell scattering were
subtracted from the scattering curves.”® SANS data were col-
lected at a sample temperature of 25 °C.

The sample containing [Blue],or = 5 mM and [DTAB]io: =
20 mM and all samples containing Yellow were measured at the
PSI SANS-I instrument. The measurements were performed
at 3 sample-to-detector distances (18.0 m collimation 18.0 m),
(6.0 m collimation 6.0 m), (1.6 m collimation 6.0 m) at a
wavelength of 6 A to cover a g-range of 0.003 A™* to 0.4 A™*.
A circular neutron beam with a diameter of 14 mm was used.
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Neutrons were detected with a 2D MWPC CERCA *He-detector
with 128 x 128 elements of 7.5 x 7.5 mm?”. Detector images
were corrected for pixel efficiency using scattering from a water
sample which also served as a secondary standard, corrected
for transmission and azimuthally averaged using the BerSANS
software.’® Solvent scattering and empty cell scattering
were subtracted from the scattering curves.”® SANS data were
collected at a sample temperature of 25 °C.

Data analysis was performed with the SasView small angle
scattering analysis software. In all cases, the solvent scattering
length density was fixed to the known value and the assembly
volume fraction was calculated based on known sample com-
position and partial molar volumes of each component, assum-
ing that all molecules take part in assembly formation. This
yielded an estimation of the assembly volume fraction, which
was fixed to the calculated value during fitting to avoid over
parameterization. The scattering length density (SLD) of the
assembly was fitted. Molar volumes and complete parameter
sets can be found in the ESL¥

Discussion
Phase diagrams

Adding dye to a solution of the cationic surfactant DTAB leads
to a concentration-dependency of solution stability. This is
visualized by phase diagrams shown in Fig. 2. In all cases, a
homogeneous solution was obtained for sufficient surfactant
excess and denoted as 1-phase region in each phase diagram.
Phase separation and concomitant entry into a 2-phase region
was observed at different dye : DTAB ratios for each dye and will
be discussed in the following. Within the selected concen-
tration region, the correlation between the dye concentration
[Dyelior and DTAB concentration [DTAB],, where phase separa-
tion occurs can be described by a linear relationship (eqn (1)).

[Dyeliot = A[DTAB],o; + B 1)

In case of Yellow and DTAB a liquid/liquid phase separation
is observed. Combining either Blue or Red with the cationic
surfactant DTAB gives rise to the formation of solid complexes
above a threshold ratio of dye and DTAB concentration.
The formation of such solid dye-surfactant complexes, from
oppositely charged species, was described previously for
various systems.>#2>3132

Determining the phase transition threshold line according
to eqn (1) indicates the stoichiometry of dye-surfactant
complex formation within the observed concentration range
(2 mM < [DTAB]J;, < 30 mM). This was done by a linear fit to
the compositions of samples containing the highest concen-
tration of dye still being within the 1-phase region. Data points
used for fitting are highlighted in the corresponding phase
diagrams.

For Yellow and DTAB, 4 = 0.60 and B = 1.29 mM suggests a
stoichiometry of [Yellow]io : [DTAB]ioc = 1:1.67 for an entry into
the 2-phase region. At low DTAB concentration, a deviation

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Concentration-dependent phase behaviour and linear fit of phase
transition threshold line (egn (1)) for Yellow (A = 0.60, B = 1.29 mM), Blue
(A =0.39, B=0.38mM) and Red (A = 0.34, B = 0.09 mM) in combination
with DTAB. The phase transition threshold line was obtained from fitting to
the sample compositions marked with bold points in the 1-phase region.
All phase diagrams were observed 30 s after mixing and at room tem-
perature. The solvent was an aqueous NaHCOs/Na,COs-buffer in all
cases. In the Yellow/DTAB diagram, dye concentrations higher than
8 mM were not accessible, as the Yellow stock solution used for sample
preparation would have exceeded the solubility limit of Yellow. White
circles (O) display the composition of samples which were investigated
with SANS.
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from this linearity was observed and not included into the
linear fit. This is not unexpected, as the 1-phase region should
extend to [Yellow],,: = 11 mM, ie. the solubility limit of Yellow
in the absence of DTAB.** As Blue and Red show a very high
solubility (>25 mM) in the present buffer system and the
absence of DTAB, a similar deviation at low DTAB concen-
tration is expected for both of them.?* It was, however, not
observed in the investigated DTAB concentration range and
likely happens at even lower DTAB concentrations.

The phase diagram of Blue and DTAB shows a defined phase
transition. In the 2-phase region precipitates with crystalline
appearance are formed. This suggests high ordering of the
complexes, which was confirmed by wide-angle X-ray scattering
(WAXS) measurements shown in the ESI{ (Fig. S3). From a linear fit
based on eqn (1) a stoichiometry of [Blue];o : [DTAB]o = 1: 2.56 was
determined.

The phase transition threshold between the 1- and 2-phase
region is less defined for Red and DTAB. Within the reported
observation time of 30 s, two different 2-phase-regions were
observed, one appearing as a turbid solution, likely due to
liquid/liquid phase separation, and the other one showing
unambiguous precipitation of crystalline Red-DTAB-complexes.
A linear fit based on eqn (1) was performed to obtain information
on the transition from the 1-phase-region into the 2-phase-region,
independent of the appearance of the 2-phase-region. It yielded a
stoichiometry for Red-DTAB complex formation of [Red]i:
[DTABJioc = 1:2.94. It should be noted that not all samples
containing dye and DTAB in the 1-phase-region were long-term
stable. Some samples close to the precipitation threshold were
stable within the observation time of 30 s, but precipitated after
1 h to 1 day. This occurred more frequently at [DTAB],, below the
critical micelle concentration of DTAB.

To conclude this section, the excess of DTAB molecules
needed to enter the soluble 1-phase-region differs for all three
dyes and increases from 1.67 for Yellow over 2.56 for Blue to
2.94 for Red. The formation of dye-surfactant complexes with a
defined stoichiometry is observed in most of the investigated
DTAB concentration range.

UV/vis-spectroscopy

Dye-surfactant aggregation is commonly studied by means of
UV/vis-spectroscopy and various models were developed to
quantitatively evaluate dye-surfactant interaction.’>***” These
models rely on a change in dye absorption upon addition of
surfactant, which is explained by the interaction between dye
and surfactant causing a polarity change in the microenviron-
ment of the dye.**® For the dyes Yellow, Blue and Red a
bathochromic shift of their absorption maximum and an
increase in its extinction upon successive addition of DTAB in
the 1-phase region was observed (Fig. 3). It should be pointed
out, that for a given dye concentration the 1-phase region only
exists at sufficiently high DTAB concentrations (Fig. 2). At low
DTAB concentrations, the 2-phase region occurs due to liquid/
liquid phase separation or precipitation of dye-DTAB complexes.
Therefore, Fig. 3 only shows absorption spectra of dye-DTAB
solutions in the 1-phase region in comparison to the absorption

Soft Matter, 2023,19, 4588-4598 | 4591
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Fig. 3 Spectra of solutions containing dye (solid line) or dye and DTAB in
the homogeneous 1-phase region (dotted/dashed lines). The arrows
indicate an increase in DTAB concentration from 0 mM to 90 mM. The
red, vertical lines indicate the wavelength at which quantitative analysis
was performed. [Dyelior = 2.5 mM in all cases. (A) Yellow, (B) Blue, (C) Red.
At any wavelength, A4 corresponds to the absorbance at that wavelength
divided by optical path length Ay = A/d with d = 0.01 cm.

spectrum of the solution of pure dye. The total dye concentration
was [Dyelir = 2.5 mM in all cases. The value 44 designating the
y-axis of all spectra corresponds to the absorbance A of the sample
divided by the optical path length d. The optical path length was
d = 0.01 cm in all cases. In the present work, 44 was used
consistently in place of A in order to simplify calculations and
mathematical expressions by not having to consider the path
length. [Dye],,: = 2.5 mM was chosen to provide a dye concen-
tration high enough to obtain a reasonable scattering signal
during contrast variation SANS experiments, which will be
reported more extensively in a follow-up publication. At the same
time it is low enough to permit the recording of UV/vis spectra in a
cuvette with 0.01 cm path length while not significantly exceeding
a maximum absorbance of A = 1.

As visible from Fig. 3, bathochromic shifts of absorption
maxima of Adpax = 11 nm, Ady. = 34 nm and Al = 24 nm
were observed for Yellow, Blue and Red between a solution
containing only dye and a solution containing dye and [DTAB];q =
90 mM. These values signal a bathochromic shift significant
enough to perform quantitative evaluation of recorded UV/vis-
spectra with respect to an underlying dye-surfactant association
equilibrium. For this purpose, dye absorbance was monitored as a
function of DTAB concentration at a given wavelength. For Yellow,
this wavelength was chosen to 4 = 460 nm, for Blue to A =565 nm
and for Red to 4 = 528 nm. These wavelengths are indicated
in Fig. 3 by a red, vertical line for each dye. They correspond to
the wavelength of maximum absorbance in the sample
with highest surfactant excess. [Dyel,,: was kept constant at
2.5 mM while varying DTAB concentration between 0 mM <
[DTAB]ior < 90 mM.

Fig. 4 shows the development of A4 as a function of [DTAB] at
[Dyeior = 2.5 mM for all three dyes at wavelengths indicated in Fig. 3
by the red lines. Fig. 4 permits the distinction of three surfactant
concentration regions commonly referred to when observing the
aggregation between oppositely charged dye and surfactant:***%*°
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different concentrations of DTAB. Phase-separating samples are indicated
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region. Blue data points were used to calculate Kps. The red line displays
the applied dye—surfactant association model assuming a stoichiometry of
1:m for dye:DTAB binding and the given Kps. (A) Yellow, A4 (4 = 460 nm),
(B) Blue, Aq (A = 565 nm), (C) Red, Ag (A = 528 nm). Ag (A = x nm)
corresponds to the absorbance at wavelength x divided by optical path
length Ay = A/d with d = 0.01 cm.

Region A. Formation of dye-surfactant ion pairs. This corre-
sponds to the 2-phase region in the phase diagrams, where the
precipitation of dye-surfactant complexes leads to a strong

This journal is © The Royal Society of Chemistry 2023
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decrease in absorbance, as precipitation and filtration of
corresponding samples before measurement removes part of
the dye.

Region B. Dye-induced micelles.***° The region of dye-
induced micelles was identified as the DTAB concentration
region, where the spectrum of the dye is still sensitive to DTAB
concentration changes.’” Part of it lays below the critical
micelle concentration (cmc) of pure DTAB, which was deter-
mined to be 9 mM in the present buffer system at 25 °C. In a
following paper it will be shown, that micelles are indeed
formed in the entire region B.

Region C. Postmicellar region. This region is identified by an
absence of change in dye absorption upon further addition of
DTAB.? 1t lays above DTAB cmc. Ghosh et al. referred to the
aggregates in this region as dye-embedded micelles.*® In view
of the fact that the dyes and DTAB carry opposite charges, the
location of dyes close to the positively charged DTAB head
groups is likely. Therefore, the term “dye-embedded micelles”
may not be the most accurate description of aggregates in this
case. Nevertheless, the excess of surfactant in the post micellar
region causes most of the dye molecules to interact with
surfactant molecules in corresponding aggregates rather than
not interacting with surfactant.

Within the last 70 years, various models were developed
for the quantitative evaluation of equilibrium constants from
UV/vis-spectroscopic data.*’”** In the case of solute-surfactant
association it is possible to either assume a thermodynamic
equilibrium between a solute molecule and m surfactant
molecules or between one solute molecule and one surfac-
tant micelle. The latter gives rise to the well-known Benesi-
Hildebrand equation frequently used in case of high surfactant
excess.*>?*3%3 [n the current system, however, the application
of a dye-micelle equilibrium model is not suitable as (1)
surfactant concentrations studied are too low to assume sur-
factant excess and (2) some of the studied surfactant concen-
trations lay below the cmc of DTAB without the dye. Therefore,
an equilibrium between one dye molecule Dye and m free
surfactant molecules S on one side and the complex DyeS,,
on the other side is considered, assuming that micelle for-
mation does only occur due to the interaction between dye and
surfactant.

Dye + m S = DyeS,, (2)

The assumption of a 1:m rather than a 1:1 stoichiometry
for dye-surfactant association in solution is reasonable con-
sidering observed stoichiometries for dye-surfactant binding
determined in eqn (1) for the solid dye-surfactant complex. The
equilibrium- or dye-surfactant association constant Kps for
eqn (2) can be written as:

Kps = 7} (3)

[DyeS,.], [Dye] and [S] denote molar equilibrium concentra-
tions of the dye-surfactant complex, dye monomer and surfac-
tant monomer. Our model based on eqn (2) is fully compatible
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with the choice of [Dye], = 2.5 mM. The model formally
describes the co-assembly of one dye molecule with m surfac-
tant molecules in equilibrium with monomeric dye and mono-
meric surfactant. This feature well includes the possibility of
mixed micelles with the same stoichiometry as DyeS,,. In other
words, if this co-assembly triggers micelle formation it is
automatically included.

It is emphasized that preliminary self-assembly equilibria
of dye molecules are neglected. Indeed, previous studies on
the self-assembly of the three dyes showed, that Blue self-
assembles to dimers and Red to fractal-like aggregates, whereas
Yellow remains molecularly dissolved in their pure solution
without surfactant.>® However, self-assembly was suggested to
be mainly driven by n-n-stacking and hydrogen bonding inter-
actions, which are generally weaker than the strong electro-
static attraction between oppositely charged dye- and surfactant
molecules.”® Therefore, dye-dye complexes are considered to
be easily broken apart within dye-DTAB mixed micelles due to
strong electrostatic interaction between negatively charged dye
molecules and cationic surfactant molecules. An observation
confirming preferential binding between dye and DTAB mole-
cules is the precipitation of solid dye-DTAB complexes at small
surfactant concentrations (2-phase region, Fig. 2).

Taking total molar concentrations of the dye monomer
[Dyelwe and the surfactant [S],: = [DTABJy into account,
eqn (3) can be written as:

Ks = ([Dye]lol_[DyeSmD . ([S}tot_m[Dyesm])m

Assuming that only the dye and the dye-surfactant complex
[DyeS,,] absorb at the relevant wavelength (indicated by the red
vertical lines of Fig. 3) and assuming the validity of Beer—
Lambert Law for both species, the absorbance of a sample
can be expressed as:

Aq = epye’[Dye] + eps -[DyeS,] (5)

With [Dye] = [Dye]iot — [DyeS,,] and with Ag = epye [Dyelot,
eqn (6) as an expression for [DyeS,,] is revealed:

Ada — Aap
[Dyesm] = (6)
éDS,, — gDye

épye and epg ~are the molar extinction coefficients of the
dye and the dye-surfactant complex respectively. Assuming a
stoichiometry m, a value Kpg can therefore be calculated from
each data pair A4 = f([Sl) by substituting eqn (6) into eqn (4).
Aq,0 and epye are known from the absorption spectrum of pure
dye, whereas ¢ps was obtained from the sample with maxi-
mum surfactant excess, located in the postmicellar region
where dye absorption does not change upon further addition
of surfactant.

Model fits were carried out with six stoichiometries. For a
given stoichiometry m, Kps was determined from the A4 =
f([Slot) data pair of N samples mostly located in the region of
dye-induced micelles and indicated as blue data points in
Fig. 4. The average of all Kpg obtained for this stoichiometry
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m was then taken and used to calculate the theoretical absor-
bance A4 tneo for each of the N samples. The deviation of Aq theo
from the recorded absorbance A4 of the respective sample
yielded the y..q> value defined by eqn (7).

(Adj - Ad,thco,[)2

N

-

1

)

v 2
Ared =

This procedure was performed for six stoichiometries.
Corresponding j.q® values are reported in Table 1 for each
dye. Due to the absence of specific spectral features signalling a
build-up and disassembly or modification of soluble dye-
surfactant complexes DyeS,, at a 1:m ratio, it was not possible
to employ a more straightforward analysis technique to obtain
information on the stoichiometry of dye-surfactant binding.**
Furthermore, as discussed earlier, the application of a pre-
viously reported analysis technique assuming 1:1 stoichiome-
try of dye-surfactant binding in the region of dye-induced
micelles (B, Fig. 4) would have been unreasonable.*® Therefore,
strategy to obtain information on stoichiometry m and associa-
tion Kpgs of dye-surfactant binding, presented here, is consid-
ered to be most suitable for the system under consideration.

The data are best described by a stoichiometry m at which
the lowest y..q> is obtained. This stoichiometry, together with
the corresponding dye-surfactant association constant Kpg is
summarized in Table 2. Aq theo = f([Slot) based on these values
is displayed in Fig. 4 as a red curve. Experimental data points
are reasonably well described by these curves so that the model
can be considered to be a relatively good approximation under
the given conditions.

Association constants Kps obtained by this procedure suffer
from considerable uncertainties. However, information about
their order of magnitude is obtained. In addition to that, all Kpg
lay well above 1, which means that dye-surfactant complex
formation is strongly favoured.

Table1l Evaluation of the stoichiometry of the dye—surfactant association
equilibrium with y,.4> defined by egn (7) as criterium

Dye Yellow Blue Red
7.5 mM < 7.5 mM < 12.5 mM <

Data interval  [Slior < 50 MM [Sliot < 25 MM [S]ior < 55 MM
m }(recl2 }fredZ Xred2

1 29.78 145.97 44.53

2 1.64 137.88 11.26

3 51.28 2.22 4.64

4 66.02 378.88 3.35

5 71.83 626.11 4.02

6 74.03 608.56 5.19

View Article Online
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It is remarkable that the stoichiometry of dye : DTAB binding
decreases from 1: 2 for Yellow over 1: 3 for Blue to 1:4 for Red.
The same trend was established for the stoichiometry of dye:
DTAB binding from evaluation of the phase transition thresh-
old line in the phase diagrams (Fig. 2). In addition to that, the
number of DTAB molecules aggregating with one dye molecule
in the homogeneous 1-phase region is always higher than that
obtained from the analysis of the phase transition threshold in
the phase diagram. This is consistent with the assumption that
soluble DyeS,, aggregates are only formed below a certain
dye : DTAB threshold ratio.

Small-angle neutron scattering

SANS studies were performed on samples which, according to
their dye:DTAB ratio, lay within the region of dye-induced
micelles. The impact of adding different dye molecules at a
concentration of [Dye],, = 5 mM on the morphology of DTAB
micelles was studied. Fig. 5 displays SANS curves from solu-
tions containing [Dye],: = 5 mM and [DTABJ,: = 30 mM in
comparison to the SANS curve of pure DTAB at that concen-
tration. The latter was described with the form factor model of
an oblate ellipsoid including a structure factor derived by
Hayter and Penfold to consider inter-micellar interaction.*®*”
The choice of this model was based on work by Bergstrom and
Pedersen whom investigated the morphology of DTAB micelles
in brine solution.*® The use of such a structure factor signifi-
cantly improved quality of the fit, even though no obvious
correlation peak is visible in the dilute solution of DTAB
(Fig. 5), which also contains a rather high concentration of
buffer salt (ionic strength I ~ 0.25 M).

For the description of SANS curves originating from solu-
tions containing both, dye and DTAB, no structure factor was
used, as the anionic dye is assumed to interact with the
positively charged DTAB head group, which leads to charge
screening and reduces medium- to long-range ordering caused
by electrostatic interactions.’® The SANS curve of Yellow was
well described using the form factor of an oblate ellipsoid with
dimensions similar to the pure DTAB micelle (Table 3).

For the description of SANS curves emerging from solutions
of Blue with DTAB and Red with DTAB, the assumption of a
more anisometric micellar morphology became necessary.
This was realized by moving to a triaxial ellipsoid model to fit
the data.’® Resulting geometrical dimensions are displayed in
Table 3. Interestingly, the two smaller radii of each triaxial
ellipsoid are similar to the polar and equatorial radius r, and
T'eq Of oblate ellipsoidal DTAB micelles. This points towards an
one-dimensional growth of DTAB micelles upon addition of
dye, like it is frequently observed for cationic surfactant
micelles upon addition of salt or hydrotrope.”*>*

Table 2 Stoichiometry and association constants for the association equilibrium of dye—surfactant complexes

Dye Yellow Blue Red

m 2 3 4

Kps(m) [L” mol ™) (9.9 + 6.0) x 10° (4.7 + 2.0) x 10° (6.3 + 4.0) x 10’
Lred” 1.64 2.22 3.35

4594 | Soft Matter, 2023, 19, 4588-4598 This journal is © The Royal Society of Chemistry 2023
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Fig. 5 SANS curves of solutions containing [Dyelior = 5 MM and [DTABJ; =
30 mM and a solution containing DTAB at a concentration of 30 mM
without dye. Samples were prepared in a NaHCO3z/Na,COs buffer (pD =
10.7, 1 ~ 0.25 M) in D,O except for the sample containing Blue, where the
buffer was dissolved in a mixture of H,O and D,O (50:50, v/v). Fits are
shown as red lines. The form factor models are sketched next to the
corresponding curve.

Moving on to a DTAB concentration of [DTAB]i, = 20 mM
while remaining at [Dye]. = 5 mM, micelle morphologies were
found to become more anisometric compared to [DTAB] =
30 mM (Fig. 6). This is in agreement with literature. A decrease
in the spontaneous curvature of surfactant micelles was fre-
quently observed upon hydrotrope addition.’*>® This was also
the case for the addition of dye molecules to surfactant systems,
with the morphology of assemblies depending on the system in
use.56758

In the present work, the SANS curve from a solution of
Yellow and DTAB was described with the form factor model of a
triaxial ellipsoid, whereas SANS curves from solutions of Blue or
Red and DTAB were described with the form factor model of a
cylinder with elliptical cross section.*® The corresponding
fit parameters can be found in Table 4. Micelles of Blue or
Red and DTAB are very polydisperse in length, which makes
sense considering the underlying dynamic equilibrium present
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Fig. 6 SANS curves of solutions containing [Dyeliot = 5 MM and [DTABJi; =
20 mM. Samples were prepared in an NaHCO3/Na,COs buffer (pD = 10.7, | ~
0.25 M) in D,O. Fits are shown as red lines. The form factor models are
sketched next to the corresponding curve.

in micellar surfactant solutions.’® To fit the data, the ratio
between the root-mean-square deviation from the average
length (¢) and the average length (Lyg) Was set to o/Layy =
0.95 for Blue-DTAB micelles according to a strategy employed
by Bergstrom and Pedersen who observed polydisperse mixed
micelles formed from sodiumdodecylsulphate and DTAB.%°
It was intended to use the same /L, for the SANS curve
emerging from the corresponding Red-DTAB solution.
However, the data was better described using o¢/L,s = 0.5.
Strikingly, the dimensions of the elliptical cylinder cross sec-
tion remain very similar to r.q and r;, found for DTAB micelles
at [DTAB]y,: = 30 mM (Table 4). This confirms the assumption
of an unidimensional growth of these micelles upon increase of
the dye:DTAB ratio from 1:6 to 1:4.

The differences in the morphologies of dye-DTAB micelles
observed for the different dyes correlate with the stoichiome-
tries found for dye-DTAB binding from the phase transition
threshold as well as in solution. This can easily be related to the
SANS sample composition relative to the phase transition
threshold in the concentration-dependent phase diagrams of

Table 3 Model parameters from form factor fits to SANS curves resulting from solutions containing dye at a concentration of [Dyeliot = 5 mM and DTAB
at a concentration of [DTABIit = 30 mM. Samples were prepared in an aqueous NaHCOz/Na,COs3 buffer (pD = 10.7, | ~ 0.25 M) in D,O except for the
sample containing Blue where the buffer was prepared in a H,O/D,0O mixture (50 : 50 v/v) as described in the experimental part. For fitting the SANS curve
emerging from a pure DTAB solution, the product of an oblate ellipsoidal form factor and a structure factor by Hayter and Penfold was used.*®“” In the
case of the form factor model of a triaxial ellipsoid, the length parameter is equivalent to the longest radius

Cross section Length
Dye Model Tminor/A rmajor/[i L/A
No dye Oblate ellipsoid® Teq = 22.357 £ 0.009 7p = 14.048 £ 0.008
Yellow Oblate ellipsoid Teq = 21.73 £ 0.04 7p = 13.98 £ 0.06
Blue Triaxial ellipsoid 15.3 +£ 0.2 22.0 £ 0.3 32.0 £ 0.3
Red Triaxial ellipsoid 15.93 £+ 0.02 22.32 £ 0.03 40.31 £ 0.04

“ Oblate ellipsoid x structure factor; symbols: 7, - polar radius, req - equatorial radius, rminor -

section radius, L - length.

This journal is © The Royal Society of Chemistry 2023
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Table 4 Model parameters from form factor fits to SANS curves resulting from solutions containing dye at a concentration of [Dyeliot = 5 MM and DTAB
at a concentration of [DTABJio: = 20 mM. Samples were prepared in an aqueous NaHCO3/Na,COs buffer (pD = 10.7, | &~ 0.25 M) in D,0. In the case of the
form factor model of a triaxial ellipsoid, the length parameter is equivalent to the longest radius

Cross Section Length
Dye Model Fminor/A Tmajor/A LIA
Yellow Triaxial ellipsoid 13.8 £ 0.2 21.6 + 0.6 24.4 + 0.6
Blue Cylinder with elliptical cross section 13.1 £ 0.2 19.6 + 0.4 L=199 £3
/Layg = 0.95
Red Cylinder with elliptical cross section 14.19 + 0.02 23.64 £ 0.05 L=233.5£0.7
0/Layg = 0.5

Symbols: ¢/L,,e - ratio of the root-mean-square deviation from the average length and the average length.

Fig. 2. For the dye Red, the sample compositions investigated
with SANS, i.e. [Dye]. = 5 mM and [DTAB],,, = 20 mM or 30 mM
lay much closer to its phase transition threshold than for Blue
or Yellow. Conversely, the phase transition threshold in the
phase diagram of Yellow and DTAB is the farthest away from
these sample compositions. The micelles formed between
[Yellow]ior = 5 mM and [DTAB], = 30 mM are about the same
size as pure DTAB micelles, indicating that the composition of
this sample presumably lays close to the post-micellar region,
where assembly morphology is determined by DTAB micelles
due to their excess presence. Furthermore, it is logical to
assume a DTAB excess at a Yellow:DTAB ratio of 1:6, con-
sidering that Yellow and DTAB interact at a stoichiometry of
1:2 (Table 2).

To conclude, the morphology of dye-surfactant micelles
depends on the dye added to the solution. The magnitude of
observed deviations from the morphology of pure DTAB
micelles at a given sample composition inversely correlates
with dye:DTAB binding stoichiometries found at the phase
transition threshold as well as in solution. The one-dimensional
growth of DTAB micelles upon dye addition was strongest for the
addition of Red, which binds to DTAB at a stoichiometry of
Red:DTAB = 1:4 in solution, medium for the addition of Blue
with a stoichiometry of Blue: DTAB = 1:3 and weakest for Yellow
with a stoichiometry of Yellow: DTAB = 1:2. A general increase in
micellar anisometry when increasing the dye:DTAB ratio from
1:6 to 1:4, ie. when moving closer to the phase transition
threshold from the side of DTAB excess, was observed for all dyes.

Conclusions

Three 3-chloro-4-hydroxy-phenylazo dyes, each of them carrying
a negative charge due to deprotonation of the phenolic hydroxyl
group at alkaline pH, were shown to differ in the stoichiometry
of their co-assembly with the cationic surfactant DTAB.

For all dyes, phase separation of dye-DTAB solutions was
observed above a given dye : DTAB ratio with the ratio depend-
ing on the dye. It was observed to decrease from Yellow (1:1.67)
over Blue (1:2.56) to Red (1:2.94) and gives an indication of the
stoichiometry of dye-DTAB binding in the coacervate phase for
Yellow or the solid precipitate for Blue and Red.

Furthermore, the stoichiometry of dye-DTAB binding in
solution, ie. the 1-phase region, was studied using UV/vis

4596 | Soft Matter, 2023, 19, 4588-4598

spectroscopy. Stoichiometries of 1:2, 1:3 and 1:4 were found
for Yellow, Blue and Red with DTAB respectively. The lower
dye : DTAB ratios obtained in homogeneous solution as com-
pared to the ratios at the respective phase transition threshold
can nicely be reconciled with a larger amount of DTAB mole-
cules required for the solubilisation of dye compared to that of
the formation of solid complexes.

Furthermore, the morphology of dye-DTAB micelles was
studied using SANS. DTAB micelles show an uniaxial growth
upon dye addition with its extend being dependent upon the
dye and being inversely correlated to dye: DTAB binding stoi-
chiometry at a set total concentration of dye and DTAB. This
was attributed to a sample composition being closer to the
postmicellar region if the dye:DTAB binding stoichiometry is
high, e.g. Yellow:DTAB = 1:2, or closer to the phase transition
threshold or region of dye-surfactant ion pair formation for a
low binding stoichiometry, e.g. Red:DTAB = 1:4. A sample
being close to the postmicellar region indicates surfactant
excess, which leads to micellar morphology being largely
determined by the morphology of surfactant micelles.

Following the presented investigations, differences in the
co-assembly behaviour of three structurally similar azo dyes
with DTAB were elucidated. Differences in co-assembly mor-
phology were related to the stoichiometry of dye-DTAB binding.
It becomes clear, that even structurally similar molecules
can show significant differences in their interaction with a
surfactant.
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