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Abstract

Linear Alkylbenzene Sulphonate (NaLAS) surfactant is often combined with poly-
carboxylate polymers in detergent formulations. However, the behaviour of these aque-
ous surfactant-polymer systems in the absence of added electrolyte is unreported. This
work investigates the behaviour of such systems using polarised-light microscopy, SAXS,
centrifugation and 2H NMR techniques. A phase diagram at 50°C is reported for 0 to
50 wt% NaLAS concentrations and 0 to 10 wt% polycarboxylate concentrations. The
NaLLAS-water system is micellar at concentrations < 35 wt%, and a 2-phase micellar-
lamellar system is seen at higher NalLAS levels, consistent with what has been reported
by previous studies. As polymer is added at low surfactant concentrations (~10 - 20

wt% NaLAS), a second optically isotropic phase is formed, this is thought to be a



polymer-rich phase. Further addition of polycarboxylate leads to the formation of a
lamellar phase. At high surfactant concentrations (>20 wt% NaLAS), the addition of
polymer induces a second lamellar phase. These observed behaviours are thought to
arise as a result of depletion flocculation and salting out effects. The observed lamellar
phases adopt colloidal multilamellar vesicle (MLV) structures and The average MLV
radii were estimated using 2H NMR by probing the diffusion and anisotropy of DsO
within the bilayers of the vesicles. The NMR results show that as the polymer concen-
tration was increased from 0 to 10 wt%, an increase in average multilamellar vesicle
size from ~200 to ~500 nm was observed. This increase in calculated average MLV

radius likely results from depletion flocculation induced MLV fusion.

Introduction

Sodium linear alkylbenzene sulphonate (NaLAS) is the main surfactant constituent of laun-
dry detergent and is the most widely used anionic surfactant in the world. It is used in
emulsifiers, detergents and wetting agents. The phase behaviour of NaLAS in water has
been characterised with respect to the different phases that form at different temperatures
and concentrations.'® For example, Richards et al.* and Stewart et al.! studied the phase
behaviour of NaLAS in water. Both studies showed that at low NaLAS concentrations, a
single micellar (L;) phase was present. There was a central region where the liquid crystal
(L) lamellar phases coexisted with the micellar phase, and finally at high concentrations,
a crystalline phase was observed. Richards* first observed the phenomenon of lateral phase
separation in this central 2-phase region, describing a single lamellar phase at low tempera-
tures and a second swollen lamellar phase with a higher bilayer spacing was observed at high
temperatures. However, Stewart observed three lamellar phases in this high temperature
region and two lamellar phases in the low temperature region.®

In liquid and powder detergent products, NalLAS usually coexists with polymers. The

d-spacing of the lamellar phase is used to characterise the length scale of the phase which



is comparable in size to the length scale of water-soluble polymers, namely polycarboxylate
polymers.®” These polymers are fundamental in the formulation of powdered detergents for
the following reasons: (i) to disperse salt crystals such as calcium carbonate, consequently
preventing them from growing into larger crystals which can deposit on fabric and cause them
to grey.;® (ii) to bind to calcium and magnesium ions which are present in hard water;®
and iii) to modify the slurry viscosity in order to improve the ease of slurry processing.®
Understanding the interaction of polymers with surfactants is imperative in washing powder
formulation to achieve a desirable product quality; the formulation directly influences the
powder structure and hence the performance of these detergent products.®

There are two colloidal structures the lamellar phase can self-assemble into: multilamel-
lar vesicles and lamellar sheets. The formation of these micro-structures is sensitive to
various conditions such as the shear history of the surfactant mixture, temperature and
heating/cooling rates.! Due to the turbid nature of the mixtures containing multilamellar
vesicles dispersed in the isotropic phase, the techniques available to measure the sizes of
the vesicles are very limited. Dynamic light scattering (DLS) is not usually an option for
characterising the vesicle sizes of NaLAS-water systems at high concentrations due to the
multiple scattering resulting from the sample turbidity. Small angle x-ray scattering (SAXS)
and DLS are unsuitable for characterising the vesicle sizes in this system due to the high
fluid viscosity and vesicle sizes that are way beyond the limit of detection by DLS and SAXS.
Laser diffraction is often considered for the sizing of particles in solution. This technique
is unsuitable for NalLAS systems - this is because it requires the dilution of the surfactant.
This dilution can completely alter the phase behaviour.

A final option that is often considered for the visualisation and size determination of
these vesicles is cryo-EM (both TEM and SEM). This a technique extensively used to image
the microstructure of surfactant systems. However, this again proves unsuitable for this

1"10

system. Khodaparast at a observed the formation of multilamellar vesicles upon cooling

of dilute surfactant concentrations by SAXS. At lower surfactant concentrations, no lamellar



phase was observed at higher tempeatures (only a single micellar phase). However, upon
rapid cooling of this micellar dispersion, MLVs rapidly self-assembled - the size of these
vesicles were dependent upon the cooling rate. SAXS was used in this system because the
low concentrations of NalLAS explored meant the ionic concentration was low. In cryo-EM,
cooling is usually fast, but not instant. Therefore, the structure locked in is not necessarily
representative of the system at the temperature being considered. This therefore makes
cryo-EM imaging unsuitable for this system.

Due to the difficulty in determining the vesicle size, to date, no quantitative technique
has been used to measure the vesicle size in NalLAS surfactant systems. This paper will
present the first calculations of the average MLV vesicle radius in NalLAS-water systems, as
well as the changes in average MLV size observed upon the addition of a polycarboxylate
polymer.

This work will build on a method of calculating the radius of multilamellar vesicles intro-
duced by Medronho!! using 2H NMR measurements. The assumption of the slow exchange
of water molecules between adjacent layers implies that the 2H NMR line shape is simply
given by a sum of Lorentzians if the condition of motional narrowing is also fulfilled. The
classical two-step model for the NMR relaxation in structured fluids allows the calculation
of MLV radius. %2

Furthermore, this paper will also describe the phase behaviour of a NaLAS-polycarboxylate
polymer system using microscopy and phase differentiation by centrifugation. This will be
achieved by presenting a surfactant-polymer phase diagram, and corroborating the NMR ob-
servations used to calculate the MLV radius with the phase behaviour obervations in order
to gain a comprehensive understanding of the surfactant-polymer interactions.

’H NMR for structural analysis. 2H NMR is an effective tool to characterise the
phase behaviour of lyotropic surfactant mesophases as the line shape can be used to identify
the presence of different lyotropic mesophases. The technique probes the motion averaged

electric quadrupole couplings between the deuterium nuclei which have a spin of 1 and the



electric fields in the direct vicinity of the deuterium nuclei. Lamellar sheets are anisotropic
and the D,O molecules are constricted between the bilayers, which is manifested as a doublet
on ?H NMR spectra. Often, two pairs of these doublets can be observed on NMR spectra:
one pair corresponding to the sheets aligned parallel to the magnetic field and the other pair
corresponding to the sheets aligned perpendicular to the sheets.'® This combination of pairs
in the NMR spectra is known as quadrupolar splitting. The frequency difference between
the each doublet peak pair depends on the surface curvature of the interface. The lamellar
structures present uniaxial symmetry and the splitting observed on the 2H spectra can be
described as follows:

Avggey = gX(COSZG —1), (1)

where 6 is the angle between the director (the symmetric axis of the phase) and the magnetic
field, 6 is the motionally averaged quadrupolar coupling constant for C-2H bonds and Y is
the quadrupolar coupling constant for deuterium. In accordance with Equation 1, the NMR

line shape depends directly upon the director distributions. This can also be simplified as:

3
Avgeo = IxS], (2)

where S is the order parameter. 3

Translational diffusion of water in lamellar phases is anisotropic and confined to a given
bilayer. Therefore, the average multilamellar vesicle size is directly dependent upon transla-
tional diffusion of water bound within the bilayers. The water in the planar lamellar sheets
have no rotational diffusion component, apart from the local anisotropic tumbling. As the
curvature of the sheets increases, there is an associated rotational diffusion term and the
quadrupolar splitting decreases. Eventually, as the curvature increases such that the vesicles
are formed, the quadrupolar splitting transforms into a single broad peak when multilamellar
vesicles are formed, which corresponds to the average of one or more quadrupolar splitting

values. When sheets coexist with vesicles, both a broad peak and the quadrupolar splitting



can be observed in the NMR spectra.'?
The line width of the central peak can be related to the transverse relaxation time as a

result of the Heisenberg uncertainty principle.* This relationship is defined as:

= = 7 = 7 Ja(0)[Sx [, (3)

where Jy(0) is the zero-order spectral density resulting from diffusion of water over the
curved bilayers. Assuming that the water is experiencing variations of director orientations
by translational motion and the diffusion of this water is characterised by the rate of diffusion,
D, the residual anisotropy remaining after partial averaging by the fast motions is quantified
by an order parameter, S, and y is the quadrupolar coupling constant for C-D. Then, the
the following can be inferred in terms of the multilamellar vesicle radius, R:!3

R2

Ju(0) = 3D (4)

The longitudinal (7)) relaxation time for heavy water is much larger than the transverse
(Ty) relaxation time for 2H NMR, Til is negligible compared to Tiz, therefore, a combination

of Equations 2, 3 and 4 gives:
1 2A1/é,90R2

As a result of the Heisenberg uncertainty principle, one can define the %2 relaxation in

terms of the half-width at half-maximum (Awv:) of the corresponding peak:

1
2

1

E:WAV.

1 (6)
The isotropic peak will have a contribution of water associated with the micelles and free
water in the isotropic phase, however the T, of both contributions is much larger than the T3

of water confined in the MLVs, so the half-width at half maximum (HWHM) of the isotropic

peak contribution will be have to be accounted for. To do this, the spectra for the surfactant



in the micellar phase is measured. For example, for 10 and 15 wt%, a single peak should
be observed corresponding to the micellar phase. The HWHM of the peak measured which
should remain roughly constant regardless of the surfactant concentration, and this should
be subtracted from the HWHM of the higher concentration samples. The resulting HWHM
value following subtraction should account solely for the water associated with the MLVs
and this value can be used to calculate the MLV radius.!!

Obtaining the 2H NMR spectrum for a sample can provide values of both the HWHM of

the isotropic peak and the quadrupolar splitting value corresponding to that sample which

can subsequently be used to determine the average multilamellar vesicle size.

Experimental section

Chemicals. Commercial linear alkylbenzene sulphonic acid (HLAS) was provided by Proc-
ter and Gamble. The HLAS is composed of a number of different alkyl chain lengths and
positional isomers (the benzene ring is substituted on any carbon other than the terminal
carbons, see Fig. 1). It is manufactured using the Hydrogen Fluoride (HF) process, where
n-Paraffins are broken down into n-mono-olefins and the n-mono-olefins are reacted with
benzene in the presence of a HF catalyst to produce a linear alkylbenzene (LAB) and subse-
quently the LAB is sulphonated to leave HLAS. The HF results in a isomer distribution with
an equal preference of each positional isomer. Other manufacturing routes produce HLAS
with an uneven distribution of positional isomers.

HLAS was neutralised with analytical grade NaOH. The pH was measured and additions
of NaOH /water/HLAS were made as necessary to leave a 45 wt% in water surfactant solution
with a pH of 10.4. The polymer used (BASF) was provided as a stock solution of 40 wt%
in water with a pH of 7, the polymer structure is depicted in Figure 1. It is a maleic-
acrylic polycarboxylate polymer, where the acrylic:maleic molar ratio is 0.7:0.3. For the

NMR experiments, the neutralised surfactant was oven dried for 24 hours at 90 °C for



moisture removal, yielding a concentration of 97 wt% NaLAS (as determined from mass loss
measurements). This was consequently reconstituted with D,O and the polymer solution
was added to yield the concentrations required for the samples. The samples were then
stirred at 70 °C' with a magnetic stirrer for one hour and placed in NMR tubes. The
samples were analysed by NMR three days after initial preparation. In the case of analysis
by centrifugation, SAXS or microscopy, the stock solution was not dried, and instead diluted

using the stock polymer solution and water to obtain the desired sample concentrations.
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Figure 1: Structure of the surfactant used (left) and the polymer used (right).

Centrifugation. The difference in bulk density of the phases means that the application
of a centrifugal force can allow phase differentiation by applying a centrifugal force. This
phase identification technique was therefore used as one of the techniques to determine the
phase diagram of the tertiary NaLAS-polymer-water system. All experiments were carried
out at 50 °C' using the Lum GmbH Lumisizer. The centrifuge was heated to 50 °C' and
the samples were equilibrated to the centrifuge temperature for 10 minutes before they were
centrifuged at 4000 RPM for 137 minutes. The equipment contained light sensors to detect
any further movement of sedimentation/creaming fronts and in all samples the separation
was completed within 137 minutes. These samples were then visually analysed to observe

the different phases present.



Microscopy. A Leica DMLP polarizing optical microscope was used to analyse samples
between crossed-polarisers. All samples that were analysed were sandwiched between two
cover slips and placed in a Linkam T95-PE hot stage. The samples were heated from the
room temperature to 50 °C' at a rate of 10 °C'/min. The samples were left in the hot stage for
5 min before the structures were subsequently analysed. In some cases, a full-wave plate was
inserted along the optical path to emphasise the birefringence. Micrographs were captured
using a Nikon D7100 DSLR camera.

’H NMR spectra acquisition. A Bruker Avance II 400-MHz-NMR was used with a
2H resonant frequency of 61 MHz. Each sample that was analysed was individually shimmed
and left to equilibrate at 50 °C with the magnetic field for 40 minutes. The samples were
analysed 3 days after sample preparation and 32 scans were carried out on each sample, a
90° p1 pulse time of 7.65 us was used.

Determination of the diffusion coefficient. Pulsed field gradient (PFG) NMR can
be used to determine the diffusion coefficient of the water associated with the isotropic
peak. This method employs two magnetic field gradient pulses of strength G and duration
0, which are separated by an observation time, A. In the case of diffusion, where molecular
motion is incoherent, molecular displacements over the time scale A produce a distribution
of phase shifts in the magnetic resonance (MR) signal, resulting in an attenuation of the MR
signal. The MR signal is acquired over a range of G values and a diffusion coefficient can be

calculated by a least-square fitting of the Stejskal-Tanner equation: !

I = Ie ™, (7)

where

b =~v*G*%r. (8)

The symbol 7 is defined as the gyromagnetic ratio of the nucleus, § is the duration of the

gradient pulse, 7 is the separation time between pulses, D is the self-diffusion coefficient of



the molecule of interest (in this case DyO), I is the peak intensity at a given value of G and
So is the intensity when G=0. PFG experiments were performed on a vertical wide bore 89
Bruker 400 MHz- spectrometer equipped with a 7.0 T superconducting magnet, operating
at a frequency of 400 MHz. A 10 mm radiofrequency resonator was used and measurements
were performed at 50 °C. Typical parameters used in these experiments were 6 = 1 ms, A
= 20 ms, with a maximum gradient, Gmax, of 12.13 G/cm. There were 16 gradient steps,
so the signal was attenuated to ensure S(G)/S(0) at Gmax was < 0.01.

SAXS. The SAXS experiments for this study were carried out in the BM28 beamline
at the European Synchrotron Radiation Facility (ESRF). The equipment set-up was such
that the sample to detector distance was 1.6 m and the tube was purged with Helium. A
MAR CCD detector was used and silver behenate was used to calibrate the equipment as
its d-spacing is well known. The data for all spectra were background subtracted using the
data collected by using a Quartz capillary SAXS tube with an inner diameter of 1.5 mm,
filled with deionised water. The SAXS data was collected over a range between 0.0184 and
0.308 A", The d-spacing of the Bragg peak identified with SAXS was analysed using the
Bragg equation to determine the repeating d-spacing lengths:

o

a qa’ (9)

where d is the d-spacing and ¢4 is the scattering vector at which the Bragg peak occurs.

The samples were heated using a Peltier hot stage.

Results and discussion

Phase diagram. Using phase differentiation by centrifugation and cross-polarised mi-
croscopy, a phase diagram for the NaLLAS-polymer-water system was constructed. The phase
diagram presented in Figure 2 shows the phases present between a concentration range of

0 and 35 wt% surfactant and 0 and 10 wt% polymer. Phase boundaries were identified to
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Figure 2: Ternary phase diagram of the NalLAS-polycarboxylate polymer-water system at
50 °C; the phase transitions were determined by centrifugation and cross-polarised light
microscopy. L; represents the low-density isotropic phase, L,;” is the high density isotropic
phase, L, is the high density lamellar phase and L,’ is the low density lamellar phase. The
scale bar in both pictures is 25 ym. a) shows an example crossed-polarised micrograph of
the 2-phase L; + L, region, b) shows an exemplar phase differentiation by centrifugation
sample vial in the 3-phase L; + L, + L,  region. The bottom phase is clear, the middle
lamellar phase is creamy and opaque and the top lamellar phase is translucent and straw-
coloured. c) shows a cross-polarised light micrograph of the single-phase L region. d) shows
an exemplar phase differentiation by centrifugation sample vial in the single L; region. e)
shows an exemplar phase differentiation by centrifugation sample vial in the 2-phase L; + Ly’
region. The bottom phase is the transparent L,; phase and the top phase is the translucent
L;’ phase. f) shows an exemplar phase differentiation by centrifugation sample vial in the
2-phase L; + L, region. The bottom phase is the clear isotropic phase and the top phase is
the cloudy lamellar phase.

the nearest +/- 1 wt% of polymer using a series of polymer solutions at a range of fixed
surfactant concentrations.

The phase diagram presented in Figure 2 shows that in the absence of polymer, a single
isotropic micellar phase, L, is present at concentrations lower than 35 wt% NaLAS, which is

shown in Figure 2 as the L,; region and the phase optically looks either like a transparent clear
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Figure 3: Cross-polarised microscopy images of the two lamellar phases viewed at 50 °C with
a full wave plate to emphasise birefringence. The image on the left (a) shows the top, less
dense lamellar phase (L, ); and the image on the right (b) shows the bottom, denser lamellar
phase (L/))(35 wt% NaLAS, 8 wt% polymer). The scale bar in both images is 5 pm. The 2
phase lamellar region can be observed at the appropriate region in Figure 2.
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Figure 4: a) The raw intensity-q plots of the samples from which the d-spacing is determined
and b) the d-spacing of the lamellar phase at a weight fraction of 0.35 in water at 50 °C
NaLLAS, as a function of polymer concentration determined using the Bragg equation from
the SAXS experiments at 50 °C. The red circle corresponds to the d-spacing of L, phase
and the black circles corresponds to the d-spacing of the L/, phase.

or straw colour fluid/gel. At 35 wt% NaLAS and higher, a two-phase region of coexisting
micellar and lamellar phases is present, the L; 4+ L, region; this is in agreement with reports
by Richards* and Stewart.?

In the micellar regime (which is described by the region L; on the phase diagram), as the
concentration of polymer is increased, a two-phase regime is observed, the L;+ L) region,

both phases are optically isotopic, this is depicted by L; + L;’ on the phase diagram. There

is a final three phase region, I.; + L, + L,’ which contains an isotropic liquid as well as two
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lamellar phases that differ in opacity, colour and density. These 3 phases can be observed
in the centrifuge tube in Figure 2b. The bottom transparent phase is the isotropic phase,
which is the most dense of all 3 phases. Above that is an opaque white lamellar phase, and
above that is a yellow, translucent lamellar phase which is less dense than the opaque white
lamellar phase.

The bulk phase separation observed following centrifugation (as shown in Figure 2b may
result from the segregation of surfactant molecules into a high surfactant concentration
phases and low surfactant concentration phases resulting from the addition of polymer.
Figure 3 shows cross-polarised micrographs of the 2 lamellar phases viewed with a full wave
plate - which each have the optical appearance shown in Figure 2b. Figure 3a shows the
less dense lamellar phase and Figure 3b shows the denser lamellar phase. It can be seen
that both lamellar phases are dispersed in an isotropic medium. However, the micrograph of
the less dense phase shows fewer birefringent regions, showing the difference in microscopic
packing of the lamellar phase between both phases. The L,’(top) phase depicts a lower
density of the lamellar phase per unit area compared to the L,(bottom) phase. This is
indicative of a difference in microscopic packing of the phases, and this can be used to
explain the difference in the density of the 2 phases. Depletion flocculation of the surfactant
results from the addition of polymer, if it is non-adsorbing. This depletion flocculation is
observed in this system. The surfactant rich lamellar phases, upon the addition of this non-
adsorbing polymer separates into two separate lamellar phase, both of which have different
densities. One of the lamellar phases is polymer-rich and has a low microscopic packing of
the lamellar phase, as can be observed in Figure 3a) and one is polymer poor (and has a
high microscopic packing of lamellar packing, as observed in Figure 3b).'® The tendency of
non-adsorbing polymers to cause depletion flocculation in colloidal systems is well known
and studied. The lamellar phase is the characterisation of the repeating adjacent lamellar
layers with a defined d-spacing. These lamellar structures self-assemble into larger colloidal

structures with different topologies, usually as either an array of extended parallel sheets or
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the bilayers are curve and MLVs form. The topology observed depends upon the Gaussian
curvature of the bilayers, <K >. If <K> is greater than 1, MLVs form spontaneously, and if
it is equal to 1, an extended planar topology is adopted. <K > is directly dependent upon
the saddle splay modulus, k. Systems with high ionic concentrations, such as the system
studied in this paper, have a negative k; value, resulting in a negative <K > value.!”

As discussed earlier, an MLV topology is adopted by this system. In this system, de-
pletion flocculation results when polymer chains are in regions of close approach between
two neighbouring lamellar (MLV) structures. The regions between two MLVs at close ap-
proach have a low polymer concentration and there is a high polymer concentration in the
bulk. This concentration gradient causes an osmotic pressure gradient, and to overcome this

osmotic gradient, the 2 phases are formed. ¢

A = contact region of 2 neighbouring vesicles

B = high polymer concentration reservoir

Figure 5: Schematic showing the outer bilayer of two MLVs at close approach. Region B
shows the polymer-rich reservoir, resulting from the polymer being forced out from between
the two multilamellar vesicles at close approach at region A.

SAXS data. The SAXS data presented in Figure 4 shows just a single Bragg peak
at 0, 2 and 4 wt%, and two peaks at 6, 8 and 10 wt%. This indicates that the addition of

polymer induces the formation of another lamellar phase, with a lower d-spacing. NaLAS has
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been well documented to present multiple lamellar phases (i.e. lamellar phases of different
d-spacings can co-exist in areas of the NaLLAS /water phase diagram).!* This SAXS data can
be related to the phase diagram shown in Figure 2. In the phase diagram the L; + L, + L’
region shows two distinct lamellar phases of different densities. The same is seen with the
SAXS data; as polymer is added, there is a transition from 1 lamellar phase to 2 lamellar
phases. This transition is possibly the result of lateral phase separation, which has been
previously been described by Richards* and Stewart! to occur in NaLAS-water system due
to the inhomogeneity in chain lengths, and a segregation of these chain lengths results in the
formation of lamellar phases with different d-spacings on cooling, the differences in d-spacing
is to be expected, as the lamellar d-spacing of the different positional isomer varies.!'® Both
Stewart and Tiddy observed separate peaks close to each other, usually manifested as a
double shoulder in their SAXS data. This lateral phase separation in NalLAS has also been
observed by Ockelford!® and Ma.!'® Farschi?® also observed this lateral phase separation
phenomenon in dry NaLAS. Richards? observed a d-spacing of 30.6 A for 35 wt% NaLAS
in water, Stewart! observed a d-spacing of 33.5 A and this study shows a d-spacing of 39.6
A. This difference is likely due to the difference in isomeric composition of the NaLAS
used in each study. The d-spacing has been shown to decrease as a result of the increasing
concentration of electrolyte,?!?? the addition of polymer seems to induce a similar effect,
again likely due to the aggregation of the surfactant headgroups, but also, the polymer is
charged so the addition of the polymer will increase the ionic strength of the system. The
intensity of the SAXS peaks increase as a function of polymer concentration (apart from a
slight decrease after 8 wt% polymer). This is because the increased concentration of the
lamellar phase in each sample as the polymer is increased so there is more lamellar phase to
scatter the incident X-rays.

Phase behaviour of the 35 wt% NaLAS system, with increasing polymer con-
centration. Figure 6 shows the cross-polarised micrographs of 35 wt% NaLAS in water as

the concentration of the polymer was increased. The image for each sample shows Maltese
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Figure 6: Cross-polarised light micrographs at 50 °C: a) 35 wt% NaLAS in D,O; b) 35 wt%
NaLAS, 2 wt% polymer in D50; ¢) 35 wt% NaLAS, 4 wt% polymer in D;O; d) 35 wt%
NaLAS, 6 wt% polymer in DyO; e) 35 wt% NaLAS, 8 wt% polymer in D5O; f) 35 wt%
NaLAS, 10 wt% polymer in D5O. The scale bar represents 5um.

crosses against a black background, which is indicative of multilamellar vesicles dispersed
in an isotropic medium. As the concentration of polymer is increased, the density of these
Maltese crosses on the micrographs is increased. This is a result of the polymer inducing

the conversion of the micellar phase into the lamellar phase, perhaps due to the increase in
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ionic strength which results from the addition of the polymer. The increase in ionic strength
causes micelle aggregation by dehydrating the micelle headgroups converting - causing the
micelles to aggregate and form vesicles. 2!

Lamellar structure analysis by 2H NMR. Figure 7 shows an NMR spectrum for 35
wt% NaLAS and 6 wt% in D,O at 50 °C. The spectrum was acquired after the sample in
the NMR tube was equilibrated to the temperature and the magnetic field for 40 minutes.
The inset (b) shows the full spectrum and the main figure (a) shows the spectrum zoomed
in to enable details of the quadrupolar splitting and the central isotropic peak to be seen.
Figure 8 shows the NMR for 2, 4, 6, 8 and 10 wt% polymer all with 35 wt% NaLAS in D,O.
Clearly, as the polymer concentration increases, the central peak broadens. Each data set
shows the corresponding fit. The central isotropic peaks are fitted to the Lorentzian model
and the quadrupolar peaks are fitted to an asymmetric Lorentzian function. Details of the
fitting parameters are shown in the supporting information file.?3

Figure 9 displays the variation of the quadrupolar splitting, the half-width at half-
maximum (HWHM) of the Lorentzian fit of the isotropic peak, the diffusion coefficient of the
isotropic peak and the calculated multilamellar vesicle radii values as a function of polymer
concentration. The HWHM value shown in Figure 9 is the HWHM of the spectrum, with
the HWHM for the micelle solution contribution being subtracted to leave just the MLV
contribution (the NMR spectra of the micellar dispersions are shown in the supplementary
information). The micelle solution contribution for 10 and 15 wt% was determined to be
3 Hz. As the concentration of polymer increases, the HWHM of the isotropic peak also
decreases, implying that the corresponding Ty correlation time increases. From Equation 5,
it can be seen that T is dependent upon the MLV size, diffusion coefficient and quadrupolar
splitting, therefore it is difficult to determine how much T, is influenced by each individual
factor.

It can be seen in Figure 9 that there is an increase in quadrupolar splitting from 2 to 4

wt% polymer, then a gradual decrease as a function of concentration. This shows an average
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Figure 7: NMR spectrum of 35 wt% NaLAS and 6 wt % polymer at 50°C, after the sample in
the NMR tubes was equilibrated with the magnetic field for 40 minutes. The inset (b) shows
the spectra zoomed out and the main figure (a) shows the spectra zoomed in to show details
of the quadrupolar splitting and the central isotropic peak. This frequency is presented in
ppm, this could easily be converted to Hz by multiplying by the instrument frequency, 61.43
Hz in this case.

overall increase in order and subsequently a decrease, in accordance with Equation 2. Once
the parameters are fitted to the vesicle size model, an increase in average vesicle size can be
seen as a function of polymer concentration. Although the sizes of the vesicles are sensitive
to many parameters, such as the application of shear during sample preparation and time

taken between sample preparation and NMR analysis of the sample, the experiments were

18



-40 -20 0
320 [—— 10 Wt% polymer data| |
— Fit
240}
160}

80}

300

— 8 wt% polymer data
— Fit
200}

100}

400
— 6 Wt% polymer data

El
L — Fit
>
= _
= 200
Q
£
a0 — 4 W% pol.ymer data
— Fit
2000}
1000
0 2 wt% I. dat
150 Fi)(N o polymer data
100}
50}
-40 -20 0 20 40
Frequency (ppm)

Figure 8: NMR spectrum of 35 wt% NaLAS and 2, 4, 6, 8 and 10 wt % polymer at 50°C,
after the sample in the NMR tubes was left in the machine at 50 °C for 40 minutes so
the temperature of the sample can reach equilibrium with the NMR machine. The data is
presented on a semi-logarithmic scale to show the fitting clearly. Further fitting details are
shown in the supplementary information file.
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Figure 9: Data from NMR, all at 35 wt% NaLAS in water at varying polymer concentra-
tions, at 50°C. A) shows the calculated MLV radius as a function of polymer concentration
determined by using the data in graphs b to d, B) shows the variation of diffusion coefficient
corresponding to the isotropic peak as a function of polymer concentration, C) shows the
variation of the quadrupolar splitting as a function of polymer concentration, and D) shows
the variation of the half width at half maximum of the lorentian fits of the central isotropic
peaks. The error bars are based on standard deviations of repeated data sets.
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repeated and the trend in size was consistently seen, as displayed in the error bars in Figure
9.

Furthermore, Figure 9 also shows a decrease in the diffusion coefficient corresponding to
the isotropic peak as a function of polymer concentration. Poulos?* stated that for NaLAS,
the bilayer thickness is approximately 18-22 A, so subtracting that from the d-spacing, the
water thickness decreases from about 19 at 2 wt% polymer to 14 A and 10 wt% polymer.
Farimani and Aluru® have reported that when considering water confined in channels, as
the channel thickness increases from 10 to 25 A, the diffusion coefficient increases, but as the
channel thickness increases from 25 to 50 A, the diffusion coefficient decreases. So, comparing
the trend in d-spacing to the study by Farimani and Aluru,? and relating this to the change
in diffusion coefficient, an increase in diffusion coefficient would be expected. However,
the NaLLAS-polymer-water system is significantly more complicated than water confined in
between a channel. There are additional surface, Van der Waals and electrostatic interactions
which may come into effect when considering the diffusion of the water in the bilayer.

A second factor that needs to be considered when interpreting the diffusion coefficient
data was that the diffusion coefficient measured represents all isotropic water present. Often,
different populations of water in a sample that have different diffusion coefficients can be
fitted using the Stejskal-Tanner Equation (Equations 7 and 8) as a sum of exponentials
for each population. An attempt was made to fit the diffusion coefficient data to multiple
exponentials when determining D using the Stejskal-Tanner equation, however, the best fit
was observed from a single fit. Now, despite this, there is likely to be multiple contributions
to the diffusion coefficient. Both the bulk water, and the water confined in the bilayers of
the vesicles. the diffusion of the water associated with the lamellar sheets is not represented
by the isotropic peak. As the polymer concentration increases, the density of the lamellar
phase increases. Therefore, the contribution of the water from the interlamellar water will
be higher at higher polymer concentrations than at lower concentrations. When considering

that the bulk diffusion coefficient of water is significantly higher than the diffusion coefficient
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of water in the bilayers, it can be seen that the weighted average of these diffusion coefficients
will be more influenced by the inter-bilayer water at higher polymer concentrations. So, if
all factors remained the same, but all that changed was the ratio of the water between
the MLV bilayers and water in the bulk, as the ratio increased, as occurs with a polymer
concentration increase, the diffusion coefficient would increase. So, this change in ratio may
also be contribution to the decrease in diffusion coefficient.

Evidence that the observed behaviour is due to the depleting effect of the
polymer. The presence of the polymer in the micellar solution (where the micelles and
polymer have the same charge) results in negative adsorption (desorption) of the polymer
on the surface of the micelle. This negative adsorption causes an osmotic pressure potential
and once the micelles are in close proximity to one another, they aggregate. This is an
appropriate prediction, as both the micelle and the polymer will both be negatively charged,
so it is reasonable to predict that a mixture of both components could result in depletion
flocculation. This phenomenon results in phase separation with a surfactant-micelle-rich
region and a polymer-rich region, as seen in the phase diagram as the L;+ L} region.

A lot of the behaviour seen within the phase diagram, such as the macroscopic phase
separation of the lamellar phase, the phase separation of the isotropic phase and the decrease
in MLV size as a function of polymer concentration, implies that the addition of polycar-
boxylate polymer causes depletion flocculation. This behaviour has been observed in various
polymer-surfactant systems, such as PVP polymer/SDS surfactant mixtures?® and Triton
X-405 surfactant/D-glucopyranose polymer mixtures.?” A possible mechanism behind the
increase in the average vesicle size as a function of polymer concentration can be described
by the depletion flocculation phenomenon, as explained by Leneveu?® and van de Pas.%2°
In a system containing multilamellar vesicles, the addition of a polymer which has a radius
of gyration equal to or greater than that the length of the interlamellar water thickness, it
will be energetically unfavourable for the polymer chains to remain confined between the

lamellar layers. Hence, the polymer chains are expelled out of the vesicles. This then results
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in an osmotic pressure gradient and, therefore, an increase in the Gibbs free energy of the
system. Therefore, to reduce the Gibbs free energy of the system, there is a compression of
the vesicles caused by reducing the interlamellar water layer thickness as the water is forced
out of the vesicle, this decrease in water layer thickness may perhaps be the cause of the
decrease in d-spacing as a function of polymer concentration as the water follows the osmotic
pressure gradient. To overcome this osmotic pressure difference, the vesicles fuse together.
The mechanism behind multilamellar vesicle fusion is not yet well understood, however the
mechanism of the formation of unilamellar vesicles (ULVs) resulting fusion due to depletion
flocculation has been described by Cullis®® and Safran.3' MLVs are likely to follow the same
mechanism as ULVs.

Consider 2 MLVs at close approach, as depicted in Figure 5, consider only the outer
bilayer of the 2 MLVs. The close approach region (region A) is polymer-poor and therefore
region B is polymer-rich. This causes the osmotic pressure gradient previously described.
This osmotic gradient is energetically unfavourable, so the system is rearranged to minimise
this energy. This osmotic gradient causes surfactant molecules from the outer monolayer
in region A to migrate towards region B, i.e. it causes a Marangoni flow of the surfactant
molecules, which results from surface tension gradients being induced as a result of the
polymer concentration gradient (osmotic potential). So, there is an increased density of
surfactant molecules in region A. This flow of surfactant molecules, therefore, reverses the
surface tension gradients. However, in doing so, the outer monolayer surfactants leaving
region B expose the hydrophobic chains of the surfactant monolayers remaining in region
B to water, which is energetically highly unfavourable. However, this can be avoided if the
inner monolayers of the two adjacent surfaces in region B fuse. This fusion is promoted
by attractive interactions such as depletion or van der Waals effects, and is likely to occur
if the two surfaces in region B are close enough; if not, fusion cannot occur and the outer
monolayer of surfactants in region B cannot be used to reduce the number or size of low-

density domains in region A. So, the vesicles fuse and increase in radius as a result of the
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polymer addition.?!

When viewing the cross-polarised light microscopy images of the 35 wt% NaLAS in water
in Figure 6, there is a low density of birefringent texture around the micrograph for the case
where there is no polymer and a low concentration of the lamellar phase, although there seems
to be aggregation of the vesicles. As polymer concentration is increased, there is strong
aggregation of the dispersed phase, which is perhaps indicative of depletion flocculation.
However, it is also a common result of decreased electrostatic repulsive interactions which
can occur as a result of increasing the ionic strength of the system. The presence of polymer
results in the increase of the ionic strength of the system, so it is difficult to attribute how

much each factor contributes to the aggregation because the polymer itself is charged.

Conclusions

The influence of polycarboxylate polymer on the phase behaviour of a NaLAS-water system
was investigated. A phase diagram was constructed using cross-polarised light microscopy,
SAXS and centrifuge phase separation. The average radii of MLVs were also calculated using
a model fitted to deuterium NMR data. At low surfactant concentrations, the addition of
polycarboxylate initially led to the separation of 1 isotropic phase into two isotropic phases
with different densities, this is thought to be a result of depletion flocculation. As the
polycarboxylate level was further increased, a lamellar phase(s) was observed, likely due to
the increased ionic strength of the system. At higher surfactant concentrations, the addition
of the polycarboxylate polymer led to surfactant being salted out from the micellar phase
into a lamellar phase. As the polymer level was increased further, phase separation was again
observed - but this time it was the phase separation of the single lamellar phase into two
lamellar phases with different d-spacings and densities. The lamellar phases were observed
to adopt an MLV morphology, by both polarized light microscopy and deuterium NMR.

Analysis of the NMR spectrum also enabled the average multilamellar vesicle radius to be
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estimated. On the addition of the polycarboxylate polymer, the average MLV radius was
observed to increase. This trend may be attributed to depletion flocculation and Marangoni

flow effects, which led to MLV fusion and hence MLV growth.
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