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Abstract

Coacervation is widely used in formulations to induce a beneficial character to the
formulation but non-equilibrium effects are often manifest. Electrophoretic (eNMR), pulsed-
gradient spin-echo NMR (PGSE-NMR) and small-angle neutron scattering (SANS) have been
used to quantify the interaction between low molecular cationic
poly(diallyldimethylammonium chloride) (PDADMAC) and the anionic surfactant sodium
dodecylsulphate (SDS) in aqueous solution as a model for the precursor state to such non-
equilibrium processes. The NMR data show that within the low surfactant concentration one-
phase region, an increasing surfactant concentration leads to a reduction in the charge on the
polymer and a collapse of its solution conformation, attaining minimum values coincident
with the macroscopic phase separation boundary. Interpretation of the scattering data reveals
how the rod-like polymer changes over the same surfactant concentration window, with no
discernible fingerprint of micellar type aggregates, rather the emergence of disc-like and
lamellar structures. At the highest surfactant concentration, the emergence of a weak Bragg
peak in both the polymer and surfactant scattering suggest these pre-cursor disc and lamellar
structures evolve into paracrystalline stacks which ultimately phase separate. Addition of the
non-ionic surfactant hexa(ethylene oxide) dodecyl ether (C12Es) to the system seems to have
little effect on the PDADMAC/SDS interaction as determined by NMR, merely displacing the
observed behaviour to lower SDS concentrations, commensurate with the total SDS present in
the system. In other words, the PDADMAC causes the disruption of the mixed SDS/C12Ee
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micelle, leading to SDS-rich PDADAMC/surfactant complexes coexisting with C12Es — rich

micelles in solution.

Introduction

It is well-known that in the presence of an anionic surfactant, solutions of a cationic
polyelectrolyte often show associative phase separation leading to a complex coacervate
(concentrated phase) coexisting with a more dilute phase [*4]. Accompanying such phase
separation, is the formation of nanostructures with different morphologies and organisation,
including soluble complexes, precipitates, gels and liquid crystalline phases [>®]. Complex
coacervation is further complicated by the presence of interfaces [1], but the continued
focus on studying coacervation is driven by its relevance to many and diverse applications of

formulated, nanostructured systems [*+17].

Coacervation occurs as the result of a complex balance of electrostatic and hydrophobic
factors, and therefore depends intimately on the character of the constituent materials, in
particular, their concentration, molecular weight, charge density and hydrophobicity, with this
balance being mediated by the prevailing solvent conditions, such as temperature, pH and

ionic strength [*819].

Coacervation is however difficult to study, as the underlying phase behaviour shows such a
significant dependence on composition which inter alia defines or restricts experimental
approaches and protocols, compounded by the fact that the phase behaviour often evolves
with time [2>%°]. Indeed, kinetically trapped structures are frequently evident (and desirable in
some applications), both in solution and at interfaces, dependent on sample preparation

protocols [26?7].

Notwithstanding these challenges, consensus points to the importance of the ratio of the
charges borne by the constituent components - usually expressed in terms of the
polyelectrolyte/surfactant ratio — given that the macroscopic phase separation boundary is
near-coincident with the point of nett zero charge [e.g. ¥%-%3]. However, most studies in the
literature focus on high molecular weight polyelectrolytes due to their useful rheological and
(de)stabilising character, or inherently at concentrations away from their useful range [*].

Here, we present a study of a low molecular weight sample of the commonly studied



polyelectrolyte poly(diallyldimethylammonium chloride) (PDADMAC) and its interaction
with sodium dodecylsulphate (SDS) in aqueous solution, using NMR methodologies to probe
within technologically relevant concentrated solutions, the conformation and charge, and
small-angle neutron scattering to probe the state of surfactant aggregation. It was
hypothesised that the use of the low molecular weight sample will allow the characterisation
of pre-cursor states that give rise to similar structures observed in higher molecular weight

species, whilst reducing the impact of any non-equilibrium effects.

Materials and Methods

Materials

Low molecular weight poly(diallyldimethylammonium chloride) (PDADMAC), supplied as a
35wt% aqueous solution by Sigma-Aldrich, was used as received. Analytical grade
surfactants sodium dodecylsulphate (SDS) and hexa(ethylene glycol) monododecy!l ether
(C12Es) were also supplied by Sigma-Aldrich. Both surfactants were used as received as the
surface tension derived critical micelle concentrations and mass spectrometry data showed the

absence of impurities, and were consistent with expected structures and literature values.

Methods

The phase boundaries were determination by adding prediluted surfactant stock solutions to
polymer stock solutions on a 2g scale in 5ml cylindrical glass vials, shaking end-over-end for
15 sec and then allowing to stand for 1 hr before noting the appearance of the sample. The
instability and therefore the macroscopic separation phase boundary was identified as those
samples that showed visible heterogeneity. Opaque but otherwise homogeneous samples that
did not further change appearance over a longer time period (24hr) were deemed stable,

though the opacity clearly indicated the presence of large structures.

The surface tension measurements of the polymer and surfactant solutions were recorded
using a maximum bubble pressure tensiometer (SITA t60) that was calibrated with pure water
and checked for linearity using water/alcohol mixtures. Measurements were performed in
bubble lifetime mode, with the limiting surface tension recorded at long bubble lifetime value,

typically longer than 5s. All samples were equilibrated at 25 (x 0.5) °C in situ using a



recirculating water jacket prior to measurement, and within 24 hours of preparation of the

sample.

NMR experiments were carried out at 25 (+ 0.5) °C on a 400 MHz Bruker FT NMR
spectrometer. In the PGSE-NMR experiment, a stimulated echo sequence was used, in which
the diffusion time (A) was set to 300 ms, the duration of the gradient pulses () was held
constant at 1 ms and their intensity (G) varied from 0.05 - 100 T m™%. Typically, 16-64 scans
were accumulated over 32 gradient steps. Self-diffusion coefficients were extracted by fitting
the entire dataset via CORE modelling based on a specific number of components as
described in the text [3*]. The voltage - gradient relationship is calibrated using a 1% H2O in

D.0 standard sample and stored in the instrument configuration tables.

For the electrophoretic NMR experiment [**], a double stimulated echo sequence was used
with constant field gradient parameters, sufficient to partially attenuate the residual water
peak, 8 =1ms, A =300 ms, G =0.25 T m™. In this experiment, the electric field is generated
(PL Scientific, Stockholm) by applying 0 - 200 V across two blackened platinum electrodes
touching the solution at the top and bottom of the sample. The electrodes were prepared by
cleaning platinum wire with hydrochloric acid, plated using standard platinising protocols,
washed with water, dried and mounted in the eNMR holder using plastic shrink wrap tubing.
The electric field, electrode cross-section and separation were calibrated by reference to a
known standard — 10 mM tetramethylammonium bromide, u™4+ = 3.45 x 10~8m~! —such
that the slope of the (experimentally determined) phase shift vs voltage plot for the sample is
simply multiplied by a constant derived from the equivalent TMA™* dataset to yield the sample
electrophoretic mobility. In both cases, calibrations associated with a given probe head (G)
and electrophoretic sample environment (electrode area and separation) were determined by
(regular) characterisation of the above standards and built into analytical routines.

Small-angle neutron scattering (SANS) experiments were performed on the Larmor
diffractometer at the 1SIS Spallation Neutron Source, Rutherford Appleton Laboratory,
Didcot, UK. A momentum transfer range defined by Q = (4n/A) sin(6/2) between 0.0035 and
0.7 Al was obtained by using neutron wavelengths (1) spanning from 0.9 to 13.5 A. The
samples were contained in either 1- or 2-mm path length, UV-spectrophotometer grade,
quartz cuvettes (Hellma, Germany and Starna Scientific, UK) and mounted in aluminium

holders on top of an enclosed, computer-controlled, sample chamber. All experiments were



conducted at 25°C. Experimental measuring times were approximately 60 min. All scattering
data were (a) normalized for the sample transmission, (b) background corrected using a quartz
cell filled with D20, and (c) corrected for the linearity and efficiency of the detector response
using the instrument specific software distributed as part of the Mantid framework [*®]. SANS
experiments were carried out on two series of samples - one with protiated surfactant
(scattering length density, p,_sps = —0.4 x 1078 A=2), one with deuterated surfactant
(scattering length density, pg_sps = 6.8 x 1078 A=2) — both with deuterated solvent, DO
(scattering length density, pp,o = 6.4 x 1078 A=2). The (anhydrous) polymer has a calculated
scattering length density of (scattering length density, p,,;, = 0.5 x 1078 A=%). All data were

analysed within the SASView package using standard and user-written functions.
Results and Discussion

The stiff character of polyelectrolytes presents a number of the challenges in their study by
NMR, typically displaying broad and weak signals associated with a low fraction of mobile
regions within the polymer e.g.[*’]. Nonetheless, pulsed-gradient spin-echo and
electrophoretic NMR have been deployed to characterise the mobility of low molecular
weight PDADMAC species in the absence of an applied electric field (diffusion, figure 1(a))
and in its presence (electrophoresis, figure 1(b)), and the charge on the polymer via the
normalised ratio of these two measures of mobility (figure 1(c)) [*]. Both the self-diffusion
coefficient and the electrophoretic mobility show a decrease with increasing polymer
concentration, although with slightly different functional forms, especially at very low
concentrations. An extrapolation to infinite dilution of the diffusion data assuming a power
law dependence of the friction opposing that diffusion [*°2°], leads an effective hydrodynamic
radius of Rn = 1.0 (+/- 0.2) nm via the Stokes-Einstein equation, assuming an equivalent
spherical shape. The magnitude of the size is closer to Rn = 4.6 (+/- 0.2) nm for the self-

diffusion coefficient measured at a polymer concentration of 1wt%.

The electrophoretic mobilities determined here by NMR are consistent with those for
PDADMAC determined by light scattering methods e.g. [***!] albeit at higher molecular
weight, as well as with other highly charged oligo- or polymeric structures such as
poly(ethylene imine) (PEI) * and polyamidoamine (PAMAM) dendrimers *2,



The charge (z) on the species is calculated from the ratio of the electrophoretic mobility (1)
and the self-diffusion coefficient (Ds) normalised for Boltzmann’s constant (kg) and the
temperature (T);

kpT
z= —"DSBe (1)

It may be seen that z attains a constant value above a polymer concentration of Cppapmac = 1
wt%. The magnitude of the limiting charge — 2e per polymer — seems intuitively low given the
nominally highly charged nature of the polymer, which in turn implies a high degree of
counterion binding. Such counterion binding under the experimental conditions here - the
NMR timescale (300 ms) and salt-free solutions - is consistent with both the NMR [*"] and
dielectric spectroscopy analyses [**] of the PDADMAC chain which centres on modelling two
populations of counterions — one tightly bound population leading to the mobile sections of
the polyelectrolyte, and a second loosely bound population diffusing parallel and
perpendicular to the PDADMAC chain. We shall return to this discussion of the charge after
the presentation of the SANS data.

Mixtures of oppositely charged polymer and surfactants usually show regions of macroscopic
phase separation coincident with pronounced “steps” in the surface tension data [e.g. */], in
marked contrast with the behaviour observed for non-ionic polymer and charged surfactant
systems [e.g. #°], the latter showing no such “steps” in the surface tension data, merely
transitions into- and out- of plateau-like regions. Over this low-surfactant concentration, one-
phase region, it is usually assumed that the surfactant binds molecularly to the oppositely

charge groups on the polymer, leading to a neutralisation of the polymer/surfactant complex.

The phase behaviour - figures 2(a) and 2(b) - and surface tension data — figure 2(c) - for the
binary PDADMAC/SDS mixtures studied here show this expected behaviour. Figures 2(b)
and 2(c) presents the various datasets on a normalised concentration scale, intended to be a
simple representation of the anionic/cationic charge ratio over the experimental window. Over

the entire range of PDADMAC concentration studied 0.25 < Cppapbmac < 1 wit%, the phase

boundary occurs at CSDS/C = 40 (£10) for the phase behaviour and
PDADMAC

CSDS/C = 50 (£5) for the surface tension behaviour. The fact that both experimental
PDADMAC

methodologies collapse onto a similar ratio confirms the origin of the features in the data are



dominated by charge neutralization. It will be shown later that this concentration ratio
corresponds to a charge ratio of unity.

Our focus is therefore limited to the low SDS one-phase concentration window, viz for 1wt%
PDADMAC solution, 0 < [SDS] < 40 mM, with samples at the higher end of these SDS
concentrations being milky but stable. Above Csps = 40 mM, the samples phase separate, but
re-dissolve for Csps > 50 mM.

The peaks in the PDADMAC NMR spectra overlap with the SDS and therefore, the peaks in
the 2-4 ppm range will contain contributions from both species. Notably, the SDS signal is
quite weak (compared to its no-polymer comparator), indicating that the SDS is in a rather
motionally restricted environment, and its relaxation is efficient (data not presented) [*']. A
careful analysis of the spectra in conjunction with parallel measurements on selected samples
using deuterated SDS (to remove any signal from the surfactant), indicated that both the decay
of all signal intensities (diffusion) and the phase shifts (electrophoresis) could be
appropriately analysed by a single component, indicating that both the polymer and the
surfactant exhibit the same self-diffusion coefficient and electrophoretic mobilities. One
concludes therefore, that the unimer (non-polymer-bound) surfactant concentration is low, a
conclusion that is reinforced by the coincidence of the phase boundary and surface tension
data in figures 2(b) and 2(c).

The derived self-diffusion coefficients, electrophoretic mobilities and charges on the
polymer/surfactant complex are presented in figures 3(a,b,c). With increasing SDS
concentration, the self-diffusion coefficient of the polymer increases indicating a contraction
in the conformation of the polymer, presumably associated with the reduction in the
electrostatic repulsion between the charged moieties along the polymer backbone. Consistent
with that hypothesis is the fact that the electrophoretic mobility decreases with increasing
SDS concentration, indicating a decreasing cationic charge on the complex. Not surprisingly,
the binding of the anionic surfactant to the cationic polymer results in a reduction in the
charge on the complex, figure 3(c), reaching a zero value coincident with the macroscopic

phase separation boundary and the “step” in the surface tension data.

The structure of the PDADMAC/SDS complex has been explored by small-angle neutron

scattering across this low surfactant concentration, one phase region of the phase diagram.



The measured small-angle neutron scattering data are presented in figures 4(a) and 4(b) for
these two series of samples. Consider initially, the gross features in the data, which are
consistent with other such studies [*>2%4647], Firstly, note (a) that the scattering from the
polymer alone is very weak, consistent with a small highly hydrated solution confirmation,
and (b) the very broad peak in that scattering over the mid-Q range, a feature that is
reminiscent of surfactant scattering, consistent with a moderate concentration of small,
charged scatterers. The form of the data — a broad peak - is also similar to that observed for
larger molecular weight polyelectrolytes. Secondly, the general appearance of the two sets of
experiments (figures 4(a) vs 4(b)) are remarkably similar, indicating that the size and/or
distribution of the polymer and the surfactant within the polymer/surfactant complex are both
mutually similar, and similar to the overall size & shape of the complex. Note there is
significantly more intensity when the protiated surfactant is used, a point that we shall return
to below. Thirdly, the most notable change in these “paired” datasets induced by the addition
of the surfactant, is the increase in scattering intensity at low Q, which may arise due to the
presence of larger or differently-shaped structures and/or a transition from repulsive
interparticle interactions into attractive ones. As is evident from the limiting slopes indicated
in figure 4(a), the functional form of these with-surfactant datasets at low Q increases from Q"
! (characteristic of rod-like structures) through Q2 (which, depending on the size of the
structures, may be indicate the presence of curvature e.g. surfactant aggregates, or flatter
structures, such as discs) into Q for the highest surfactant concentration sample consistent
with large, homogeneous scatterers (though such a definitive identification of the likely shape
requires an absence of an S(Q) term). Finally, there is a clear appearance of an inflection or a
bump in the data over the mid-Q range, and at the highest surfactant concentration a
noticeable Bragg peak at Q = 0.167 A, consistent with a dimension of 38 A. This dimension
is similar in magnitude to twice the length of an SDS molecule, implying the existence of

lamellar type structures.

Consider first just the simple polymer solution. Merta et al [*®] interpreted scattering from
PDADMAC with molecular weight 300K g mol™ in terms of two models based on a cylinder
morphology, obtaining values for the cross-section of 5 (+ 2) and 16 (+ 1) A, though the
simpler model under-represented the weak peak in the data. In a similar vein, the scattering
from the 1wt% low molecular weight PDADMAC solution here was also well-described by a
surfactant-inspired cylindrical morphology invoking a rod-like form factor with radius R = 6
(+ 0.5) A similar to Merta et al, and length L = 70 (x 2) A). In contrast to Merta et al, here a



Hayter-Penfold structure factor (S(Q)) has been included to treat the peak in data, yielding an
ionic character commensurate with 5e per molecule [*]. Therefore, recalling the previous
NMR analyses, all indications point to a small polymer that bears a low charge. In the absence
of any definitive molecular weight information, these various analyses may be combined to
recalculate an average value for the degree of polymerization (DP), and thereafter, to interpret
fully the charge on the polymer. Recalling that in these salt-free solutions, the polymer adopts
a rod-like conformation with L = 7.0 nm, this corresponds to an equivalent-spherical-volume
radius of 1.1 nm, in good agreement with the extrapolated infinite-dilution hydrodynamic
radius of Rn = 1.0 (+/- 0.2) nm from the NMR data. The experimental data are therefore in
excellent mutual agreement. Adopting the Kuhn statistical length for the monomer unit (0.54
nm) employed by Chen et al [*®], indicates that this rod length is consistent with DP ~ 13, or
molecular weight My ~ 2,100 g mol™. Thus, the charge of 2e per molecule from the eNMR
data suggests a degree of counterion dissociation of 15%. The SANS data are however,
equally well-described by an unscreened polyelectrolyte “broad peak” model [*°] with the
same system parameters (molecular weight, scattering length densities, concentration and
monomer length) derived in this iterative NMR/SANS analysis, but allowing the degree of

counterion dissociation to increase to 21%.

Continuing this aside, based on this estimate for the molecular weight (and therein effective
molecular volume), the polymer number concentration may be used to calculate the critical
overlap concentration (C*) and to reframe the charge ratio coincident with the phase
behaviour and the surface tension data. C* for these systems would be Cpoly > 10 wt%, thus

negating any correction for obstruction effects in the NMR analyses. More importantly, the

charge ratio commensurate with the concentration ratio of Csps /C , i.e. that
PDADMAC

delineating the phase boundary from the visual (40 (+10)) or surface tension (50 (£5))
analyses corresponds to a charge ratio of 0.95 (+0.18), in excellent agreement with the

literature value of 1.

Returning to the SANS data, consider the detail in figures 4(a) and 4(b). The purpose of such
a paired “contrast variation” experiment where two series of samples have been studied — one
with protiated surfactant (figure 4(a)) and a second otherwise identical series with deuterated
surfactant (figure 4(b)) — is to provide structural information on the internal structure of the

complex. Under these conditions, the scattering from the deuterated surfactant in deuterated



solvent is significantly depressed, such that the observed scattering is dominated by the
polymer, and where the surfactant is protiated, the scattering arises from both polymer and
surfactant. The striking similarity in the shape of the scattering curves of the paired samples
indicates that the structure of the complex is very similar to the polymer one (i.e. in the

presence of the invisible surfactant), illustrating the strength of “templating” by the polymer.

The intensity of the scattered radiation, 1(Q), arising from these polymer / surfactant

complexes, as a function of the wavevector, Q, is given by Equation (2):

Ii(Q) = NiViZ (pi - psolv)zpi(Q)Si(Q) + Bine (2)

where Binc is the incoherent background, N; is the number and V; the volume of the scattering
species, (p; — Psoy) 1S the difference between the neutron scattering length density of the
scattering species (i) and the solvent (solv), Pi(Q) describes the morphology of the scattering

species and Si(Q) their spatial distribution in solution.

A number of standard models often utilised in understanding polymers/surfactant assemblies
were tested against the data via Pi(Q). These included; Debye and other representations for
the polymer; micelles, both spherical and elongated; core-shell structures; lamellar based
assemblies, including single and multi-layer vesicles. The majority of these models were
found to poorly reproduce the scattering observed at low Q, typically under representing that
part of the dataset, and often failing to reproduce the subtle features in the data around mid Q.
Clearly, length scales over more than one characteristic range must be present. The subtle
peaks in the data at mid Q were found to be reasonably well-reproduced by form factors from
lamellae and/or stacked discs, although both under represented the intensity at low Q.

Therefore, a composite model has been constructed comprising terms to account for the local

(lamellae, discs) and global structures using the built-in feature of SASView, viz;

Icomplex(Q) = aI(Q)local + bI(Q)gwbal (3)

with amplitudes a and b respectively collecting all the pre-terms in Eqn (2). The local term
accounts for the scattering arising from the structure of the molecular polymer/surfactant
complex and the global term accounts for the assembly of those molecular polymer/surfactant

10



complexes. For the higher SDS concentration samples, this follows a Q** commensurate with
larger structures that give rise to the slightly milky appearance of the samples.

Informed by a reasoned consideration of possible structures, one arrives at a structure in
which the core region principally comprises the surfactant tails, with the polymer and
surfactant headgroups residing in an outer, hydrated layer, as illustrated in Figure 5. Thus,
initial estimates of the scattering length densities of these regions may be selected, assuming a
level of hydration. Ultimately, the models used comprised stacked disks with a Q* term for
the higher SDS concentration samples, and a combined stacked disc / lamellar model at the

lowest SDS concentration, without the Q* term.

As may be seen by the fits in figures 4 (a,b) this approach is a good representation of the data,
notwithstanding its complexity. Absolute intensities are consistent with the composition of the
sample and its concentration. For SDS concentrations above 5 mM, 10 stacks of discs were
invariably included in the analysis. Interestingly, the parameters are relatively consistent
across both contrasts and surfactant concentration - the radius (R) of the disc 23.8 (+ 3.7) A
with a combined core + layer thickness of 33.5 (+ 5.5) A. For the protiated surfactant, the
core thickness is marginally greater than the deuterated case (25.0 (+ 5.1) A vs. 20.3 (+ 3.1)
A), though this variance is accommodated in the opposite trend in the layer thickness (10.0 (+
5.9) Avs. 13.0 (+ 3.5) A). This length scale - 33.5 (+ 5.5) A — is consistent with twice the
fully extended length of the dodecyl chain. Financially, it is clear that the Bragg peak is well-

reproduced in this modelling.

Complex formulation rarely include just a single surfactant or polymer, non-ionic polymers or
surfactants being added to modulate the interaction between the (oppositely) charged species
[e.g. 241°1-%5], Many of these studies focus on higher surfactant concentrations and the non-
ionic species induced resolubilisation of the (insoluble) complex formed between the
oppositely charged polyelectrolyte and surfactant [e.g. °#¢]. A number of mechanisms are
hypothesised; the non-ionic species reducing the effective charge on the mixed micelle and
therefore suppressing its interaction with the oppositely charged polyelectrolyte, a model that
is limited to concentrated surfactant systems [2*]; the ionic surfactant is “stripped” from the
polyelectrolyte complex reducing the tendency to phase separate [*’], because it preferentially
resides in the mixed micelles; or where the polyelectrolyte/ionic surfactant complex coexists

in equilibrium with non-ionic micelles [*9].
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Therefore, to understand further the dominating effect of the electrostatic character of the
interaction, a competing non-ionic surfactant — hexaethylene mono dodecyl ether (C12Es) - has
been added to the PDADMAC/SDS system to quantify any perturbation to the electrostatic
interaction between PDADMAC and SDS. This is akin to the “low ionic surfactant-to-
polyion ratio” chemical model proposed by Fegyver and Mészaros [*]. The phase behaviour is
presented in figures 6(a) and 6(b), the latter expressed in the normalised surfactant-to-polymer

concentration ratio, Csps /C . In these ternary systems, Csps may be varied both by the
PDADMAC

total surfactant concentration Ciotar and the solution mole fraction asps, Viz Csps = asps Chotal -

Addition of the non-ionic pushes the phase separation boundary to higher total surfactant

concentrations, figure 6(a), but the effect is considerably weaker when plotted in terms of the

CSDS/C

io, fi i Csps
D ADMAC ratio, figure 6(b). Interestingly, for these ternary systems /

CPDADMAC

40 (£3) in striking agreement with the binary case, suggesting that the non-ionic surfactant is
merely a “spectator” in the PDADMAC/SDS interaction.

The two NMR techniques were again deployed to study these ternary systems, at Crpabmac =
1 wt%, but in the presence of the two surfactants at a total concentration Ciota = 30 mM and
by varying the surfactant mole fraction, i.e. still just inside the one-phase region of the phase

diagram.

The NMR data / spectra are now increasingly more complex, and more involved approaches
must be invoked to analyse the data given the number of components present in the system. In
the diffusion experiment, one follows the attenuation of the intensity of one or more peaks.
Whilst these decays may sometimes be combined into a single peak, the component decays
are independent and therefore separable through model fitting. For systems with 0.3 < agps <
0.8, both two- and three-component fits were tested against the data, but generally the two-
component approach was found to be sufficient. Attempts to deconvolute the surfactant
spectra into its two components viz SDS and C12E¢ did not lead to improved fits. It is
concluded from the nature of the analysis, that the model is best described by a dynamics
model that invokes very rich C12Es micelles coexisting with PDADMAC/SDS complexes.
Further, as in the binary case, most (perhaps all) of the SDS is associated with the polymer,
and inter alia that the SDS spectrum is strongly suppressed due to relaxation time effects. An

additional complication arises in that at the extremes of the mole fraction range, asps < 0.3
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and agps > 0.8, the two limiting cases reduce to one component fits, because for asps > 0.8,
the PDADAMC/SDS complex diffuses as a single entity, and for agps < 0.3, the PDADMAC
and Ci2Eg diffuse independently but have the same numerical self-diffusion coefficient, as

confirmed in the single component solutions.

In the electrophoresis experiment, one has to determine a phase shift associated with one or
more peaks, but these are not independent, and affect the various peaks to a degree based on
its mobility. The water peak is usually invoked as the “calibrant”. As an illustration, figure 7
presents three paired spectra, for the case when there is no applied electric field (left column),
and therefore no electrophoretic motion, and when an electric field has been applied (right
column). For the non-ionic rich systems, e.g. top row, the level of phase correction required
for the alkyl peak is very small, and comparable to the water peak, but different to the
polymer peak as evidenced by the negative tail on the right of the 2-3 ppm peaks; therefore
the surfactant (like the water) has a zero average mobility, but the polymer is non-zero. The
phase shift of the polymer peak cannot but corrected by the same factor, and thus the polymer
is undergoing electrophoretic flow — it is charged. Thus, one may also conclude that since the
non-ionic surfactant exhibits little electrophoretic mobility, it is not interacting with the
polymer. This is entirely consistent with the diffusion interpretation.

For the anionic-rich systems, e.g. bottom row, again a single phase correction seems to correct
all the polymer and surfactant peaks equivalently (and to a degree greater than that needed for
the water peak). This single correction is consistent with a charged PDADMAC/SDS
complex, and a very small contribution to the peak intensity from the (free) C12Es (micellar)

component.

For mole fractions in the middle of the composition range (0.3 < agps < 0.8), the situation is
rather complex, with no single phase adjustment adequately correcting all the peaks,
simultaneously, evidenced in terms of the slight negative intensity around 2.5 — 3.0 ppm, the
middle spectra in figure 7. Whilst elegant methods to deconvolute such overlapping spectra in
electrophoretic NMR experiments have recently been presented, the spectra here do not lend

themselves to that level of scrutiny, and a semi-empirical analysis is presented [*°].

Consider first the polymer self-diffusion coefficients in the binary PDADMAC/SDS system
and the ternary PDADMAC/SDS/ C12E¢ system, plotting both in terms of the SDS solution
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concentration, figure 8(a). As might be expected, the polymer self-diffusion coefficients at the
limits of SDS concentration merge, given the ternary system collapses to the binary one in the
when agps = 1, and slight reduction in the polymer diffusion when agps =0 i.e. 30mM Ci2Es
alone, may be understood in terms of a slight obstruction effect due to the surfactant micelle.
Over the intermediate range of prevailing SDS concentration, accessible through changes in
surfactant concentration directly (binary systems) or surfactant composition, asps (ternary
systems), a common behaviour is observed, through the polymer does appear to diffuse
slightly faster in the ternary solution. Slightly bigger differences are observed in the
electrophoretic mobility data, figure 8(b), though note the relative scales. The electrophoretic
mobility of the polymer when agp¢ = 0.0 is comparable to the polymer-only value. Now, the
electrophoretic mobility of the polymer in the ternary case is greater (more positive) than in
the binary case, over the majority of the SDS concentration range, suggesting that there is less
SDS bound to the polymer (to neutralise some of the cationic charge), as found by Fegyver
and Mészaros [?] in their study on PDADMAC/SDS/dodecyl maltoside (C12G2) system.

The charge on the polymer/surfactant complex in the binary and ternary systems is presented
in figure 8(c), and a remarkable similarity is observed between the two systems. There are
subtle differences in the data at low SDS concentrations. Over this region at least, the data
suggest that C12E¢ may be perturbing the binding of the SDS to the PDADMAC
(electrophoretic mobility) but seemingly not significantly affecting its solution conformation
(diffusion). However, for these non-negligible concentrations, the effects of obstruction
cannot be unequivocally removed. The universality of these NMR data, plotted in this
fashion, and the coincidence of the phase behaviour, does however lend considerable support
to a model in which the SDS binds almost stoichiometrically to the PDADMAC, neutralising
the charge, and that the C12Es has an insignificant impact on the PDADMAC/SDS interaction.
This behaviour embodies characteristics of the “stripping” formulism at low agpg [>'] and a

re-equilibration mode at higher agpg [*°].
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As a predominantly electrostatic interaction, the proximity of the various charge groups is
central to defining the interaction. Surfactant headgroup - monomer charge neutralisation
leads to changes in the polymer conformation due to the reduced electrostatic interactions
along the backbone, moderated by the formation of local structures necessary to shield the
hydrophobic moieties from the aqueous phase. Here, the selection of the low molecular
weight polymer precludes any larger length-scale rearrangements of the polymer, and it is
hypothesised that only the local structure is accessible here. One can draw an analogy with the
blob or scaling theories that define semi-dilute polymer conformations. Closer proximity of
opposite charges may be facilitated by increasing the ionic strength, which may independently
have significant impacts on polymer conformation as well as the morphology of the
aggregated state. The relevance of the simplification of studying a low molecular weight

polymer sample as here will require future validation.

Conclusions

Electrophoretic- (eNMR) and pulsed-gradient spin-echo NMR (PGSE-NMR), in conjunction
with small-angle neutron scattering (SANS) have been used to quantify the impact of the
anionic surfactant sodium dodecylsulphate (SDS) on low-molecular weight, highly-charged
poly(diallyldimethylammonium chloride) (PDADMAC) in aqueous solution within the low
surfactant concentration one-phase region of the phase diagram. It is shown that binding of
the surfactant drives a transition from the highly charged, rod-like polymer-only conformation
into ordered layer structures exhibiting lower charge, with evidence of the emerging character
of a lamellar structures just prior to phase separation. On addition of a competing non-ionic
surfactant, hexa(ethylene glycol) monododecyl ether (C12Es), it is argued that the dominating
electrostatic interaction between the PDADMAC and SDS, causes the disruption of the mixed
SDS/C12Es micelle, leading to PDADMAC/SDS complexes coexisting with non-ionic-rich

micelles in solution.
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Figure 1 - Diffusion coefficients (a), electrophoretic mobilities (b) and the effective charge (c)
of PDADMAC in aqueous solution as a function of polymer concentration, in D20 at 25 °C.
The two sets of data have been interpolated — for the diffusion data, a second order
polynomial friction analysis has been used as per [1*%], whereas only a linear relationship is
necessary for the electrophoretic data.
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Figure 5; Representations of the model(s) invoked here in the analysis of the SANS data from

aqueous PDADMAC/SDS solutions; protiated (top) and deuterated surfactant (bottom).
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Graphical Abstract

Increasing surfactant concentration

The binding of anionic sodium dodecylsulphate to a low molecular weight sample of
poly(diallyldimethylammonium chloride) leads to surfactant-templated collapse of the rod-
like polyelectrolyte solution conformation forming disc-like and lamellar structures
coincident with the macroscopic phase boundary.
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