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ABSTRACT

We investigated the structure of polymer-surfactant aggregates and their pH-dependent structural evolution using hydrophobically modified poly(vinyl-pyrrolidone)
(h-PVP) and sodium dodecyl sulfate (SDS). The structure of the complexes in the weak (pH =~ 9) and strong (pH = 2) interaction regimes was studied using small-
angle X-ray scattering, with the data analysed on an absolute intensity scale, using molecular parameters as constraints. At pH 9, where self-assembly was driven
by hydrophobic interactions, we have found that, at low surfactant concentrations, elongated aggregates were formed. At excess surfactant concentrations, the
aggregates became more compact with a smaller aggregation number, resembling free micelles with the hydrophobic domains of the polymer incorporated into the
surfactant core. In all cases, aggregates formed a continuous network, with polymer serving as a weak cross-linker between aggregates. Finally, we have compared
the structure of these weakly interacting aggregates with the precipitates formed at low pH, where the electrostatic attraction dominates.
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1. Introduction

Interactions between polymers and surfactants, both in solution
[1,2] and at interfaces [3], have been extensively studied due to their
high industrial and scientific relevance. Polymer-surfactant complexes
are widespread in consumer products and biomedical applications [4,5],
e.g. as thickening agents in cosmetics [6] and as foam stabilizers for topi-
cal drug delivery [7,8]. Such interactions depend intricately on the poly-
mer molecular weight, architecture, charge density, and amphiphilicity.
[6,9] Polyelectrolytes containing hydrophobically modified moieties are
of particular interest due to their desirable properties as additives in
personal care products, e.g. reduced irritation [10] beneficial for skin-
friendly cleansers and “no-tears” shampoo formulations [11].

Driven by electrostatic and hydrophobic forces and entropic effects,
polymers and surfactants can assemble into supramolecular complexes
(P-S complexes) above a certain concentration, often referred to as the
critical association concentration (cac) [12,13]. These interactions can be
rationalized by two different models. In the closed association model,
surfactants bind to the polymer, forming micelle-like aggregates in the
vicinity of the polymer chain. This leads to a relatively large number of
surfactant molecules distributed unevenly on the chain in aggregates.
In the site binding model (the Zimm-Bragg theory) [14], surfactants are
bound as ions to the oppositely charged polymer segments, leading to
a relatively even distribution of surfactants along the polymer chain.
There is a longstanding debate in the literature about the mechanism of
the binding process between polymers and surfactants.

In practical applications, P-S complex stability is an important con-
sideration, as the presence of large non-equilibrium aggregates can sig-
nificantly alter the properties of the mixtures [15,16], leading to the
loss of product properties. P-S complexation is underpinned by polymer-
surfactant interactions. Upon approaching stoichiometric binding be-
tween polyelectrolytes and ionic surfactants, diminishing long-range
electrostatic repulsion can lead to aggregation of complexes and precipi-
tation, and subsequent macroscopic phase separation. This process may
take significant time, up to several months [17,18]. To avoid precipi-
tate formation, one approach is to manipulate the charge density of the
surfactant aggregates by incorporating non-ionic surfactants [19-21].
There have also been attempts to incorporate responsive components,
making it sensitive to pH, temperature, UV-light and other external stim-
uli [22,23].

Up to now, most previous work has focused on the oppositely
charged P-S structure either at interfaces [17,24,25] or in solution. In
many of these studies, the solution structure was affected by the pres-
ence of out-of-equilibrium aggregates formed due to the strong elec-
trostatic interaction between the components, which depended sensi-
tively on sample preparation, requiring complex protocols. [26-28] As
a consequence, it is challenging to experimentally obtain equilibrium
P-S complexes and few studies have examined the connection between
the P-S complex interfacial behaviour and their aggregate structure in
solution. Therefore, the mechanistic insight into the structure of P-S
aggregates at equilibrium is limited. Equilibrium P-S complexes may
be attained by controlling the interaction between components, e.g. by
tuning polymer charge density. For instance, P-S complexes with pH
responsive polymers have been studied [29-31], but understanding of
how the polymer charge tunability affects surfactant binding and the
complex structure remains incomplete.

Interaction of sodium dodecyl sulfate (SDS) and poly (vinylpyrroli-
done) (PVP) has been studied at the interface using surface tension
measurements [32,33] and neutron reflectometry (NR) [32]; and in
solution using microcalorimetry [34], conductometry [33], capillary
electrophoresis [35,36], NMR [37], and small-angle neutron scatter-
ing (SANS) [38,39], as well as theoretically. [40] An NR study of the
interfacial interaction between PVP and SDS [32] attributed lowering
in the surface tension to the possible formation of polymer-surfactant
complexes in the bulk, although direct experimental evidence was not
provided. Capillary electrophoresis results suggested the formation of a
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pseudo-polyanion due to the PVP-SDS interaction, pointing to the role
of ion bridging in the complex formation. [41] Results from NMR in-
vestigation [37] suggested strong specific interactions between the SDS
headgroups and PVP, which restricted the mobility of water molecules in
the headgroup region, although it was not attempted to vary the strength
of this interaction through manipulation of the ionic strength or pH.
Furthermore, a SANS investigation of the aggregate structure [38,39]
focused on a single polymer concentration, showing the localisation of
polymer around surfactant headgroups. Despite these previous studies
of the SDS-PVP interaction, it remains under-explored how the interac-
tion strength might be tuned e.g. via pH variation, which would also
facilitate obtaining equilibrium P-S complexes, allowing a direct com-
parison with P-S precipitates.

Here, the structure of P-S complexes in solution with the driving
force switchable between hydrophobic and electrostatic interactions has
been investigated, enabled by use of a hydrophobically modified pH-
responsive polyelectrolyte. The co-polymer consists of a statistical dis-
tribution of pH responsive polyvinylpyrrolidone (PVP) and hydrophobic
butyl segments. It is uncharged at pH =9 (greater than PVP pKa = 8.3
[42]) where its interaction with anionic surfactant sodium dodecyl sul-
fate (SDS) is dominated by the hydrophobic interaction. At pH = 2, PVP
is positively charged and forms precipitates with SDS due to strong
electrostatic interactions. This experimental system thus allows us to
directly compare the P-S complex structure, with the same composition
but different driving forces. The complex structure has been studied us-
ing small-angle X-ray scattering (SAXS), complemented by equilibrium
surface tension measurements, which allowed the proposition of a struc-
tural model of polymer-surfactant interaction, facilitating mechanistic
insights into surfactant binding to the polymer.

2. Materials and methods
2.1. Materials

Butylated polyvinylpyrrolidone (h-PVP, Ashland Surfaguard AL-9)
with a molar mass M, =8 — 12kg - mol™!, M,, =30 —50kg - mol~! was
provided by Procter & Gamble, UK, and used as received. 'H NMR mea-
surement was conducted to confirm the copolymer structure. (cf. Sup-
plementary material S4) Ethanolamine (product number E9508, > 98%)
and sodium dodecyl sulfate (SDS;product number L4509, > 98.5%)
were purchased from Sigma and used as received. Ultrapure Milli-Q
water (Resistivity = 18.2MQ - cm and total organic content (TOC) = 2
ppb) was used to prepare all aqueous solutions.

2.2. Sample preparation

Samples were prepared by mixing stock solutions of the components
in Eppendorf test tubes, which were shaken at 35°C for 30 minutes in a
thermal mixer and then stored at room temperature for 2 weeks before
further use. The sample composition for all samples is provided in the
supplementary material, Section S10.

Precipitates of the h-PVP and SDS mixture at pH 2 were prepared by
dropwise addition of the 1 M solution of hydrochloric acid to the beaker
containing 10 mL of 50 mM SDS and 1 wt% of h-PVP under vigorous
stirring. The solution was let to equilibrate for 7 days at room tempera-
ture, before being centrifuged for 30 minutes at 8000 rpm. Sedimented
viscoelastic film was collected and transferred into SAXS gel cells in ex-
cess of water for measurements.

2.3. Small-angle X-ray scattering (SAXS)

SAXS measurements were carried out on the ID02 beamline at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France
[43]. The experiments were conducted in transmission geometry us-
ing a photon energy of 12.23 keV, corresponding to a wavelength, A
= 0.1 nm. Measurements were performed with a pixel array detector,
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Eiger2 4M (Dectris Ltd., Switzerland), at a 0.8 and 10 meter sample-
to-detector distance, covering a g-range of 0.006 — 10 nm~!. Static
SAXS measurements were carried out in a flow-through capillary setup,
with a capillary diameter of 2 mm, in combination with a 28-port au-
tomated sample changer, with transmission measured simultaneously.
Radiation damage was checked by making a series of test exposures,
and only the data that showed no radiation damage were further anal-
ysed. The recorded 2D data were normalised to an absolute intensity
scale before regrouping to obtain the 1D SAXS profiles. The correspond-
ing background was then subtracted from each of the 1D profiles. The
obtained dataset is available at the ESRF repository [44].

Measurements of the scattering from the precipitates were conducted
on the BM26 beamline at ESRF in transmission geometry using a photon
energy of 12.4 keV (4 = 0.1 nm) and a pixel array detector, Pilatus 1M
(Dectris Ltd., Switzerland) with a 1 meter sample-to-detector distance,
covering a g-range of 0.2 — 8 nm~!. Samples were loaded into gel cells
with mica windows and exposed to X-rays for 10 s. The recorded 2D
data were normalized by transmission, with background subtracted, and
regrouped to obtain 1D SAXS profiles.

2.4. Surface tension measurements

Equilibrium surface tension measurements were conducted using a
Kriiss K11 force tensiometer equipped with a Wilhelmy plate. Before
each measurement, the glass vessel was cleaned with hot water, rinsed
with pure ethanol and Milli-Q water, and the platinum Wilhelmy plate
was cleaned in the flame of a Bunsen burner. Subsequently, cleanliness
was checked by measuring the surface tension of Milli-Q water to ensure
the absence of any surface active molecules.

Titration experiments were conducted by adding a mixed poly-
mer/surfactant solution into the polymer solution of a designated con-
centration, therefore achieving a constant polymer concentration with
varying surfactant concentrations. After each addition, samples were
vigorously stirred for 1 min and then allowed to equilibrate for at least
5 min before measurement.

Then, the tensiometer was allowed to equilibrate, until the fluctua-
tions in the reading of the weight sensor were < 0.025 g. After that, a
measurement was started with the following procedure: the weight sen-
sor was tared to O, after that surface was automatically detected and
Wilhelmy plate was submerged 2 mm into the liquid. Sensor readings
were recorded every 30 seconds, until a plateau was reached with the
standard deviation of the last 10 readings < 0.01 mN - m~!. This process
allowed us to ensure that the surface has reached equilibrium.

3. Results and discussion
3.1. Surface activity of the polymer

With ~ 10% of the copolymer units being hydrophobic grafts and
M, ~ 40000 g/mol, the number of repeat monomer units is estimated
as N =370, with a contour length of 94 nm with the hydrophobic grafts
10 nm apart. Structure of the h-PVP polymer is shown in the inset of the
Fig. 1. Characterisation of the hydrophobically modified PVP has not
been previously reported. Equilibrium surface tension (y) of the polymer
is plotted as a function of its concentration (cpyp) in Fig. 1, showing
significant lowering of y compared to that of pure water at a polymer
concentration as low as cpyp =~ 10 ppm.

The hydrophobic butyl grafts along the PVP backbone facilitate in-
terfacial activity, leading to adsorption of the polymer to the air-water
interface, effectively reducing the surface tension. At higher concentra-
tions it would also lead to self-aggregation into micelle-like structures.
This behaviour is a common feature of hydrophobically modified poly-
mers [45], including the presence of a well-defined cac which depends
on the polymer architecture, i.e. the density and length of the hydropho-
bic grafts and other parameters. [46,47] Non-modified PVP is known to
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Fig. 1. Surface tension of aqueous PVP solution plotted vs PVP concentration,
cpyp- Black squares are data points. Error bars are smaller than symbol size. Solid
blue line indicates regularised spline interpolation of the data. The plateau in the
dashed orange line corresponds to the surface tension of pure MilliQ water, with
the straight section the linear fit to the data points between 100 and 1500 ppm,
followed by a further linear fit of the data points above 5000 ppm. Intersection
of the line with the yyy;q occurs at cpyp = 5.8 £ 0.2 ppm, and the intersection
of the two linear fits occurs at cpyp = 5015 £ 576 ppm. Inset shows the chemical
structure of the h-PVP polymer.

have little surface activity, even at concentration of 10 000 ppm (1%
wt) [48,49].

Whilst a hydrophobically modified polymer solution cannot be
treated as a dilute surfactant solution [50], it is useful to estimate the
surface excess I of the polymer at the air-water interface using the Gibbs
adsorption isotherm analysis:

r=——.(% )
iRT dInc PT

where R is the gas constant, T the absolute temperature, and i corre-
sponds to the activity coefficient which in the case of non-ionic species is
equal to 1. Above a certain concentration cj;;,,, the calculated surface ex-
cess reaches a maximum, which can be regarded as the point where the
Gibbs isotherm requires the inclusion of a self-aggregation term [50].
Using the equation we can estimate the limit of the validity of the exten-
sive approximation as c;,, = 500 ppm, with the corresponding I vs cpyp
plot (cf. Supplementary material, Figure S1). Accordingly, three PVP
concentrations were chosen, i.e. cpyp =500, 5000, and 10000 ppm, cor-
responding respectively to the beginning of polymer aggregation, cac,
and higher polymer concentration where self-organized aggregates are
prominent.

3.2. Interaction of the polymer with surfactant at pH = 9: impact on
surface tension

At pH 9, PVP is uncharged (pK, = 7.5 [42]), with the P-S complex
structure at the interface and in the solution dominated by hydrophobic
interactions, and no precipitation occurs. Fig. 2 shows the equilibrium
surface tension y of the polymer-surfactant mixture vs the SDS concen-
tration [SDS] at three PVP concentrations, i.e. cpyp = 500, 5000, and
10000 ppm, respectively, at pH = 9. The inset shows y vs the SDS-PVP
molar concentration ratio, ¢ = [SDS] / [PVP]. Due to the high surface ac-
tivity of the PVP, surface tension exhibited low values (y < 45mN - m)
over the wide range of SDS concentrations. The cgfc = 8 mM of pure SDS
solution is indicated with a dotted line in Fig. 2, with the full SDS surface
tension isotherm shown in Figure S2.
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Fig. 2. Surface tension of the PVP/SDS complexes plotted vs SDS concentration
with the PVP concentration of cpyp = 500 ppm, 5000 ppm and 10000 ppm.
Dotted line indicated the cmc of SDS. Inset shows the same curves but plotted
vs SDS/PVP molar ratio £. Dashed vertical line indicated the ¢ . at which satu-
ration of polymer chains occurs.

cac

At cp,, = 500 ppm, y decreased gradually from 42mN - m~! slightly
to 41mN-m~! at [SDS] = 0.5 mM, followed by a sharp drop to 34 mN -
m~! at [SDS] = 8 mM which indicates SDS micellization.

Surface tension y for the pure polymer solution at Cpyp = 5000 and
10000 ppm without SDS exhibited low values, i.e. y = 35mN - m™!
and 33mN - m~!, respectively. Upon SDS addition, the surface tension
initially increased before peaking at y ~39mN - m~! for both polymer
concentrations. The corresponding SDS concentration is the critical as-
sociation concentration, c,., at which complexation of surfactant with
the polymer would be completed, the value of which depends on the
polymer concentration, i.e. cgi% =5.3mM for cpyp = 5000 ppm and
cclap/i =10.5mM for cpyp = 10000 ppm, respectively. As proposed by
Shinoda [51], ¢, should be a function of only the surfactant-to-polymer
ratio £. Using the polymer molar mass, it is possible to estimate the num-
ber of SDS molecules per PVP chain, &,. = Nyg, =43, at the maximum
surface tension, as indicated by the dashed line in the y vs £ plot in the
inset of Fig. 2, consistent with Shinoda’s prediction.

Further increase in the SDS concentration led to a decrease in the sur-
face tension for both c,,, = 5000 and 10000 ppm which was followed
by a plateau at y = 34 mN-m~!. This value is similar to that of the surface
tension of pure SDS solution above its cmc. The change in the surface
tension over the range of SDS concentrations is small (Ay <5mN - m1)
in magnitude, compared to the pure SDS solution (cf. Supplementary
material, Figure S2) with Ay > 40mN-m~!, which indicates that surfac-
tant binding did not lead to the depletion of the adsorbed layer. Rather,
it consisted of both polymer moieties and surfactant molecules, which
is in line with the observations of Penfold et al. [52]

However, the composition of the interfacial layer changed with the
SDS concentration, evident from the surface tension evolution. This
could be attributed to the cooperative adsorption of the neutral polymer
and the surfactant at low SDS concentrations, i.e. cgpg < 1 mM, in the
presence of 10000 ppm of PVP and transition to the competition regime
at higher surfactant concentrations indicated by an increase in surface
tension. This is followed by the displacement of the polymer from the
surface after the association process is completed, as was demonstrated
by Slastanova et al. [53,54] using a combination of surface tension mea-
surements and neutron reflectivity (NR). There were other attempts to
quantify the composition of the interfacial layer through the variation
of the isotopic contrast [32,55-57]. It was observed that PVP/SDS ad-
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Fig. 3. A. SAXS intensity vs scattering vector modulus, q, in 50mM SDS solution,
with the solid line the fit using the ellipsoidal core-shell model with a Hayter-
Penfold structure factor .S(q) shown in B.

sorbed on the interface mostly in the form of a complex, which formed
at low concentration and was largely responsible for the surface ten-
sion reduction, although the structure of solution aggregates was not
reported.

3.3. Structure of pure SDS micelles and polymer chains in aqueous solution
from SAXS

Figs. 3 and 4 show the SAXS curves from the solutions of the sur-
factant and polymer, respectively. For SAXS curve at cgpg = 50 mM,
above its cmc (Fig. 3), SDS micelles were modelled as monodisperse
prolate ellipsoids with a minor axis a = 13.7A and a core eccentricity
of €.y = 1.62. The fitted shell thickness T, = 9.4A is higher than
the literature value of Ty, = 5.45A [58] in buffer, although it is in
line with the observation in pure water and where the extended g-range
was taken into account [59]. Confidence intervals were estimated from
the posterior distributions, obtained by the Markov-Chain Monte-Carlo
sampling. (cf. Supplementary material, Section S9) From the fitting, the
micelle aggregation number was determined to be n,,, =49. Analysis
of the structure factor, plotted in the Fig. 3B, yields the effective charge
q.;r = 14 e~ per micelle, which corresponds to an SDS degree of dissocia-
tion f# = 29%. The results are in good agreement with the observation by
Bergstrom et al. [60], where for 1 wt% solution and Nagg = 60 the degree
of dissociation was calculated to be 26% at 40° C. The discrepancy be-
tween the calculated and measured intensity at g = 1 nm~! is attributed
to the use of the biaxial ellipsoid model. The fit can be improved by use
of the triaxial ellipsoid model (for comparison cf. S11) or a molecular dy-
namic simulations for calculation of the SAXS intensity. [59] However,
inclusion of another parameter is not fully justified for the modelling of
scattering from the P-S complexes, so we have decided to use a simple
model of a biaxial core-shell ellipsoid for the description of the scatter-
ing from the pure micellar solution of SDS.

Fig. 4A shows the SAXS curves in the PVP solution at different con-
centrations, i.e. Cpvp = 500 ppm (0.05 wt%), 5000 ppm (0.5 wt%), and
10000 ppm (1 wt%), and the solid lines represent the fits using the Gaus-
sian chain model with excluded volume effects, as described in [61] with
the fitting parameters (radius of gyration R,, Flory exponent v, and
forward scattering intensity I(’)J are shown in Fig. 4B, C, and D, respec-
tively). The estimated overlap concentration is ¢* = 7500 ppm, therefore
only the 10 000 ppm solution was in the semi-dilute regime. A more de-
tailed description of the model and c¢* calculation can be found in the
Supplementary material, section S5 and S8, respectively.
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listed in Table S7.

The low-q upturn in the scattering curve is fitted with a mass frac-
tal model [62] with the fitted R, of individual chains in the range of
6-10 nm and the fitted aggregate size 160-200 nm, which is consistent
the DLS hydrodynamic radius R;, = 60-80 nm [63] (cf. Supplemen-
tary material, Section S14). The Flory exponent v = (0.53, shown in the
Fig. 4C, does not depend on the polymer concentration. Kamli et al.
[64] reported a value of v = 0.55 in pure water, a good solvent for
PVP, in good agreement with our observations. This indicates that the
solubility of PVP segments was not significantly modified by the pres-
ence of hydrophobic grafts. Aggregation of PVP chains can occur even
for a non-modified polymer, due to the effect of hydrogen bonding in the
semi-dilute regime, as demonstrated previously [65]. In our work, the
aggregation of h-PVP is primarily driven by the incompatibility of the
butyl grafts with water. Overall, it appears that, under the conditions in
this work, water acted as a close-to-theta-solvent for h-PVP.

3.4. Structure of polymer-surfactant complexes in solution at pH = 9 from
SAXS

The SAXS curves for complexes with different polymer concentration
at cgpg = 50 and 10 mM are shown in Figs. 5A and 5B, respectively. The
high-q bump with a shoulder in the 50 mM SAXS data is characteristic
for core-shell structures, whereas the I ~ q~3 power law trend in the
low-q region is indicative of aggregation behaviour. Those micelle-like
aggregates with a core-shell structure interact with each other, which is
indicated by the presence of the structure factor peak at qg =~ 0.03 nm™!
in the mid-q range.

With increasing polymer concentration (decreasing the binding ra-
tio of surfactants to polymers), the first minimum of the form-factor at
q=~ 1nm~! consistently shifts towards the higher q value, indicative of
changes in the micelle structure, as compared to the pure SDS solution.
It should be noted that above the cmc free micelles could be present in
the solution and contribute significantly to scattering. The only sample,
where this contribution is prominent, is composed of 500 ppm of the
polymer and 50 mM of SDS.

At the lowest polymer concentration cpyp = 500 ppm, the SAXS pro-
file for the sample containing 50 mM SDS is very similar to that of the
pure micellar solution. The fitting parameters are similar to those of
SDS micelles, with around 30 mM of the surfactant participating in the
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Fig. 5. A. SAXS intensity, I, as a function of scattering vector modulus, q, for
cpyp = 500, 5000, 10000, and 20000 ppm with 50 mM of SDS and B. 10 mM of
SDS. The SAXS curve in the pure 50 mM SDS micellar solution is also included
for comparison in A. The intensity is re-scaled by a factor of 3 consecutively for
the SAXS curves for clarity.

formation of micelles and 12 mM bound in elongated micelle-like ag-
gregates, similar to the observation at [SDS] = 10 mM.

Furthermore, the aggregation number of the aggregates bound to
the polymer N ggg =44 is only slightly smaller than that of free SDS
micelles, i.e. n,,, =49. This implies that the polymer-bound aggregates
were similar in shape but more compact compared to native surfactant
micelles, possibly due to the penetration of hydrophobic grafts of the
polymer into the micelle core.

At 10 mM SDS concentration, which corresponds to the decreased
amount of bound surfactant, polymer-surfactant aggregates maintained
asimilar core-shell structure, but exhibited a mid-q slope of q~!, which is
indicative of an elongated structure, such as cylinders or elongated ellip-
soids. The mid-q bump has a significantly smaller intensity, as compared
to the complexes with 50 mM SDS, indicating reduced shell contrast due
to a lower packing density of the surfactant headgroups.

Additionally, all 10 mM SDS SAXS curves exhibited I ~q~! at the
higher q-range, which is attributed to the scattering from small amounts
of polymer Gaussian chains. In order to take this into account, the con-
tribution from the polymer chains with an excluded volume was added.
Assuming limited swelling of the polymer in the vicinity of the micelle
shell, the Flory exponent v = 0.5 was used.

Samples with cpyp = 500 ppm and 5000 ppm in the presence of 10
mM of SDS exhibited significant low-q scattering, attributed to aggre-
gation, whereas such a behaviour was not observed for cpyp = 10000
and 20000 ppm which corresponds to 1 wt% and 2 wt% polymer con-
centration, respectively. Consequently, the SAXS data were fitted with
two different models to account for the presence of low-q scattering and
contributions of polymer chains. For ¢pyp = 500 and 5000 ppm, contri-
butions from both the chains and from the power law were added to the
cylindrical form-factor, whereas for cpyp = 10000 ppm and 20000 ppm
only the term responsible for the scattering of the Gaussian chains to-
gether with the form-factor of core-shell ellipsoids was included into the
calculations of total intensity (cf. Supplementary material, Figure S7).

Both ellipsoidal and cylindrical models were tested to describe the
SAXS profiles for all polymer concentrations. The ellipsoidal model
yielded unphysical dimensions of the hydrocarbon core at lower poly-
mer concentrations, i.e. R,,,, =2.5A (radius of a saturated hydrocar-
bon chain is about r¢ H, = 2.81A [66]) with an eccentricity e = 40;
whereas at higher polymer concentration, where the aggregates are less
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Fig. 6. SAXS fitting parameters of the aggregates extracted from the model. A.
Radius and ellipticity of the aggregate core in the presence of 50 mM of SDS; B.
Thickness and scattering length density of the aggregate shell in the presence
of 50 mM of SDS; C. Radius and length of the aggregate core in the presence
of 10 mM of SDS. Broken line indicates border between cylindrical (lower con-
centrations) and ellipsoidal models (higher concentrations); D. Thickness and
scattering length density of the aggregate shell in the presence of 10 mM of
SDS. Broken line indicates border between cylindrical (lower concentrations)
and ellipsoidal models (higher concentrations). Where not visible, errors are
comparable to, or smaller than, the data symbol size, with the error values listed
in Supplementary material section S13.

elongated and more compact overall, the errors from the cylindrical
model produced fits were significantly higher ( )(Czyl = 18 compared to

;(2 =1.78).

ellThe fitting parameters to the models described above are shown in
Fig. 6. A feature observed with increasing polymer concentration is the
elongation of the aggregate core, corresponding to an increase in ellip-
ticity. This is consistent with the decreased average polymer-surfactant
binding, as the amount of surfactant per polymer chain decreased as was
shown for the strongly interacting PSS/DTAB complexes [67]. Further-
more, the aggregate shell density increased accompanied by a decrease
in its thickness. This indicates the incorporation of a significant amount
of the polymer and counterions into the micelle headgroup region, lead-
ing to the displacement of water.

A different trend was observed for the samples with 10 mM SDS
present in the solution, where the shell density decreased with the in-
crease in polymer concentration, mostly due to the fact that the aggre-
gation number of the complexes decreased, therefore fewer surfactant
headgroups were available to fill the volume in the shell. Additionally,
the longer axis of the core significantly decreased from ca. 12 nm in the
presence of 500 ppm of the polymer down to 4 nm in the presence of
20000 ppm of the polymer.

Results of the SAXS data analysis indicate that the displacement of
hydration water from the headgroup region is the consequence of the
surfactant binding to the polymer and elongation of the aggregates upon
increased binding below surfactant’s cmc.

We have explored the possibility of varying the hydrocarbon core
density in data fitting in order to gain an understanding of the effect of
the incorporation of the hydrophobic grafts of the polymer on the size
and density of the core, but this attempt produced very high core den-
sity with unphysical 70% hydration. Thus, the core density was fixed.
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Fig. 7. SAXS curve of a PVP/SDS precipitate in excess water. Dashed red lines
indicate the peak positions. Inset shows the peak positions in q, plotted against
the diffraction order. Error bars are smaller than the symbol size and the solid
line indicates the least square fit to the points.

Our fitting thus suggests that, at the highest surfactant concentration,
aggregates were similar in shape to the free micelles which were only
slightly perturbed by the insertion of hydrophobic grafts of the polymer
into the core.

3.5. Structure of polymer-surfactant precipitates at pH = 2

At pH = 2 PVP is charged and electrostatic interactions between
the polymer and the surfactant would drive the formation of precipi-
tates The SAXS profile of the precipitate formed indicates the presence
of a lamellar phase, as shown in the Fig. 7. In the inset, peak position q
is plotted against the peak diffraction order, with a straight line repre-
senting the linear fit to the points, which gives a value of the lamellar
spacing d; =3.5+0.05nm.

Assuming that the two hydrocarbon chains of the SDS bilayer are in
an all-trans conformation (using d = 2.54 A = 0.254nm for a length of
two CH, units) and an overlap at 25% of their length due to interdigita-
tion, the thickness of the bilayer hydrophobic part can be estimated as
dy =(12-0.254) - 0.75 = 2.286 ~ 2.3 nm. It is widely accepted that for
SDS the area of the headgroup is smaller than the cross section of the
alkyl chain, therefore the maximum area per headgroup is approximated
by that of 1-dodecanol A =24.86 Az reported by Legrand et al. [66].

Therefore, the thickness of the lamellae, incorporating the 2 head-
groups, polymer chain and hydration water, equals to the 1.2nm, lead-
ing to a volume V,,, = A- (dj — dH) =24.86-(35-23)= 2984 per two
surfactant molecules.

Molecular volumes of an SDS headgroup (V}.,q) and a PVP seg-
ment (Vpyp) were used to calculate the hydration water volume as
Vi,0 = Vior =2 Vieaa — Vpvp =298 —=2-59.8 — 148 = 30.41&2, which
is the molecular volume of just a single water molecule, and therefore
the aggregates are highly dehydrated, despite being submerged in wa-
ter.

The width of the first order of the diffraction peak can be used to es-
timate the number of layers contributing to the scattering. The size of
the coherent scattering domain D was calculated using Scherrer equa-
tion D = zf—q”, where Aq is the full width at half maximum (FWHM) of
the reflection peak, and K = 0.88 is the Scherrer constant for the 1D
stack of reﬂsecting planes. [68] This yields D = 59 nm, corresponding to

np =7 =33 =1686~ 17 bilayers.
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As discussed in the section 3.4, SDS and PVP at pH = 9 form core-
shell micelle-like structures even at surfactant concentrations below the
cmc of the pure SDS. When PVP is neutral and hydrophobic forces are
predominant, the complexes remain soluble and do not precipitate. At
pH = 2, PVP moieties are protonated, and the interaction between PVP
and SDS is dominated by the strong electrostatic attraction, leading
to precipitation. Bastardo et al. [69] reported that complexes of SDS
and hyperbranched poly(ethyleneimine) were reorganized into highly
ordered structures as the amine group protonation at lower pH led to
increased attractions between flat aggregates of polymer and surfactant
which induced highly compact lamellar stacking. [70]. This is in line
with our observation of water-poor precipitate formation at pH = 2
due to strong electrostatic interactions between PVP and SDS.

3.6. Driving forces for aggregate formation

The Gibbs energy of SDS aggregation can be decomposed into three
components,

0 _ 0 0 0
AGY, = AG) + AGY + AGY . @

tot

where AGz corresponds to the contribution of hydrophobic forces and
tends to be negative, AGS is due to the electrostatic repulsion between
like-charged headgroups (therefore, positive) and AGODI arises from the
surfactant-polymer interaction which depends on the nature of the poly-
mer moieties, concentration, and pH.

We can estimate the Gibbs energy of incorporating an SDS molecule
into a micelle near the cmc as AGZ,T:Z‘;SK =(1+1-p)RTIncmc =
—21.2kJ/mol = —8.56kT. [71] In this equation, § corresponds to the
degree of ionization determined by SAXS, therefore (1 — f) corre-
sponds to the fraction of counterions condensed on the micelles, and
the value of SDS cmc was taken as 8 mM. It has been previously re-
ported that, for SDS adsorption into the liquid-like surface monolayer,
AG?l.q = —19.67kT, which corresponds to the hydrophobic contribution.

The total Gibbs energy for adsorption was AGS 2s = —9:5KT, calculated

as AGg ds = —kTIn K (I'), where K is the equilibrium adsorption con-

stant includes both hydrophobic and electrostatic contributions. [72]
When the contribution from the polymer chains AG(;ol is negative,

AG?I is further reduced, which would lead to an increase in the aggre-
gation number at the same surfactant concentration. However, PVP is
neutral at pH = 9; therefore, its contribution is attributed to the pres-
ence of hydrophobic grafts, entropic effects, or polarization of the PVP
group induced by a nearby charged headgroup.

Further insights may be gained by considering surfactant binding
above the polymer saturation concentration c,.. In Fig. 8, the aggrega-
tion number N, calculated from the SAXS measurements is plotted vs.
surfactant-to-polymer-ratio ¢ on a linear-log scale, with the dashed line
indicating a 1:1 ratio between the two values.

For the surfactant concentration below the cmc of SDS and polymer
saturation concentration (&,,.), the increase in the aggregation number
follows the mixing ratio ¢ linearly. At higher SDS concentration, [SDS]
= 50 mM, the equilibrium is established between micelles and poly-
mer chains, with the SDS aggregate dimensions close to those of free
micelles, as shown in Fig. 6.

According to Lissi and Abuin [73], binding of micelle-like aggregates
to the PVP chain is independent of polymer concentration and molecular
weight. With PVP of a similar molecular weight to the one used in this
work, polymer saturation (when all polymer chains accommodate at
least one aggregate) occurred at 30 mM of SDS, with one SDS aggregate
(N, agg = 28 + 6) formed every 76 PVP monomer units.

This is overall consistent with our observations; in our case, the SDS
concentration was higher at 50 mM and the number of SDS molecules
in the aggregate was N,,, =44 + 2 for all polymer concentrations, as
estimated by SAXS modelling. This difference arises from stimulated
surfactant binding by the presence of hydrophobic grafts, which reduces
AG(;D , Via recruiting additional surfactant molecules into the aggregates.
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At cpyp = 500ppm the critical association concentration cf,f\)f PP 4g
lower than the cmc of SDS, and the Noges determined by SAXS con-
500 ppm

tinued to increase with the surfactant concentration after the cg,,
This behaviour resembles the formation of worm-like micelles in the
presence of an electrolyte [74], as the hydrophobic contribution to the
driving force overcomes the electrostatic repulsion contribution. This is
consistent with a previous observation that after polymer saturation the
mean aggregation number of the aggregates continued to increase [73].
This is due to the fact that the dodecyl sulfate anion is capable of induc-
ing polarization of the PVP chain, thus allowing the chain to partially
neutralize the effective charge of the surfactant molecule, leading to the
reduced electrostatic repulsion [12]. The aggregates however retained
colloidal stability because the neutralization was incomplete and they
remained partially charged.

In summary, the primary driving force for aggregation is the hy-
drophobic attraction between the surfactant tails and the hydrophobic
grafts of the polymer, but formation of larger aggregates is aided by
the partial neutralization of the headgroup charge by the polarized PVP
groups, which are present in the headgroup region of the micelles, as
observed by SANS with contrast matching [38]. This is in accordance
with observations in this work.

This is consistent with the behaviour of the surface tension isotherm,
shown in Fig. 2. With increasing surfactant concentration, the poly-
mer hydrophobic grafts are incorporated into the surfactant aggregates
formed around the polymer and the headgroup charge is partially neu-
tralized by the PVP groups. This suppresses polymer adsorption to the
air-water interface, which is manifested in a gradual increase in the sur-
face tension below ¢ = c,., indicated by the dashed line in the inset in
Fig. 2. After the polymer saturation concentration c,, added surfactants
can be incorporated into the aggregates already formed instead of form-
ing new polymer-associated aggregates. This leads to an increase in the
aggregation number of the P-S complexes after c,., as shown in Fig. 8,
demonstrating that the mean aggregation number consistently increases
with the surfactant-to-polymer ratio, with the exception of the samples
with 50 mM of SDS, where the equilibrium is established with free SDS
micelles bound to the polymer, rather than with individual surfactant
molecules.

3.7. A model of the aggregation process

As discussed in the sections 3.4 and 3.6, at high pH, where PVP is
deprotonated and therefore largely neutral, SDS forms aggregates to-
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gether with the hydrophobically modified PVP even at concentration
lower than cmc, for which the main driving force is the hydrophobic
interaction.

From our surface tension measurement in Fig. 2 and SAXS data anal-
ysis in Fig. 8, we can describe the evolution of P-S aggregate structure
with the surfactant concentration. Initially at extremely low surfactant
concentration ([SDS] < 1 mM), no well-defined structures are formed,
but the change in the surface tension of the mixture indicates polymer-
surfactant interaction in operation. This change is attributed to the com-
petitive adsorption of the polymer and surfactant on the interface and
the cooperative interaction in the bulk solution. This means that at low
surfactant concentration, formation of a P-S aggregate is favoured over
adsorption at the interface, which leads to the formation of the rela-
tively monodisperse P-S aggregates at surfactant concentrations below
cmc.

The average number of molecules participating in the formation of
these aggregates linearly increases with the surfactant-to-polymer ratio,
as indicated in Fig. 8. Such a behaviour is consistent with the predictions
of the Closed Association (CA) model, which states that the formation
of P-S aggregates with the same aggregation number and the average
amount of bound surfactant is increased by the increasing number of
polymer chains participating in the formation of aggregates. In our ob-
servation, this is manifested as the increase in surface tension below c,,
as more and more polymer chains are drawn away from the surface.

When all polymer grafts are engaged in aggregate formation af-
ter c.,., the surface tension drops sharply and the average aggrega-
tion number of the P-S aggregates increases simultaneously, as the
AG?m.C = —8.56KkT is still higher than AGggg of incorporating a surfac-
tant molecule into the aggregate. This corresponds to the Zimm-Bragg
association model, which is based on the assumption of cooperative ad-
sorption of the surfactant to the polymer, i.e. incorporating new surfac-
tant molecules into existing aggregates. Our observations are coherent
with other studies available in the literature [15,67,75], where special
attention was necessary for sample preparation to avoid the formation
of out-of-equilibrium structures, so that the local surfactant concentra-
tion never exceeded the precipitation threshold.

We suggest that the above complexation mechanism holds for equi-
librium P-S complexation in the absence of free micelles. Compared to a
previous study where the equilibrium complexes were obtained through
careful sample preparation [67], for our system it was achieved by sup-
pressing electrostatic forces, with the hydrophobic effect acting as the
driving force between the hydrophobically modified PVP and SDS, thus
allowing for a reorganization of the P-S complexes. At pH=2, when
the electrostatic interaction is dominant, once the surfactant molecule
is bound to a polymer, its mobility is hindered and the solid precipitate
is formed as discussed in section 3.5. This suggests that the interaction
between SDS and h-PVP is strongly dependent on the external factors,
such as pH and ionic strength. This can be rationalized in the context of
the competition between solvent and polymer to be in the close vicin-
ity of the surfactant headgroup. It points to the possibility for tuning the
polymer-surfactant interaction in the modified or non-aqueous solvent
environments.

4. Conclusion

Whilst out-of-equilibrium polymer-surfactant aggregates formed due
to the strong electrostatic interaction have been previously studied
[26-28], challenges remained to experimentally obtain equilibrium P-S
complexes. As a result, our understanding of how the polymer charge
tunability affects surfactant binding and the complex structure remains
incomplete. Here, the structure of P-S complexes in solution with the
driving force switchable between hydrophobic and electrostatic interac-
tions has been investigated, enabled by use of PVP with a pH-tuneable
charge and hydrophobic grafts along the backbone.

Combining SAXS data fitted on the absolute intensity scale with sur-
face tension experiments has allowed us to gain a mechanistic insight
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into the binding mechanism and elucidate the role of hydrophobic inter-
action in the formation of P-S aggregates at pH = 9 when the polymer is
neutral. Under these conditions and above a certain critical association
surfactant concentration, which is a function solely of the surfactant-to-
polymer ratio, we have found micelle-like aggregates of SDS with PVP
chains incorporated into the headgroup regions. These aggregates grow
in size with increasing surfactant concentration and abruptly change
shape after the formation of surfactant micelles. Linear dimensions of
these aggregates are limited by the contour length of the polymer, which
stabilizes the aggregates by decreasing electrostatic repulsion between
surfactant heads.

At pH = 2, the PVP is charged and we have observed a transfor-
mation of core-shell ellipsoidal aggregates into highly ordered water-
poor lamellar precipitates. We have estimated that only a single water
molecule per two surfactants is present in the precipitate. This suggests
the displacement of hydration water in the surfactant headgroup region
by the polymer moieties upon increase in the interaction strength.

Our results contribute to the fundamental understanding of the driv-
ing forces of polymer-surfactant co-assembly and the role of hydropho-
bic interaction, relevant to the rational design of product formulations
in which polymer-surfactant complexes are widespread. Furthermore,
our results lay the ground for further work on potentially tuning the
polymer-surfactant interaction in the modified or non-aqueous solvent
environments.
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