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Abstract:

We  have  recently  reported  that  addition  of  anionic  polyelectrolyte  sodium  polyacrylate  (NaPA)  to  solutions  of  anionic  surfactants

(SLES) enhances  their  detergency if  divalent  ions  are  present.  This  boost  in  washing performance was found to  be even larger  in  the

presence of a protease enzyme, which is a common ingredient in laundry detergents. While a NaPA solution shows little detergency, its

addition  to  either  a  surfactant  solution  or  a  surfactant-enzyme  mixture  in  the  presence  of  divalent  ions  was  able  to  boost  their

performance by a factor of 2. It was proposed that the mechanism involves the formation of surface-active calcium bridged NaPA-SLES

aggregates.  This  proposal  seeks  to  understand  the  molecular  origin  underpinning  this  effect  by  use  of  selectively  contrast  matched

surfactants,  polymers  and  proteins.  We  aim  to  obtain  an  experimental  validation  of  the  polymer-surfactant  aggregates  observed  in

molecular dynamics simulations and extend the measurements to a more complex system including an enzyme, which is relevant to real

laundry detergents.
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Background: In an earlier experimental report, it was observed that addition of anionic 
polyelectrolytes to anionic detergents lead to an increase in detergency power of the 
solutions if divalent ions were present. This led us to postulate that divalent ions promote 
attractive interactions between like-charged anionic surfactants and polymers in aqueous 
solution. The proposal aimed at gaining a molecular understanding of this mechanism. To this 
end, several mixtures of surfactant, proteins and polymers were measured under different 
contrast conditions. The results are then compared with molecular dynamic simulations. 
 
Summary: The solution of pure protein was found to contain aggregates, as evidenced by an 
upturn in the Guinier region, which presumably occurred due to the temperature rising above 
4 oC during the transportation of the samples to the ILL, we therefore do not discuss those 
results further. Below we outline the measurements for the single component surfactant 
systems and for the single polyelectrolyte system. A paper for the single polyelectrolyte 
system has been written up and will be submitted to Macromolecules in the coming weeks. A 
second manuscript on the single surfactant systems is in preparation. 
 
Polyelectrolytes with divalent ions 
 
Figure 1a shows the scattering profiles 
of MgPSS in salt-free D2O for different 
concentrations. Panel b plots the 
concentration dependence of the 
scattering peak for MgPSS (measured in 
this work) and literature results for 
NaPSS (blue symbols) and CaPSS (black 
symbols) from literature results. In the 
low concentration region, PSS with 
either monovalent or divalent 
counterions displays a power-law of q* 
≈ c1/2 as predicted by the scaling model 
of Dobrynin et al for polyelectrolytes 
with monovalent counterions. The 
values of q* for MgPSS are found to be 
≈ 1.5 times lower than those of NaPSS, 
indicating a correspondingly larger 
correlation length. In principle the 
scaling theory relates the correlation 
length to the effective monomer size b’ 
as 

x = (b’c)-1/2 
b’ = b/B, where b is the chemical 
monomer length and B is a stretching 
parameter. Larger values for x at the 
same molar concentration therefore 
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FIG. 1. a: Scattering profiles of MgPSS in salt-free D2O for

various polymer concentrations, indicated on the legend. b:

Position of scattering peak as a function of polymer concen-

tration. Red points are for MgPSS (this study), black points

are for CaPSS, measured using SAXS by Combet et al
63,64

and blue points are for NaPSS, data by Kaji et al
70

Nishida

et al
71

and Combet et al
63,64

using SAXS. Lines are power-

laws: q⇤ = 0.12c1/2 Åand q⇤ = 0.17c1/2.

is the ratio of the e↵ective contour length of the polyelec-
trolyte chain with respect to its fully extended length.
The parameter B therefore quantifies the degree of lo-
cal collapse of polyelectrolyte chains. It is found that
B ' 1 for semiflexible polymers, which are locally rigid
and B ' 1.6 for NaPSS in water, where the chain exhibits
a relatively high degree of local folding. If we assume that
Eq. 1 holds for salt-free polyelectrolytes with divalent
counterions, then the measured values of q⇤ would imply
that MgPSS exhibits a value of B ' 4.1, correspond-
ing to an e↵ective monomer length of b0 = b/B ' 0.6
Å or equivalently a mass per unit length of ML ' 3100
g/(mol nm). We next compre this with an estimate from
the high-q scattering signal.

The scattering intensity of a polyelectrolyte solution,
neglecting the contribution of the counterions can be
written as:

I(q) = KP (q)S(q) +Bck

where K is a pre-factor depending on polymer concen-
tration and scattering contrast, P (q) is the single-chain

form factor, S(q) is the inter-particle structure factor and
Bck is a constant that takes into account ’background’
or q�independent scattering. For q & 1.5q⇤, the struc-
ture factor can be approximated as S(q) ' 172, and the
scattering signal is proportional to the single chain form
factor. Using this approximation, a separate estimate
for the mass per unit length of the MgPSS chain can
be obtained by fitting the high-q scattering signal to the
worm-like chain model:73
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where NA is Avogadro’s number, b and v are the coherent
scattering length and volume, and the subscripts s and
m refer for the solvent and monomer respectively. The
term (cNA) is the concentration expressed in number of
repeating units per unit volume and b0 is an e↵ective
monomer size, which can be equated with b/B. PCS

takes into account the lateral dimensions of the chain,
characterised by a cross-sectional radius RC .73.
Fit of Eq. 2 to the SANS data are provided in the sup-

porting information. This method gives b0 ' 2.7± 0.2 Å
or equivalently ML ' 700 g/(mol nm), much lower than
the estimate using Eq. 1, and similar to that reported for
NaPSS in some studies.74,75 We do not, at present, have
an explanation for this discrepancy, but it seems reason-
able to conclude that Eq. 1 does not correctly relate the
correlation length of polyelectrolytes with divalent ions
to their local conformation. A more detailed considera-
tion of the literature data on this topic is provided in the
supplementary information.

B. Viscosity

FIG. 2. Specific viscosity of MgPSS solutions as a function

of polymer concentration in salt-free water. The molecular

weights of the samples are indicated on the legend.



correspond to higher values of B 
indicating more locally collapsed chains. 
Fitting the high-q region of the SANS 
spectra to a worm-like chain form factor 
is expected to show this difference in the 
mass per unit length of NaPSS and 
MgPSS. This is however not observed in 
our experiments. 
 
Given this discrepancy, we compare the 
viscosimetric size of chains for NaPSS 
and MgPSS as a function of degree of 
polymerisation in Figure 2 (colour 
scheme is the same as in Figure 1). The 
overlap concentration (c* ≈ N/R3, where 
R is the chain size) scales as the N-2 for 
both polyelectrolytes, which is 
consistent with a solvent quality 
exponent of n = 1 and with the x ≈ c-1/2 
observed by SANS. The larger values of 
c* for MgPSS compared to NaPSS are 
also consistent with the correlation length data discussed above. Still, the question remains 
as to the lengthscale on which MgPSS is more collapsed than NaPSS. As we are not able at 
present to reach a satisfactory conclusion on this point, we will be investigate the issue in 
future work. 
 
SLES and MES in water with and without divalent ions 

The two surfactant systems studied, sodium lauryl ether sulfate (SLES) and methyl 
ether sulfonate (MES) were measured as a function of surfactant concentration in aqueous 
D2O solution at an ionic strength of 0.011 M. For the SLES system, the content of Ca2+ ions in 
the aqueous media was varied. The MES surfactant was found to precipitate upon addition of 
calcium and hence was not measured.  

Figure 2 shows the structure of the SLES surfactant and the scattering curves for the 
highest and lowest measured concentrations of SLES in D2O without calcium ions. The data 
are fitted to a tri-axial ellipsoid form factor and the interparticle structure factor is calculated 
using the Hayter-Penfold mean spherical approximation. For the highest concentration, 
where we obtain the best agreement between model and experiment, we find R1 ≈ R2 ≈ 22Å 
and R3 ≈ 42 Å, revealing rather anisotropic micelles. These results differ from simulation 
results using either fully atomistic or coarse grained surfactant molecules, both of which show 
R1 ≈ R2 ≈ R3 within about 10% accuracy. The reason for the discrepancy is not clear to us at 
present and we are working to resolve it. 
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Figure 2 shows the specific viscosity of MgPSS solu-
tions in salt-free water as a function of polymer con-
centration for polymers of varying molar mass. The
concentration is expressed in moles of repeating units
per litre. Viscosity data were measured in the shear-
rate range of 1-800s�1 and the value of the Newtonian
plateau was taken to calculate the specific viscosity. The
samples studied did not display su�cient shear thin-
ning to allow the determination of the longest relax-
ation time for the solutions. At low polymer concen-
trations, a slope approaching the scaling prediction for
flexible polyelectrolytes with monovalent ions in salt-free
solution (⌘sp ⇠ c1/2) is observed. At higher concentra-
tions, the viscosity-concentration power-law exponent in-
creases and does not reach a steady value, as observed for
NaPSS76,77.

Figure 3 compares the viscosity of NaPSS and MgPSS
with equal degrees of polymerisation in salt-free water.
At low concentrations, the viscosity of MgPSS is lower
than that of NaPSS, in line with the measurements re-
ported for unentangled NaCMC and MgCMC in salt-free
water in an earlier study67. At high concentrations, the
viscosity of both polymer converges which is again qual-
itatively similar to the behaviour displayed by CMC.

FIG. 3. Specific viscosity of NaPSS and MgPSS (Nw ' 750)

as a function of polymer concentration in salt-free water.

Data for NaPSS are from ref [ 76]

1. The overlap concentration

Dobrynin et al8 divide polyelectrolyte chains into
electrostatic blob units, each containing gT monomers.
When the degree of polymerisation of a polyelectrolyte
is smaller than gT , its conformation is unperturbed by
electrostatics and depends on polymer-solvent interac-
tions. The chain size scales as R ' beff (Nb)⌫ , where
beff is the e↵ective monomer size, Nb = Nb/beff the

number of monomers and ⌫ the excluded volume expo-
nent. The choice of monomer size for beff is not obvi-
ous. Often, b = beff is selected8, but this presumes that
chains are flexible for length-scales larger than the chemi-
cal monomer size. For polyelectrolytes with divalent ions,
where bridging interactions between adjacent monomers
are likely to influence short-range folding, the choice of
beff becomes even more complicated. For N > gT ,
chains are predicted by the Dobrynin model to be a
pole of electrostatic blobs with an end-to-end distance
of R ' b/BN , where the stretching parameter is the ra-
tio of the thermal blob size to the fully stretched length of
its monomeric constituents: B = gT b/⇠T . Based on these
considerations, the overlap concentration (c⇤ = N/R3) is
calculated as:

c⇤ =
1

b3effN
3⌫�1

, for N ⌧ gT (3a)

c⇤ =
B3

b3N2
, for N � gT (3b)

The two limits in Eq. 3 can be interpolated by the
following expression:

c⇤ ' A
N�

1 + (N/gT )(2+�)
(4)

where A is a parameter related to the electrostatic blob
size and � = 1� 3⌫.

FIG. 4. Overlap concentration of MgPSS (red symbols) and

NaPSS (blue symbols) in DI water as a function of degree

of polymerisation. Full symbols are estimates obtained from

a viscosity-concentration plots and hollow symbols are ob-

tained from viscosity-molar mass plots. In both cases c⇤ is

determined using the Colby criterion (⌘sp(c
⇤
) = 1). Lines are

empirical fits to Eq. 4 with gT = 205 (MgPSS) and gT = 65

NaPSS.



 
Figure 2: Top panel: structure of SLES. Modelling of SLES surfactants using an ellipsoidal form 
factor combined with the mean spherical approximation. 

 
 

SLES, no Ca2+ c = 5 g/L SLES, no Ca2+ c = 80 g/L 


