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A B S T R A C T

Self-consistent field (SCF) calculations and light scattering experiments were performed to study the pH and salt
response of micelles composed of surfactants with a single weak acid group in aqueous salt solution. To this end,
the common surfactant Brij 35 was oxidized to yield a polyoxyethylene alkyl ether carboxylic acid with a single
terminal weakly charged carboxylic acid group in alkaline media. At low pH values, the micellar hydrodynamic
radii (Rh) are independent of the salt concentration. By contrast, at pH values around the acid dissociation
constant (pH≈pKa ± 1), the micellar radius decreases upon increasing pH until a salt-dependent plateau value
is reached. The reduction in micellar size is more pronounced for lower salt concentrations. The SCF compu-
tations are in qualitative agreement with the experimental results and further reveal a limiting value for Rh
corresponding approximately to the Debye length λD. Self-assembly into micelles is suppressed for low salt
concentrations that would yield Rh < λD. Instead, the surfactants remain as unimers in solution. The results are
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summarized in a state diagram displaying the preferred surfactant configuration in solution as a function of Rh/
λD, pH and salt concentration.

1. Introduction

The self-association of charged surfactant molecules or polyelec-
trolytes in solution depends not only on their concentration and com-
position [1,2], but also on solution conditions such as temperature, pH
[3–5], and bulk salt concentration [6–10]. The number and types of
species present in solution [11–17] and their polydispersity also affect
the final self-assembled structure [18]. The self-assembly of amphi-
philic molecules into different morphologies (spherical, cylindrical,
lamellar) has been reported in experimental [5,19], theoretical [2,8,20]
and simulation [21,22] studies. Furthermore, depending both on the
type of building blocks and the solvent conditions, complete phase se-
paration (highly hydrophobic amphiphilic polymers) or dissolution
(polyelectrolytes or surfactants) may be energetically more favorable
than micro-phase separation [2,23,24]. Understanding the asssociation
state of a polymer in solution is not only interesting from a fundamental
perspective, but also for many industrial applications [25–27].

In this paper we focus on the self-organization of a weakly-charged
(or annealed) surfactant in solution, as these compounds are widely
present in detergents, antiseptics, emulsifiers, coatings and (de)foaming
agents among other products [28,29]. For instance, Brij 35 is used as
detergent for ion-exchange chromatography [30]. This surfactant is also
regularly present in soaps, shampoos and dyes [31]. In this work, the
self-assembly properties of a modified Brij 35 functionalized with a
single acetic acid group are studied. This provides a simple model
system for a low molar mass, amphiphilic, weakly-charged surfactant
whose behavior in solution is expected to hold for other (weak) anionic
and cationic surfactants. At pH-values far below the dissociation con-
stant of the acid group (pKa), the surfactant response in solution is
expected to resemble that of non-ionic surfactants (such as Brij 35). On
the contrary, when the acid gets deprotonated (pH≫ pKa) the model
surfactant shall recover the response of an ionic (or cationic) surfactant
(such as SDS). This class of surfactants with tunable properties may be
of interest for different applications [32]. For example, due to their
mildness and resistance to hard water conditions and high temperatures
(among other properties), they find applications as household and in-
dustrial cleaning agents [33]. Also, as these surfactants form stable
emulsions in presence of cations, they are used for enhanced oil re-
covery [34]. Furthermore, their pH response may be of use for metal
ion recovery [35].

In the present study we show how a relatively simple molecular
approach employing the well-established Scheutjens-Fleer Self
Consistent Field (SCF) model for self-assembly helps to explain the
experimentally measured micelle size as a function of pH and salt. The
SCF approach has been applied successfully to amphiphilic polyelec-
trolytes [24] and charged surfactants [8,20] in solution. To the best of
our knowledge, no reports are available to date on SCF studies con-
cerning the solution behavior of surfactants with a single annealed
group. For this reason, we compare the experimentally measured
properties of modified Brij 35 micelles in solution with the results
arising from the SCF approach. The SCF calculations allow explaining
the experimentally observed changes in micellar size with increasing
pH in terms of increasing electrostatic repulsions between the carboxyl
groups.

2. Materials and methods

2.1. Materials, sample preparation and experiments

The model system studied is a pH and charge-screening responsive

glycolic acid ethoxylate lauryl ether (GAELE): a low molar mass am-
phiphile. The GAELE surfactant was obtained from commercially
available Brij 35 via oxidation of the hydroxyl end group (hence, we
refer to it as ModBrij 35 for simplicity; see Fig. 1). Chemicals were
purchased from Sigma-Aldrich (Merck) and used as received. Nuclear
magnetic resonance (NMR) data were recorded on a Bruker Advance-III
400 MHz equipped with a BBFO probe from Bruker (1H).

The oxidation protocol was adapted from a previous study by Araki
et al. [36]. Ten grams of Brij 35 were mixed with TEMPO (286mg,
1.83mmol), NaBr (286mg, 2.78mmol), and 29mL aqueous NaClO
(available chlorine> 5.0%) at pH 10–11 and oxidized in water
(100mL) at room temperature for 24 h. The oxidation was quenched by
adding 30 mL of ethanol, and the solution was acidified with HCl to
pH < 1. After three extractions with 100mL aliquots of CH2Cl2, the
organic layers were combined and dried under reduced pressure, fol-
lowed by dissolution in 250 mL hot ethanol. The product (8.3 g) was
obtained by precipitation in a freezer overnight. The product was
characterized by 1H NMR (400 MHz, DMSO-d6): δ 12.60 (broad s, 1H),
4.01 (s, 2 H), 3.51 (m, 88H), 3.32 (m, 2H), 1.47 (p, J=8Hz, 2H), 1.24
(m, 18H), 0.85 (t, J=8Hz, 3H), see Appendix B for the 1H NMR
spectrum. The data are in agreement with literature [37]. In the Mod-
Brij 35 spectrum we observe two distinct chemical shifts at 4.01 (R-O-
CH2-COOH) and 12.60 ppm (R-O-CH2-COOH) corresponding to the
headgroup of ModBrij 35, which are absent in the Brij 35 spectrum. We
compute a conversion of ((1.9/3)/(2/3))* 100%=95% from a com-
parison of the integrals of the headgroup protons at δ=4.01 ppm
(unique to ModBrij 35) to the methyl protons of the tail at δ=0.85
ppm. Thus, 95% of the final product after purification consists of
ModBrij 35.

ModBrij 35 was dispersed for 1 hr in ultrapure water to give a
25mM stock solution. Each sample was adjusted to the desired salt
concentration using NaCl, the pH was tuned using NaOH or HCl and the
sample was diluted with ultrapure water to a final concentration of
10mM ModBrij 35. After 20min of equilibration, samples were filtered
through VWR International® PTFE syringe filters with 200 nm pores.
Dynamic light scattering (DLS) measurements were performed on an
ALV Compact Goniometer System (CGS-3) instrument equipped with an
ALV-7004 Digital Multiple Tau Real Time Correlator and a 532 nm solid
state laser (40mW). Scattering data were recorded at 90° in nine runs
for each sample condition, in duplo. AfterALV software (Dullware Inc.)
based on the CONTIN algorithm was used to obtain the decay rate (Γ)
from the raw data. The scattering wave vector (q) and apparent diffu-
sion coefficient (Dapp) were computed from q=4πns sin(θ/2)/λ and
Dapp= Γ/q2, using the refractive index (ns), scattering angle (θ) and
wavelength (λ). The apparent hydrodynamic radius (Rh) was obtained
using the Stokes-Einstein equation: D= kBT/6πηRh, containing the
Boltzmann constant (kB), temperature (T) and viscosity (η). All size
distributions were found to be monomodal. For simplicity, the ModBrij
35 concentration is fixed at 10mM, whilst varying the NaCl con-
centration (6, 15, 28, 47 and 66mM) and pH (from 2 to 10). We note
that this means that the experimental hydrodynamic dimensions

Fig. 1. Molecular structure of glycolic acid ethoxylate lauryl ether surfactant
(GAELE, or ModBrij 35) and its building blocks with distinctly different solu-
bility (tail, body, head).
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reported herein are apparent sizes, as repulsive micelle-micelle inter-
actions are not negligible at 5 and 10 mM ModBrij 35. This is reflected
in a decrease in Rh with increasing surfactant concentration (see Results
section).

2.2. Theory

The self-consistent mean-field (SCF) theory following the lattice
discretization scheme by Scheutjens and Fleer [38,39] is a powerful tool
for predicting polymer self-assembly [2,26,27,40,41]. The workhorse of
theoretically studying micelle self-assembly via SCF is the so-called
grand-potential (Ω) which is associated with inhomogeneities in the
system. It is based upon regular solution theory, and here we apply
standard first-order Markov chain statistics for the conformations of the
surfactant chains. The amounts of all compounds in solution, the defi-
nition of the types of chemical units and their contact interactions are
input parameters for the self-consistent minimization of the energy of
the system. The set of interaction parameters is based upon previous
research using the molecular SCF approach [8,42–44,26,27] (details
can be found in the Appendix).

When considering charges in the system, not only contact energies
between different groups but also electrostatic interactions play a role.
The range of such electrostatic interactions is affected by the ionic
strength (I) of the solvent, that includes both the pH and the salt con-
centration of the bulk solution (in the absence of surfactants). The
Debye length (λD) is used frequently in colloidal science to express the
range of electrostatic interactions [45]: every λD, the electrostatic re-
pulsion decays a factor 1/e. For water solutions at room temperature,

I M[nm] 0.304/ [ ]D is frequently used.
Using the thermodynamics of small systems approach [46], the

grand potential energy (Ω) for micelle formation from the SCF com-
putations provides a pathway to obtain the properties of micelles in
thermodynamic equilibrium [42,43]. Such connection has been pre-
sented both for charged [44,26,27] and uncharged polymers [41]: a
thermodynamically stable micelle is possible when the slope of the
grand potential energy (Ω) as a function of the aggregation number
(number of surfactants per micelle, gp) decreases (∂Ω/∂gp < 0). When
the grand potential also becomes zero, the micelle is in equilibrium
with the surfactants in the bulk (at a volume fraction p

cmc). This implies
that the chemical potential for the surfactants in the bulk of the solution
and those in the micelle are equal. Hence, for (relatively) small values
of the critical micelle concentration (cmc) the chemical potential can be
quantified via µ k T lnB p

cmc.
Due to the symmetry of equilibrium micelles, we consider only

concentration gradients in one dimension. Furthermore, even though
different lattice geometries with a single gradient can be considered, we
focus here on spherical lattices in which a spherical micelle can be

studied. Experimentally, spherical micelles were observed for the
system of interest.

3. Results and discussion

We present first the extreme cases for the acid group present in the
surfactants: at low pH and at high pH. The ModBrij 35 recovers in these
extremes the behaviour of non-ionic (low pH) and ionic (high pH)
surfactants. Using SCF calculations, the grand potential (Ω) as a func-
tion of the number of surfactants in the spherical micelle (gp) can be
calculated (Fig. 2). Before the first stable micelle forms (gp≈ 18 for
pH=2, and gp≈ 14 for pH=10), Ω=0 with increasing the total
concentration of surfactant in the system (not shown). This indicates
that at concentrations below the cmc, there is no energy penalty for the
surfactants in solution (surfactant homogeneously distributed in solu-
tion). In the right panel, the surfactant bulk concentration (ϕbulk) with
increasing gp is plotted. The relatively high value of the surfactant bulk
concentration indicates a high value of the cmc, and also reflects the
relatively low energy penalty for surfactants in solution even when
thermodynamically stable micelles are present. Equivalently, the ther-
modynamically stable micelles coexist with a relatively high surfactant
concentration in solution. At the most stable micelle conditions,

=p
bulk

p
cmc (with p

bulk the unimer concentration in bulk). The lower
the p

cmc value, the stronger the tendency of surfactants to associate:
hence micelle formation is more favourable at pH=2 than at pH=10.
Note that typical SCF self-assembly studies focus on cases where the
surfactants do not have such an affinity for the solvent (even when
considering charged polymers): 10p

bulk 4 [43,41].
The SCF approach also provides the radial concentration profiles,

from which insights about the experimentally observed trends can be
extracted. Once a stable spherical micelle is obtained at given solvent
conditions (Ω=0 with ∂Ω/∂gp < 0), the SCF-predicted hydrodynamic
radius (Rh

SCF) can be calculated from the concentration profile within
the micelle [47] (see Appendix). The radial concentration profiles
corresponding to Ω=0 in Fig. 2 are shown in Fig. 3, considering that r
is the distance from the center of the spherical micelle. The size of the
micelle at pH=2 is larger than at pH=10: due to the electrostatic
repulsion between the charged carboxylic groups, less surfactants can
be packed within a spherical geometry. Hence, both gp and Rh

SCF de-
crease with increasing pH [43] (see cartoons in the bottom panels of
Fig. 3). The difference between the outer layer of the surfactant micelle
( Rh

SCF) and the position of the carboxylic acid group (≈COOHMax, or
COOMax) gets smaller as the acid is more deprotonated (increasing pH):
energy is minimized by charge screening, optimized when charges are
in contact with the solvent. Furthermore, the surfactant is more con-
centrated in the center of the micelle at higher pH, as can be appre-
ciated from the ordinate values at r=0 (top panels). The

Fig. 2. Left panel: grand-potential Ω as a
function of aggregation number (gp) in aqueous
salt solution with 26mM of bulk mono-valent
salt concentration at pH=2 (black curve) and
pH=10 (gray curve). Right panel: bulk con-
centration of surfactant as a function of gp.
Solid curves correspond to the interval where
thermodynamically stable micelles are found.
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configurational change of the charged groups in the surfactants when
acidic groups are fully charged (pH=10) induces a more hetero-
geneous distribution of the salt ions in the lattice corona with respect to
the partially charged case (pH=2). At high pH, counter ions accu-
mulate around the charged group of the surfactants (in the corona of
the micelle) as expected (see bottom panels of Fig. 3). In spite of the

presence of counter-ions, a significant negative electrostatic potential
profile is still observed for r > Rh (see Appendix A).

The different configurations of the surfactants within the micelle are
a consequence of a change in their hydrophobicity: the more charged
the acid group is, the more hydrophilic the surfactant gets. This change
in amphiphilicity due to a weakly-single charged group can be further

Fig. 3. Top panels: concentration profiles of
surfactant (black curves) and water (gray
curves) from the centre of the spherical micelle
for a bulk monovalent salt concentration of
26mM and pH=2 (left panel) and pH=10
(right panel). The contributions from the hy-
drophobic tail and the hydrophilic body of the
surfactant are shown as short-dashed and long-
dashed curves, respectively. Middle panels:
concentration profiles of the acid groups and
the dissociated monovalent salt. Bottom pa-
nels: cartoon representation of the different
states (orange= tail, green= body,
blue= carboxyl group and their range of re-
pulsion). The calculated hydrodynamic radius
of the micelle (blue) and the maximum con-
centration of carboxylic acid (red) are also
shown.

Fig. 4. Aggregation number (left) and critical micelle concentration (right) from SCF computations as a function of pH for salt concentrations ranging from 5 to
5000mM as indicated. The straight broken lines in both plots labeled as ‘inert’ correspond to an SCF calculation on uncharged ModBrij 35.
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studied via the critical micelle concentration (cmc) of the surfactant in
solution (Fig. 4, right panel). The results in Fig. 4 are represented as a
function of the difference pH−pKa. For pH−pKa ≪ 0 the acid group is
protonated, hence the surfactant is uncharged. pH−pKa ≫ 0 corre-
sponds to a deprotonated state and thus the ModBrij 35 is negatively
charged. As inferred from Fig. 4, the cmc increases with increasing pH
and decreasing salt concentration (hence also the concentration of
surfactant in solution coexisting with the most stable micelle). Thus, the
larger the Debye length (the smaller the ionic strength), the more ef-
fectively hydrophilic the surfactant gets, and less surfactants can be
packed within the micelle (Fig. 4, left panel). For small Debye lengths
the partially charged acid groups are so close to each other that the
interaction between surfactants is purely due to short-ranged interac-
tions, which leads to a larger micelle (gp≈ 75 at low pH independently
of the bulk salt concentration considered). Note that an increase of the
aggregation number implies that the free energy gain for surfactants
upon micelle formation is decreased. For glycolic acid ethoxylate lauryl
ether surfactants with shorter hydrophilic segments and longer hydro-
phobic segments, previous work also revealed an increase in cmc and a
decrease in aggregation number with increasing pH [32]. We find lower
aggregation numbers in the fully protonated state compared to this
earlier study, as expected in view of the smaller lyophobic to lyophilic
balance.

Next, we focus on the experimentally measured and the theoreti-
cally predicted hydrodynamic radius of the surfactant micelles in aqu-
eous salt solutions, presented in Fig. 5. There is a qualitative match
between the theoretical predictions and the measured hydrodynamic
sizes, as a systematic deviation of about 2 nm is clearly observed. Near
pH≈pKa, both DLS and SCF results for the hydrodynamic radius show
a salt-concentration dependent decrease in the micelle size. At a finite
ModBrij 35 concentration of 5mM and a fixed NaCl concentration of
15mM, we obtain apparent Rh at pH 2 and 10 of 4.5 nm and 3.6 nm,
respectively, corresponding to a smaller yet non-negligible difference in
apparent Rh.

Such a transition of the micelle size as a function of pH was also
experimentally reported for a polybase in solution [5], but in this case
the observed difference in micelle size is due to the presence of a single
acid group. Similar trends for size changes due to charges are also ob-
served for weak polyelectrolyte brushes [48]: charges increase the so-
lubility of the polymers while increasing their mutual repulsion beyond
pure excluded-volume effects. For the ModBrij 35 surfactant, the
combination of SCF calculations with experimental results allows dis-
tinguishing between weakly-charged micelles at low ionic strengths,
whereas at high ionic strengths a strongly charged micelle is present.

By normalizing λD by the size of the micelle (Rh
SCF), we observe

dissolution of the surfactants when the micelle size is of the order of the
λD (λD/Rh≈ 1, Fig. 6). Once this situation is retained, the electrostatic
interactions become too strong to maintain the surfactants packed into

a spherical geometry: the solution limit has been reached, and the
micelle falls apart into surfactants for low salt concentrations at high
pH values. In essence, the unimer state is retained at conditions where
the long-ranged electrostatic repulsions suppress the solvent-driven
forces for micelle formation.

Finally, we compare the maximal difference in hydrodynamic radii
observed experimentally and in the SCF computations. Thus, we con-
sider the limiting values at pH=2 and pH=10 and we calculate the
size difference as a function of bulk background salt (Fig. 7). We ob-
serve an exponential decay of the SCF-predicted size difference with
increasing background salt. As commented previously, a higher salt
concentration leads to an increase of the screening of the interaction

Fig. 5. DLS (left panel) and SCF (right panel)
results for the hydrodynamic radius of the
surfactant micelle as a function of pH at dif-
ferent background salt concentrations (as in-
dicated). Experimental curves correspond to 6,
15, 28, 47 and 66mM NaCl and SCF values
range from 5 to 5000mM. The straight broken
line labeled as ‘inert’ corresponds to an SCF
calculation on uncharged ModBrij 35.

Fig. 6. State diagram of the ModBrij 35 surfactant in solution in terms of the
Debye length (λD) normalized by the micellar hydrodynamic radius at different
bulk salt concentrations and pH conditions. Cartoons represent the different
surfactant states: orange segments are the hydrophobic tails, green segments
the body, and blue discs represent the electrostatic interaction between the
head-groups. A strong enough Coulumbic repulsion between the head groups
drives the unimeric state at sufficiently high pH and low salt concentrations.
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between the charges. This leads to a more subtle change in the micelle
size. At extremely low salt concentrations, the asymptotic behavior
connects once again with the solution limit. Fig. 7 shows a qualitative
match between the size difference observed experimentally and the
difference computed by SCF. This match is in line with findings for the
absolute size as shown in Fig. 5. We note that, as experimentally most
but not all surfactants are charged, the experimental unimer state may
be more complex than predicted using SCF. Possibly, charged surfac-
tants may coexist with micelles containing both charged and uncharged
surfactants.

4. Conclusions

In this study we showed that the size of spherical micelles composed

of surfactants with a single charge depends on the background salt
concentration as well as on the pH. The SCF calculations performed are
aligned with the experimentally observed trends. SCF predicts both a
change in micelle size expressed via the hydrodynamic radius Rh and
the limit of micelle stability. The difference in micelle size depends both
on the degree of dissociation of the acid groups (set by pH−pKa) and
on the extent of screening of the electrostatic interactions (set by λD).

One weakly-single charged group per surfactant is enough to tune
the preferred curvature of a spherical micelle using ionic strength and/
or pH. At high ionic strength, the behaviour of the micelle resembles
that of micelles comprising non-ionic surfactants (the head groups be-
have as if neutral). At intermediate ionic strength (Rh ≫ λD) the size of
the micelle remains similar to that of a non-ionic surfactant (the head
groups behave as if neutral). At intermediate ionic strength (Rh ≳ λD), a
change in size is observed within a certain pH interval:
−1≲ pH−pKa ≲ 1. For low ionic strength (Rh ≲ λD), the charged sur-
factants prefer to dissolve in water (the interactions are too strong for
surfactants to reside at a curved interface). These behavioural trends
(resembling micellization of uncharged amphiphiles, pH- and salt-re-
sponsive micellization, micelle dissolution) are expected to also hold for
other low molar mass amphiphilic, weakly-single charged surfactants.

In conclusion, the present work reveals how SCF calculations help to
qualitatively explain the self-assembly of low molar mass, weakly-
charged surfactants carrying a single charge. This class of tunable sur-
factants are potentially suitable for many applications due to their high
solubility in hard water, high salinity, and acidic as well as alkaline
conditions [32].
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Appendix A. Further details of the SCF computations

All SCF computations were conducted using the SFbox software, hold by F.A.M. Leermakers at Wageningen University, the Netherlands. In this
work, each subunit within a molecule is assumed to occupy a single lattice unit. This implies that ModBrij 35 is modeled as a linear polymer chain
containing 81 segments: (C)12((O)1(C)2)22(O)1(C)1(COOH)1. The molecule is sequestered into subunits ‘C’ (CH3 or CH2), ‘O’ (O) and ‘COOH’
(COOH). See Table A.1 for an overview of the components in the system and the short-range interactions between them, modeled via Flory–Huggins
χij parameters (with subindices {i, j} running over all components considered).

The mono-valent salt is modelled with the same short-range interactions as the solvent (water), and the counter-ion bulk concentration ( +Nabulk) is
fixed. In the SCF approach, electroneutrality of the bulk solution is ensured. In the presence of water, the carboxylic acid dissociates:
COOH+H2O⇄ COO−+H3O+. The equilibrium is described by a dissociation constant (Ka), which we set as pKa= 4.25. In accordance with
experimental data from the literature, pKa = 4.25 [32]. The pKa was defined within SCF following [27], wherein further details on SCF computations
with carboxylic groups can be found. In order to define electrostatic interactions, the lattice size needs be defined. In this work, the lattice size is set
to 0.36 nm. This lattice size leads to an effective value due to the lattice-to-real units conversion of =pK 5.8a

lat . For the water dissociation constant
(pKW=14), =pK 17.1W

lat .
The SCF-generated protonation curve is presented in Fig. A.8. Note that the charge per surfactant does not depend on the background counter-ion

concentration, but only on the relative pH considered (pH−pKa). For negative pH−pKa values, the carboxylic acid groups are only weakly
negatively charged. On the contrary, when pH≫ pKa, the acid group gets deprotonated as expected. Note that the condition from weak-charge to

Fig. 7. Difference in hydrodynamic radius at low (pH=2, pH−pKa=−2.25)
and high (pH=10, pH−pKa= 5.75) pH as a function of background mono-
valent salt concentration. Gray squares correspond to experimental results,
while the black curve to SCF predictions.

Table A.1
Set of Flory–Huggins χ parameters employed to model aqueous ModBrij 35 solutions.

Component C O COOH H2O

C 0 1 1.6 1.6
O 1 0 −0.7 −0.7
COOH 1.6 −0.7 0 0
H2O 1.6 −0.7 0 0
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completely charge spans over about 4 pH values (−2 to 2). We also report here the radial electrostatic potential profile as provided from the SCF
calculations in Fig. A.9. This plot shows an overall negative electrostatic potential for r > Rh at sufficiently high pH and low salt concentrations.

For the calculation of the hydrodynamic micelle radius from the radial concentration profiles we follow the method in [47,49]. In essence, one
relates the (theoretical) relative solvent velocity profile to the polymer radial concentration profile. At each layer r, the quantity α(r) relates to the
concentration profile of the surfactant (ϕp):

= +
+

r q r q r r
r q r q r

( ) ( )tanh ( ) ( 1)
1 ( 1) ( )tanh ( )

,
1

1 1 (A.1)

where the auxiliary function q(r) is the surfactant concentration w.r.t. the bulk:

=

=

q r

r r

( )

( ) ( )

r
r

1 ( )
( )

p p p
bulk

p

p

(A.2)

Following this method, the hydrodynamic size Rh
SCF is the lattice layer at which the relative solvent velocity remains constant:

=R r r( ),h
SCF (A.3)

subject to the convergence criteria α(r)− α(r−1)=1 (the hydrodynamic size is defined when r− α(r) is constant).

Appendix B. NMR analysis

In this section, we confirm the functionalization of Brij 35 which provides a carboxylic acid head group. To evaluate the conversion of Brij 35
(Fig. B.10, top left) into ModBrij 35 (Fig. B.10, top right), we performed 1H NMR spectroscopy on both compounds (Fig. B.10 bottom panel). In the
ModBrij 35 spectrum we observe two distinct chemical shifts, which are absent in the Brij 35 spectrum and correspond to the protons of the
carboxylic acid headgroup, R-O-CH2-COOH at δ=12.60 ppm and R-O-CH2-COOH at δ=4.01 ppm. Note that the headgroup protons of unmodified
Brij 35 are observed at δ=3.68 and δ=4.55 ppm in both spectra (albeit much more pronounced in the Brij 35 spectrum) as full conversion is not
achieved.

Fig. A.8. Charge per surfactant as a function of pH (SCF-like protonation curve). This curve does not depend on the salt concentration, but only on the pH and PKa
values, which are the same in all calculations conducted.

Fig. A.9. Radial electrostatic potential profile from the centre of a spherical micelle (corresponding to profiles in Fig. 3) for a bulk monovalent salt concentration of
26mM and pH=2 and pH=10 as indicated.
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