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Abstract The colloidal stability of poly(ethylene glycol)-
decorated poly(methyl methacrylate), PMMA/Tween-20,
particles was investigated by means of phase separation
measurements, in the presence of sodium fluoride (NaF),
sodium chloride, sodium bromide, sodium nitrate, or so-
dium thiocyanate (NaSCN) at 1.0 mol L−1. Following
Hofmeister's series, the dispersions of PMMA/Tween-20
destabilized faster in the presence of NaF than with
NaSCN. After the phase separation, the systems were
homogenized and except for the dispersions in NaF, re-
dispersed particles took longer to destabilize, indicating
that anions adsorbed on the particles, creating a new
surface. Except for F− ions, the adsorption of anions on
the polar outmost shell was evidenced by means of ten-
siometry and small-angle X-ray scattering measurements.
Fluoride ions induced the dehydration of the polar shell,
without affecting the polar shell electron density, and the
formation of very large aggregates. A model was pro-
posed to explain the colloidal behavior in the presence of
Hofmeister ions.
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Introduction

More than one century ago, Hofmeister observed the ability of
some ions to induce protein aggregation more efficiently than
others [1]. Originally, the effects of Hofmeister ions were attrib-
uted to perturbations of bulk water properties and macromole-
cule hydration. However, nowadays, it is commonly accepted
that these two factors both contribute to the Hofmeister effects.
The colloidal behavior might be affected by specific interactions
between ions and macromolecules and their first hydration shell
[2–5], which involve the relative polarizabilities of the ions [6],
and by changes in the Hamaker constant for particle–particle
interaction and in the ion hydration layer [7–9]. Considering that
literature offers excellent reviews covering this topic [2–5], here,
we just summarize some relevant aspects related to Hofmeister
ions. Ions were ordered in the so-called Hofmeister's series,
where ions that destabilize folded proteins and cause “salt-
ing-in” effect are called chaotropes or "water structure break-
er" ions; SCN− and Ba2+ ions are the strongest chaotrope ones
of the series. Chaotropes are usually large and present high
polarizabilities. Consequently, they have weak electric fields,
losing their hydration layer easily. In contrast, ions which tend
to stabilize proteins and cause “salting-out” effects are called
kosmotropes or "water structure makers"; citrate and
(CH3)4N

+ ions are the strongest kosmotropes of the series.
Usually, kosmotropes are small and present low polarizabil-
ities. Since they have high electric fields at short distances,
they do not lose their hydration layer easily. Another general
aspect of the series is that anions tend to be more efficient than
the cations. The anions series is often found as:

Citrate > CO2�
3 > SO2�

4 > H2PO
�
4 > F� > Cl� > Br�

> NO�
3 > I� > ClO�

4 > SCN�

where kosmotropes and chaotropes are on the left and on the
right, respectively.
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In this study, we investigated the effect of monovalent
ions, F−, Cl−, Br−, NO3

−, and SCN−, on the colloidal stabil-
ity of poly(methyl methacrylate)-Tween-20 (PMMA/
Tween-20) particles by dispersion phase separation analysis.
Because the hydrophilic part of Tween-20 is poly(ethylene
glycol) (PEG), the incorporation of Tween-20 provided
decoration of the nanoparticles with PEG. These particles
were successfully used for immobilization of lectin and
other proteins and further applied in quick agglutination
tests for dengue fever detection [10]. Their stability in the
presence of different Hofmeister anions, nevertheless,
remains so far unexplored. PMMA/Tween-20 particles were
synthesized by means of emulsion polymerization using
poly(ethylene glycol) sorbitan monolaurate, a surfactant
commercially known as Tween-20 [11]. At the end of
PMMA polymerization, all surfactant molecules are on the
particle surfaces with the polar head oriented to the aqueous
medium and hydrophobic tail buried in the polymeric core.
In fact, PMMA/Tween-20 particles and Tween-20 micelles
have similar structures, namely, a hydrophobic core and a
hydrophilic poly(ethylene glycol) shell. It is, however, im-
portant to note that (a) the Tween 20 micelles are approxi-
mately 50 fold smaller than the polymeric particles and (b)
the Tween-20 micelles are free to break and reform with
high kinetic rate constants [12] while the polymer chains in
the particles are internally cross-linked. Despite of these
differences, the behavior of PMMA/Tween-20 particles
and Tween-20 micelles in the presence of Hofmeister salts
may still be reasonably comparable, thanks to the similar
PEG outer layer.

Although phase separation analysis is a reliable method
for the observation of macroscopic phase separation, it does
not yield information at molecular level. Thus, in order to
gain insight at the molecular level about the effects of
monovalent anions on the colloidal stability of PMMA/
Tween-20 particles, we used Tween-20 micelles to mimic
the polymer particles and investigated their colloidal behav-
ior in the presence of the same ions by means of tensiometry
and small-angle X-ray scattering. Such techniques provide
information about structural changes and specific interac-
tions at molecular level but are not adequate for large
colloidal particles such as PMMA/Tween-20.

Experimental section

Materials

Methyl methacrylate (MMA; Fluka, Buchs, Switzerland),
potassium persulfate (K2S2O8; Merck Munich, Germany),
and poly(ethylene glycol) sorbitan monolaurate (Tween-20;
Sigma-Aldrich Co., Milwaukee, WI, USA) were used in the
polymerization. Tween-20 molecule carries 20 ethylene

glycol monomers distributed in the main structure and in
tree branches located at the headgroup, as schematically
shown in Supporting Material. Sodium chloride (NaCl;
CAAL Ltda., São Paulo, Brazil), sodium fluoride (NaF; E.
Merck AG-Darmstadt, Germany), sodium bromide (NaBr),
sodium nitrate (NaNO3), and sodium thiocyanate (NaSCN)
supplied by Labsynth Ltda, São Paulo, Brazil, were used in
the colloidal stability tests. All reagents were used as received.

Synthesis of PMMA/Tween-20 particles

The particles were synthesized following a typical emulsion
polymerization recipe [13]. Tween-20 concentration was
60 mg L−1 (4.8×10−5 mol L−1), which is close to Tween-20
critical micelle concentration (c.m.c.). The medium was
purged with N2 during the whole process and the polymeri-
zation was carried out under reflux and mechanical stirring at
500 rpm. The temperature was set to (75±2) °C, then, 10 mL
of MMAwere added and the temperature was brought up to
(80±2) °C. Afterwards, 1.0 g of K2S2O8, the initiator, was
added. After 3 h, the system was cooled to room temperature
and dialyzed (dialysis membrane 14,000 MW, Viskase Cor-
poration, USA) against water with changes until the conduc-
tivity of dialysis water reached 5 μS cm−1.

Particle characterization

The particle characterization was performed with dialyzed
dispersions. Dynamic Light Scattering (DLS) and ζ-
potential measurements were performed in a commercial
instrument Zetasizer NanoZS (Malvern, UK). A He-Ne laser
was used as a light source with wavelength λ0633 nm.
Concerning the DLS experiments, the intensity of light
scattered was recorded at an angle of 90° with an avalanche
photodiode detector. We used the Zetasizer Software 6.2
(provided by Malvern) to determine the particle size distri-
bution. In few words, the software uses the correlation
function to obtain the distributions of the decay rates, and
hence, the apparent diffusion coefficients. Finally, the dis-
tributions of the hydrodynamic radius of the scattering par-
ticles in solution are calculated via Stokes–Einstein equation
[14, 15]. ζ-Potential measurements were conducted on
sample-filled capillary cells and data were analyzed with
the Smoluchowski equation ξ0μη / ε, where η is the medi-
um viscosity and ε the medium dielectric constant. It is
important to mention that such equation is only valid for
spherical particles. The measurements were performed for
stock dispersions of PMMA/Tween-20 diluted 100 times in
Milli-Q water and for Tween-20 solutions at 1 mmol L−1,
which corresponds to approximately 10 times the c.m.c. value.

Scanning electron microscopy (SEM) analyses were per-
formed to determine the morphology and mean diameter of
dried particles using a SEM-FEG JEOL 7401F equipment.
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The stock dispersions of PMMA/Tween-20 were diluted
100 times in Milli-Q water; then droplets were deposited
onto clean Si wafers. The water evaporated slowly at
room temperature. The dried dispersions were not coated
prior to the analysis. The mean diameter and diameter
distribution were determined with ImageJ free software
over 650 dried particles.

The solid content was determined by gravimetric anal-
ysis upon drying 1 mL dispersion. The conversion of
monomer into polymer (polymerization yield) was calcu-
lated based on the monomer content in 1 mL of the initial
emulsion (mI) and dried solid content in 1 mL of the final
dispersion (mF). The relation mF/mI gives the polymeri-
zation yield. The mean particle number density (NP) was
calculated considering the particle mean diameter calcu-
lated by DLS and the solid content, as described else-
where [16].

Colloidal stability tests

The stability of the PMMA/Tween20 dispersion in the ab-
sence of salt and in the presence of NaF, NaCl, NaBr,
NaNO3, and NaSCN was studied using a separation analyz-
er LUMiReader®414 Separation Analyser (L.U.M. GmbH,
Germany). Only salts containing the same cation, namely
Na+, were used in order to investigate the effects of anion
type on the colloidal stability. Dispersions and salt solution
were mixed so that final NP was (2.7±0.2) 1012 particles
mL−1 and salt concentration was 1.0 mol L−1. The measure-
ments were carried out at 30±2 °C immediately after mixing
the dispersion and salt solution. The phase separation behavior
was monitored by the SEP View 4.01 software, which regis-
tered the normalized integral light transmission as a function of
time. Cuvettes made of polycarbonate, 2.0 mm thick and
20 mm long were used for the experiments. At the beginning,
the dispersion is homogeneous and the transmitted light
through the cuvette is very low. As time goes by, the dispersion
starts to destabilize, fluctuations in concentration cause par-
ticles to nucleate and to aggregate. When the aggregates be-
come large enough, they sediment, accumulating at the bottom
of the cuvette and increasing the transmission of light through
the upper liquid. After phase separation, the samples, still
inside the cuvette, were shaken manually for a few seconds.
It was enough to re-disperse the system and to obtain a homo-
geneous dispersion again. The re-dispersed system was ana-
lyzed again at 30±2 °C. A time interval of 45 min was
arbitrarily taken between the first phase separation analysis
and the re-dispersion followed by analysis.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments were car-
ried out at the National Laboratory of Synchrotron Light

(Campinas, Brazil) at room temperature of 22±1 °C, with
radiation wavelength λ01.608 Å. Tween-20 solutions at the
concentration of 1.0 and 2.0 mmol L−1 were measured in the
absence of salt. The corresponding scattering curves
resulted to be identical when normalized by the Tween-20
concentrations (data not shown). Then, the SAXS measure-
ments in the presence of either NaSCN or NaF 1.0 mol L−1

were done using Tween-20 at 1.0 mmol L−1. Samples were
set between two mica windows, 1-mm spacer, handled in a
liquid sample-holder. This was placed perpendicular to the
incident X-ray beam. Each solution was measured twice
with time acquisition of 10 min each run. The data presented
here correspond to the average of the two sets of measure-
ments. No radiation damage was observed during the data
acquisition. The obtained curves were corrected for detector
homogeneity (one-dimension position sensitive detector)
and proper corrections have been carried out for the de-
crease of the X-ray beam intensity during the experiment.
The scattering curve of the solvent was subtracted from the
sample's scattering taking into account the corresponding X-
ray absorption. The SAXS measurements for Tween-20 in
the presence of NaCl 1.0 mol L−1 did not suffer a significant
decrease of the scattering signal due to absorption edge at
the wavelength used.

The SAXS intensity (I(q)) of an isotropic solution of
monodisperse particles of low anisometry (ratio between
the largest and the shortest particle axis), can be described
as [17–19]

I qð Þ ¼ k P qð ÞS qð Þ ð1Þ

where k0γ np (Δρ)2V2; γ is a factor related to the instru-
mental effects, np corresponds to the particle number densi-
ty;Δρ is the electron density contrast between the scattering
particle and the medium and V is the scattering particle
volume. P(q) and S(q) correspond, respectively, to the ori-
entational average of the scattering particle form factor and
to the interparticle interference factor (q04πsinθ/λ is the
modulus of the scattering vector and 2θ is the scattering
angle). In our case, the micelle form factor P(q) is better
represented by a prolate ellipsoid made up of two shells of
different electron densities ρ in respect to the solvent elec-
tron density [20, 21] (in our case, ρw00.333 e/Å3 for aque-
ous solution). Accordingly, the prolate micelle, with axial
ratio ν, is represented by a hydrophobic paraffinic core with
electron density ρpar00.275 e/Å3, and of which the shortest
semi-axis length is associated to the parameter Rpar, and the
longest semi-axis length to νRpar. Such a hydrophobic core
is thus surrounded by a polar shell of thickness σ and
electron density ρpol, which includes the polar head groups
and hydration water.

S(q) in Eq. 1 was calculated through the well-
established mean spherical approximation methodology.
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This assumes that surface-charged micelles interact
through a screened electrostatic potential, as described
elsewhere [21].

The structural parameters Rpar, ν, σ , ρpol, and alfa (alfa0
ionization coefficient of the micelle) are then obtained
through the fitting of the product of P(q) and S(q) in Eq.
(1) to the experimental data [20]. In the case of non-
interacting micelles, S(q)01 in Eq. (1). In our case, we made
use of the Global fitting procedure (GENFIT software)
[22–26] that performs a χ2 minimization process by chang-
ing the free parameters until χ2 reaches a minimum value. It
allows the linkage among different fitting parameters from
distinct scattering curves. This process improves the unique-
ness of the final solution.

Surface tension measurements

The surface tension measurements were performed for
Tween-20 solutions in the absence of salt and in the presence
of NaSCN 0.10 mol L−1, NaSCN 1.0 mol L−1, NaCl
1.0 mol L−1, NaSCN 1.0 mol L−1, and NaF 1.0 mol L−1,
using an automatic Krüss K100 tensiometer (Krüss GmbH,
Germany) and DuNoyu ring at 22.0±0.5 °C. All glass vials
were carefully rinsed with piranha solution and Milli-Q water
prior to the surface tension measurements. In order to be sure
that the vials were really clean, the surface tension of Milli-Q
water was always measured prior to the samples. All data
represent mean values of triplicates. The surface excess (Γ) or
the number of moles of solute molecules adsorbed at the
liquid-air interface, per unit area, was calculated using the
Gibbs adsorption isotherm:

Γ ¼ � 1=RTð Þ @g=@ln cð ÞT;P ð2Þ

where R is the gas constant and T is the temperature. The
reciprocal of Γ yielded the area (A) occupied per mole of
Tween-20 at the liquid-air interface.

Results and discussion

Particle characterization

PMMA/Tween-20 particles presented mean diameter D of
(138±5) nm and ζ-potential of−(35±1) mV. In the emulsion
polymerization process, the hydrophobic monomers form
droplets in water and the surfactant acts as emulsifier. The
monomers can be found in the droplets, in the micelles core
or in the aqueous phase. The initiator reacts with the mono-
mer in the aqueous phase, transferring the radical to the
monomer. Still in aqueous phase, the monomer radical
reacts with another monomer, forming a dimer radical,
which reacts with another monomer successively until

oligoradicals are formed. Due to its low solubility in water,
the oligoradicals diffuse to the micelle cores, where the
monomer concentration is much higher than in the aqueous
phase, allowing chain propagation. One should note that in
this process, the initiator remains covalently attached to the
polymer end chain. Considering the mechanism described
above [13], PMMA chains are expected to grow inside the
Tween-20 hydrophobic cores. Therefore, the resulting par-
ticles surfaces must be enriched by polar poly(ethylene
glycol) sorbitan and by sulfate groups stemming from poly-
merization initiator, which cause ζ-potential of−(41±1) mV.

Figure 1a shows a typical SEM image obtained for dried
PMMA/Tween-20 particles, where 650 spherical particles
(marked with red circles) were used to estimate the mean
diameter as (182±6) nm. SEM images show connections
among the particles, which can be generated by capillary
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Fig. 1 a Typical scanning electron micrograph obtained for PMMA/
Tween-20 particles after drying in the air. The red circles indicate the
particles used for the diameter determination. b Normalized frequency
of the diameter distribution determined by SEM (open bars) and DLS
(patterned bars)
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forces during the coalescence process, since isolated par-
ticles have smooth surfaces. The particle diameter distribu-
tion determined by DLS and SEM is presented in Fig. 1b.
The former indicated broader size distribution and smaller
particles than the latter. One should notice that such differ-
ences are probably due to different sample preparation and
measuring conditions. Dispersion solid content, polymeri-
zation yield, and NP values amounted to 33±1 gL−1, 52±
2 %, and (2.7±0.2) 1013 particles mL−1, respectively.

Colloidal stability

Dialyzed PMMA/Tween-20 dispersions (NP02.7 1012 particles
mL−1) are stable over at least 6 months under room conditions
(T023±2 °C and 1 atm). The high stability is due to electro-
static repulsion caused by the ζ-potential of−(35±1) mV and
by the highly hydrated poly(ethylene glycol) layer [27] on the
particle surface, which provides "hydro-steric" repulsion [14].

The first set of colloidal stability experiments aimed to
compare the colloidal stability of PMMA/Tween-20

particles with that of commercial polystyrene sulfate (PSS,
Interfacial Dynamics Corp Portland, USA) latex particles
with mean diameter of 85 nm and ζ-potential of −40 mV (in
water), both at 2.0×1012 particles mL−1. As observed in a
previous work [13], in the presence of 0.3 mol L−1 NaCl, the
PSS particles precipitated immediately. However, PMMA/
Tween-20 particles were visually stable over 1 day, indicat-
ing that the colloidal stability is due to the presence of
negative charges and to the steric repulsion caused by the
whole hydrated PEG "hairy layer" on the particles surface.

In the second set of experiments, the colloidal stability of
PMMA/Tween-20 particles in the presence of monovalent
Hofmeister anions was investigated. Figure 2 shows the phase
separation behavior of PMMA/Tween-20 dispersions in the
presence of NaF, NaCl, NaBr, NaNO3, and NaSCN. One can
observe three different behaviors, namely, a fast, a slow, and an
intermediate phase separation. Table 1 shows the time neces-
sary to achieve the transmittance level of 75 %, which was
arbitrarily chosen for the sake of comparison, in the presence of
each salt. For comparison, the transmittance determined for
PMMA/Tween-20 in pure water as a function of time was also
presented. The system destabilized faster in the presence of
NaF (1,240±140 s), while in the presence of NaSCN, it took
3,720±150 s. Intermediate times close to 1,700 swere observed
for dispersions in the presence of NaCl, NaBr, and NaNO3. The
effect of these anions on the colloidal stability of PMMA/
Tween-20 dispersions followed the same order of the Hofmeis-
ter series. It can be observed that the most chaotropic anions,
which are also the least hydrated, are the slowest to cause
aggregation, while the kosmotropes, which are the more
hydrated, are the fastest ones. The phase separation behavior
observed might be a consequence of the changes caused by the
anion on the hydration layer of the particles, but also by inter-
actions between the hydrated ion and the Tween-20 polar poly
(ethylene glycol) segments on the particle surfaces. A similar
behavior was observed for poly(N-isopropylacrylamide-co-di-
methyl aminoethylmethacrylate) microgel latexes, which were
deswollen in a more pronounced way in the presence of citrate
than in the presence of SCN− [28].

The correlation between the anions' ability to destabilize
the PMMA/Tween-20 dispersions and the Hofmeister ions
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Fig. 2 Normalized integral light transmission determined as a function
of time at (30±2) °C for aqueous PMMA/Tween-20 dispersions (NP0
2.7 1012 particles mL−1) in the absence (H2O) and in the presence of
NaF, NaCl, NaBr, NaNO3, and NaSCN (1.00 mol L−1). As a control
experiment the transmittance at 75 %

Table 1 Time necessary to destabilize original PMMA/Tween-20 particles at NP02.7 1012 particles mL−1 in the presence of sodium salts at
1.00 mol L−1 and re-dispersed particles determined at (30±2) °C, along with the corresponding anion hydration enthalpy (ΔHhyd)

Anions (Na+ as counter-ion)

F− Cl− Br− NO3
− SCN−

Time (s) 1,240±140 1,680±50 1,700±85 1,750±135 3,720±150

Time (s), re-dispersed 1,460±100 2,400±55 2,460±60 2,540±140 4,510±85

Anion ΔHhyd (kJ mol−1) −520 −390 −360 −295 −310

For the sake of comparison, the transmittance level of 75 % was considered for all systems
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series might be explained by specific interaction between
the PEG oligomers on the particle surface and anions. For
instance, in the effectiveness of sodium salts in salting-out
aqueous solution of an 8,000 g mol−1 poly(ethylene)glycol
followed the Hofmeister anions series [29]. The cloud-
points of poly(ethylene)glycol-based surfactant solutions
are also affected by the type of the ions. Kosmotropes,
which exert high electric field at short distance, compete
for water around PEG chains, leading to dehydration [28]
and cloud-point depression. Conversely, chaotrope ions ex-
ert weak electric field, promote PEG chains hydration, and
increase the cloud-points [28–35]. Micelles of triblock co-
polymer of ethylene oxide and propylene oxide (Pluronic
123) self-assembled in a wormlike shape in the presence of

F−, a kosmotrope, due to dehydration of polyethylene glycol
chains in the micelles corona [36]. Thus, NaF caused the
fastest phase separation because it was the most efficient to
dehydrate PEG oligomers on PMMA/Tween-20 particles.

The aggregation of PMMA/Tween-20 particles in the
presence of salts was reversible and re-dispersion into a
homogeneous system was achieved by manual shaking.
The phase separation of all systems immediately measured
after re-dispersion is shown in Fig. 3 and the time necessary
to achieve the transmittance level of 75 % in the presence of
each salt is presented in Table 1. In the presence of NaF, the
time need to destabilize the re-dispersed particles was sim-
ilar to that observed originally, considering the standard
errors. In the case of NaCl, NaBr, and NaNO3, the time need
to destabilize the re-dispersed particles increased ~45 %,
while in the presence of NaSCN, it increased ~20 %. These
findings evidence that the re-dispersed particles differ from
the original ones, except for the dispersions in the presence
of NaF. Changes observed in the presence of NaCl, NaBr,
NaNO3, and NaSCN might be associated to the adsorption
of ions on the hydrophilic shell of PEG oligomers. If some
anions adsorbed onto the PEG oligomers, the surface charge
increased and electrostatic repulsion might be responsible
for the increase in the time necessary to destabilize the
dispersion. Following this rationale, the adsorption of
SCN− on PEG should be larger than that of Cl−, Br−, or
NO3

−. As a control experiment, the transmittance was also
determined for PMMA/Tween-20 in pure water.

In order to gain insight about the interactions between the
anions and PMMA/Tween-20 particles at molecular level,
micelles of Tween-20 were used to mimic the particles. The
small size of micelles compared to the particles allows
exploring the effects of ions on the outmost PEG layer by
means of SAXS and surface tension measurements.
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Figure 4 shows the experimental scattering curves
obtained for Tween-20 at 1.0 mmol L−1 in the absence (open
squares) and presence of NaSCN 1.0 mol L−1 (open trian-
gles) and NaF 1.0 mol L−1 (open circles) along with the best
fitting (solid lines) to the experimental data. Tween-20 scat-
tering curve exhibits a broad peak at q ~0.14 Å−1, which is
characteristic of micelle-like aggregates in solution [21].
The quality of the fitting to the data is rather good, indicat-
ing that the scattering of the Tween-20 micelle-like aggre-
gate is well represented by the scattering of a small prolate
ellipsoid with an inner hydrophobic core (the smallest and
longest semi-axes of circa 21 Å and 40 Å , respectively)
surrounded by a 8.5-Å thick polar shell (Table 2). For
comparison, fluorescence correlation spectroscopy data
obtained for Tween-20 yielded hydrodynamic radius of 29
±1 Å [37]. The model used to analyze the scattering data
suggests that the micelles resemble small prolate ellipsoids
in solution, the fitting parameters are displayed on Table 2.
Tween-20 micelles were also analyzed by means of DLS
and ζ-potential measurements. The mean hydrodynamic
radius and ζ-potential value amounted to 37±2 Å and of−
(9±1) mV, respectively. These values might be overesti-
mated, because they were calculated considering Tween-20
micelles as spheres, which do not correspond to their real
form (prolate ellipsoid). Comparing the ζ-potential values
determined for PMMA/Tween-20 (−35 mV) with that found
for Tween-20 micelles (−9 mV), one can conclude that the
sulfate groups stemming from initiator contribute signifi-
cantly to the surface potential on the polymer particles.

Upon addition of NaSCN, another peak at lower q range
(q ~0.025 Å−1) appeared. Such peak in the scattering curve
is typical of a system containing surface-charged micelles
interacting through a repulsive electrostatic potential [21,
38]. In this way, the scattering curve was modeled by a
product of P(q) and S(q) (Eq. 1), as described in the Exper-
imental Section. The P(q) results indicate that the presence
of NaSCN in the solution does not cause a significant
impact on micelle structural features, see Table 2. On the
other hand, it is possible to infer that the SCN− ions must
reside on the polar shell, since its thickness and electron
density increased in respect to the ion-free micelles (Ta-
ble 2). Furthermore, a micelle ionization coefficient of
20 % was found from the analysis of the S(q) function.
One should bear in mind, however, that this is an effective
value and it can take into account some of the deficient of
the model [21] Therefore, the SAXS result evidences that

SCN− ions are located preferentially on the micelles surface,
interacting with polar headgroups. Such a preferential ion
location gives rise to new surface-charged micelles and
corroborates with the phase separation behavior observed
in Figs. 2 and 3, which showed that the time required to
destabilize the PMMA/Tween-20 dispersions was the lon-
gest in the presence of SCN− ions.

The presence of NaF promotes different changes on
Tween-20 micelles. There is a huge increase in the scattering
at low q values (Fig. 4) as compared to the SAXS data for
micelles in the absence and presence of NaSCN (Fig. 4),
indicating that large aggregates are formed under the influ-
ence of NaF ions. In this way, the SAXS curve obtained for
Tween-20 in the presence of NaF was fitted considering the
presence of micelles, evidenced by the broad peak at q
~0.14 Å−1, and of large aggregates (Porod´s law, I(q) is
proportional to q−4) [17, 19], revealed by the large intensity
at very low q values. The shape and the size of such large
aggregates could not be determined due to the limited res-
olution in this q range. On the other hand, the P(q) fitting
parameters shown in Table 2 show that NaF induced signif-
icant changes in the dimensions of Tween-20 micelles. The
anisometry (ν) of the ellipsoid-like micelle increased from
circa 2 to 2.8 and the polar shell thickness σpol values
increased from 8.5 to 12 Å, without affecting the polar
electron density. The Rpar values did not change, evidencing

Table 2 Fitting parameters
obtained from the analysis of the
micelle form factor P(q) deter-
mined from SAXS curves in
Fig. 4

System Rpar (Å) σpol (Å) ρpol (e/Å
3) ν

Tween-20 20.6±0.5 8.4±0.5 0.40±0.01 1.95±0.05

Tween-20 + NaSCN 1.0 mol.L−1 19.4±0.7 10.5±0.5 0.42±0.01 2.1±0.1

Tween-20 + NaF 1.0 mol.L−1 20.6±0.5 11.8±0.5 0.39±0.01 2.8±0.1
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Fig. 5 Surface tension measurements as a function of ln Tween-20
concentration determined for Tween-20 solutions in the absence (open
triangles) and in the presence of NaF 1.0 mol L−1 (solid squares), NaCl
1.0 mol L−1 (solid circles) or NaSCN 1.0 mol L−1 (open squares) at
(22.0±0.5) °C
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that the effects are mainly on the micelle polar shell. These
features and the appearance of longer structures (longest
semi-axis of 70 Å) indicate that F− ions induced the assem-
bling of Tween-20 micelles, forming small coacervates.
Concerning the large aggregates, those should have been
formed due to the dehydration of PEG polar head, which
promoted the collapse of many micelles. Fluoride ions favor
the interactions with water molecules, leading to "salting-
out" effect. A similar behavior was observed for the swell-
ing and deswelling of gels made of poly(ethylene glycol)
[39], hydroxypropylmethylcellulose [40] or poly(vinyl alco-
hol) [41] in the presence of Hofmeister anions. The general
trend is that kosmotropic ions, like F−, dehydrate the gels,
while chaotropic ions, like SCN−, favor gel swelling.

Surface tension measurements were performed for
Tween-20 in pure water and in the presence of NaF, NaCl,
and NaSCN, 1.0 mol L−1 each, as shown in Fig. 5. The
c.m.c. and the surface tension value at the c.m.c. for Tween-
20 in pure water amounted to 0.10±0.01 mmol L−1 and 41±
1 mN/m, respectively, which are in agreement with literature
data [42]. These values were not affected by the presence of

any salt. On the other hand, the Γ values and, consequently,
the surface area (A) per Tween-20 molecule at the liquid–air
interface were affected by the presence of anions, as pre-
sented in Table 3. The calculated A values increased from 58
±1 Å2 for pure Tween-20 solutions to 65±1 Å2, 78±1 Å2,
and 109±2 Å2 due to the presence of 1.0 mol L−1 Cl−,
SCN−. and F− anions, respectively. These findings indicate
that Cl− and SCN− ions interact with the Tween-20 head-
group, but at different extent, corroborating with results
reported for other self-assembled amphiphilic molecules
[43, 44]. Regarding the effects of Cl− and SCN− ions,
molecular dynamics simulations were performed for palmi-
toyloleoylphosphatidylcholine bilayers in the fluid phase
solvated by 1.0 mol L−1 salt, which indicated that large
chaotropes like SCN− penetrate deeper into the bilayer than
do the Cl− anions [43]. The effect of Hofmeister salts on the
structure of 1,2-dipalmitoyl phosphatidylcholine (DPPC)
Langmuir films at the air/salt solution interface was inves-
tigated by means of surface pressure–area isotherms, Brew-
ster angle microscopy, grazing incidence X-ray diffraction,
and infrared reflection–absorption spectroscopy [36]. All

Table 3 Calculated values of (∂γ / ∂ln c), surface excess (Γ), and the area (A) occupied per Tween-20 molecule at the liquid–air interface at (22±1) °C

System (∂γ / ∂ln c) (mN m−1) Γ (1017 molecules/m²) A (Å2/molecule)

Tween-20 −6.98±0.07 17.1±0.2 58±1

Tween-20 + NaCl 1.0 mol L−1 −6.31±0.05 15.5±0.2 65±1

Tween-20 + NaSCN 1.0 mol L−1 −5.19±0.05 12.7±0.1 78±1

Tween-20 + NaF 1.0 mol L−1 −3.76±0.03 9.2±0.1 109±2

The figures are mean values with the corresponding standard errors determined from triplicates

water NaSCN NaF

Tween-20
micelles

PMMA/Tween-20
particles

Fig. 6 Schematic
representation of Tween-20
micelles and PMMA/Tween-20
particles in water, SCN−, and F−

solution. The adsorption of
SCN− ions (red circles) onto the
polar shell creates a new surface
with higher charge density. The
presence of F− ions (empty
circles) favors the dehydration
of polar shell on PMMA/
Tween-20 particles and Tween-
20 micelles, destabilizing the
systems. Tween-20 micelles
and PMMA/Tween-20 particles
are not to scale
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anions increased the surface pressure at a given area per
molecule. However, chaotropes led to larger increase in the
surface pressures, because they penetrate deeper into the
monolayer. Large anions like SCN− tend to be more hydro-
phobic and to present relative large polarizability. For in-
stance, iodide penetrated into the hydrophobic region of the
DPPC monolayer and disturbed the packing properties [44].
The hydrophobic character might be correlated with the
enthalpy of hydration (ΔHhyd) values, which for iodine
and SCN− ions amount to −320 and −310 kJ mol−1, respec-
tively. In the case of Tween-20 micelles, SAXS data do not
evidence penetration of SCN− ions inside the micelle hy-
drophobic core, but they indicate the enrichment of micelle
shells by negative charges (Table 2), which corroborate with
the increase of A values (Table 3) and explain the longer
times for phase separation of PMMA/Tween-20 particles in
the presence of SCN− ions, especially after re-dispersion of
particles (Fig. 3). Contrary to the SCN− ions, F− ions are
strongly hydrated and repelled from the air–water interface
[45]. Thus, the large increase of A values (~88 %) in the
presence of F− ions probably reflects the presence of small
coacervates of Tween-20 micelles adsorbed at the liquid–air
interface, as indicates by SAXS data.

The effect of ions on the A values did not follow the order
of the Hofmeister series. A possible explanation might be
that while F− ions favor Tween micellization by “salting-
out”, less Tween adsorbs to the liquid–air interface. NaSCN
ions, on the other extreme, adsorb to the Tween molecules,
causing their mutual repulsion—again increasing the area
per Tween molecule at the surface. NaCl is least effective
both in “salting-out” and in adsorption onto Tween, hence it
has lowest effect on the tensiometry results compared to
Tween in pure water.

Conclusions

The phase separation behavior of PMMA/Tween-20 disper-
sions in the presence of NaF, NaCl, NaBr, NaNO3, and
NaSCN followed the same order of the Hofmeister series.
Except for F− ions, the adsorption of anions onto the PEG
outmost layer (of polymer particles or micelles) was
evidenced by the increase in (a) the time necessary to
destabilize a re-dispersed system and (b) the thickness of
polar shell of Tween-20 micelles. These effects increased
with the increase of ion polarizability [4], size, and enthalpy
of hydration. Fluoride ions did not adsorb on the external
PEG shell (of polymer particles or micelles), but they caused
its dehydration and, consequently, destabilized the systems.
Based on the experimental data, a model was proposed
(Fig. 6), where Tween-20 micelles and PMMA/Tween-20
particles are represented in water, SCN−, and F− solution.
The SCN− ions (chaotropes) are not strongly bound to their

hydrating layer, favoring their adsorption onto the PEG shell
and, consequently, promoting the creation of a new surface
with higher charge density. The F− ions (kosmotropes) bind
strongly to their hydration layer, favoring their own hydra-
tion. Consequently, the polar shell on PMMA/Tween-20
particles and Tween-20 micelles might undergo dehydra-
tion, destabilizing the systems. Considering the potential
applications PEG-decorated particles, such as PMMA/
Tween-20 particles, in biotechnological processes, these
results are of fundamental relevance for the adequate choice
of electrolytes to be used upon designing formulations and
diagnostic kits, where the colloidal stability is a primary
requirement.
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