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ABSTRACT: Recently we have presented new polyelectrolyte nanoring structures formed by self-assembly
of poly(ethylenimine) and poly(sodium 4-styrenesulfonate) during sequential adsorption observed by AFM
microscope in liquid cell technique. In this work, filter pore size and carbonate ion concentration are
identified as critical parameters for their formation. We show how these two parameters modulate the
nanorings formation as a consequence of the hydrophobic polyelectrolyte domains formed into the
polyelectrolyte solutions and the screening effect produced by the divalent carbonate ions present also in
solutions. Also, we prove how the nanorings size is controlled through competition between electrostatic
and hydrophobic interactions where the charge density of the substrate plays an important role.

Introduction

Self-assembled polyelectrolyte films on surfaces have
attracted much attention during the past decade for
their potential in technological and biological applica-
tions.1 Their buildup is based on first principles: dis-
sociation of polyelectrolyte in aqueous solution releases
counterions leaving ionized groups along the polymer
chain.2 These polyelectrolytes are then adsorbed onto
the charged surface, producing a charge inversion at the
surface that promotes the adsorption of a second charged
polyelectrolyte of opposite electrical charge.3 Alternating
adsorption of anionic and cationic polyelectrolytes pro-
duces multilayer films having a fine control on film
architecture and thickness.4 Surface structure of the
polyelectrolyte film is an important property for any
application and evidently depends on factors such as the
polyelectrolyte hydrophobic nature, substrate charge
density, pH, and ionic strength. In the past, scanning
electron microscopy (SEM)5 and atomic force microscopy
(AFM)6 have been used to observe film surface struc-
ture. However, pretreatment of samples prior to obser-
vation limits these techniques. Alternatively, liquid-cell
AFM was recently proposed as an in situ technique to
monitor the surface during the self-assembly of the film
to avoid preparation artifacts.7 This technique has
revealed the presence of nanoring like structures in the
surface after successive adsorption of poly(ethylenimine)
and poly(sodium 4-styrenesulfonate) polyelectrolytes.8
Potential applications are envisaged for this novel
structure such as specific ligand for protein immobiliza-
tion, calcium phosphate nucleation centers, and nano-
patterning. The formation of these nanorings depends
on different experimental conditions that also determine

the behavior of the polyelectrolytes in solution. It has
been observed that nanoring formation depends on the
presence of carbonate ions and polyelectrolyte filtration
in their preparation.8 The former is related to the
screening effects produced by carbonate ions present in
solution, while the latter is precisely associated with the
presence of polyelectrolyte domains in solution.9 The
screening was demonstrated in early reports of ionic
specificity in polyelectrolytes in the presence of different
salts NaCl, CaSO4, and CaCl2.10 Monovalent anions had
little effect on polyelectrolytes, but when the valence
was changed from monovalent to divalent the effect was
much larger.11 It has also been recognized that two like-
charged polyelectrolytic attractions are mediated by
their counterions. The fluctuation and correlation of
these counterions explain the attraction between like-
charged polyelectrolytes.12

On the other hand, domain formation is a typical
property of hydrophobic polyelectrolytes in water. The
shape of hydrophobic polyelectrolytes is determined by
the competition between electrostatic and hydrophobic
interactions. The hydrophobic interactions induce poly-
mer chain collapse into a spherical globule, minimizing
the number of unfavorable monomer-water contacts,
while electrostatic interactions force the polymer chain
to stretch to minimize the electrostatic repulsion be-
tween charged monomers. The ability of polyelectrolytes
to assume a globular conformation was first recognized
and described by Liquori.13 The balances of hydrophobic
and electrostatic interactions result in the formation of
necklace globules connected by narrow strings.14 The
presence of domains in polyelectrolyte solution has been
discussed for quite a long time.15 The pearl-necklace
conformation produced by the hydrophobic polyelectro-
lytes was theoretically predicted16 and confirmed by
small-angle neutron scattering (SANS) experiments17,18

and fluorescence emission of hydrophobic regions (or
pearls) labeled by pyrene.19 Domains are found in a
large variety of polyelectrolytes with different chemical
structure.6 Such domains may be related to the internal
structure of the nanorings. Alternatively, dynamic light
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scattering experiments have shown that solution filter-
ing process determines polyelectrolyte domains size in
solution.20 Indeed, no spontaneous reversible process
was observed, indicating that the new size distribution
is relatively stable after this mechanical treatment.
Adsorbed polyelectrolytes form different surface pat-
terns depending on their hydrophobic nature and on the
interaction between the adsorbed molecules and the
substrate and also on the intermolecular interactions.
AFM experiments have already revealed the formation
of domains when hydrophobic molecules were adsorbed
in silica substrate.21

Taking into account the existing works about poly-
electrolyte conformation in solution, we investigate how
the filter pore size and carbonate ion concentration in
solution modulate the formation of these new polyelec-
trolyte nanoring structures.

Materials and Methods

AFM Microscope Observation. A liquid cell is used to
obtain in situ contact mode AFM images with a Nanoscope
IIIa AFM microscope (Digital Instruments Santa Barbara,
CA). Cantilevers with a spring constant of 0.03 N/m (MLCT-
AUHW, Park Scientific) are used, following tips silanization
with octadecyltrichlorosilane (OTS, 95%, Aldrich) to turn them
hydrophobic. Height and friction images at 1 Hz scan rate with
a resolution of 512 × 512 pixels, at 5, 10, and 20 µm scanning,
were captured simultaneously; only the height images are
reported.

Glass Support Preparation. Glass slides of 14 mm
diameter (Micro Cover Glass, France) were previously cleaned
with Hellmanex solution at 3%, heated at 60 °C for 15 min,
and then rinsed with water. Afterward, the glass slides are

cleaned in 1% H2SO4 solution for 15 min at 60 °C. Finally,
they are rinsed and dried.

Polyelectrolytes and Buffer Solution Preparation.
Polyelectrolyte solutions are prepared using poly(ethylenimine)
(PEI) (Mw ≈ 7 × 104 Da) and poly(sodium 4-styrenesulfonate)
(PSS) (Mw ≈ 7 × 104 Da both from Sigma, France) at 1 mg/
mL concentration in water. Tris(hydroximethyl)aminomethane
(TRIS, 25 mM), 2-(N-morpholino)ethanesulfonic (MES, 25
mM), and NaCl (100 mM) (all from Sigma) are used to prepare
the buffer solution (TRIS-MES) at pH 7.4. All solutions are
prepared with degassing ultrapure water (Mill Q-Plus system,
Millipore) with a resistivity of 18.2 MΩ cm (Millex PVDF,
Millipore). A high-vacuum pump (Pascal 2010 SD, ALCATEL,
France) at 2 × 10-3 mbar per 25 min was used for degassing
the water. Polyelectrolyte solutions were kept in contact with
air for 3, 12, and 24 h in order to increase carbonate
concentration and filtered with 0.10, 0.22, or 0.45 µm pore size
filters.

Self-Assembly Polyelectrolytes Process. Following buffer
injection into the AFM liquid cell, an image of the glass surface
is taken as reference. The positive polyelectrolyte PEI solution
is then injected and let in contact with the substrate for 15
min and then rinsed with 5 mL of buffer, and then the PEI
film is imaged. Negative polyelectrolyte PSS is then injected
and let for 15 min in contact with PEI film followed rinsing
with 5 mL of buffer solution.

All statistical analyses were performed with SigmaStat
v2.03 (SPSS Inc., Chicago, IL).

Results and Discussion

In Figure 1, we observe different nanoring sizes
depending on the exposure time to air with a fixed filter
pore size of 0.22 µm, while in Figure 2 nanoring sizes
is depending of filter pore size with a fix exposure time

Figure 1. Nanoring obtained with polyelectrolyte solutions filtered with a 0.22 µm filter and different exposure times to air: (A)
nanorings obtained after 24 h with an external diameter (D) of 420 ( 22 nm; (B) after 12 h, D ) 309 ( 27 nm; (C) after 3 h, D
) 187 ( 8 nm. Scan size for all images is 10 × 10 µm2; a zoom of 5 × 5 µm2 is also shown in (C).

Figure 2. Nanoring obtained with filtered polyelectrolyte solutions at an exposure time of 3 h: (A) filter of 0.45 µm in pore size
gives nanorings of 731 ( 50 nm in external diameter; (B) filter of 0.22 µm gives D ) 413 ( 27 nm; (C) filter of 0.10 µm gives D
) 213 ( 32 nm. Scan size for all images is 10 × 10 µm2; a zoom of 5 × 5 µm2 is also shown in (C).
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to air of 3 h. From these images, we can observe that
the nanoring distribution is homogeneous on the sur-
face, and the nanoring size is nearly constant in each
case.

We analyzed the film and nanoring dimensions using
Nanoscope software. A statistical analysis was per-
formed in 10 experiments (taking more than 10 nanor-
ings by experiment) representing the different prepa-
ration conditions. External diameters as a function of
exposure time to air and filter pore size are shown in
parts A and B of Figure 3, respectively.

The results show a significant statistical difference
in the external diameters among the nanorings obtained
in all the cases (p e 0.001). Larger exposure time to air
produce nanorings with a bigger average diameter.
Using filter pore size of 0.22 µm, after 24, 12, and 3 h
we obtain nanorings of 420 ( 22, 309 ( 27, and 187 (
8 nm in external diameter, respectively. Equivalently,
large pore filters of 0.45 µm produce nanorings with an
average diameter of 731 ( 50 nm; nanorings are bigger
than those formed with filter of 0.2 µm giving 413 ( 27
nm and 0.1 µm giving 213 ( 32 nm. In all the
experiments the nanoring external diameter dispersion
is less than 18%, indicating a relatively narrow nanoring
distribution.

The measured roughness (Ra value) of glass and PEI
surfaces, respectively 0.15 and 0.17 nm, are approxi-
mately equal and very flat in all the analyzed images.
This indicates that a homogeneous layer of PEI is

formed on the glass surface. After PSS adsorption,
roughness increases from 0.5 to 9 nm, depending on the
nanoring size. This increase should be related to do-
mains of the PSS in solution. Such domains are present
in PSS solution and are adsorbed on PEI film. PSS is
hydrophobic and PEI is hydrophilic, and their charac-
teristic properties in solution must be reflected in the
polyelectrolyte film. PEI and PSS are adsorbed at low
ionic strength because they are dissolved in water.
Therefore, PEI on a charged surface leads to semi-
spherical domains that are compressed and coalesced
to produce a flat, homogeneous film with homogeneous
density charge on the surface.22 The necklace conforma-
tion of the PSS in solution forms domains that are
adsorbed on PEI layer increasing film roughness. Figure
4 shows the structure of two nanorings formed by a
series of domains. They should be related to PSS
domains in solution whose form and size have to be
modified by the charged surface and PEI film.

The number of domains observed in our experiments
is typically five or four whatever the experimental
conditions. The size of these domains depends on the
filter pore size used during polyelectrolyte filtration.
Polyelectrolyte domains in solution are initially present
and after filtration they are modified.23 Retention based
on the size exclusion does not represent the main
mechanism.13 This change could be associated with the
collapse and coalescence of many domains into a bigger
one when they are passing through the pore of the filter
producing specific domains with homogeneous size after

Figure 3. (A) Exposure time to air. Statistical difference (p
e 0.001) is denoted by an asterisk. (B) Nanoring external
diameter as a function of filter pore size. p ) probabilities as
numbers in the interval from 0 to 1 assigned to events whose
occurrence or failure to occur is randomly calculated.

Figure 4. Domains are also present in the nanoring structure.
(A) Nanoring formed by 5 globular domains (image size of 400
× 400 nm2, Z ) 5 nm). (B) Nanoring formed by four globular
domains (image size of 600 × 600 nm2, Z ) 15). Approximate
external diameter is 100 and 340 nm in (A) and (B), respec-
tively.
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filtering.12 As a general rule, larger filter pore size
produces larger polyelectrolyte domains. The homoge-
neous size distribution of PSS domains in solution after
filtering is therefore related to the homogeneous size of
the domains present in the nanorings that are also
homogeneous in consequence.

Concentration of divalent ions is the second param-
eter studied (Figure 3A). It is well-known that aqueous
solutions adsorb CO2, forming monovalent (HCO3

-) and
divalent ions (CO3

2-) ions depending on the pH of the
solution.24 To know how the carbonate ions are ac-
cumulating in the PEI and PSS solutions, titration
experiments were done. Methyl orange and phenol-
phthalein are used as indicators to determine the
concentration of monovalent and divalent ions by titra-
tion, respectively. Ion concentration is related to the
volume of HCl spent to react with each kind of ion
producing a color change. The results are show in Figure
5.

The PEI and PSS solutions are exposed to air, and
samples are taken at 0, 3, 6, 12, and 24 h. It is assumed
an additive contribution of the polyelectrolyte concen-
tration because they are titrated at the same time that
the carbonate species; therefore, results are expressed
like apparent ion concentration. Taking the latter into
account, we can observe that the HCO3

- apparent
concentration is increasing with time in the PEI solution
while the CO3

2- apparent concentration is decreasing.
On the other hand, divalent ions are not detected in PSS
solutions, and the HCO3

- apparent concentration is
constant. This behavior is showing the mechanism of
screening in the PEI molecules. When PEI is dissolved
in water, the amine groups in the polyelectrolyte
molecules gain protons immediately, giving a positive
net charge to the PEI molecule. After a few hours, the
quantity of the CO3

2- ions decreases and HCO3
- con-

centration increases. This occurs because the protons
in the amine groups capture the CO3

2- ions forming
HCO3

- ions. This phenomenon screens the positive
charge of the PEI molecules, making it weaker. On the
contrary, this phenomenon does not occur in the PSS
solution due to the negative charge of the PSS molecule.
It can be deduced from these evidences that the ions

modulate the electrostatic interaction between the PEI
layer and PSS domains during adsorption. These results
suggest that the effect of both carbonate ions on nan-
oring size is mediated trough PEI. The fact that the
divalent ions concentration decreases vs time in PEI
solution indicates that the presence of this ion is coupled
with a size increase of nanoring (see Figures 1 and 3A).
We have previously observed a screening effect; at high
divalent ion concentration nanorings have a weak
adhesion to the surface and are unstable on the surface.8
We can deduce that the carbonate ions modulate the
electrostatic interaction between PEI layer and PSS
domains during adsorption.

When the images were analyzed by number of nan-
orings per surface, we also find that the number of
nanorings per surface unit is strongly dependent on size
(Figure 6A). When the size of the ring increases, the
number of nanorings per surface decreases. We also
show in the Figure 6B that the total volume occupied
by the nanorings increases with their size.

This confirms the fact that the electrostatic repulsion
between polyelectrolyte domains and the charge density
of the surface both are strongly related with the forma-
tion and size of the nanoring. Additionally, the mean
surface coverage is approximately to 18 ( 11% for all
the nanorings reported here. Despite this broad distri-
bution, the surface coverage is far away from the
maximum surface coverage obtained for a random
sequential adsorption (RSA) process that gives a value
equal to 54.7%.25 This indicates again the important role
of electrostatic interactions in the formation of the
nanorings.

Analysis of nanorings dimensions gives us additional
information. We show a three-dimensional image in

Figure 5. Carbonate ion species present in PEI and PSS
solutions. The concentration of divalent ions decreases while
the monovalent ion concentration increases through time in
PEI solution. PSS solution does not contain divalent ions, and
monovalent ion concentration is constant through time.

Figure 6. (A) Nanoring number decrease with nanorings
external diameter increase (D). Data obtained from images of
5 × 5 µm2; solid line represents the fit of the function y ) b +
a/D with b ) 0.194654 and a ) -293.59. (B) However, total
volume increases with D, confirming a screening electrostatic
effect. The lines are a guide to the eye.
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Figure 7A, and height (h) as well as external and
internal diameter (D and d, respectively) are repre-
sented schematically in Figure 7B in a profile section.

The thickness, defined as 1/2(D - d), and the height
of the nanorings with the external diameter are shown
in parts A and B of Figure 8, respectively, where we
can remark that external diameter of nanorings is
ranging from 180 to 730 nm and height is always of few
nanometers (2-20 nm).

It shows that when the size of the nanoring increases,
the thickness and height also increase; however, it is
very remarkable. The linear dependence between the
thickness and the external diameter indicates a uniform
nanoring growth. Statistical analysis of these results
shows that the ratio between external and internal
nanoring diameter for all experiments is roughly con-
stant. The internal diameter represents 23 ( 5% of the
external diameter in all the cases.

The fact that the diameter ratio is nearly constant
whatever the experimental conditions raises many
hypothesis. It confirms that nanorings size is dependent
on domains size. Large domains form large nanorings
with always the same proportional core in the center of
nanoring. It can be related either by steric hindrance
or by repulsion between domains. Such repulsion should
be proportional to domain size in order to keep the ratio
constant. This is indicative that the polyelectrolytes
conformation in solution could be the base of nanorings
formation, and it is always an invariable mechanism
in the range of the experimental conditions. Therefore,
nanorings are formed by polyelectrolyte domains present
in solution with almost uniform size when these are
adsorbed on the surface give to nanorings a domain
structures. This mechanism is not far from formation
of micelle structures for the polyelectrolytes complex.26,27

Conclusion

In this paper, we show that the formations of nanor-
ing structures are governed by two critical parameters:
filter pore size and carbonate ions concentration in the
polyelectrolyte solutions. The filtering of PSS forms a
homogeneous size of polyelectrolyte domains in solution,
and they are also present in the structure of the
nanorings. Additionally, the accumulation of carbonate
ions in PEI layer modulates the electrostatic interaction,
producing large nanorings as polyelectrolyte solution is
exposed to air. The balances between hydrophobic and
electrostatic forces define therefore the structure and
size of the nanorings. However, it is no possible to
determine where hydrophobic and hydrophilic portion
in the nanoring structure are. Evidently, additional
experimental and theoretical work is necessary to
understand nanorings formation. Applications such as
protein immobilization or nanopatterning can be also
envisaged for this novel structure. The experimental
results presented in this work can be useful for these
purposes.
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