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J. Fresnais1, C. Lavelle? and J.-F. Berret"®

! Matiere et Systemes Complexes, UMR 7057 CNRS Université Denis Diderot Paris-VII, Batiment Condorcet, F-75205 Paris, France
? Interdisciplinary Research Institute, USR 3078 CNRS Université Lille I, F-59655 Villeneuve d'Ascq, France

RECEIVED DATE (Wednesday 10 February 2010); Author E-mail Address: jean-francois.berret@univ-paris-diderot.fr
Paper appeared in Journal of Physical Chemistry (2009)

Abstract : We report the formation of stable nanoparticle-polymer clusters obtained by electrostatic complexation. The
nanoparticles placed under scrutiny are nanoceria (CeO;) coated by short poly(acrylic acid) moieties, whereas the polymers
are cationic-neutral block copolymers. The cluster formation was monitored using different formulation pathways, including
direct mixing, dialysis, dilution and quenching. In the first process, the hybrids were obtained by mixing stock solutions of
polymers and nanoparticles. Dialysis and dilution were based on controlled desalting kinetics according to methods developed
in molecular biology. The fourth process consisted in a rapid dilution of the salted dispersions and as such it was regarded as
a quench of the cluster kinetics. We have found that one key parameter that controls the kinetics of formation of electrostatic
clusters is the rate dls/dt at which the salt is removed from the solution, where Is denotes the ionic strength. With decreasing
Is, the electrostatically screened polymers and nanoparticles system undergo an abrupt transition between an unassociated
and a clustered state. By tuning the desalting kinetics, the size of the clusters was varied from 100 nm to over 1 um. At low
ionic strength, the clusters were found to be kinetically frozen. It is proposed that the onset of aggregation is driven by the
desorption-adsorption transition of the polymers onto the surfaces of the particles.

| — Introduction

The electrostatic complexation between oppositely
charged species in aqueous solutions has attracted much
attention during the last years because it is thought to be
at the origin of many fundamental assembly
mechanisms.”™ These mechanisms were also recognized
as essential in several applications, including water and
waste treatments, transfection vectors and targeting in
biology6'8 and design of new colloidal structures in material
science.®"" In general, the attractive interactions between
oppositely charged colloids or macromolecules are strong,
and the direct mixing of solutions containing such entities
yields a phase separation. This is the case e.g. for anionic
polyelectrolytes and cationic surfactants, for which micellar
coacervate and liquid crystaline phases have been
observed.""" Means to control the electrostatically-driven
attractions and to preserve the colloidal stability were
developed using copolymers, and in particular
polyelectrolyte-neutral block copolymers.‘r”g’14 These fully
hydrosoluble macromolecules were found to co-assemble
spontaneously_with different types of systems, such as
surfactants,'®"’ polymers18’19 and proteins,20 yielding core-
shell structures. As a result of the co-assembly, the cores
of the aggregates were described as a dense coacervate
microphase comprising the oppositely charged species,
and surrounded by a neutral corona made from the neutral
blocks.

So far, electrostatic aggregates were obtained according
to different formulation modes : direct mixing of the stock
dispersions, or titration of one solution with another.
Although it was recognized that coacervate micelles could
be kinetically frozen, ' no systematic investigation of their
sizes and morphologies as a function of the formulation
was undertaken. The electrostatic complexation between
spherical nanocolloids of sizes 10 nm or less and
copolymers have shown a diversity of results. With
surfactants, the core-shell structures exhibited spherical
symmetry and monodisperse cores,” whereas with

nanoparticles (either cerium or iron oxide),22 elongated
and branched aggregates were systematically found out. It
was suggested that the variety of aggregate morphologies
seen with oxide based hybrids could stem from an
uncontrolled kinetics of association between the oppositely
charged species. For sake of completeness, it should
mentioned that alternative approaches of hybrid formation
based on in situ synthesis of particles in presence of
g)aolymerszs'28 or encapsulation within hydrophobic cores®®
were also reported.

In the present paper, we have considered the anionically
charged nanoceria”’** and cationic-neutral  block
copolymers”’35 and propose new protocols for bringing
oppositely charged species together. In terms of
applications, cerium oxide remains an essential ingredient
in catalysis, coating and biomedicine.*** For chemical-
mechanical polishing4°, particulates of sizes comprised
between 50 nm — 1 ym are required, but remain so far
difficult to generate by soft chemistry routes. The proposed
clustering approaches offer opportunities to elaborate
stable mineral colloids devoted to these applications. The
protocols typically were inspired by molecular biology
techniques developed for the in vitro reconstitutions of
chromatin, the DNA / histones macromolecular substance
that forms the chromosomes of our cells.*' The protocols
consisted of two steps.“z’43 The first step was based on the
screening of the electrostatic interactions by bringing the
dispersions to 1 M of salt. In the second step, the salt was
removed progressively by dialysis or by dilution. In the
present work, four different formulation techniques were
compared direct mixing, dialysis, dilution and
quenching. We have found that one of the key
parameters that controls the kinetics of formation of the
electrostatic clusters was the rate at which the salt was
removed from the dispersion. More importantly, it was
established that with decreasing ionic strength the
electrostatically screened polymer and nanoparticle
system underwent an abrupt transition between an
unassociated and a cluster state, and that this critical ionic
strength (around 0.4 M) did not depend on the formulation



process. It was finally suggested that the cluster formation
bears strong similarities with the elementary processes
found in the kinetics of first order phase transitions.

Il - Methods
[I.1 - Particles and polymers

Complexation schemes were realized using cerium oxide
nanoparticles and oppositely charged block copolymers.
Nanoceria was synthesized by thermohydrolysis of
cerium(lV) nitrate salt in acidic condition and high
temperature. 234 The particles consisted of isotropic
agglomerates of 2 - 5 crystallites with typical size 2 nm
and faceted morphologies. The average diameter of the
bare particles was 7.0 nm with a polydispersity (ratio
between the standard deviation and the average diameter)
of 0.15. The particles were coated by pon(acryllc acid)
oligomers with molecular weight 2000 g mol”, using the
precipitation-redispersion process described previously. 3
The hydrodynamic sizes found in CeO>-PAAk dispersions
was Dy = 13 nm, i.e. 6 nm above that of the bare particles.
This increase was assigned to the presence of a 3 nm-
PAA2« brush around the particles. In the conditions at
which the complexation was realized (neutral pH and no
added salt), the particles were stabilized by electrostatic
interactions mediated by the ionized carboxylate groups of
the PAAzk-chains. The nanoparticles were thus considered
as being anionically charged.

The cationic-neutral block copolymer used in the
complexation was poly(trimethylammonium ethylacrylate)-
b-poly(acrylamide) with molecular weight 11000 g moI1
(41 monomers) for the charged block and 30000 g mol”
(420 monomers) for the neutral block. The diblock
copolymers, abbreviated PTEA11k-b-PAM3ok in the
following were synthesized by controlled radical
polymerization according to MADIX technology‘m’45 and we
refer to earlier work for the chemical formulae of the
monomers and detailed characterization."”* In dilute
solution and at neutral pH, the chains were well dispersed
and in the state of unimers, with an hydrodynamic
diameter of 11 nm. The polydispersity index was
determined by size exclusion chromatography at 1.6.
Photographs of the initial nanoparticle and polymer
solutions are shown in Fig. 1 (ViAL a and VIAL b,
respectively).

[I.2 - Sample Preparation

Nanoparticles clusters were prepared according to four
different methods. The first method, called direct mixing,
utilized stock polymer and nanoparticle solutions prepared
without added salt. The three other protocols, dialysis,
dilution and quenching were based on a principle of
desalting processes, starting all runs at the initial ionic

strength Ig =1 M of ammonium chloride (NH40I).46 These

protocols differentiate themselves by the kinetics of the
removal of the salt, and by different jumps in ionic strength
performed. The ionic strength was defined as* :

=?20i i (1)

where c¢; and Z; denote the concentration and valency of
the ionic atomic species in solution.

Direct mixing : Polymer-nanoparticle complexes were
obtained by mixing stock solutions prepared at the same

weight concentration (c ~ 0.1 wt. %) and same pH (pH 8).
The mixing of the two initial solutions was characterized by
the ratio X = Vpar/Vpo, Where Vpat and Ve, were the
volumes of the particle and polymer solutions,
respectively. This procedure was preferred to titration
experiments, because it aIIowed to explore a broad range
in mixing ratios (X = 102 - 100) and S|multaneously to
keep the total concentration in the dilute reglme ® As far
as the kinetics is concerned, the formation of the
aggregates occurred very rapidly on mixing, i.e. within a
time scale inferior to one second. In the ranges
investigated, the dispersions resulting from direct mixing
were fully reproducible.

i ! =L -1/ | dig/dt
pathways Iy I Alg =I5 - Ig s/ N Du
™) o) ) Msh nm
1 direct mixing 5x107 5x107 0 . 120
2 dialysis 1 5x10°3 ~1 10 300 - 500
3 Dilution 1 5x102 0.95 10%-1 100 - 500
4 Quenching 1 5x102 -1 0-0.95 ~1 100

Table | : List of the different mixing and desalting

configurations tested in this work. Ig and Ig denote the

initial and final ionic strengths, respectively, whereas dls/dt
is the rate at which the ionic strength was lowered. In the
direct mixing process, the ionic strength was estimated
from the free counterions present in the solution. The Dy-
value given in the first line of the Table was that found at
the maximum scattering intensity (i.e. at Xp = 1.6). With
the present terminology, rapid dilution and quenching at
low ionic strength are identical.

Dialysis : Mixtures of PAAyx-coated CeO;, nanoparticles
and PTEA11k-b-PAM3ok copolymers in 1 M NH4Cl were
dialyzed against deionized water at pH 7 using a Slide-A-
Lyser cassette with a 10 kD cutoff membrane.*® The
volume of the dialysis bath was 100 times larger than that
of the samples. The electrical conductivity was measured
during the ion exchange and served to monitor the
desalting kinetics. In the condition described here, the
whole process reached a stationary and final state within 2

hours. The dialysis experiment between the initial Ig and

final Ig ionic strengths was characterized by an average

rate of ionic strength change dls/dt ~ 10*ms (see Table
| for details). Although in all the desalting experiments the
rate of change was negative, in the following the negative
sign will be omitted for simplicity. Note that with dialysis,
the nanoparticles concentration remained practically
constant (¢ ~ 0.1 wt. %).

Dilution : In the dilution process, deionized water was
added to mixtures of PAAxk-coated CeO, nanoparticles
and PTEA{k-b- PAMsoK copolymer stepwise, changing Is
from 1 M to 5x10° M. In this process, the overall
concentration was decreased by a factor 20. Since the
aggregates formed by dilution are large compared to the
unassociated polymer and particles, the measurements of
their hydrodynamic properties up to the lowest ionic
strength could be easily realized. In a typical experiment,
the rate of change in ionic strength was taken to be that at
the transition, namely :
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where Q was the flow rate and vy the initial volume. Eq. 2
was derived from the expression of the time dependent
ionic strength Ig(t) =15 Vo/(vo +Qt). By varying the
different parameters in Eq. 2, dls/dt was changed from 10"
M s’ to 1 M s™. The critical transition rate noted I§ is
defined in Section Il

Quenching : Quenching corresponded to a rapid dilution
at a rate dls/dt ~ 1 ms™. Experiments were run in solvents

of different ionic strength, i.e. for Ig comprised between

5x10™ Mand 1 M. For quenching tests performed using de-
ionized water, Eq. 2 was applied to estimate the rate of
change in ionic strength. Once the quenching of the initial
1 M solution was realized, the samples were let free to
equilibrate for several days before measurements were
undertaken. Table | summarizes the experimental
conditions of the four procedures in terms of amplitudes
and rate of changes of the ionic strength. The photographs
in Fig. 1c shows a typical dispersion obtained by direct
mixing, whereas Figs. 1d - 1f display mixed solutions
obtained from dialysis, diluton and quenching,
respectively. The four vials in the lower panel of Fig. 1
exhibit distinctive light scattering properties that are
described in the Results and Discussion Section.

particle  polymer

|directmixing dialysis  dilution quenching |

Figure 1 : Photographs of the nanoparticle (VIAL a),
polymer (ViAL b), and cluster dispersions (VIALS c-f).
Except for the nanoparticles, the concentrations are ¢ =
0.2 wt. %. The concentration in VIAL a is 20 wt. % so as to
show the absorption property of nanoceria in the visible
range. The vials in the lower panel were obtained via
direct mixing (VIAL ¢), dialysis (VIAL d), dilution (VIAL e) and
quenching (VIAL f).

I1.3 - Cryogenic transmission electron microscopy
and light scattering

Cryo-transmission electron microscopy (cryo-TEM) was
performed on dilute solutions (¢ ~ 0.1 wt. %). For the
experiments, a drop of the solution was put on a TEM-grid
covered by a 100 nm-thick polymer perforated membrane.
The drop was blotted with filter paper and the grid was
quenched rapidly in liquid ethane in order to avoid the
crystallization of the aqueous phase. The membrane was

then transferred into the vacuum column of a TEM-
microscope (JEOL 1200 EX operating at 120 kV) where it
was maintained at liquid nitrogen temperature. The
magnification for the cryo-TEM experiments was selected
at 40 000x. Transmission electron microscopy (TEM) was
carried out on a Jeol-100 CX microscope at the SIARE
facility of University Pierre et Marie Curie (Paris 6).

Static and dynamic light scattering were monitored on a
Brookhaven spectrometer (BI-9000AT autocorrelator) and
on a NanoZS (Malvern Instrument) for measurements of
the Rayleigh ratio R(g,c) and of the collective diffusion
constant D(c). The Rayleigh ratio was obtained from the
scattered intensity 1(q,c) measured at the wave-vector q
according to*® :

I(g,c)- | 2
R(4,0) = Ry~ Wa‘er( : ] )

7ol N1l

Here, Ry and ntq are the standard Rayleigh ratio and
refractive index of toluene, lwater and lyo the intensities
measured for the solvent and for the toluene in the same
scattering configuration and qq = 4xn/Asin(6/2) (n being
the refractive index of the solution and 6 the scattering
angle). In this study, the Rayleigh ratio R(g,c) was
measured as a function of the mixing ratio X and for the
different desalting kinetics. With the Brookhaven
spectrometer, the scattering angle was 6 = 90°, whereas
for the NanoZS it was 6 = 173°, corresponding to wave-
vectors q = 1.87x10° A" and q = 2.64x10° A",
respectively. In quasi-elastic light scattering, the collective
diffusion coefficient Do was measured in the dilute
concentration range (¢ = 0.1 wt. %). The hydrodynamic
diameter of the colloids was calculated according to the
Stokes-Einstein relation, Dy = kgT/3nnDg, where kg is the
Boltzmann constant, T the temperature (T = 298 K) and n
the solvent viscosity (O.89><10'3 Pa s). For values of the
hydrodynamic diameter such as qDy > 1, the Stokes-
Einstein relationship was still used, but the hydrodynamic
data were associated with larger uncertainties. As shown
by Dhont “9in this range, the collective diffusion coefficient
depended on the wave-vector and on the polydispersity,
with deviations up to 10 % with respect to Do (for
polydispersity 0.1). The autocorrelation functions of the
scattered light were interpreted using both the method of
cumulants and the CONTIN fitting procedure provided by
the instrument software.

Ill — Results and discussion

[1l.1 - Direct Mixing

Fig. 2a displays the normalized Rayleigh ratios ’R(X)/Rw

obtained at q = 2.64x10° A" for CeO2-PAAK complexed
with PTEA11k-b-PAM3ok copolymers, for X ranging from 10
% to 100 (c =0.2wt. %, T =25° C). The polymer (X = 0)
and nanoparticle (X = «) stock solutions have been set at
X =102 and X = 1000 for convenience. In the figure, the
scattered intensity was found to increase steadily with X,
to pass through a sharp maximum at Xp = 1.6 + 0.2 and
then to decrease to 1. The normalization factor in Fig. 2a,
R, = 3.2x10* cm” represents the intensity of the coated
nanoparticles. By analogy with a recent work on
complexation of similar systems, the data in Fig. 2a were
compared with the predictions of a stoichiometric model.



This model assumes that the mixed aggregates are
formed at a fixed polymer-to-nanoparticle ratio (noted Xp)
and that the stoichiometry of the mixed aggregates is
controlled by the structural charges present.

(b)

0.001 0.1 10 1000
mixing ratio X

Figure 2 : a) Normalized Rayleigh ratios R(X) /Rw

obtained at q = 2.65x10° A for CeO,-PAAx nanoparti-
cles complexed with PTEA11k-b-PAMsok block copolymers
(direct mixing). The total concentration is ¢ = 0.2 wt. % and
temperature T = 25° C. The solid line results from best fit
calculations using a stoichiometric association model (Eq.
A-5). The dashed line represents the scattering intensity
for unassociated particles and polymers. The thin lines
between the data points are guides for the eyes. b)
Hydrodynamic diameter Dy as function of the mixing ratio
X for the same system.

In this model, the maximum scattering corresponds to a
state where all the polymers and all particles co-assemble,
yielding the largest number density of complexes for a
given concentration. The stoichiometric model is described
in detail in Appendix. We have found that 8 polymers per
particle and 30 particles per aggregate were necessary to
account for the data. The result of the fitting is shown in
Fig. 2a as a solid line. The agreement between the model
and the data is reasonable. There, the position and
amplitude of the scattering peaks are well accounted for
by the predictions of Eq. A-5. In the figure is also displayed
for comparison the scattering intensity corresponding to
the state where particles and polymers remain
unaggregated (dashed line, Eq. A-7).

Dynamic light scattering performed on the same samples
revealed the presence of a unique diffusive relaxation
mode over a wide range of X. Fig. 2b displays the
evolution of the hydrodynamic diameters Dy determined
by the Stokes-Einstein relation. For X > 0.01, the
hydrodynamic diameter is much larger than those of the
polymers and of the nanoparticles. It ranged between 40

nm and 120 nm, with a maximum coinciding with the
maximum scattering intensity (VIAL ¢ in Fig. 1). For X > 10,
the diameter decreased toward that of the coated
nanoparticles. The polydispersity indices obtained from the
cumulant analysis were found for these systems in the
range 0.10 - 0. 252 Except at very large X, the data
displayed in Figs. 2 bear strong similarities with those
reported recently, using citrate coated particles and
cationic-neutral  block copolymers Electrophoretic
mobility measurements have shown that the mixed
aggregates are neutral or close to neutrallty Values in the
range (-0.3...-0.03)x10* cm? V' s were found, ie. 10
times lower than the mobilities of the PAAxk-coated
particles.35 Note finally that these aggregates exhibit a
better colloidal stability with respect to concentration, pH
and ionic strength changes, as compared to the single
nanoparticles.

Fig. 3 exhibits a cryo-TEM image of the polymers-
nanoparticles aggregates. For contrast reasons, only the
inorganic cores are visible with this technique. The
thickness of the polymer corona (PAM) around the cores
was estimated by light scattering at ~ 20 nm.* The
aggregates were found to be polydisperse, with sizes
comprised between 20 and 100 nm. In addition, they also
displayed a broad dispersity in morphologies, including
spheres, cylinders and branched structures. A cluster with
core diameter 30 nm, such as that pointed by the arrow
contains typically 20 nanoparticles.51 This wide variety of
colloidal morphologies was already noticed with iron oxide
nanoparticles, and identified as a major shortcoming of the
direct mixing approach.

Figure 3 : Cryogenic transmission electron microscopy
(cryo-TEM) images of CeOz-PAAx/PTEA11k-b-PAM30k
complexes obtained by the direct mixing method. The
arrow indicates a cluster with diameter mean 30 nm and
aggregation number 20 (number of particles in the three
dimensional structure) The image covers a field of
0.45x0.23 ,um

[11.2 - Dialysis

In the three other protocols, particles and polymers were
first mixed at high salt concentration. The electrostatic
interactions between the oppositely charged species were
monitored by a slow and controlled removal of the salt
(see Table | for details on initial and final ionic strengths).
Fig. 4 llustrates the variation of the hydrodynamic
diameter of aggregates obtained by dialysis. Each closed
circle there represents a solution that was dialyzed several
hours against Dl-water, or against with DI-water prepared
at a given ionic strength. As a result of dialysis with 10 kD



cutoff membrane, an abrupt transition was revealed with

decreasing ls, at a critical value Ig comprised between 0.4

M and 0.5 M of NH4CI. This transition is one important
findings of the paper. Below the critical ionic strength,
large aggregates with hydrodynamic diameters Dy
between 300 nm — 500 nm were formed. Data for the
individual components, that is the PAAxk-coated CeO:
nanoparticles (empty circles) and for PTEA11k-b-PAM3ok
(empty squares) are shown for comparison. For the
systems considered separately, the hydrodynamic sizes
remained constant over the whole Is-range. The solutions
of the individual components were not obtained by
dialysis, but prepared by simple mixing. For these
systems, since their stability was not affected by the salt,
the different methods gave identical results.

1000 : dialysis
-~ oo ®
E ‘ “Y'
£ 100:
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Figure 4 : lonic strength dependence of the hydrodynamic
diameter for a dispersion containing CeO2-PAAxx particles
and oppositely charged PTEAik-b-PAMsox  block
copolymers (closed symbols). The dispersions were
obtained by dialysis. With decreasing Is, an abrupt
transition was observed at the critical value comprised
between 0.4 M and 0.5 M NH4CIl. The open symbols
represent the hydrodynamic diameters for CeO2>-PAAxx
(circles) and PTEA11x-b-PAM3ok (squares), respectively.

Fig. 5 displays a TEM image of nanoparticles aggregates
obtained by dialysis. The solution placed under scrutiny
here was prepared at a concentration ¢ = 0.2 wt. % and
mixing ratio X = 0.5. The dispersion was characterized by
an hydrodynamic diameter Dy = 310 nm, with a
polydispersity index of 0.2. Examples of aggregates as
seen by TEM are shown in Figs. 5a — 5d. In contrast to the
direct mixing technique, these clusters exhibit an almost
spherical shape. The aggregates were also found to be
slightly polydisperse, as illustrated by the TEM-images in
Figs. 5a - 5d (diameters between 75 and 220 nm). Note
that the diameters obtained by TEM appeared smaller
than those determined by dynamic light scattering. The
reasons for such discrepancies have been already
evaluated® : i) the nanoparticle clusters were assumed to
be surrounded by a 20 nm-thick polymer corona, made
from the neutral block of the copolymer; and ii) when
particles are distributed, as it is the case here, light
scattering is known to reveal more strongly the largest
particles of the distribution, vyielding hydrodynamic
diameters larger that the average values. The isotropic
shape of the nanoceria aggregates suggests that they
were grown by a nucleation and growth process, rather

than by diffusion- or reaction-limited aggregation which
generally yields fractal structures.* It should be noted that
the aggregates exhibited also a remarkable colloidal
stability with time, since neither destabilization nor
collapse of the constructs was noted over period of
months. This enhanced stability could arise from the
presence of a neutral polymer brush (estimated at 20
nm5°) around the clusters. Assuming a volume fraction of
0.25 inside the large spheres,22 we have estimated that a
200 nm aggregate was built from ~ 6000 particles.

a b

»

50 nm 50 nm

—_— —
c d

50 nm 100 nm

Figure 5 : TEM images of spherical aggregates obtained
by dialysis. The sizes of the aggregates shown are 75 nm
(a), 140 nm (b), 160 nm (c) and 220 nm (d). With a volume
fraction of 0.20 equal for each aggregates, the
aggregation numbers are estimated at 250, 1600, 2400
and 6200 nanopatticles, respectively.

[11.3 - Dilution and Quenching

In the dilution experiments, DI-water was added stepwise
to an initial nanoparticle and polymer solutions at 1 M
NH4Cl, at the average flow rate of Q = 0.3 ul/s. As for
dialysis, the initial dispersion was formulated at ¢ = 0.2 wt.
% and X = 0.5. After each step, the scattering intensity
and hydrodynamic diameter were determined. Doing so,
the ionic strength was also decreased at a rate dls/dt ~
1x10™ M s™ comparable with that of the dialysis (Eq. 2).
With an overall dilution of a factor 20, the final dispersion
had a ionic strength of 5x102 M in ammonium chloride
(Table 1). Fig. 6a shows the hydrodynamic diameter as a
function of the ionic strength of the solution. As for dilution,
an abrupt transition was observed at a critical ionic

strength estimated here at I§ = 0.43 + 0.01 M. This value
was in good agreement with that of dialysis. Moreover,
below Ig, the diameter of the scattering entities stabilized

around Dy = 300 - 500 nm, a value close to that of the
dialysis. The good superimposition of the Dy versus Is
data for the two techniques suggests that dialysis and slow
dilution are equivalent in terms of induced nanostructures.

In the fourth process, the salted dispersions were diluted
rapidly and brought to low ionic strength in a time of the
order of 1 s. Because the process was fast, it was
regarded as equivalent to a quench of the cluster kinetics.
In the quenching experiments, dls/dt reached values of the
order of 1 M s (Table 1). Under these conditions,
nanoparticles aggregates formed spontaneously with sizes
in the 100 nm-range, i.e. with values smaller than those



obtained by dialysis or slow dilution. These results indicate
that the desalting kinetics plays a crucial role in the
determination of the cluster sizes.
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Figure 6 : Same as in Fig. 4 for dilution (a) and quenching
protocols (b). The critical ionic strengths were estimated at

I§ = 0.43 £ 0.01 M and I§ = 0.44 + 0.02 M, in excellent
agreement with that of dialysis.

Fig. 6b displays the hydrodynamic diameters of
dispersions that were quenched at different ionic strengths

Ig between 0.05 m and 1 M. The main result is here again
the observation of a transition between an unassociated

and an associate state. This transition occurred at Ig =

0.44 + 0.02 M, in good agreement with the dialysis and
dilution processes. Here however, the dispersions were let
free to evolve with time after the quench. Between 0.05 m

and I, an increase of the diameter Dy followed by the

divergence were observed. For final ionic strength
comprised between 0.35 M and 0.44 M NH4CI, the
aggregates were beyond the range accessible to light
scattering. For practical reasons, they were attributed a
value of 2000 nm on the diagram. Between 0.35 M and
0.44 m, the aggregates were micron-sized and sedimented
rapidly with time, indicating an instable regime in the
cluster growth. In Figs. 4 and 6, the Dy’s of the individual
components CeO2-PAAx and PTEA1k-b-PAM3ok were
included for comparison. In conclusion for this part, we
have found that the decrease of the ionic strength in the
system CeO2-PAAx/PTEA11k-b-PAM3ok results in an
abrupt transition between a fully dispersed state and a

clustered state. This transition occurs at a critical value Ig

= 0.43 M, which is identical for the three desalting
pathways. In addition to the strong dependence of the
diameter on the desalting kinetics, the existence of stable
clusters of different sizes below 0.2 M suggests that the
aggregates are kinetically frozen. Once they are formed,

they did not evolve, nor destabilize with time. Other
pathways in the ionic strength diagram were also
attempted, such as step-up increase of the ionic strength
or the complexation with copolymers of different molecular
weights. The results were consistent with the data shown
in Figs. 4 and 6. Note finally that dialysis or dilution
experiments made at different X between 0.1 and 1 with
the same set of PAAyx-coated particles and copolymers
yielded very similar results in terms of critical ionic strength
and cluster sizes.

Fig. 7 compares the variation of the hydrodynamic
diameter during slow dilution for two systems, CeOo-
PAA/PTEA11k-b-PAM3ok (close circles) and
PAA/PTEA11k-b-PAM3ok (open circles). The data for the
nanoparticles are those of Fig. 6a. The figure provides a
comparison of the transition for the particles and for their
coating taken separately. For the purely organic system, a
transition between unassociated and aggregated state

was observed at a slightly lower critical ionic strength, 15=

0.36 + 0.02 M. The arrow in the figure is associated to a
range where two relaxation modes were seen in the
autocorrelation functions of the scattered light. The fast
mode could be linked to free polymers (i.e. with Dy ~ 11
nm) and the slow mode was originating from the PTEA k-
b-PAM3ok/PAAk clusters. Below 0.2 M, only one mode
was observed with a Dy-values around 400 nm. These
similar behaviors suggest that the transition occurred
according to the same scheme for the two systems.
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Figure 7 lonic strength Is dependence of the

hydrodynam;c diameter Dy for CeO2-PAAx/PTEA11k-b-
PAM30K and PAAQK/PTEA11K-b-PAM30K dispersions
obtained by slow dilution. For the purely organic system,

the critical ionic strength was found at 1§= 0.36 + 0.02 M.

The arrow in the figure is associated to a range where
both polymers and aggregates were detected by light
scattering.

As already said, this scheme is based on electrostatic
interactions between the charged moieties located either
along a copolymer backbone, or on the particle surfaces.
Here, we show that there is no specificity in the transition
(except for the slight reduction of the critical value) that
could differentiate polymers dispersed in a solvent or
tethered at the surface of particles.

Fig. 8 summarizes the whole set of data obtained on the
hydrodynamic diameters by the dilution technique. In Fig.



8, Du was plotted aTqainst the desalting rate dls/dt in the
range 10* - 1 M s”. For fast dilution or quenching, we
observe that the aggregates remained in the 100 nm
range. With decreasing dls/dt, Dy increased and disPIayed
an asymptotic scaling law of the form Dy ~ (dls/dt)'1 % The
transition between a flat behavior at fast rates and the
(dls/dt)'”2 scaling at low rates is continuous. Note that the
values at low rates coincide with those found by direct
mixing, suggesting that in terms of kinetics of
complexation, the mixing of oppositely charged species is
equivalent to a quench. Also similar are the data obtained
dialysis and the slow dilution, for which the aggregates are
of the same order, with Dy = 300 - 500 nm. The Dy ~
(dls/dt)'”2 scaling observed in the regime of slow kinetics
is an interesting result since it could provide some insight
about the mechanism of cluster formation. Assuming that
the clusters made by dilution are similar to those obtained
in a kinetic experiment at comparable times, the above
scaling could be transformed into a growth law of the form
:Du ~t"2 The square root exponent is reminiscent of the
late stages of nucleation and growth kinetics (Ostwald
ripeningg in processes dominated by surface controlled
kinetics.”**
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Figure 8 : Variation of the cluster diameters Dy as a
function of the desalting rate dls/dt for slow and rapid
(quench) dilution. At low dls/dt-values, Dy displayed an

asymptotic scaling law of the form : Dy ~ (dls/dt)'1/ 2

IV - Concluding Remarks

In this work, we have extended our earlier approaches of
the electrostatic complexation using oppositely charged
particles and polymers. We have considered the system
made from PAAy-coated nanoparticles and oppositely
charged block copolymers, because these dispersions
exhibit remarkable properties, in particular to be stable at
high ionic strength. We have borrowed the rationale of the
desalting kinetics from molecular biology investigations of
chromatin. Described as the lowest hierarchical level of
chromosomes, nucleosomes, the basic repeating unit of
chromatin fibers, can be reconstituted in vitro from its pure
components (mainly histones and DNA) by various
techniques.55 This reconstitution process can be seen as a
complexation between an excess of polyanions (146 bp of
DNA per nucleosome, with a net charge of -294) and a
limited pool of polycations (an octamer of basic histones
per nucleosome, with a net charge of +146).56 Since a

simple mix of histones and DNA readily produces non-
physiologically relevant nucleo-protein aggregates, more
gentle methods based on dialysis or step dilution from high
salt have been set up and are now the most common
methods used to build chromatin fibers relevant for in vitro
studies.””*®

In this paper, we investigate the role of the desalting
kinetics on the formation of nanoparticles clusters. This
approach was exploited recently to design
superparamagnetic nanorods in the micrometer range
from 7 nm iron oxide nanoparticles.51 Here, we define the
rate at which the ionic strength is decreased as the control
parameter for the kinetics. In typical experiments, the ionic
strength is lowered from 1 M to 102 M NH4CI, in a time
that ranged from 1 second to 1 day. One important result
is the observation of an abrupt transition between a
dissociated and a clustered state, at a critical ionic

strength I§ = 0.43 M. Recently, Stoll and coworkers have

studied the adsorption properties of a polyelectrolyte on an
oppositely  charged sphere by Monte Carlo
simulations.***% This study was performed as a function
of several parameters, including the ionic strength. As Is
was lowered in the simulation below a critical value
estimated at ~ 0.5 M, these authors have found that the
number of monomers adsorbed on the sphere exhibits an
abrupt transition between a desorbed and an adsorbed
state (see Fig. 6 in Ref.sg). Similarly, in the desalting
process discussed here, the driving force for the
association might be related to the desorption-adsorption
transition of the polyelectrolyte blocks onto the
nanoparticle surfaces.

Concerning the nature of the transition, some results
should be emphasized :

i) The sphericity of the CeOx-PAAx/PTEA11k-b-
PAMsok clusters in Fig. 5 suggests that the aggregation
results from a nucleation and growth process rather than
from a diffusion- or reaction-limited aggregation
processes, which generally lead to fractal aggregates;

ii) The quenching experiments performed between
0.35 mand Ig show the existence of a macroscopic phase
separation;

iii) The critical ionic strength is independent of the
desalting rate and process. These findings may indicate

that the transition at Ig is of first-order character. As the

ionic strength is further diminished, a second transition
shows up that could be described as a “freezing”
transition. This terminology is used in reference to the
findings that below 0.2 M the clusters are kinetically frozen.
The exact nature of these two transitions should be
confirmed.

Even if the variation of the diameter with dls/dt in Fig. 8 is
continuous, small and large clusters do not share the
same exact microstructure. For instance, the 100 nm-
clusters obtained by quenching or by direct mixing can be
described as core-shell colloids. From the size of the core
(Fig. 3), it is suggested that the charged blocks are located
in the cores, whereas the neutral poly(acrylamide) blocks
are located outside in the corona. This can not be true for
clusters with diameters 500 nm. From the geometry of the
clusters and the size of the diblocks (~ 100 nm in their fully
extended configuration), it should be realized that the
neutral chains are incorporated into the cores as well, in
an amount that is estimated at 20 % by weight. Although



this configuration is plausible, it is not clear so far how this
incorporation modifies the formation of the clusters. It is
finally important to mention that the present approach is
not specific to one system, but could be extended to all
types of oppositely charged systems. One condition for its
application is the colloidal stability of the dispersions at
high salt content

Appendix

In this section, we model the X-dependence of the
scattering intensity obtained for aqueous dispersions
containing oppositely charged polgmers and nanoparticles
and obtained by direct mixings. The model explicitly
assumes that the mixed aggregates are formed at a fixed
polymer-to-nanoparticle ratio, regardless of X. The model
was called stoichiometric for this reason.

In the direct mixing formulation, the total concentration of
active matter is kept constant. The respective nanoparticle
and polymer concentrations in the mixed solutions vary as
a function of X as :

0 C 0 cX

CPol = 74X *CPart = T{X

(A-1)
The exponent “0” in Eq. A-1 refers to the concentrations of
all polymers and particles, present in a complexed or in an
uncomplexed state. The present model is based of the
hypothesis that the solutions contain stoichiometric
polymer/particle aggregates at all values of X. The ratio
noted r, between polymers and nanoparticles may be
expressed as a function of the preferred mixing ratio Xp as

art
1 M

[=—/——
XP Mﬁf}l

(A-2)

Eq. A-2, together with the experimental determination of
Xp were utilized in our previous work to obtain an estimate
of r*%50  Under the assumption of fixed r, X < Xp
corresponds then to the domain where the polymers are
the major component and where all added nanoparticles
participate to the aggregates. For X > Xp, it is the reverse :
the nanoparticles are in excess and all polymers are used
to form the mixed colloids. In the first regime, mixed
aggregates are in equilibrium with free polymers, and in
the second with free particles. Therefore, a mixed solution
prepared at X may comprise all three species. The
scattering intensity expresses as the sum of the three
contributions :

-1

+2ALc| (A-3)

°R;

3

R(q,C,X) = EKiCi(X) M+[1+ a

where the index i refers to polymers, mixed aggregates
and particles. In Eq. A-3, MW’app is the apparent molecular

weight, Rg the radius of the gyration, K =
47:2n2(dn/dc)2/J\”Ak4 the scattering contrast coefficient (Na
is the Avogadro number) and A; is the second virial
coefficient, dn/dc the refractive index increments and q the
wave-vector at which the light scattering is made. For
concentration and wave-vector extrapolated to 0, Eq. A-3
simplifies in :

R(q - O’C’X) = KPOIMS/OICPOI(X) + (A 4)
A -
KAgng{zgppcAgg(x) + KPartM{i'a”CPart(x)

where the equality ¥ ¢;(X) = ¢8,, +c2,,, insures the mass
i

conservation of the different species. In the following, Eq.

A-4 will be assumed to describe the intensity measured in

the different systems at ¢ = 0.1 wt.% and 6 = 90°. For
aggregates with a radius of gyration Rg ~ 30 nm, the term

%qué in Eq. A-3 represents only 15 % of the total

scattered intensity. For larger aggregates, the g¢-
dependence of the intensity has to be taken into account.

At low X, the Rayleigh ratio normalized to its value at X =
® (R, =Kp, Mic) expresses as :

e XX K1)
R <Xe)=Kpam Xp(1eX) A X (1 X)
(A-5a)

The first contribution arises from the unassociated
polymers and the second term from the mixed aggregates.
Similarly, at large X, the coexistence occurs between the
particles and the aggregates and the intensity goes as :

1+XP X—XP

R'(X>Xp)=K', M A-5b
X>Xp) = KagMT 5+ —1ox -~ (A5D)
where the notations
’Pl= KPoI K,A — KAgg
’ KPart 58 KPart
MPol MAss
= p s M= (A-6)
MW MW

have been adopted. With these notations, Eq. A-2 may be
rewritten r = (mXp)'1. It is interesting to note that the
normalized scattered intensity in Eqgs. A-5 does not
depend on the total concentration c. The expression
should hence be valid at all ¢ in the dilute regime. Eqs. A-5
were used to fit the scattering data of Fig. 2a keeping r
and M as adjustable parameters. All others quantities,
such as the coupling constants K’ and molecular weights

of single constituents were known. The values for dn/dc
were estimated from the weighted sum of the increments
of each component. For the calculations of Egs. A-5, we

have taken K, = 0.9, K’Agg =1, m = 0.0814 based on
35,61

previous studies™"', and we have found the complexation
occurred with r = 8 polymers per particle. The clusters
have average molecular with M = 30 times those of the
bare particles. With the approximations made, this result is
in relative good agreement with the cryo-TEM image of the
clusters (Fig. 3). Note in Fig. 2 that the agreement
between the model and the data is poor apart from the
scattering peak, indicating that the stoichiometric model
might not be appropriate in this range % More
sophisticated treatments would have required to perform
static light scattering experiments as a function of the
wave-vector, at all mixing ratio X and at several
concentrations for each of these X. The results of the
fitting are shown in Fig. 2a as solid curves. Also shown in
the figure is the scattering intensity corresponding to the



state where particles and polymers remain unaggregated
(dashed lines):
, Kpom + X
Rimage () = =55 (A7)

Acknowledgements

We are grateful to Ling Qi, Jean-Paul Chapel, Jean-
Christophe Castaing from the Complex Fluids Laboratory
(CRTB Rhodia, Bristol, Pa) and Olivier Sandre from the
Laboratoire Liquides loniques et Interfaces Chargées
(UPMC, Université Paris 6) for discussions and comments
during the course of this study; to Eric Le Cam from the
Institut Gustave Roussy (Université Paris-Sud) for
complementary TEM experiments and helpful discussions.
Aude Michel from the PECSA-UPMC-Université Paris 6 is
kindly acknowledged for the TEM experiments. This
research is supported in part by Rhodia and by the
Agence Nationale de la Recherche, under the contract
BLANO7-3_206866.

References

(1) Harada, A.; Kataoka, K. Science 1999, 283, 65

(2) Campbell, A. I.; Anderson, V. J.; Duijneveldt, J. S ;
Bartlett, P. Phys. Rev. Lett. 2005, 94, 208301.

(3) Leunissen, M. E.; Christova, C. G.; A.-P.Hynninen;
Royall, C. P.; Campbell, A. I.; Imhof, A.; Dijkstra, M.; van
Roij, R.; van Blaaderen, A. Nature 2005, 437, 235.

(4) Ulrich, S.; Seijo, M.; Stoll, S. Curr. Opin. Colloid
Interface Sci. 2006, 11, 268

(5) Hales, K.; Pochan, D. J. Curr. Opin. Colloid Interface
Sci. 2007, 11, 330

(6) Boussif, O.; Lezoualch, F.; Zanta, M. A.; Mergny, M.
D.; Scherman, D.; Demeneix, B.; Behr, J. P. Proceedings
of the National Academy of Sciences of the United States
of America 1995, 92, 7297.

(7) Jeong, J. H.; Kim, S. W.; Park, T. G. Bioconjugate
Chem. 2003, 14, 473

(8) Osada, K.; Kataoka, K. Drug and gene delivery
based on supramolecular assembly of PEG-polypeptide
hybrid block copolymers. In Peptide Hybrid Polymers;
Springer-Verlag Berlin: Berlin, 2006; Vol. 202; pp 113.

(9) Gaponik, N.; Radtchenko, I. L.; Sukhorukov, G. B.;
Rogach, A. L. Langmuir 2004, 20, 1449

(10) Laugel, N.; Betscha, C.; Winterhalter, M.; Voegel,
J.-C.; Schaaf, P.; Ball, V. J. Phys. Chem. B 2006, 110,
19443

(11)  Antonietti, M.; Conrad, J. Angew. Chem. Int. Ed.
1994, 33, 1869.

(12)  Zhou, S.; Yeh, F.; Burger, C.; Chu, B. J. Phys.
Chem. B 1999, 103, 2107

(13) Berret, J.-F.; Vigolo, B.; Eng, R.; Herve, P.; Grillo,
I.; Yang, L. Macromolecules 2004, 37, 4922.

(14) Colfen, H. Macromol. Rapid Commun. 2001, 22,
219

(15) Bronich, T. K.; Kabanov, A. V.; Kabanov, V. A;
Yui, K.; Eisenberg, A. Macromolecules 1997, 30, 3519

(16) Bronich, T. K.; Popov, A. M,; Eisenberg, A.;
Kabanov, V. A.; Kabanov, A. V. Langmuir 2000, 16, 481

(17) Berret, J.-F. Journal of Chemical Physics 2005,
123, 164703.

(18) van der Burgh, S.; de Keizer, A.; Cohen-Stuart,
M. A. Langmuir 2004, 20, 1073

(19) Voets, I. K.; van der Burgh, S.; Farago, B;
Fokkink, R.; Kovacevic, D.; Hellweg, T.; de Keizer, A.;
Cohen Stuart, M. A. Macromolecules 2007, 40, 8476.

(20) Harada, A.; Kataoka, K. Macromolecules 1998,
31,288

(21) Berret, J.-F.; Cristobal, G.; Herve, P.; Oberdisse,
J.; Grillo, I. European Physical Journal E 2002, 9, 301.

(22) Berret, J.-F.; Sehgal, A.; Morvan, M.; Sandre, O.;
Vacher, A.; Airiau, M. Journal of Colloid and Interface
Science 2006, 303, 315.

(23) Ewers, T. D.; Sra, A. K; Norris, B. C.; Cable, R.
E.; Cheng, C.-H.; Shantz, D. F.; Schaak, R. E. Chem.
Mater. 2005, 17, 514.

(24) Ge, J.;; Hu, Y.;Yin, Y. Angewandte Chemie
International Edition 2007, 46, 7428

(25) Lattuada, M.; Hatton, T. A. Langmuir 2007, 23,
2158.

(26) Corr, S. A.; Byrne, S. J.; Tekoriute, R.;
Meledandri, C. J.; Brougham, D. F.; Lynch, M.; Kerskens,
C.; O'Dwyer, L.; Gun'ko, Y. K. J. Am. Chem. Soc. 2008,
130, 4214

(27) Park, J.-H.; Maltzahn, G. v.; Zhang, L.; Michael P.
Schwartz; Ruoslahti, E.; Bhatia, S. N.; Sailor, M. J.
Advanced Materials 2008, 20, 1630.

(28) Isojima, T.; Lattuada, M.; Vander Sande, J. B ;
Hatton, T. A. ACS Nano 2008, 2, 1799.

(29) Ai, H.; Flask, C.; Weinberg, B.; Shuai, X.; Pagel,
M.; Farrell, D.; Duerk, J.; Gao, J. Adv. Mat. 2005, 17, 1949

(30) Chiu, J. J.; Kim, B. J.; Kramer, E. J.; Pine, D. J. J.
Am. Chem. Soc. 2005, 127, 5036

(31) Lecommandoux, S.; Sandre, O.; Chécot, F;
Rodriguez-Hernandez, J.; Perzynski, R. Adv. Mat. 2005,
17,712

(32) Evans, B. A.; Shields, A. R.; Carroll, R. L.;
Washburn, S.; Falvo, M. R.; Superfine, R. Nano Lett.
2007, 7, 1428

(33) Insin, N.; Tracy, J. B.; Lee, H.; Zimmer, J. P;
Westervelt, R. M.; Bawendi, M. G. Acs Nano 2008, 2, 197.

(34) Sehgal, A; Lalatonne, Y.; Berret, J.-F.; Morvan,
M. Langmuir 2005, 21, 9359.

(35) Berret, J.-F. Macromolecules 2007, 40, 4260.

(36) Nabavi, M.; Spalla, O.; Cabane, B. J. Colloid
Interface Sci. 1993, 160, 459

(37) Tarnuzzer, R. W.; Colon, J.; Patil, S.; Seal, S.
Nano Lett. 2005, 5, 2573

(38) Feng, X.; Sayle, D. C.; Wang, Z. L.; Paras, M. S_;
Santora, B.; Sutorik, A. C.; Sayle, T. X. T.; Yang, Y.; Ding,
Y.; Wang, X.; Her, Y.-S. Science 2006, 312, 1504

(39) Chen, J.; Patil, S.; Seal, S.; McGinnis, J. F.
Nature Nanotechnology 2006, 1, 142

(40) Suphantharida, P.; Osseo-Asare, K. Journal of
the Electrochemical Society 2004, 151, G658

(41) van Holde, K. E. Chromatin; Springer-Verlag:
New York, 1989.

(42) Wilhelm, F. X.; Wilhelm, M. L.; Erard, M.; Daune,
M. P. Nucleic Acids Research 1978, 5, 505.

(43) Burton, D. R.; Butler, M. J.; Hyde, J. E.; Phillips,
D.; Skidmore, C. J.; Walker, I. O. Nucleic Acids Research
1978, 5, 3643.

(44) Destarac, M.; Bzducha, W.; Taton, D.; Gauthier-
Gillaizeau, |.; Zard, S. Z. Macromol. Rapid Commun.
2002, 23, 1049

(45) Jacquin, M.; Muller, P.; Talingting-Pabalan, R;
Cottet, H.; Berret, J.-F.; Futterer, T.; Theodoly, O. Journal
of Colloid and Interface Science 2007, 316, 897.



(46) Fresnais, J.; Berret, J.-F.; Qi, L.; Chapel, J.-P;
Castaing, J.-C. 2008, Co-Assembly Method And Co-
Assembled Structures Made Thereby. RD 08009, Serial
No. 61/069,481.

(47) Israelachvili, J. N. Intermolecular and Surfaces
Forces, 2nd ed.; Academic Press: New York, 1992.

(48) Neutrons, X-rays and Light : Scattering Methods
Applied to Soft Condensed Matter; Lindner, P.; Zemb, T.,
Eds.; Elsevier: Amsterdam, 2002.

(49) Dhont, J. K. G. An Introduction to Dynamics of
Colloids; Elsevier: Amsterdam, 1996.

(50) Berret, J.-F.; Schonbeck, N.; Gazeau, F.; El
Kharrat, D.; Sandre, O.; Vacher, A.; Airiau, M. Journal of
the American Chemical Society 2006, 128, 1755.

(51) Fresnais, J.; Berret, J.-F.; Frka-Petesic, B.;
Sandre, O.; Perzynski, R. Advanced Materials 2008, 20,
3877.

(52) Witten, T. A.; Sander, L. M. Physical Review
Letters 1981, 47, 1400.

(53) Schmelzer, J.; Ulbricht, H. Journal of Colloid and
Interface Science 1987, 117, 325.

10

(54) Eberl, D. D.; Drits, V. A.; Srodon, J. American
Journal of Science 1998, 298, 499.

(55) Lusser, A,; Kadonaga, J. T. Nature Methods
2004, 1, 19.

(56) Korolev, N.; Vorontsova, O. V.; Nordenskiold, L.
Progress in Biophysics & Molecular Biology 2007, 95, 23.

(57) Lavelle, C.; Prunell, A. Cell Cycle 2007, 6, 2113.

(68) Bancaud, A,; Silva, N. C. E.; Barbi, M.; Wagner,
G.; Allemand, J. F.; Mozziconacci, J.; Lavelle, C.;
Croquette, V.; Victor, J. M.; Prunell, A.; Viovy, J. L. Nature
Structural & Molecular Biology 2006, 13, 444.

(59) Chodanowski, P.; Stoll, S. J. Chem. Phys 2001,
115, 4951

(60) Chodanowski, P.; Stoll, S. Macromolecules 2001,
34, 2320

(61) Qi, L.; Chapel, J. P.; Castaing, J. C.; Fresnais, J.;
Berret, J.-F. Soft Matter 2008, 4, 577.



