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Direct  mixing  of  oppositely  charged
nanoparticles  and  polymers  in  solu-
tions.
Kinetics  of  self-assembly  is  decreased
and controlled  aggregates  are  gener-
ated.
Simple  assembly  route  can  be gen-
erally extended  for  practical  applica-
tions.

g  r  a  p  h  i c  a  l  a  b  s  t  r  a  c  t

This  work  presents  a simple  approach  which  can efficiently  moderate  the  wild  electrostatic  attractions
between  anionic  nanoparticles  and  cationic  homopolyelectrolytes.  Sizes  and  morphologies  of  the  syn-
thesized aggregates  do not  show  any dependency  on  the  formulation  in  terms  of  charges  ratios  or  on
the  chemical  nature  of  the  polycations.  This simple  direct mixing  process  does  not  require  a  specific
manipulation  device  which  is of  great  interest  for  potential  applications.
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into  hybrid  nanostructures  with  numerous  examples  in  materials  science  as well  as in biology.  However,
the colloidal  electrostatic  interaction  is rapid  and uncontrolled,  the  strong  interaction  usually  leads  to
large and  irregular  aggregates.  Therefore,  control  of the  electrostatic  interaction  in order  to  resulting  well-
defined  nanostructures  remains  a challenge.  Here  we report  on a general  and  simple  method  to  moderate
the wild  electrostatic  interaction.  Direct  mixing  of  stock  solutions  containing  anionic  superparamag-
netic  nanoparticles  and widespread  cationic  homopolyelectrolytes  at an appropriate  ionic  strength
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Polyelectrolytes
Electrostatic interaction
Controllable assembly
Nanostructured wires

generates  aggregates  with  controlled  shape  and  morphology.  The  simple  and versatile  methodology  not
only  efficiently  moderates  electrostatic  interactions  but  also  enables  the  corresponding  growth  mecha-
nism  to  be revealed  by  light  scattering  and  electron  microscopy  as  aggregation  occurs  at  much  slower
timescales.  The  present  results  carry important  implications  for both  practical  applications  and  under-
standing  on  nanoscale  electrostatic  interaction  between  colloids.
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. Introduction

Although the synthesis of various inorganic nanoparticles (NPs)
as been well-established, their controlled assembly into larger
uperstructures [1–7] remains an ongoing challenge [8,9], en route
o applications ranging from medical therapeutics [10,11] and diag-
ostics [11–14] to photonics [15] and photovoltaics [16,17]. For

nstance, the establishment of a useful and controllable method-
logy for the assembly of NPs into well-defined rods or arrays is
articularly important because it offers immense opportunities for
pplications in optoelectronics [18–20] and sensing [21,22]. Dur-
ng the last decade several research groups have reported on the
ssembly of colloidal particles [23–29]. In spite of the development
ased on these advanced approaches, the establishment of simple
nd cost-efficient methodologies for the controllable assembly of
Ps into well-defined rods or wires remains a challenge.

Recently electrostatic interactions have been increasingly
xploited as a simple and versatile route to assemble NPs into
ell-defined superstructures with oppositely charged polyelec-

rolytes (PEs) [30,31]. The process performed at room temperature
nd atmospheric pressure displays much higher yield than the
grafting-from” or “grafting-to” covalent reactions allowing scal-
ng up any process to large quantities and workloads, as required
y industry. The electrostatically driven assembly between PEs and
ppositely charged colloids is spontaneous and the direct mixing
f their solutions can result in phase separation. This is the case
or PEs and surfactants for which micellar coacervates and liq-
id crystalline phases have been observed [32–34]. Interaction is

avored by the electroneutrality of the PE/micelle complex and can
e enhanced or suppressed by changing salt concentration as it

ncreases or decreases the binding affinity of micelles to polyelec-
rolytes [35,36].

In order to control the electrostatic interaction and to pre-
erve the colloidal stability with desired size and shape, a novel
ixing protocol for assembling anionic poly(acrylic acid) coated
aghemite (�-Fe2O3-PAA) NPs and cationic PEs was recently

eported [37–40]. This protocol denoted “desalting kinetic” was
nspired by molecular biology techniques developed for the
n vitro reconstitution of chromatin [41]. Using NPs (�-Fe2O3-
AA) and oppositely charged homopolyelectrolytes (homoPEs)
uch as poly(diallyldimethylammonium chloride) (PDADMAC) or
oly(ethyleneimine) (PEI), this method generates rod-like clusters
ith regular cylindrical form, but only when one of the oppositely

harged species is introduced in large excess [37,39]. The “desalt-
ng kinetic” method applied to a mixture of NPs and homoPEs at
he isoelectric point (IP)—where the amount of negative charges
rought by the NPs equals the amount of positive charges brought
y the PEs chains—fails to form regular rod-like clusters but rather
reates large and irregular aggregates with macroscopic phase sep-
ration [37,39]. Consequently, a general and simpler method that
vercomes the restrictive assembly conditions is required.

In this work, we present a useful approach which can efficiently

oderate electrostatic attraction during the entire self-assembly.

tock solutions of NPs (�-Fe2O3-PAA) and homoPEs (PDADMAC or
EI) are directly mixed at an appropriate ionic strength Is of the
© 2016  Elsevier  B.V.  All  rights  reserved.

aqueous medium. In this case, the interaction process is slowed
down to the timescale of hours rather than the quasi-spontaneous
assembly of existing methods. The increased time of reaction allows
aggregation of reactive species into well-defined colloids and also
enables the corresponding growth mechanism to be revealed. Using
this approach the conditions of assembly, namely the chemical
nature of building blocks and assembly protocols are subject to the
minimum restrictions.

2. Experimental section

2.1. Materials

The following chemicals were used for synthesis of polymer-
coated NPs: FeCl2, H2O; FeCl3 27 wt.% in water, hydrochloric acid,
sodium hydroxide, ammonia at 20 wt.% in water, nitric acid at
52 wt.% in water, Fe(NO3)3, acetone, diethyl ether, poly(acrylic acid)
(Mw = 2000 g mol−1, polydispersity = 1.7).

Cationic homoPEs included poly(diallyldimethylammonium
chloride) (PDADMAC), Mw < 100,000, 35 wt.% in H2O and
poly(ethyleneimine) (PEI), Mw = 2000, 50 wt.% in H2O.  The
molecular structures of the cationic homoPEs are shown in
Scheme 1.

All chemicals were obtained from Sigma Aldrich and used as
received. All the water used in the study was MilliQ quality water
(Millipore

®
).

2.2. Poly(acrylic acid) coated maghemite NPs

2.2.1. Synthesis
Poly(acrylic acid) coated iron oxide NPs were prepared follow-

ing reported protocols. First, maghemite (�-Fe2O3) nanocrystals
were synthesized by the Massart method [42]. Briefly, iron (II)
and iron (III) salts are co-precipitated in an alkaline medium at
room temperature. The obtained magnetite (Fe3O4) nanocrystals
were then transferred in nitric acid and oxidized into maghemite
by the addition of Fe(NO3)3 at boiling temperature for 30 min.
Their color progressively changed from black to orange-red. Poly-
dispersity of the sample was  reduced by size sorting. After two
successive liquid-liquid phase separations induced by the addi-
tion of large amount of nitric acid [43], �-Fe2O3 nanocrystals of
a median diameter of 9.3 nm and a narrow polydispersity of 0.18
were obtained. The bare �-Fe2O3 NPs are positively charged with
zeta potential of +30 mV  at pH = 2 and T = 25 ◦C. In these conditions,
the net positive charge around the particle surface ensures their
reliable colloidal stability [44]. Second, the bare NPs were coated in
acidic condition with poly(acrylic acid) oligomers with a molecular
weight of 2000 g mol−1 using the precipitation-redispersion pro-
cess [45]. The drop-by-drop addition of a solution of poly(acrylic
acid) (PAA2K) at pH = 2 (HNO3) to a dispersion of bare NPs at

pH = 2 (HNO3) leads to precipitation of the nanocrystals and their
adsorbed PAA2K chains. Single particles are then recovered by redis-
persion at pH = 12 (NH4OH). The dispersion of PAA2K coated NPs
(�-Fe2O3-PAA2K) is finally purified by dialysis in deionized water.
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Scheme 1. Top: Schematic representation of the superparamagnetic maghemite
NPs coated with poly(acrylic acid) oligomers of MW = 2000 g mol−1 (�-Fe2O3-PAA2K)
and their physical properties. Terms DTEM0 and sTEM are the median diameter and
the polydispersity of the uncoated particles extracted from TEM images analysis,
respectively. The DH �-Fe2O3 core and DH �-Fe2O3-PAA2K are the hydrodynamic
diameters (DH) measured by Dynamic Light Scattering at T = 25 ◦C of respectively
bare NPs dispersed in water at pH = 2 (HNO3) and PAA2K coated NPs dispersed in DI
water (pH = 7). MS is the saturation magnetization measured by Vibrating Sample
M ◦
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Table 1
Zeta potentials of �-Fe2O3-PAA2K NPs measured in different concentration of salt
solutions at pH = 7 and 25 ◦C.

Building Blocks Zeta potential at
pH = 7 and 25 ◦C
agnetometry at T = 25 C. Bottom: Molecular structures and average molecular
eight of the two  cationic homoPEs of the study: poly(diallyldimethylammonium

hloride) (PDADMAC) and poly(ethyleneimine) (PEI).

.2.2. Characterization
Size and polydispersity of the bare �-Fe2O3 nanocrystals

ere characterized by TEM. The physical median diameter
TEM
0 = 9.35 ± 0.2 nm and polydispersity sTEM = 0.18 ± 0.01 was
etermined by measuring physical diameters and fitting the distri-
ution in diameters with a log-normal function. A representative
EM image of the NPs, their probability distribution functions of
ize and its log-normal fitting are presented in the Electronic Sup-
lementary information (ESI) (ESI–1.1). The crystalline structure
f the maghemite nanoparticles is revealed by Electron Diffraction
pectroscopy. The diffraction pattern is presented in ESI–1.2. The
bserved change in color of the dispersion from black to orange-
ed also gives an indication of oxidation of magnetite to maghemite
46]. The average molecular weight of the �-Fe2O3 NPs was cal-
ulated to be 5.82 × 106 g. mol−1 by static light scattering (SLS).
xperimental details are presented in ESI–1.3.

The hydrodynamic diameter (DH) found for �-Fe2O3-PAA2K dis-
ersions (pH = 7 and T = 25 ◦C) is 34 nm which is larger than that of
he bare particles (29 nm)  indicating the presence of PAA2K brush
urrounding the particles (see ESI–1.3).

As reported by a recent publication [47], �-Fe2O3-
AA2K NPs exhibit a negative electrophoretic mobility
E = −3.6 ± 0.2 cm2 V−1 s−1 (corresponding to a zeta potential
p∼ −48 mV)  at pH = 7, T = 25 ◦C and without added salt, due to the
egative charges of the carboxylate groups at their surface [48]. In
his work, �-Fe2O3-PAA2K NPs are mixed with PDADMAC and PEI
t 25 ◦C, pH = 7 and at respectively salt solution [NH4Cl] = 0.49 M
nd [NH4Cl] = 2.6 M.  Zeta potentials of NPs dispersion in these

onditions were measured by Brookhaven Instruments NanoBrook
mni zeta potential analyzer (shown in Table 1).

Following the acid-base titration presented in ESI–1.4.3, the sur-
ace charge density of the �-Fe2O3-PAA2K NPs at pH = 7, T = 25 ◦C
�-Fe2O3-PAA2K in 0.49 M NaCl −22.47 mV
�-Fe2O3-PAA2K in 2.65 M NaCl −25.28 mV

at [NH4Cl] = 0.49 M and [NH4Cl] = 2.6 M are respectively 3710 ± 80
and 5370 ± 80 negative charges per nanoparticle.

Vibrating sample magnetometry (VSM) measurements of a liq-
uid dispersion of �-Fe2O3-PAA2K reveals their superparamagnetic
behavior at T = 25 ◦C with saturation magnetization of 46.2 emu  g−1.
The fitting of the magnetization curve using the Langevin function
for superparamagnetism convoluted with a log-normal distribu-
tion function of the particle size gives a median diameter DVSM0
that corresponds to the domain of the iron oxide core with
a superparamagnetic behavior. The DVSM0 = 8.3 ± 0.1 nm and the
polydispersitysVSM = 0.26 ± 0.02; this was calculated for the �-
Fe2O3-PAA2K sample. The magnetization curve and Langevin fit are
presented in the ESI–1.5. Scheme 1 offers a representation of the
superparamagnetic �-Fe2O3-PAA2K NPs and resumes their basic
physical properties.

2.3. Direct mixing protocol

In this study, aggregates of NPs and homoPEs were made by
direct mixing of stock solutions of the two oppositely charged
species at room temperature. Rapid homogenization of the mix-
ture is ensured by repeated drawing/release of the liquid into/out
of a pipette.

We prepared a water-based �-Fe2O3-PAA2K NPs dispersion,
PDADMAC stock solution, and PEI stock solution at pH = 7
with concentrations of c = 0.5 wt.%, c = 0.05 wt.% and c = 0.005 wt.%,
respectively. The NPs and homoPEs solutions at the same concen-
tration are then mixed at a volume ratio of VNP /Vpoly = 3.58 for NPs
and PDADMAC mixtures and VNP /Vpoly = 3.93 for NPs and PEI mix-
tures. The calculation is detailed in ESI–2.1.

Zeta potentials of polyelectrolytes were measured using
Brookhaven Instruments NanoBrook Omni zeta potential ana-
lyzer. �pof PDADMAC at c = 0.26 wt.%, pH = 7, T = 25 ◦C and
[NH4Cl] = 0.49 M is +18.47 mV  and �pof PEI at c = 0.26 wt.%, pH = 7,
T = 25 ◦C and [NH4Cl] = 2.6 M is +16.17 mV.  The charge densities of
PDADMAC and PEI solutions used to prepare the NPs/PE mixtures
were determined by acid-base titrations (ESI 1.4.1 and ESI 1.4.2).

The Is of NPs and homoPEs stock solutions are monitored by the
addition of ammonium chloride (NH4Cl). The Is of the samples was
calculated only considering the contribution of added NH4

+ and Cl−

via [49]:

IS = 1
2

∑
i

ciz
2
i (1)

where ci and zi denote the concentration and valency of the ionic
atomic species in solution, respectively. The Is of a given mixture is
the consequence of the mixing of two  stock solutions of the same
Is.

This work focuses on the moderation of electrostatic interac-
tion by reacting oppositely charged species at a critical value of
the ionic strength (Ics ). Above this critical value, electrostatic inter-
actions are screened and oppositely charged species do not react
[37–40]; interaction occurs below the Ics . To determine the Icsof

NPs + PDADMAC and NPs + PEI mixtures, a collection of samples of
these respective systems have been prepared by gradually decreas-
ing the Is by adding an increasing amount of deionized water. For
each sample, the hydrodynamic size of the diffusing species was
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Fig. 1. (a) Hydrodynamic diameter (DH) versus time of direct mixings of �-Fe2O3-PAA2K NPs dispersion and PDADMAC solutions at c = 0.05 wt.% and at three different Is.
No  aggregation is observed when Is » Ics (critical ionic strength), spontaneous precipitation occurs at Is = 0 M,  and slow aggregation occurs at Is = Ics with a two-stage growth
mechanism. (b, c) TEM images of the spherical aggregates obtained during stage I, 40 min  after direct mixing. (d) TEM image of clusters of spherical aggregates obtained at
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he  beginning of stage II (55 min). (e) TEM and (f) SEM images of the coral-like aggr
f  the extremity of an aggregate to display the tightly bound individual particles.

easured via dynamic light scattering (DLS) immediately after
ixing. Aggregation between NPs and homoPEs occurs at Is < 0.5 M

or NPs + PDADMAC mixtures and Is < 2.65 M for NPs + PEI mixtures.
xperimental data are presented in ESI–2.2. Consequently, the crit-

cal values of the ionic strength Ics (NPs + PDADMAC) = 0.49 M and
c
s (NPs + PEI) = 2.60 M have been chosen for the study of the mod-
rated interaction of NPs and homoPEs. In an initial trial, direct
ixtures of NPs + PDADMAC and NPs + PEI at their respective Ics are

tudied by light scattering and electron microscopy. The second
rial of experiments repeated the above NPs and homoPEs direct

ixing protocol inside a static external 0.3 T magnetic field pro-
ided by a permanent magnet.

The synthesized aggregates were concentrated using a per-
anent magnet and the supernatant removed and replaced by

eionized water three times.
In order to obtain aggregates of controlled shape and size, reac-

ions were stopped at the corresponding time by the addition of
oncentrated sodium chloride solution as the value of Is became

 M for NPs + PDADMAC mixtures and 3 M for NPs + PEI mixtures.
he obtained aggregates are concentrated using permanent mag-
et and then washed three times with salty solution at the same
oncentrated to remove the excess of unreacted building blocks.
fterwards, excess of salt is removed by washing three times with
ure water. Finally, aggregates were kept in DI water for the further
haracterization.

.4. Characterization of the NPs/homoPEs interaction
.4.1. Light scattering experiments
Dynamic light scattering was monitored on a Brookhaven

0plus to measure the Rayleigh ratio R(q,c) and the collective dif-
usion constant D(c). The Rayleigh ratio was obtained from the
 obtained at the end of stage II (115 min). The insert to (e) shows a zoom-in region

scattered intensity I(q,c) measured at the wave-vector q according
to [50]:

R (q, c) = Rstd
I (q, c) − IWater

ITol

(
n

nTol

)2
(2)

R and nTol are the standard Rayleigh ratio and refractive index
of toluene and IWater and ITol are the intensities measured for
the solvent and for the toluene in the same scattering configu-
ration; q = (4�n/�) sin(�/2) (n being the refractive index of the
solution, � the scattering angle and � the wavelength of laser).
The scattering angle was � = 90◦ and corresponds to wave-vector
q = 1.87 × 10−3 Å−1. In quasi-elastic light scattering, the collective
diffusion coefficient D0 was  measured in the dilute concentration
range (c = 0.05 wt.%, pH = 7 and 25 ◦C) with an optimal intensity
of ∼2 × 105 counts/s. The hydrodynamic diameter of the col-
loids was calculated according to the Stokes-Einstein relation,
DH = kBT/3�	D0, where kB is the Boltzmann constant, T the tem-
perature (T = 298 K), and 	 the solvent viscosity (0.89 × 10−3 Pa. s).
The autocorrelation functions of the scattered light were inter-
preted using both the method of cumulants and the CONTIN fitting
procedure provided by the instrument software.

2.4.2. Electron microscopy
Transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) were carried out on a Zeiss Libra200FE micro-
scope and Zeiss Ultra55 microscope, respectively, at the Analysis
and Characterization Center of Southwest University of Science and
Technology.

2.4.3. Optical microscopy

Images of the magnetic wires were acquired on a BX51 micro-

scope (Olympus) equipped with 10 × and 20× objectives. The 2 �L
of dispersion at a concentration of 0.01 wt.% were deposited on a
glass plate and sealed into a gene frame (Abgene/Advanced Biotech)
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ires, pictures were digitized and studied with ImageJ software
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. Results and discussion

The �-Fe2O3-PAA2K NPs dispersions are directly mixed with
DADMAC or PEI solutions (particles dispersion and polymer
olutions with pH = 7 and concentrations of 0.05 wt.%) at IP (see
xperimental section) and at three different Is values: Is = 0 M,  Is = Ics
0.49 M for NPs + PDADMAC, and 2.60 M for NPs + PEI) and Is » Ics
1 M for NPs + PDADMAC, and 3 M for NPs + PEI). Fig. 1 presents the
LS measurements of the NPs + PDADMAC mixtures, and TEM and
EM images of aggregates obtained at different time for the mix-
ure made at Ics . The results indicate that the mixtures of NPs with
ither PDADMAC or PEI are similar. The DLS study, TEM and SEM
mages related to NPs + PEI mixtures are presented in ESI–2.3.

Fig. 1(a) and Fig. S9(a) display respectively the time evolutions of
espectively NPs + PDADMAC and NPs + PEI mixtures monitored by
LS. As a consequence of the strong electrostatic interactions, direct
ixtures of NPs and PDADMAC or PEI at Is = 0 M provides an instan-

aneous phase separation with large aggregates (DH >2.5 �m).  For
he mixture at Is » Ics , the mixed solutions remain clear and homoge-
ous with a constant value of the DH of 34 nm corresponding to
he value of single NPs. Electrostatic interaction does not occur
t these high Is due to charge screening [37,38,40]. In the case
f NPs + PEI mixture, very high Is (3 M)  is required to screen their

nteraction compare with NPs + PDADMAC mixture. One can con-
ider that there may  exists not only electrostatic interaction but
robably other forces such hydrogen bonding and/or hydropho-
ic interaction involved. In particular, −NH3

+ from PEI and COO−

rom carboxylated particles are supposed to be able to form a salt
ridges, which is a combination of electrostatic interaction and
ydrogen bond, and which is known to be involved in stability of
roteins [51]. PEI chains, kept close to each other in NP/PEI aggre-
ates, may  also generate attractive forces rising from hydrophobic
nteraction and Hydrogen bonding [52].

For mixtures at Ics , the interaction is effectively moderated

ersus the mixture at Is = 0 M with only slow aggregation. Aggre-
ation can be described by two growth stages. Stage I–from the
nstant when NPs are mixed with homoPEs up to 40 min–is char-
cterized by the formation of aggregates of NPs and homoPEs that
Ps dispersions and PDADMAC (upper panel) solutions or PEI (lower panel) solutions
g was performed at Ics (0.49 M for NPs + PDADMAC, and 2.60 M for NPs + PEI). SEM

 wt.%. (c, g) and at 0.5 wt.% (d, h).

progressively increase in size from the DH of single NPs to 250 nm.
The growth rate is ∼4.8 nm min−1 and the size of the aggregates
obtained at the end of stage I is remarkably similar for both mix-
tures made of PDADMAC and PEI. Stage II, from 40 min  to 120 min
for NPs + PDADMAC mixture and to 145 min for NPs + PEI mix-
ture, is characterized by a faster growth rate of 22.9 nm min−1 for
NPs + PDADMAC mixture and 17.5 nm min−1 for NPs + PEI mixture.
In this stage, the DH of the aggregates increases from 250 nm to
∼1900 nm and then remains stable. No visual phase separation
was found in the turbid mixture solution during the following two
hours.

For both mixtures, electrostatic interactions were stopped at the
end of stage I by addition of salt and synthesized aggregates purified
and dispersed in water. Presence of salt during a short period did not
trigger disassembling of the aggregates probably because Van der
Waals forces and entanglements between polymer chains main-
tain the structures. TEM images of NPs + PDADMAC (Fig. 1(b, c))
and NPs + PEI (Fig. S9(b, c)) show ∼200 nm well-defined spherical
aggregates made of densely packed nanoparticles. The polydisper-
sity of these stable colloids is remarkably low, which demonstrates
the controllability of the process. Aggregates obtained at the begin-
ning of stage II are pictured in Fig. 1(d) and Fig. S9(d). TEM images
illustrate clusters of randomly-packed spherical aggregates formed
during the first stage. Fig. 1(e) and Fig. 1(f) (respectively Figs. S9(e)
and (f)) are TEM and SEM images of the ∼2 �m coral-like aggre-
gates obtained at the end of stage II. Insert images to Fig. 1(e) and
Fig. S9(e) present high magnification TEM images revealing inter-
nal nanostructures where nanoparticles are densely packed and
spherical “seeds” still visible.

The effect of concentration on aggregation is studied by direct
mixing of �-Fe2O3-PAA2K NPs dispersions with PDADMAC or PEI
solution (mixtures at IP, pH = 7 and at their respective Ics ) at 0.5 wt.%,
0.05 wt.% and 0.005 wt.%. Fig. 2 displays the time evolutions of
the hydrodynamic diameters (DH) of NPs + PDADMAC mixtures
(Fig. 2(a)) and of the NPs + PEI mixtures (Fig. 2(e)).

For both homoPEs and for the three concentrations, a two-stage
growth process is observed. Stage I: up to 50 min  at 0.005 wt.% and
up to 20 min  at 0.5 wt.% for NPs + PDADMAC; this was  up to 55 min
at 0.005 wt.% and up to 30 min  at 0.5 wt.% for NPs + PEI. Stage I is

shorter and has an increase in growth rates of ∼94% with a weight
concentration increase of one hundred times. Stage II is character-
ized by significant increases in the growth rate from 18.1 nm min−1

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/


112 H. Li et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 514 (2017) 107–116

S direct
w ce of 

a
f
f
w
T
o
o
(
t

a
r
0
s
(
(
t

c

cheme 2. Schematic representation of growth mechanism of aggregates made by 

ith  pH = 7. The direct mixing was performed at the Ics with and without the presen

t 0.005 wt.% to 58.6 nm min−1 at 0.5 wt.% for NPs + PDADMAC and
rom 14.8 nm min−1 at 0.005 wt.% to 78.6 nm min−1 at 0.5 wt.%
or NPs + PEI. Mixtures at 0.5 wt.% finally formed large aggregates

hose size is beyond the range of the DLS instrument (>5 �m).
he large aggregates precipitate under gravity with the formation
f phase separation. At this concentration (0.5 wt.%), SEM images
f NPs + PDADMAC (Fig. 2(d)) and of NPs + PEI (Fig. 2(h)) mixtures
obtained at 160 min  after direct mixings) show aggregates larger
han 10 �m with a dense structure.

At 0.005 wt.%, stage II ends after 135 min  for NPs + PDADMAC
nd 160 min  for NPs + PEI with average DH of 1750 nm and 1600 nm,
espectively. As the concentration is decreased from 0.05 wt.% to
.005 wt.%, the aggregation stopped later as a consequence of the
lower growth rate. The aggregates from 0.005 wt.% (Fig. 2(b) and
f)) exhibit similar coral-like architecture as the ones from 0.05 wt.%
Fig. 2(c) and (g)) but with smaller sizes and more expanded struc-

ures.

Considering the above data and discussion, it is reasonable to
onclude that the growth mechanism of aggregation is initially
 mixing of anionic superparamagnetic NPs and cationic homoPEs in dispersion at IP
an external magnetic field of 0.3 T.

from “seed” aggregation of individual NPs into 200 nm spherical
aggregates (Fig. 1(b, c) and Fig. S9(b, c)). Random directional link-
ages and accretion of the spherical precursors, as illustrated by
Fig. 1(d) and Fig. S9(d) follows. Progressively, clusters aggregate
into micron-sized colloids (Fig. 1(e, f), Fig. S9(e, f) and SEM images of
Fig. 2). During the entire accretion phenomenon, unreacted individ-
ual nanoparticles and polyelectrolyte chains complex with already
existing aggregates, acting like a cement to finally give larger and
denser nanostructures. The packing density of the 200 nm spher-
ical precursors inside the final aggregates, as well as their overall
size, decreases with the initial concentration of NPs and polyelec-
trolytes. This concentration-dependent accretion process induces
a gradient of possible morphologies that range from relatively
large and compact “rocks” at high concentration to small but “lat-
ticed corals” at low concentration. The first and second panels of
Scheme 2 illustrate the two-step growth mechanism.
Under strong driving forces, e.g. electrostatic interaction and/or
hydrogen bonding, the key factor controlling the polydispersity and
the final size of the colloidal complexes is competition between
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Fig. 3. Magnetic field dependence of the macroscopic magnetization M(H) at 25 ◦C for �-Fe2O3-PAA2K NPs dispersions (black), for the spherical aggregates obtained at the
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nd  of the stage I of a mixture (blue), for the coral-like clusters obtained at the en
agnetic (green). (a) Results from direct mixings of �-Fe2O3-PAA2K NPs dispersion
Ps dispersions and PEI solutions at 0.05 wt.%. (For interpretation of the references

he reaction time Tr of the components and the homogenization
ime Th of the mixed solution [53,54]. When the Tr is less than Th,
ocal concentration inhomogeneity leads to the formation of poly-
isperse structures. Moreover, the resulting structures are not in
hermodynamic equilibrium; thus, their morphology is uncontrol-
able. This is the case for NPs and homoPEs mixtures at Is = 0 M,

here Tr is fast compared with Th. Thus, the key to controlling
he colloidal aggregation is to allow the reaction timescales to be
ignificantly longer than Th. This is achieved experimentally at Ics
here the salt screens the electrostatic interactions and greatly

educes the kinetics of the reaction. The Th remains the same as
n the other experiments, and Tr can be extended several orders
f magnitude. These results indicate that by choosing appropriate
s in aqueous medium, spontaneous assembly/aggregation can be
ffectively moderated by increasing the Tr , and result in controlled
olloidal aggregation.

Aggregates produced from direct mixing at an appropriate Is and
oncentrations below 0.05 wt.% have good colloidal stability and a
egulated size of ∼2 �m.  However, as a result of the aggregation

echanism, their coral-like form is not controlled. Fig. 3 presents
agnetization as a function of the applied magnetic field at 25 ◦C.

he samples include �-Fe2O3-PAA2K NPs, the ∼200 nm spherical
ggregates obtained at the end of the stage I of a NPs/homoPEs mix-
ure at 0.05 wt.%, the coral-like clusters obtained at the end of the
tage II at 0.05 wt.%, and the rod-like wires obtained via an external
agnetic field. All the samples exhibit a superparamagnetic behav-

or with similar magnetization saturation values of ∼44 emu  g−1 for
he polymer coated NPs, ∼46 emu  g−1 for the spherical aggregates,
48 emu. g−1 for the coral-like clusters and ∼49 emu. g−1 for the

od-like wires.
The superparamagnetic behavior of the spherical aggregates

btained at the end of the stage I indicates that the magnetic dipole
nteractions are not responsible for the clustering observed dur-
ng stage II. Moreover, these spherical aggregates are stable at high
onic strength. This indicates that the Van der Waals interactions
o not drive aggregation at this stage of growth. Thus, clustering is
ainly a consequence of electrostatic assembly between the reac-

ive species in the aqueous medium.
At the beginning of stage II, the concentration of the reac-

ive species is lower than the initial values because most of the
Ps are bound as spherical aggregates. Consequently the weak-
ned electrostatic interactions facilitate diffusion of the species at
ong timescales before their interaction. However, when the ini-

ial concentration is high, e.g. 0.5 wt.%, the spherical precursors are
umerous and close to each other. In this case, the aggregation is
ot limited by their diffusion and densely packed aggregates are

ormed (Fig. 2(d) and (h)). Over time, aggregation results in the
e stage II (red) and for the rod-like wires obtained with the presence of external
DADMAC solutions at 0.05 wt.%. (b) Results from direct mixings of �-Fe2O3-PAA2K

our in this figure legend, the reader is referred to the web version of this article.)

clustering of bigger and bigger objects. As they progressively clus-
ter, their number per unit volume decreases, and the influence of
diffusion in the aggregation process increases. As result, the aggre-
gates obtained at the end of stage II are not spherical but randomly
shaped.

When the initial concentration are decreased to 0.05 wt.% and
to 0.005 wt.%, local concentration of ∼200 nm spherical precursors
at the beginning of stage II is sufficiently low such that the diffusion
becomes a parameter that can greatly influence the clustering. The
coral-like structures observed on SEM (Fig. 2(b), (c), (f) and (g)) orig-
inate from the contact of the spherical precursors after a random
walk due to Brownian motion. The diffusion limits are as strong
as the concentration is low. This results in increasingly expanded
coral-like structures and an increasingly random morphology. The
sensitivity of the aggregation mechanism to concentration sup-
ports the hypothesis that diffusion is the key factor influencing
the morphology of the colloidal aggregates. This diffusion-limited
aggregation mechanism is expected to be independent of the chem-
ical nature of the oppositely charged species.

In this section, the direct mixing protocols of NPs and homoPEs
were repeated in the presence of an external 0.3 T magnetic field.
Fig. 4 shows DLS and microscopy studies of a NPs + PDADMAC mix-
ture at 0.05 wt.%. The results obtained from the NPs + PEI mixtures
at 0.05 wt.% are presented in ESI–3. The DLS experiments show that
direct mixing in a magnetic field for both PDADMAC and PEI have
two growth stages (Fig. 4(a) and Fig. S10(a)). The first stage is the
same as the case without external magnetic field, that is, assem-
bly from single particles to DH ∼ 250 nm aggregates within 40 min
and at the same growth rate. These ∼200 nm spherical aggregates
are formed by the dense packing of single NPs (Fig. 4(b), (c) and
Fig. S10(b), (c)). In the second stage, measured DH increase quickly
and reach the resolution of DLS after 20 min. Aggregates obtained
at the beginning of stage II (40 min) are depicted in TEM images of
Fig. 4(d) and Fig. S10(d). It is observed that, with the presence of
external magnetic field during assembly, the spherical aggregates
formed during the first stage are packed together in clusters with
a tendency to be aligned. 60 min  after direct mixing, well-defined
and regular ∼2 �m cylindrical aggregates are obtained, as shown
by TEM images of Fig. 4(e) and Fig. S10(e). Their diameter of 200 nm
is consistent with the diameter of the previous spherical clusters.
TEM images of Fig. 4(f) and Fig. S10(f) illustrate the structure of the
larger rod-like aggregates obtained after 120 min  of reaction. These
aggregates are bundles of assembled multiple sub-wires observed

at earlier stage (Fig. 4(e) and Fig. S10(e)). High magnification TEM
image presented in the insert to Fig. 4(f) reveals the cylindrical
structure of sub-wires and their nanostructure made of densely
packed nanoparticles. SEM images of Fig. 4(g) and Fig. S10(g) are
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Fig. 4. (a) DH versus time of direct mixings of �-Fe2O3-PAA2K NPs dispersions and PDADMAC solutions at 0.05 wt.% and at Ics with the presence of 0.3 T magnetic field. A two
stages  growth mechanism is observed. Stage I: “seed” clustering into DH ∼250 nm spherical aggregates. Stage II: alignment of the spherical clusters into sub-wires and their
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ssembly into larger wires. (b) and (c) TEM image of the spherical aggregates obta
50  min), of quasi one-dimensional clusters made of spherical aggregates. (e) TEM im
ptical  microscopy images of large rod-like aggregates obtained at the end of stage

epresentative of the straight rod-like aggregates obtained 120 min
fter mixing. They confirm the bounded structures consisting of
maller sub-wires. Fig. 4(h) and Fig. S10(h) are optical transmission
icroscopy (OM) images of NPs + PDADMAC and NPs + PEI samples,

espectively, 120 min  after direct mixing. Straight rod-like aggre-
ates with random orientations and typical lengths between 10 �m
nd 50 �m are observed. A series of OM images were quantitatively
nalyzed to retrieve the length distribution (ESI–4). The median
ength of NP/PDADMAC and NP/PEI rod-like aggregates is 20 ± 3 �m
nd 17 ± 1 �m,  respectively. The polydispersity of both is 0.5. If a

agnet is brought near the sample, the wires reoriented sponta-

eously and followed the magnetic field lines. Coupling between
he wires and the external field originates from the superparam-
t the end of stage I (40 min). (d) TEM image, obtained at the beginning of stage II
of cylindrical aggregates obtained during stage II (60 min). (f) TEM, (g) SEM, and (h)
0 min).

agnetic properties exhibited by the elongated structures [38]. The
similar lengths, widths and microstructures of NP/PDADMAC and
NP/PEI wires again highlight the indifference of the polymer type
for this assembly method.

The growth mechanism of magnetic wires made of anionic
superparamagnetic NPs and homoPEs can be described as follows.
First, “seed” assembly of individual nanoparticles into ∼200 nm
spherical aggregates. Second, alignment of the precursor aggre-
gates into one-dimensional clusters (sub-wires) induced by their
magnetic dipolar interactions. Third, bundling of the sub-wires into

larger structures. During this step, magnetic dipolar interactions
bring sub-wires side to side whereas electrostatic interaction and
Van der Waals forces sticks them together. The first and third pan-
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ls of Scheme 2 illustrate the growth mechanism of the wires under
xternal magnetic fields. Assumption of this mechanism presented
n previous study [40] has now been evidenced by the “time frame”
mages of Fig. 4 rendered possible by the slowed-down interac-
ion process. A dynamic representation of the discovered growth

echanism is proposed in an animation video in the supplement.

. Conclusions

A simple, efficient and general approach for moderating the
ssembly driven by electrostatic interaction between colloidal NPs
nd widespread homopolyelectrolytes is established. The oppo-
itely charged species are directly mixed in aqueous media at an
ppropriate Is where the electrostatic interaction can be nearly
creened with respect to the extension of reaction time. The growth
echanisms of the resulting aggregates are rationalized first as

seed” growth of spherical precursors (250 nm)  from single NPs
nd second followed by a random link and accretion of the precur-
ors into coral-like clusters. In the presence of an external magnetic
eld, the mechanism is conclude as first, same “seed” growth
f 200 nm spherical clusters. Second, alignment of the 200 nm
pherical clusters into one-dimensional sub-wires induced by mag-
etic dipolar interactions. Third, assembly of the sub-wires into
bundled” larger structures. Using this approach, direct mixing of
ppositely charged species in solution can generate both spherical
lusters and cylindrical aggregates with controlled size and mor-
hology with minimum restriction of specific assembly devices and
ature of the polycations.
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