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ABSTRACT

Precise control of the aggregation of magnetic nanoparticles in aqueous environment is a key
to their successful application in the biological and medical fields. We investigate here the critical
aggregation threshold of PAA-coated maghemite nanoparticles in aqueous solution, in the presence
of ionenes, polycations with a regular, tunable and pH-insensitive chain charge density, and a variety
of ammonium-based salts. Aggregation of the nanoparticles is followed by a combination of dynamic
light scattering and light absorbance measurements, along a dilution pathway from initially dispersed
systems at high salt concentration (3M). The position of the aggregation threshold, or critical salt
concentration, is found to depend on two parameters: volume of the salt cation (Vcation) and volume
of the charged monomer unit of the polycation (Vmeno', reflecting the polycation charge density).
Combining these two parameters, a master curve emerges, showing that the critical salt
concentration follows in a linear fashion the ratio of the above two volumes, Vetion/Vinono -
Interpreted within the theory of Collins and coworkers, the master curve is a clear demonstration of
the importance of local ion-pairing in governing the stability of the system, which remains
unaccounted for in the continuum electrostatic theories attempting to describe polyelectrolyte
complex formation. Moreover, such a master curve provides a very simple rule for the control of

interactions between charged polyelectrolytes moderated by salts.

KEYWORDS: Magnetic Nanoparticles; Polyelectrolyte; electrostatic complexation; Hofmeister

series; iron oxide; aggregation; ammonium cations, screening, light scattering

INTRODUCTION



Magnetic nanoparticles have many potential applications in medicine as nanoheaters *,
nanoplatforms for active molecule transport 2, and contrast agents in magnetic resonance imaging >.
In some specific cases, the small size of the nanoparticles is a strength due to the magnetic
monodomain they contain *, but this small size (few nanometres in diameter) makes them difficult to
manipulate. As such, controlled aggregates can be a way to combine the superparamagnetic
properties of single nanoparticles and low magnetic fields needed to manipulate them °. Aggregates
based on electrostatic complexation are promising in this sense, as this assembly process is highly

6,7,17,18,22-26

tunable and allows modulating not only the structure/density of the final aggregate but

also its region of stability.

14-17

Maghemite nanoparticles (NP)"" ', and their significantly increased colloidal stability through

18,20,21

electrosteric repulsion'®*® due to a polymer coating such as poly (acrylic) acid (PAA), have been
extensively studied. One route for tuning the stability of coated maghemite nanoparticles (CNPs) in
aqueous solution is the addition of oppositely charged polymer chains. In the case of PAA-coated
particles at high pH, these polymer chains are polycations (PCs). The underlying phenomenon is the
electrostatic complexation between the polyanions forming the NP coating and the free polycations:
at low ionic strength, PAA-coated maghemite nanoparticles in the presence of polycations form
clusters and aggregates, as a result of attractive electrostatic forces,?” while the same mixtures show
remarkable stability at high ionic strength (salt concentrations of 1-3 mol L™), owing to electrostatic

>22 One way of exploring the transition from a dispersed to an aggregated state of PAA-

screening.
coated maghemite particles, in the presence of polycations, is to gradually decrease the ionic
strength through a dilution pathway.?” Several groups have shown measurements of this transition

17-21 . .
, Which occurs at what is referred to as

for systems with different types of coated nanoparticles
the critical salt concentration. lon valence is of outmost importance, however moving from
monovalent to multi-valent ions usually changes the entire picture. In other words, monovalent and
multivalent ions cannot be considered in a continuous scheme. Addition of multivalent salts into
dispersions of PAA-coated nanoparticles leads to a rapid and irreversible aggregation of the particles,

even in the absence of polycations. Thus, we consider here only monovalent salts and polycations

with one charge per monomer.

Understanding electrostatic complexation of oppositely charged polyelectrolytes (PEs) remains
a formidable task. These systems are strongly correlated *® and described by a large number of

2730 Some of the parameters are easy to quantify (polymer concentration, charge

parameters.
density, mixing ratio, molecular weight), while for others an empirical classification has to suffice for
now. Among the latter falls clearly the chemical specificity of the ionic groups involved (not only

those on the polymer chains, but also the surrounding salt ions) as embodied by the Hofmeister



series®*™32

. This remains to date an empirical ordering of cations/anions and reflects their relative
effect on the stability of organic (biological) macromolecules and inorganic colloids in water.
Theoretical approaches to PE complex formation span a wide conceptual range. Firstly, we may
distinguish those stemming from continuum electrostatics, which originate in the classical Voorn-
Overbeek (VO) mean-field model 3¢, secondly, those based on liquid state theory allowing a more
explicit description of charge-charge correlations®” and, lastly, those departing from local phenomena

38-40

of ion pairing, counterion release and solute-solvent interactions . The latter approach is the

more natural for consideration of the chemical specificity of the ionic groups involved.

A great deal of attention has been paid to evaluate the relative weight of the enthalpy and
entropy contributions in the process of PE complex formation. Currently, the majority of studies
points towards the process being entropically driven, stemming from the release of the

26,27,38,39,41,42

polyelectrolyte counterions Most recently, Schlenoff and collaborators have used

isothermal titration calorimetry to systematically evaluate the interactions between oppositely

charged polyelectrolytes **3*

. They have confirmed that the electrostatic complexation (either
coacervation or precipitation) is entropically driven, not only due to the release of counterions but
also due to the restructuring of the solvent water molecules. They also provided a hybrid model
where both entropic effect and the Donnan pressure can be considered to highlight the role of
counterion release in the process of complex formation *°, through the use of different anions along
the Hofmeister series. They were able to establish that the equilibrium constant of the
polyelectrolyte pairing was dependent on the nature of the added ions (chaotropic or kosmotropic).
The specificity of the salt ion had an impact on the enthalpic component of the complex formation,

while the entropic component was still dominated by the release of counterions and water

molecules.



Figure 1. Schematic representation of the system: spherical maghemite NPs” with an anionic PAA
brush and polycations, ionenes.”” PAA is strongly complexed onto NPs and, at pH=9, leads to a brush
layer at full ionisation of the carboxylate groups of PAA.” Ethylammonium cations and bromide
anions are, respectively, the counterions of PAA and ionenes. Added salt is present at a

concentration Csyt.

In this study we investigate the role of salt ions in screening the interactions between PAA
coated maghemite nanoparticles and ionene polycations. Our focus is on the PAA coated maghemite
nanoparticles and we work under conditions of excess of ionene polycations. We seek to tune the
location of the dispersed-aggregated transition, represented by the critical salt concentration,
[Salt]citica- We start with stable nanoparticle dispersions at a high ionic strength (cs=3 moI.L'l) and
use the aforementioned dilution pathway. As the nanoparticle polymer coating is negatively charged
under the chosen experimental conditions (pH=9), the primary role in tuning the transition is that of
the salt cations and the polycations, as opposed to any anions present. As shall be seen, we have
clear evidence that for a common anion (Br-), two different ammonium-based salt cations lead to a
very different nanoparticle aggregation threshold. The tuning of the aggregation threshold is thus
achieved via a combination of two parameters: (i) the charge density of the ionene polycations and
(ii) the nature of the salt cation. The salt cations, as well as the ionene polycations, are all based on
charged ammonium centres. lonene polycations are strong polyelectrolyte chains and thus possess a
permanent charge, which is pH-insensitive. Additionally, the interest behind ionene polycations is the

strict regularity and possibility of exact tuning of their linear charge density ***

. We arrive at a simple
relationship for the tuning of the particle aggregation threshold, which is based on the relative

volume of the salt cations and the charged monomer units of ionene polycations.



Table 1. Abbreviations, full names and molecular structures of the polyanion PAA and polycations
studied.

Abbreviation Full Name Structure
S)
0.0
PAA Poly (acrylic acid) . j/
) n
x-ionene*®*’ _ | @@Br
X, X-ionene N—(CH
(X=3, 6, 9) | ( 2)x
n
| ©Br |®®Br
3-Bz 3,3-p-BzBr (90:10) N—CH, CH, N—(CH,)3
| n | 9n
CH —CI—>|: CH2—CH/E
) ] o O
Poly (trimethylammonium O\ n HoN m
22
PTEA-PAM ethyacrylate)q; ¢-b-poly /(CH2)2
(acrylamide)sox Bro (;N_
Poly (diallyldimethylammonium
PDADMAC? _ \
chloride) “o> |,
Clo

1. EXPERIMENTAL

1.1. Materials

The following materials were purchased and used without further purification.
Tetraethylammonium bromide (TEABr, > 99 wt % Fluka Chemie); tetramethylammonium bromide
(TMABr, > 98 wt %, Sigma-Aldrich); ammonium chloride (NH4CI, Prolabo); iron (ll) chloride
(FeCl,*4H,0, AnalaR Normapur, VWR); iron (lll) chloride (FeClz*6H,0, VWR); iron (lll) nitrate (Fe
(NO3)3*9H,0, technical, VWR); N, N, N’, N'-Tetramethyl-1,3-propanediamine (299 wt %, Sigma-
Aldrich), 1,4-bis-bromomethyl-benzene (298 wt %, Sigma-Aldrich); N, N, N’, N’-tetramethyl-1,6-
hexanedi-amine (99 wt %, Sigma-Aldrich), 1,3-dibromopropane (99 wt %, Sigma-Aldrich); 1,6-
dibromohexane (96 wt %, Sigma-Aldrich); 1,9-dibromononane (97 wt %, Sigma-Aldrich);

Dimethylamine hydrochloride (98 wt %, Sigma-Aldrich); poly (acrylic acid sodium salt) (PAA Na,



average M, = 2100 g/mol, Sigma-Aldrich); tetrahydrofuran (299.9 wt %, AnalaR Normapur, VWR);
methanol (99.8 wt %, Sigma-Aldrich); acetone (technical, AnalaR Normapur, VWR); chloroform (299
wt %, CARLO ERBA); diethyl ether (99.8 wt %, AnalaR Normapur); dimethylformamide ( DMF, 99.8 wt
%, Sigma-Aldrich), hydrochloric acid (HCI, 37 wt % aqueous solution, AnalaR Normapur); nitric acid
(HNOs, 68 wt % aqueous solution, AnalaR Normapur, VWR); sodium hydroxide (NaOH pellets, 98 wt

%, Acros Organics); ethylamine (EtNH;, 70 wt % aqueous solution, Merck); distilled water.

1.1.1 Iron Oxide Nanoparticles
The synthesis of bare magnetic nanoparticles (BNP, maghemite, y-Fe,03) through

"in water was established by R. Massart. ** Their size polydispersity was

coprecipitation of Fe" and Fe
reduced by size sorting through selective flocculation of the larger particles by increase of the ionic
strength.'® The nanoparticles were characterised by Transmission Electron Microscopy (TEM). The
picture analysis showed a log-normal size distribution of median diameterd, = 7nm and a

polydispersity index o = 0.2 (SI 1). Small angle X-ray scattering results are reported in the Supporting

Information (SI-2) and confirmed the particle size determined by the former methods.

The concentration of maghemite particles was consistently determined via UV-visible
spectroscopy (Section 2.2.2) and atomic absorption spectroscopy (Section 2.2.3). For the first
method, a master curve (500-700 nm, Supporting Information, SI 3) was used for dilutions in distilled

water and for the second the NP were dissolved in concentrated HCI.
1.1.2 Coating of NP

A coating of poly (acrylic acid) around the maghemite nanoparticles was performed via
electrostatic complexation following the precipitation-redispersion process. *° The precipitation step
is conducted at pH 1.5. During the redispersion step, ethylamine (7 wt %) is used to increase the pH
to 9.0, ethylammonium is the counterion for the anionic carboxylate groups of PAA. The PAA-coating

is irreversible and stays in place between pH 1.5 and 10.0. The pKa of PAA is 4.5*%%°

, at pH below 4.5
the functional groups in the polymer chain are predominantly undissociated, while at pH above 4.5
polyanion (PA) dissociation increases and reaches full dissociation close to pH 9.0. Therefore, the
experiments involving CNP were carried out at a pH = 9.0. The hydrodynamic diameter of these

particles was determined at 39 nm via DLS. The density of PAA on the nanoparticle surface is 2 chains

per nm?2. 8
1.1.3 lonenes

The synthesis and the characterisation in terms of chain length and charge density of 3-, 6- and

9-ionene were previously reported by Malikova et al.***°

6



For the synthesis of 3-Bz, N, N, N’, N’-tetramethyl-1,3-propanediamine (20 mmol), 1,3-
dibromopropane (18 mmol) and 1,4-bis-bromomethyl-benzene (2 mmol) were added into DMF
(20 mL) in a round bottom flask. The reaction mixture was stirred and heated at 80 °C. When white
precipitate appeared, 10 mL of water was added to the mixture to ensure the solubility of the
components. The heating was maintained for 50h. After removal of solvents under reduced
pressure, the residual product was dissolved in water and washed with chloroform 3 times. The
aqueous phase was collected and the water removed via lyophilisation to give a white solid (80%). 'H
NMR (D,0, 300 MHz,) & (ppm) 2.37 (br, n.2H, -N"-CH,-CH,-CH,-N"), 3.18 (s, n.12H, CHsN"), 3.49 (t,
J=8,1 Hz,4H, n.2H, -N"-CH,-CH,-CH,-N"),4.61 (s, 4H, N*-CH3-Crizrom ), 7-66 (S, 4Harom,),

The polycations for this study are summarised in Table 1. Based on the structures of these PC
and their molar volumes listed by Fedors **, the following charge density classification is made: 3-

ionene > 3-Bz > PDADMAC > 6-ionene > PTEA-PAM > 9-ionene (SI 4).

1.1.4 Synthesis of EAN

Ethylammonium nitrate (EAN) was synthesised according to procedures described previously.
°233 Equimolar quantities of nitric acid (68 wt % aqueous solution) in a dropping funnel was added
slowly to ethylamine (70 wt % aqueous solution) in a cooling bath at -15 °C. After the completion of
addition, some excess ethylamine is added to reach basic pH and ensure completion of the reaction.
The excess ethylamine is then eliminated under reduced pressure. The elimination of the water was
achieved via lyophilisation. The residual water content was determined by Karl Fischer coulometric
titration to give less than 0.4 wt %. The obtained ionic liquid is a viscous, odourless and transparent

fluid with a pH 7.5, measured by the same method as in ref >*.

1.2 Sample Preparation

In aqueous solution: The CNP-PC complexes were obtained by mixing stock solutions prepared at the
same weight concentration (0.05 wt %) and the same pH (pH 9.0). The mixing of the two initial
solutions was characterised by the charge ratio Z = 77", where Z' is the total number of positive

charges of the PC in solution and Z is the total number of negative charges of the CNPs in solution.?

In aqueous salt solution: The individual stock solutions of CNPs and ionenes were prepared at the

same weight concentration (0.5 wt %) and pH (pH 9.0) in 3 mol L™ aqueous salt solution, the molar



volumes of salts were included in the calculations of sample preparation (Sl 4). The two initial

solutions were mixed at a charge ratio Z = 777

Dilution: For the dilution process, distilled water was added to the CNP-PC mixtures stepwise. The
concentration determination of well-dispersed CNPs was followed by UV-absorption spectroscopy
(See Section 2.2.2). The size of the objects was determined by dynamic light scattering (See Section
2.2.1). Note that the measured [Salt] itcal Values were independent of the initial concentrations of

CNPs in stock solutions between 0.05 and 0.5 wt %.

1.3 Techniques

1.3.1 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed with a MALVERN NanoZS (Malvern
Instruments), at A = 632 nm and backscattering detection at angle 6 = 170°. An autocorrelation
function is determined by measurements of intensity at different times. The autocorrelation
functions of the scattered light are interpreted by using the peaks of the cumulants (Z-average) in
order to determine the diffusion coefficient. For this procedure, we approximated that the refractive

indices of solutions remained unchanged during the dilution procedure.

The diffusion coefficient D under non-interacting conditions is related to the hydrodynamic

radius Ry through the Stokes-Einstein equation:

_ kgT (1)
6mnRy

where kg is the Boltzmann constant, 1 the solvent viscosity and T the absolute temperature, all

experiments were conducted at 298 K.

For the determination of hydrodynamic diameter in aqueous salt solutions, the viscosities of
stock salt solutions from 3 to 0 mol L™ were measured (SI5 and SI6) and applied to the size

determination via the Stokes-Einstein Equation (Equation 1).
1.3.2 UV-visible-Absorption Spectroscopy

The measurements were conducted on an Avantes Avaspec 2048/Avalight DHC UV-Visible
spectrometer. This technique is a simple and quick method and allows to quantitatively determine
the concentration for solely well-dispersed nanoparticles solutions by using a master curve from 500

to 700 nm (SI 3) and determine the transition from a dispersed to an aggregated state (S| 7).



1.3.3 Atomic Absorption Spectroscopy (AAS)

The iron concentration of samples was determined by measurements of iron absorbance by
Atomic Absorption Spectroscopy (AAS) on a Perkin-Elmer PinAAcle 500 instrument, after the
dissolution of NP in concentrated hydrochloric acid and adapted dilutions. The expressed iron
concentration [Fe] in mol L™ converts to the volume fraction using the molar weight and density of

. 17,55
maghemite as follows: ~”

@ (vol%) = 1.577 [Fe] (2)
The concentration determination was made both via UV-Absorption and AAS and gave identical
results. For reasons of simplicity, rapidity and convenience of the method, UV-absorption was used

during dilutions.
1.3.4 Nuclear Magnetic Resonance

'H NMR spectra were recorded on a Bruker Advance 300 MHz spectrometer in D,0. The
following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, br =

broad.

2  RESULTS AND DISCUSSION

2.1 Coated maghemite nanoparticles in salty aqueous solutions in the absence of

polycations
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Figure 2. Hydrodynamic diameters of CNP in different aqueous solutions of NH,CI, EAN, TMABr and
TEABr following a dilution pathway from 3 to ~0.2 mol L at a constant pH of 9.0. The size of CNP in

pure water is marked as a Blue Cross. The initial concentration of CNPs in solution was 0.5 wt %. The



error bars come from standard deviation of multiple measurements at each point and in most cases,

they are smaller than the symbols.

For the characterisation of electrostatic interactions of various mixtures, hydrodynamic size
and UV-absorption measurements of samples were performed. As described previously, PAA-coated
nanoparticles prepared and stored in water were used for all the mixtures. Their initial hydrodynamic
diameter is 39 nm at 0.5 wt % in distilled water at pH 9.0. First, the hydrodynamic diameter of CNPs
was measured at various concentrations of different salts to verify their stability without PC
(Figure 2). Solutions of CNPs at 0.5 wt % were prepared in aqueous salt solutions of NH4CI, EAN,
TMABr and TEABr. The initial aqueous salt solutions (¢ = 3 mol LY conp = 0.5 wt %) were diluted
with distilled water step by step and the hydrodynamic diameter was measured, while maintaining
an overall pH 9.0. Firstly, for the initial solutions (csy: = 3 mol L'l) we do observe an increase of the
hydrodynamic diameter of the CNPs depending on the nature of the salt in solution. Only in the case
of EAN, do we recover the hydrodynamic radius of CNPs in pure water. Therefore, some partial CNP
aggregation takes place in the presence of NH4Cl, TMABr and TEABr to begin with. Secondly, and
more importantly, for any given salt, the hydrodynamic diameter of CNPs does not change over the
whole dilution range indicating that the (partially aggregated) CNPs were stable in the range of 3
down to ~ 0.2 mol L}, whatever the nature of the salt. Indeed, despite the presence of high
concentration of salts, which in general induces electrostatic screening between charges on the PAA
chains and hence a collapse of the polymer brush®®®’, here the CNPs were well dispersed due

. . . 58
electrostatic and steric repulsion.

2.2 Coated maghemite nanoparticles in the presence of polycations in salt-free aqueous

solutions
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Figure 3. Hydrodynamic diameter of aggregates in mixtures of x-ionene (x=3, 6, 9) and CNPs as a

function of the charge ratio Z = 777 at pH 9.0.

Hydrodynamic diameter of aggregates in mixtures of ionenes (3-, 6- and 9-ionene) and CNPs as a
function of the charge ratio Z (Z = Z+/Z') are shown in Figure 3. Z is the charge ratio between the
positively charged PCs (Z') and the negatively charged CNPs (Z). At Z = 1, we expect and indeed
observe the largest aggregates (340-570 nm) in case of all ionenes, a stoichiometric compensation of
the opposite charges is achieved at this charge ratio. For very small values of Z (Z <<1, excess of
CNPs) we approach the hydrodynamic size of CNPs at 0.05 wt % in distilled water (measured as
22 nm). In this low-ionene limit, the majority of CNPs are well dispersed. For large values of Z (Z>>1,
excess of ionenes) the hydrodynamic size oscillates between 70-160nm. Thus more extended
aggregation is observed in this high-ionene limit, due to co-assembly of available CNPs with the PCs.
22 For the study of CNP-ionene mixtures in salty aqueous solutions, we chose to work at a slight
excess of ionenes (Z slightly greater than 1) to ensure that all CNPs are involved in aggregation but at
the same time avoiding the Z=1 region, for which size determination by DLS becomes very inaccurate

due to large aggregates formed.

2.3 Coated maghemite nanoparticles in the presence of polycations in salty aqueous

solutions

To study the electrostatic interactions between coated maghemite nanoparticles and ionene
polycations in the presence of different salts, mixtures of CNPs and 3-, 6- and 9-ionenes were
prepared at charge ratios Z (Z = Z'/Z) of 5.1, 4.1 and 3.4 respectively, in 3 molL™" aqueous salt
solutions of NH,CI, EAN, TMABr and TEABr in turn. These concentrated mixtures were then diluted
stepwise with distilled water and characterized with DLS (Figure 4). To verify the dispersion state of
the CNPs during the dilution process, the hydrodynamic diameter was compared to the values in
Figure 2, which features the CNP behaviour in the respective aqueous salt solutions in the absence of

polycations.

The experimental data confirms that CNPs in all the CNP-PC mixtures in 3 mol L™ aqueous salt
solutions of NH,4CI, EAN, TMABr and TEABr are well dispersed prior to the dilution process. As dilution
proceeds, at a given concentration of salt, called [Salt] itical, @ drastic increase in the hydrodynamic
diameter of the CNPs is observed for each CNP-PC mixture, indicating the onset of aggregation
between the oppositely charged CNPs and PCs. The sudden increase in the hydrodynamic diameter
of the particles was observed both via the light scattering method as well as UV-Spectroscopy (3-

ionene, SI 7). The [Salt] itica Values from Figure 4 are listed in Table 2.
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Figure 4. Dependence of the hydrodynamic diameter of CNPs in their mixtures with x-ionene (x=3, 6,
or 9) PCs as a function of the salt concentration, for four different salts: NH,Cl, EAN, TMABr and
TEABr. CNPs and PCs were prepared at initial concentrations of 0.5 wt % at charge ratios Z (Z = Z*/Z))
5.1, 4.1 and 3.4, respectively. The initial salt concentration was 3 mol LY in each case, the
concentration was gradually decreased through a dilution process with distilled water, while pH was

kept constant at 9.0.

Table 2. Critical Salt concentrations ([Salt] ctical) for mixtures of CNPs with ionene PCs in different

aqueous salt solutions, extracted from data in Figure 4.

[Salt]critical (Mol L) NH,CI EAN TMABr TEABr
3-ionene 0.54 +0.01 0.55 + 0.01 0.90 £ 0.01 1.85 + 0.05
6-ionene 0.48 £ 0.01 0.48 £ 0.02 0.83 +0.02 1.18 + 0.03

12



9-ionene 0.30+0.01 0.29+0.01 0.47 +0.01 0.53+0.02

The results allow to state that [Salt] tica Values depend strongly both on the charge density
of the ionene polycation and the nature of the salt present. For all four salts, [Salt] .itca increases
with increasing polycation charge density (even for modified 13-Bz ionene, Sl 8). Regarding the nature
of salt, we suggest it is the nature of the salt cation, as opposed to the salt anion, that is crucial in
tuning the [Salt] ¢iticar. In line with this, note that for TMABr and TEABr salts (different cations with the
same bromide anion), the [Salt] .iical Values increase significantly for all ionenes. In the mixtures,
there is an excess of the ionenes (Z>1) and thus we depart from the picture of salt cations and
positive charges on the polycation competing for the complexation with the negatively charged PAA-
coated maghemite nanoparticles. The four salt cations considered are all based on an ammonium ion
with a varying degree of hydrophobicity, according to the number and length of alkyl chains attached
to the ammonium ions. In a simple first approach, these ions can be ordered in terms of their size,
which reflects in broad terms also their hydration enthalpy and thus is a pertinent parameter to
consider, as shall be seen from the following discussion. In Figure 5, the [Salt] iical Values are plotted
as a function of the molar volumes of the four salt cations (Vetion, Sl 4), determined on the basis of
Millero et al.® This representation highlights two facts: (1) for a given PC charge density, mixtures
with larger salt cations feature higher values of [Salt] (itca, in other words, the transition from a
dispersed to an aggregated state along the dilution pathways occurs earlier; (2) mixtures with larger
salt cations are increasingly more sensitive to the PC charge density. Overall, the worst combination
for maintaining a well-dispersed CNP-PC mixture is the use of a salt with large cations in the presence

of a densely charged PC.
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Figure 5. Critical salt concentration ([Salt] (itca) values for mixtures derived from Figure 4 as a
function of molar volume of salt cations (Vcation). Transition values for 3- (full line), 6-(dotted line) and
9-ionene (dashed line) in different aqueous salt solutions: NH,Cl (blue triangle), EAN (black round),

TMABr (green diamond) and TEABr (red square).

We go now a step further and combine the two parameters (volume of salt cation and PC
charge density), in search of a simple relationship to [Salt] citica- If salt cation size (or volume) seems
to be a critical parameter, the charge density of the polycation can be reconsidered in terms of a
volume. For ionene polycations with tunable and perfectly regular charge distribution along the chain

44,45
backbone™

, it is trivial to express the charge density in terms of a volume per unit of charge
(denoted here Vimono'). The higher the chain charge density, the lower the volume per unit of charge.
In Figure 6, [Salt] citical is expressed as a function of the ratio Vestion/Vimono. and a simple linear

dependence emerges. For completeness, the best linear fit of the entire data set leads to

Veati : .
[Salt]criticat = 1.2 V“‘ﬂ The molar volumes used for the salt cations and PC monomer units are
mono™t

summarised in Sl 4 and SI 9. All data presented so far for PAA-coated maghemite NPs and ionene PCs
are featured in Figure 6, together with additional data points available from supplementary
measurements and the literature. The compound 3-Bz, also an ionene, was measured with CNPs in
EAN and TMABr, with critical values of 0.71+0.01 and 1.75+0.02 mol L™, respectively (SI 8). The
dramatic differences in the critical salt concentrations compared to 3-ionene can be contributed to
m-stacking of the benzyl-group present in 3-Bz, but absent in 3-ionene. The PCs PTEA-PAM and

PDADMAC mixed with PAA coated cerium oxide nanoparticles (CeO,) (equivalent electrosteric

14



behaviour to maghemite nanoparticles) produce according to literature transitions at 0.37 and

0.54 mol L' NH,Cl, respectively.”
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Figure 6. [Salt] citical plotted as a function of the ratio Veation/Vmono' for all data presented in Figure 5
(“x-ionene” data series), together with additional data from supplementary measurements and the
literature. [Salt] ica is the critical salt concentration at which aggregation of PAA-coated
nanoparticles in the presence of polycations appears, Vtion is the molar volume of salt cations and
Vmono' is the average molar volume per charged monomer unit of the polycation (Sl 4 and SI9). The

dashed line is the linear fit of all the [Salt] citical Values for ionenes.

The master curve in Figure 6 seems to be a very simple tool for designing a system with a desired
[Salt]citica- The critical salt concentration is proportional to the ratio of volumes of the salt cation and
the polycation monomer. The passage of the master curve through the origin corresponds to the
zero salt case, for which an aggregated state is observed. In order to understand the appearance of
the master curve we start with a picture based on the competition of these two species in the

complexation with the PAA brush of the CNPs. The reason why the size of the monomer is considered
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here is related to the high salt concentration, for which no Debye Length can be defined (smaller
than the size of a single atom). Although the structure of the polymer chain has a role on the particle

aggregation, the local interactions are considered at the level of the monomer unit.

Let us consider at first the effect of size and hydration of salts, as Collins and coworkers did **%. The
point developed in Collins’s models derives from the impossibility to describe the local effect of salt
from classical mean field theory, and especially at high salt concentration. Collins uses the classical
ordering of salts dealing with their ability to balance preferentially their interactions with water
molecules (kosmotropes) or with their counterion (chaotropes). Further, Collins reports on the
affinity for two oppositely charged kosmotropes to make ions pairs, as well as two chaotropes, but
low probability of ion pairing for chaotrope-kosmotrope pairs. These considerations are at the origin
of the phase separation in mixture of two anions (CI” and TFSi) sharing the same cation (Li*) ®.
Kosmotropes are described as small highly charged ions (carboxylate anions, characterized by a
molar volume of 43.6 cm®.mol™, in the present system) and chaotropes as large and weakly charged
ions (ammonium cations in the present system).*? Considering our system, the cations are ranging
from NH," to TEA®, with increasing size ranging from NH4" (17.86 cm®.mol™), EA* (52.94 cm®.mol™),
TMA" (89.57 cm®mol?), and to TEA" (149.12 cm®.mol™), thus a more pronounced chaotropic
behavior. The determination of the Jones-Dole viscosity B coefficient was achieved from the variation
of viscosity of salt solution, for salt concentration ranging from 0.5 mol.L™ to 3 mol.L™ (figure SI-10).

The global trend shows that the larger the size of the counterion, the larger the Jones-Dole viscosity

B coefficient, which confirms the increasingly chaotropic behavior along the above cation series.

Our conceptual picture behind the representation in Figure 6, is based on salt cations
competing with monomer units of the polycation for complexation to the PAA-coating and the
relative volumes of the two competitors are being decisive. The Vcation/Vmono ratio is an important
parameter if we consider it under the ion-pairing scheme proposed by Collins and coworkers >?:
oppositely charged species with similar sizes have a stronger ion binding tendency than those with
dissimilar size. Under the Collins scheme, carboxylate ions are considered as small kosmotropic
anions and thus of favourable ion pairing with the small cations of the series considered, NH," and
EA", and less so as the Vion increases, case of TMA"and TBA®. The ratio Veation/Vimono . thus reflects the
relative ion-pairing tendency of the PAA carboxylate group with the salt cation on one side and the
monomer of the polycation on the other: the higher the Vetion/Vmono ratio, the more favourable is
the “polycation-PAA” pairing relative to “salt cation-PAA” pairing. The more favourable the

polycation-PAA pairing, the wider is the salt concentration range over which aggregation is seen, i.e.

the higher is the critical salt concentration or the aggregation threshold. For a given salt type, the
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increase of the polycation (ionene) monomer size (from 3-ionene to 9-ionene) leads to a decrease in

[Salt] itical» @S the ionene-PAA pairing is increasingly unfavorable.

At this point, it is interesting to link the above picture with that developed by Schlenoff et
al®®, based on salt ions “doping” a polycation-polyanion complex and ultimately dissolving the
complex for high degrees of such doping. By using the Collins concept based on “matching” ion sizes,
we have constructed a way to express the degree of “doping” by salt ions in the form of the
Veation/Vimono Fatio. As Veation/Vimono' iNCreases (moving along a horizontal line from left to right in Figure
6) the degree of salt doping decreases, polycation-polyanion complexation is more favourable and a
transition from a dispersed to an aggregated state is observed. From the Schlenoff point of view, it is
more natural to consider a decreasing Veation/Vimono (right to left in Figure 6), which is accompanied by
an increase in salt “doping” and a transition from a polyelectrolyte complex (called here

“aggregated” state) to a dissolved polyelectrolyte complex (here “dispersed” state) is observed.

3 CONCLUSIONS

In conclusion, we provide here a simple tool for tuning the dispersed-aggregated transition in
salty aqueous solutions of PAA-coated NPs in the presence of polycations. This tuning is achieved via
a combination of two parameters: volume of the salt cation (Veton) and volume of the charged
monomer unit of the polycation (Vmeno', reflecting the polycation charge density). The critical salt
concentration, corresponding to the dispersed-aggregated transition of the NPs, follows in a linear
fashion the ratio of the above two volumes, Vcation/Vimono - The higher the Veation/Vimono ratio, the
narrower the region of dispersed NP state at high salt concentration, i.e. the earlier take place the
onset of aggregation as the system is diluted from the high salt concentration limit. In other words,
the worst combination for maintaining a well-dispersed NP-PC mixture over a wide salt concentration
range is the use of a salt with large cations in the presence of a densely charged polycation (small
Vmono' ). The master curve was built from a data set of PAA-coated maghemite nanoparticles in the
presence of linear polycations (ionenes) and salt cations both based on ammonium charged centres,
supplemented by a few neighbouring systems. A generalisation of the master curves to other types
of cations and polycations necessarily involves consideration going beyond that of ion size, and their

position in the Hofmeister series is the best existing, albeit empirical, starting point.

Phenomena at high salt concentrations are at play and the conceptual picture rationalizing the
observed master curve focuses on local ion-pairing tendencies of the species involved. The central
idea is that salt cations and polycation monomers compete in the complexation with the polyanion

brush on the nanoparticles. The originality comes from using the Collins concept based on
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“matching” ion sizes, to express, via the Vetion/Vmono ratio, the relative ion-pairing tendency of the
polyanion group with the salt cation on one side and the monomer of the polycation on the other.
The higher the Veation/Vimono  ratio, the more favourable is the “polycation-PAA” pairing relative to
“salt cation-PAA” pairing. This simple concept rationalizes the ensemble of the observed aggregation
thresholds and highlights the importance of local ion-pairing phenomena in polyion complexation,
governing here the aggregation of polymer-coated nanoparticles. Our approach leads successfully to

a master curve predicting the phase diagram of polymer-coated magnetic nanoparticles.
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