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Tuning the interactions of a magnetic colloidal suspension

F. Cousint? E. Dubois! and V. Cabutt
Laboratoire des Liquides loniques et Interfaces ChasyeCNRS UMR 7612, case 63, Universterre et Marie Curie,
4 Place Jussieu, 75252 Paris Cedex 05, France
2Laboratoire Lmn Brillouin, CEA-CNRS, CEA Saclay, 91191 Gif sur Yvette, France
(Received 25 September 2002; revised manuscript received 26 December 2002; published 15 August 2003

We present a versatile experimental system of magnetic charged nanospheres dispersed in water that belongs
to both dipolar and electrostatic systems. In this system, the interactions can be continuously tuned by varying
the ionic strength. At low |, the potential is a strongly repulsive Yukawa potential that leads to a phase
diagram similar to the one of repulsive spheffisid and solid phasesAt high I, the potential is a globally
attractive Lennard-Jones potential that leads to a phase diagram similar to the one of atomic &esems
liquid, fluid, and solid phases
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INTRODUCTION mayer fluid is the most realistic description of a magnetic
colloidal suspension as it takes into account van der Waals
Contrary to atomic systems, suspensions of spherical coRttractions.
loids allow studying the phase behavior of assemblies of Nevertheless, the debate on the phase behavior of dipolar
objects under various interparticle potentials because theffuids is still open as shown by recent studi@3—30. New
shape can be easily changed experimenfdlly kinds of fluid-fluid transitions are predicted by simulations.
For spherical colloids without anisotropic interactions, The phases are no longer constituted of isolated particles but
several theoretical studies predict that the phase behavior dgontain chains, the length of which depends on the particles
pends on the balance of attractive and repulsive interactior@ensity[28].

[2]. There is, nevertheless, a lack of experimental studies con-
For repu'sive SystemS, Only fluid-solid transitions can becerning both electrostatica”y stabilized colloids and real di-
observed. For monodisperse systems, this transition is BOlar systems. We present in this paper a versatile experi-
Kirkwood-Alder fluid-crystal transition governed by entropy. mental system of magnetic charged spheres in water that
It has been experimentally observed in electrostatic systenféelongs to both dipolar and electrostatic systems. It provides
[3-5] and sterically stabilized hard sphergg]. When the experimental access to the range and strength of the interpar-
polydispersity of the system is too high, the solid phase is dicle potential for a wide variety of potential shapes by con-
glass[7]. trolling a single parameter, the ionic strength. The phase be-
For attractive systems, liquid-gas transitions can be obhavior of the system is studied here without magnetic field,
served depending on the range of the attractive part of théis step being essential prior to any study with an applied

potential. Such transitions have been predicted in systems fdteld.
which |ong_range attractions are induced by adjustab|e We demonstrate here that the phase behavior observed
depletion interactiong8—10]. They have been observed both ¢an be separated into two regimes depending on the balance
for sterically stabilized systeni41] and electrostatically sta- Petween the different interactions. The change in interaction
bilized systems[12-14. Gas-liquid transitions have also regimes can be related to an inversion of the second virial
been obtained in sterically stabilized systems by a change @oefficientA,. When the potential is repulsive, only fluid-
the solvent qualitf15—17. On the contrary, they have been solid-like phase transitiongFig. 1) are observed, whereas
predicted for electrostatically stabilized systefids] but when the potential is attractive, the system exhibits the same
never experimentally observed. phase diagram as an atomic systéfig. 8.

The influence of anisotropic interactions, as in dipolar flu-
ids, has giverj rise to_ numerous theoretical studies on the | INTERPARTICLE FORCES IN THE SYSTEM
phase behavior of dipolar systeni$9—3Q, recently re-
viewed by Teixeireet al. [31]. The colloidal suspensions considered here are constituted

One of the main question in these studies is the existencef magnetic nanoparticles dispersed in water. The particles
of gas-liquid transitions. In the past, it has been suggestedre coated with a citrate ligand, which gives them a negative
that such transitions should appear in the presence of anisoharge at thgH of the study and thus ensures stabilization
tropic dipolar interactions if the isotropic attractions are suf-of the suspension by electrostatic repulsions. Theoretically,
ficiently strong. They are thus not observed in dipolar hardfour kinds of forces contribute to the interparticle potential in
spheres systenf49-22. In dipolar Stockmayer fluidR23—  the system, presented here by range order. However, their
26], in which dipolar interactions are weak, the phasecalculation poses several difficulties.
behavior is close to that of atomic systems, i.e., gas-liquid (i) At contact, there is a strong hard-core repulsion be-
transitions are allowed. If dipolar interactions are strong, théween the particles due to the steric hindrance between the
behavior is closer to pure dipolar fluids. This dipolar Stock-citrate ligands adsorbed on the surface. The range of this
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The estimation of these magnetic dipolar interactions in
I our systems implies knowing, parameter which can only

107 ¢ be determined precisely from experimental measurements
i [34]. The parameteyy/4 is close to 1 and the dipolar inter-

action thus lies between the two limits described above.

106 | R (iv) Finally, the Coulomb forces introduce long-range
E Saoe e electrostatic repulsions varying asr3/ which can be par-
T I St N o tially screened by adding salt into the suspension. The poten-

105 & A v o 8‘33125MM N gg; Il\\/lll tial used in the calculation in this paper is a Yukawa potential
- . 0'005 M x 0'1 M coming from the Derjaguin-Landau-Verwey-Overbeek

104 ‘ : : theory[35,36]:
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FIG. 1. Phase diagram at low ionic strengthTat 293 K, ob- KT (1+ kRyrp)?’
tained with sample FF1. The open symbols represent the fluid eff

samples and the filled ones the solid samples. The dashed line cor- 0 NI .
responds tA,=0. The full line is a guide to the eye, which shows where k=[(e/ €oekT) Z;c;Zy) 2] is the inverse of the De-

the limit between fluid and solid areakit]. is given in the  PYe lengthLg is the Bjerrum lengthR is the particle radius,
caption. Z.¢ is the effective charge of a particlBg;; is the effective

radius of a particleg; is the concentration of the ionic specie
hard-core repulsion is of the order of two times the citratel ndZ; its valency.Z.y; is an effective charge that takes into
size (~10 A). account the condensation of the counterions on the surface of
(i) Van der Waals forces induce strong short-range isotrothe particles and can be estimatedZas;=4R/Zc, where
pic attractions varying as- 1/r®, wherer is the interparticle ~ Zc is the valency of the counteridi37]. o
distance. For the calculation of the interparticle potential pre- However, we shall show later on that the main difficulty is

sented in the paper, we have used the following potential fof€ evaluation of the range of the repulsion. It can be esti-
the spheres of radiuR [1]: mated from experimental data but cannot be easily calculated

from simple models. Nevertheless, considering these four

2 2 2 contributions, the interparticle potential calculated for the
Yvoul) A R_+£+|n 1— ﬂ) 7 different regimegFigs. 5, 7, and 1Ris fully consistent with
kT 6kT|r2—4R? 2 r? the experimental results.
whereA is the Hamaker constant. This constant depends on 1l. EXPERIMENTAL SYSTEMS AND METHODS

the dielectric permittivities of the maghemite, citrate, and
solvent[32]. The presence of the citrate layer considerably The system is constituted of a dispersion of magnetic
lowers the value of the bare maghemite part{@8] and is  nanoparticles of maghemite-Fe,0; in aqueous mediE38].
estimated here to bex310~2° J. The maghemite nanoparticles are chemically synthesized in
(iii ) Magnetic dipolar forces between two particles inducewater by coprecipitation of Fegland FeC} in an alkaline
anisotropic interactions, which are found to be globally at-solution[39]. The acidic properties of the surface of the par-
tractive if the anisotropic interparticle potential describingticles obtained lead to a point of zero charge around 7 and
such suspensions is integrated over all directions. Thesiéus, at lowpH, to cationic particles. Their dispersion in
forces vary from— 1/r® to —1/r® depending on the strength water forms a stable colloidal suspension aropht2. Since
of the magnetic couplingy=(uo/KT)(1u,/r3) between the diameter of the particles lie between 3 and 15 nm, cor-
two particles of respective momentumy, and u, and thus responding to a wide size distribution, a size-sorting proce-
are strongly size dependent. dure is performed. It is based on the properties of the revers-
For low values ofy (y/4w<1, low coupling regimg the  ible phase transitions resulting from an electrolyte addition
dipoles rotate freely, the mean interaction is isotropic and th€40]. This reduces the polydispersity and allows varying the

potential varies as-1/r®, such as van der Waals attractions: mean particle size.
Trisodium citrate molecules are then adsorbed on the sur-

U 2 face of the particles and thpH is set to 7. The surface
<ﬂ> __Y . charge is negative, saturated at a value of 2 chargés/nm
kT 48w and neutralized by Na counterions[38]. As the adsorbed

citrate ions are in equilibrium with free citrate ions, the ionic
For high values ofy (y/47>1, high coupling regime the  strengthl of the solution is due to the concentratifeit]¢,qe
interaction becomes anisotropic and has a longer range, asdf the free citrate ions and the corresponding sodium coun-
varies as—1/r3: terions.
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Each particle is a magnetic monodomain because the size TABLE |. Size characteristics of the samples.

of the particles is small enough to prevent the formation of

Bloch walls. Thus, each particle bears a permanent magnetic Sample do (nm) o
moment u=msV, wherems is the particle magnetization FE1 75 0.35
(3.1x10° A/m) andV is the particle volume. The suspen- EE2 6.15 0.18
sions thus present a giant paramagnetism. Their magnetiza- g3 6.9 0.14
tion curve as a function of the applied magnetic field follows FF4 73 0.21
Langevin’s law, on condition that the interactions are negli- FF5 8.8 0.2

gible, i.e., on condition that the solutions are sufficiently di-
luted. The strong dependence of the magnetization on the

size of the particles allows determining the characteristics ofrated suspensions is then deduced from the detected
the size distribution. This distribution is well described by aintensity|(q,®) using

log normal law, characterized by a mean diamelg(In dy

=(Ind)) and a polydispersityo, obtained from a two- [1(q,®)/®]
parameter fit of the experimental curves measured at low S(q,®)= [1(q,D)/ D]
volume fraction (P<1%) [41].
All samples are prepared by osmotic compresgid?, The different samples studied here are listed in Table |

which allows to impose a chosen osmotic presdiirand a  with their size characteristics deduced from magnetization
chosen ionic strength on a given suspension, in order to measurements. Sample FF1 is the initial polydisperse
monitor interactions in the system. Experimentally, the col-sample. The other samples, issued from the size-sorting pro-
loidal suspension is dialyzed against a reservoir of knowrf€ss carried out on sample FF1, have a reduced polydisper-
pressure and of known ionic strength. The reservoir fixes théity and different mean sizes have been used depending on
chemical potential of water, and the osmotic pressure ané€ regions explored in the phase diagram. Indeed, reducing
ionic strength of the suspension. The volume fractipris polyd|sper5|t_y through fracponatlon reduce_s the volume of
measured after equilibrium has been reactigpically after the suspension and exploring regions of h|g_h volume frac-
2-3 weel from a chemical titration of iron. If the osmotic t|qns necessnate_s large volumes_ of Suspensions. A compro-
pressure is lower than 4000 Pa, it can also be measured wi ISe betwee’.‘ yield and mqnodlspersny is thus necessary.
a membrane osmometé¢nauer ref AO330 between 10 and amples of different mean sizes lead to the same qualitative

4000 Pa with an accuracy of 5 IP43]. The membranécel- results but, as the pressurd varies as W, the pressure
lulose 20 kDa separates two compartments, one filled with !""-‘_ed?d to reach a given volume fraction is shifted with size;
¥ t is higher for monodisperse samples and for smaller par-

the colloidal suspension and the other filled with a sodiun

citrate solution, the concentration of which equUali];,cc in %cles. Th_ereforle,d_tthxbl dri]agram will be r_eplaced by a
the colloidal suspension. As a result, a solution is fully chard1V-® universal diagram: the volume used is the m¥gn

acterized by parameterl, ®, and |. We will therefore ~deétermined from neutron scattering experimes|.

present the results in thH-® plane that can be entirely
explored using osmotic compression, following, for example, . LOW IONIC STRENGTH REGIME:
a line at constantl or I. REPULSIVE REGIME
SANS (small-angle neutron scatteringxperiments are
performed on the PAXY spectromet@rphee reactor, LLB,
CEA, Saclay, FrangeThree different configurations of neu- ~ When the ionic strength of the suspensions is ltypi-
tron wavelengthn and detector distanc® are used:n  cally [Cit]ee<10 2 mol/L), the structure of the suspension
=10A, D=3.1m:A=5A, D=3.1mA=5A D=1m. is ruled by strong electrostatic repulsions. This can be seen
It leads to a global range of scattering vectors betwee®n the equations of state at a givérplotted on all-®
0.008 A'! and 0.4 A'1. For magnetic particles, the signal diagram(Fig. 1). IT can be described by a virial development
measured in SANS can come either from a nuclear contribu-
tion or from.a magneFic contributi(_)n. Nevertheless, i.n the E: k—T[1+p2NaVA2<I>+O(<I>2)],
v-Fe,05 particles considered here, it has been shown in Ref. Y
[34] that the intensity after subtraction of the incoherent
background is largely dominated by the nuclear contributionwhereV is the volume of the particlg is the density of the
of the particles when the measurement is performed in lighparticle (g/cmd), N, is the Avogadro number, andl, is the
water. SAXS(small-angle x-ray scatteripgexperiments are second virial coefficient (mol¢? cm®). The situationA,
performed on the D22 spectrometrre, Orsay, Frange =0 corresponds to the perfect gHsP = pkT, and this line
The wavelength is 1.24 A, and the distance between theeparates in the phase diagram the domains of the attractive
sample and the detector is 1.8 m, leading to scattering ve@and the repulsive interparticle potential. The experimental
tors from 0.007 A1 to 0.3 A™1. points for[cit];e<0.03 mol/L are far above this line, i.e.,
In both cases, the form factor is determined from the in4in the repulsive regime. The phase diagram also shows the
tensity of noninteracting dilute particles, i.e., a volume frac-data for [Cit]s¢e=0.1 mol/L, which are close to the line
tion &, around 1%. The structure fact8(q,d) of concen- A,=0. This indicates that this ionic strength borders on the

A. Equation of state
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TABLE II. Range é of the interaction extracted from osmotic 5§ 107

pressure measurements and comparison to calculated values of tt v (Panm?3) |2 0.001Ma 0.05M E
Debye length of a 3:1 electrolytésodium citrat¢ and of a 1:1 0 0.025M<° 0.01 M 1@
electrolyte with the same concentration as the 3:1. 4107 | :
[Citliyee (MOL) 1073 25x10°° 5x10°3 1072 P e
3107 | :
8 (nm) 6.8 5.2 4.6 3.8 . '
Nbebye 3:1 4.0 2.5 1.8 1.25 Fluid
A 1:1 9.7 6.1 4.35 3.1 2107 i Solid
Debye Carnahan-Starling © :
equation ;
repulsive regime. In this region, only fluid and solid phases 107 \ i
exist. The solid is defined according to a macroscopic obser :
vation; it does not flow under gravity.

For sufficiently lowd values, the samples are fluid and 0 ‘
the osmotic pressure increases dramatically with a decreas. 0 15 30 45 Perr (%) 60
in ionic strength for a given volume fraction. This indicates a

Slgmflcantl mcrea;e of tfhe repulsion in the Isyﬁtem'.g—h; sx\'/olume fractions. The symbols are the same as in Fig. 1. The curve
perimental equations of state are accurately described by a e Carnahan-Starling equation of state. The dotted line corre-

Carnahan-Starling equation of state that gives the exact val,ongs to the experimental limit between the fluid and the solid
ues for the virial coefficients up ta, for a hard-core poten- phages.

tial, i.e., for hard spherei4],

FIG. 2. The phase diagram of Fig. 1 is plotted versus effective

5 3 transition is strongly salt dependent. Converting this thresh-
E _ k_T R old into an effective volume fraction taking into account the
oV (1-d)3 repulsion range shows that the transition occurs at a constant

effective volume fractionbq¢; of 50%. In Fig. 2, only the
with an effective volume fractiorb.¢; that takes into ac- solids close to the transition line have been plotted because
count the rangeS of the repulsion. Here, repulsions are in- an effective volume fraction can no longer be defined in the
deed sufficiently strong for us to consider the particles asame way for concentrated solid3he repulsion ranges of

hard spheres with effective diameter equal to the sum of theitwo particles overlap and.;; becomes larger than 100%).

diameter and of the repulsion rangdy(-25). This corre- The value®.;;=50% determined for the fluid-solid transi-

sponds to an effective volume fraction tions is the volume fraction above which a glass phase is
observed for monodisperse hard sphdfsand it is lower
than the value expected for polydisperse hard sphetes (
=58%, [7]). Consequently, our effective volume fraction of

. . o o transition seems reasonable, however, we cannot deduce
Each series of data at a given ionic strength is fitted to thench of the deviation from the predictions. Indeed, there is

carnahan starling equation of state, in order to determine thg, error bar on the determination of the effective volume
value of § (Table Il). In Fig. 2, these data are plotted versussraction due to the size polydispersity, and due to the very
Py It shows that all the data of the fluid samples can benigh viscosity of the dispersions close to the transition,

plotted on the same curve. _ ~ which complicates the measurements of the volume fraction.
Whatever| cit];,ce in this regime, the repulsion range is

much longer than expected since it roughly corresponds to
the Debye length of a 1:1 electrolyte with a concentration
equal to that of citraté€3:1 electrolyt¢. This confirms the The structure factors of fluid and solid suspensions are
special behavior of Nfcit], the addition of which has been determined by small-angle scatteriGGANS or SAXS de-
shown to be nearly equivalent to NaCl addition from thepending on the samples, Figs. 3 and Bhe structure factor
point of view of phase separation in such syst¢B8&]. This  of the fluid suspension in the low ionic strength regime ex-
can result from finite size effects for this multivalent large hibits a pronounced correlation peékg. 3. The maximum
ion and from counterion condensation. Note that the discrepdmax Of this correlation peak is related to the most probable
ancy betweei pepye1:1 ands for low citrate concentrations  interparticle distance,, by dynp=27/0pax. dmp is equal to
comes from an underestimation of the screening for othethe mean interparticle distandg,ean, d%ean=vp/®, where
reasons. Indeed, for low salt concentrations, the contributio¥, is the particle volumésee inset of Fig. B The particles
of the noncondensed ions is no longer negligible and the realre thus homogeneously dispersed for this high repulsive re-
ionic strength is higher than expected according to the ionigime [see scheme of Fig.(B)]. This is consistent with the
strength imposed from the dialysis bath. very weak compressibility, which can be calculated from
At a given volume fraction, an increase in the osmoticS(q),_. through @I1/kTép)r=1/S(0), which indicates
pressure, i.e., an increase in the repulsion range, leads totlaat interactions are mainly dominated by strong long-range
fluid-solid transition. The threshold volume fraction of the repulsions. The structure factor of the solid phase at low

26\3
14+ —

Gepi= do

B. Structure of the suspensions
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FIG. 5. Estimated calculations for the interparticle potentials at

FIG. 3. Structure factors of fluid samples at low ionic strength,low ionic strength [cit]ee=0.01 mol/L). (@) do=6 nm and(b)
for sample FF5, except the crosses, that correspond to FF3. Volunfle=9 nm.
fractions and citrate concentrations are given in the legend. Th
inset presentdfnear(vp versus 1% for the three volume fractions of
FF5.

‘aipolar interactions lie between the twolimits presented in

Sec. |. The potentials corresponding to these two limits are

presented in Fig. 5. They are shown as functiongtuf,

—1 as this allows to easily compare the strength of attractive

a): it is thus a repulsive Wigner glass. Two reasons explai anisotropic dipolar attractipns and a_ttractive i_sotropic van_der
) ' "Waals attractions for particles of different sizes. There is a

the nonformation of a colloidal crystal. cutoff in the potential atl/dy—1=0.1, which corresponds to
. - . { 0 —VU.4,
(i) The preparation of the samples through osmotic COM3y ~ hard-core repulsion of the citrate layer.

pression may force the system to reach an osmotic pressure The interparticle potential is close to a repulsive Yukawa

without exploring all the phase space. . ; X LS
(i) Theprema?ning poE/disperspity of the suspensions re_potennal_for the two sizes of particles, whlch is in accor-
duces the phase diagram zone where the formation of a Crydance with structure results. Although the dipolar interac-

. fions are much stronger for particles wilp=9 nm than for
tal is allowed. . . ~ . . L
particles withd,=6 nm, the resulting repulsive potential is
. . only slightly lower for the biggest particles. Note that the
C. Interparticle potential range of this repulsive potential is of the order of the particle
Figure 5 presents the estimated calculation of the interpasize. Without an applied magnetic field, the suspensions have
ticle potential for two particles sizesd§=6 nm andd, the phase behavior of most electrostatically stabilized sys-
=9 nm, which corresponds to the highest and smallest sizE€Mms. The isotropic electrostatic interaction can be monitored
of the study in the repulsive regime [Eit];.. OVEr @ large range by varying the ionic strength of the sus-

=0.01 mol/L). For suspensions under consideration in thd€nsions. The specificity of the system is the consequence of
able anisotropic pertubations.

ionic strength corresponds to an amorphous structbig.

1,6
f IV. FROM REPULSIVE TO ATTRACTIVE REGIME
12 5’ \‘ A. Equation of state
’ 5 ’ An addition of salt in case of a given volume fraction
S induces a decrease of the presslirei.e., it corresponds to
08 descending along a vertical line in the diagram of Fig. 1.
g ’ This allows to cross thé&, = 0 line that separates the repul-
sive regime from the attractive one. Such experiments show
04 | that the pressure of the suspensions witlit]s e
’ —4.5 % 0.001M =0.1 mol/L is close to the liné,=0, as shown in Figs. 1
- o 16% 0.02M Iand 8, which feature the two phase diagrdios/ | and high
O ! 1 2 1 2 )
-1
0 005 q&h 01 0.15 B. Structure of the suspensions

FIG. 4. Structure factors of solid samples at low citrate concen- Figure 6 shows the evolution of the structure factor with
trations for FF3. Volume fractions and ionic strength are given inincreasing ionic strength. For loly the structure factor ap-
the legend. pears to be independent of the exact value of the ionic
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) o ) FIG. 7. Estimated calculations for the interparticle potentials at
FIG. 6. (a) Evolution of the structure factor while increasing the iniermediate ionic strength[ it];,ec=0.1 mol/L). (8 do=6 nm
citrate concentration. The data correspond to sample FF2®ith g (b) dy=9 nm.

=7%, except the empty squares that correspond to sample FF5
with ®=9%. The meaning of the peak is schematized for low

and highl in graphs(b) and (c). interactions are on an average attractive whatever the volume

fraction (Fig. 8. The osmotic pressure of all samples in this
strength. The repulsion is strong enough for the particles t@nic strength regime is located below thg = 0 transition

be homogeneously dispersed and the correlation peak corrire.

sponds to the mean particle distafjsee Fig. &)]. For a Starting from a homogeneous fluid, it then becomes pos-
citrate concentration of 0.1 mol/L, the compressibility in- sible, for low enough volume fractions, to induce “gas-
creases and the peak is shifted toward highealues, which |iquid-like” transitions, i.e., coexistence of a dense fluid
now corresponds to a mean probable distance smaller tha}fhase(the liquid with a diluted fluid phasethe ga3, by

the mean distance. Interactions are still globally repulsiveyqgition of salt or temperature decrease. These transitions
(A2>0) but there are more fluctuations. For highkr haye peen studied elsewhé#s] with a special focus on the
([cit] sree=0.18 mol/L in the figurg the peak corresponds to jtical area of the coexistence curfé6]. The coexistence
the distance of contact between two partidB®. 6c)], 8 |ine of Fig. 8 results from all these previous experiments.
in a system of hard spheres. This method allows obtaining the liquid phase: onde

C. Interparticle potential >q)critical point is reached forH>Hcritica| point» IT is de-

There is thus a crossover from a regime in which the
particles are homogeneously dispersed due to high repulsio106 TV (Pa nm?) A=0 .~
toward a regime in which particles can deviate significantly ! Fluid R
from their mean position because the potential becomes at e T,
tractive for short ranged_ennard-Jones like potentjalThis : — o0 =
is illustrated in Fig. 7 that presents the estimated calculations Isobaricline  +7
for the interparticle potential for two particles sizedg( 10° 40
=6 nm andd,=9 nm) for an ionic strength corresponding ' & ° Liquid
to anA, close to O [cit]fee=0.1 mol/L). The potential is e ]
still slightly repulsive for the smallest particles but it be- &%0° °
comes attractive for the biggest. 104 | Gas %

A key point is the increase of the potential range due to
the dipolar interactions. In Fig.(8), the range of the poten- 1  p—
.. . . . . oBiphasic
tial in the low coupling regime, which is close to the range of s . 04 M
a pure van der Waals regimg@ttractions at contagt is “15M
largely increased in the high coupling regime and becomes s : L ‘ _ ‘ ‘
of the order of the diameter of the particle. The behavior of 04 1 10 ©@®) 100
this electrostatically stabilized system considered here is then
similar to the behavior of the same system sterically stabi- FIG. 8. Phase diagram at high ionic strength for sample FF1.
lized in which the attractions range can be monitdigd10]. The circles titled biphasic correspond to the coexistence line of the

gas-liquid transition. The dashed line correspond#\je-0. The
V. HIGH IONIC STRENGTH REGIME horizontal line is an isobaric line withl =750 Pa for sample FF4.

The gray part of the diagram represents the biphasic areas of the
theoretical phase diagram expected for an isotropic attractive inter-

The addition of a large amount of salt changes the phaseactions regime][cit]s,c. is given in the caption for the different
behavior of the suspension and leads to a regime in whichoints corresponding to monophasic samples.

A. Equation of state
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TABLE lll. Observations while increasing salt along an isobaric 2,5
line atII=750 Pa.F-fluid, G-gas,L-liquid, S-solid. L .
. * 5%
[cit] (mol/L) <03 0.6 1 15 2 2 r o + 99,
L "+
Observation ForG G-L G-L S S Ls °, ° 15.50%
- I o ¢
;'; Y ”‘e%‘:miguj
o
creased to the vicinity of the coexistence curve of the gas- 1f ° 7:% 280s00%00000% oo,
liquid transition, in the liquid area. For higher volume frac- | °°° ++:::o e
tions, solid phases can be obtained. i °°°o° T 00
All these transitions can be explored along isobaric lines, 0,5 00000000000
i.e., a series of osmotic compressions at a constant osmoti r
pressure Iligoparic:® increases with increasing ionic 0 L L L L L L
strength. The results obtained with=750 Pa are given in
Table Ill, and this isobaric line is plotted in Fig. 8. This line 0 0,02 10’04 0,06

corresponds tdlsoparic<Ilcritical point - At low enough vol- A )

ume fraction, the fluid is homogeneous, and it is possible t0 i 10. Structure factor of sample FF5 at high ionic strength

induce gas-liquid-like transitions while increasing ionic ang several volume fractions given in the legend. The citrate con-

strength. For the highest volume fractions, solid phases cagentration is 0.18 mol/L. Note thab=15.5% corresponds to a

be obtained. The solid samples correspond to high ioniGquid phase®=9% to a fluid phase, and=5% to a gas phase.

strengths £1.5M) and highd® (around 30% ofy-Fe,03,

which corresponds to 42% including the citrate shéfhe  which shows that the compressibility is high. The mean

liquid is not observed along this line because the range ofrobable distance associated with the peak corresponds to

ionic strength in which it exists is too narrow. the contact distance between particles including the citrate
Along the isobaric line, the increase df with ionic  shell surrounding particles, and thus becomes independent of

strength gives an indication of the screening of interactionghe volume fraction. The sample with=5% corresponds to

by salt: when interactions are fully screened, the salt hag gas phase whereas the sample ith 15.5% corresponds

nearly no influence on the volume fractidfig. 9). to a liquid phase. The sample with=9% being above the
Whatever the ionic strength, all phase transitions are recritical point corresponds to a fluid phase.
versible up to[ Cit]fee=2 mol/L (maximum of solubility. The solid phase is still glassy as can be seen in Fig. 11.

The irreversible flocculation of the sample is avoided by theThere is an upturn oB(q) at low q for the solid phase. This

steric hinderence of the citrate ions adsorbed on the surfaqg;rresponds to a large compressibility and to large density

of the particles. fluctuations in the system. Moreover, the mean probable dis-
B. Structure of the suspensions tance calculated from the correlation peak corresponds to the

. o contact of two particles.
The structure of the samples in this high ionic strength

regime is deduced from the measured structure fa¢Egs.
10 and 1]. Close to the destabilization thresholds, the struc-
ture factor of all samples except solids resembles the curves Figure 12 shows the estimated calculations for the inter-
plotted in Fig. 10. There is a divergence $fq) at low g, particle potential for two particles sizesly=6 nm andd,

C. Interparticle potential

* 12 }
2 r b 8@9...

o * e T $-0
~ B ° 88 wﬁa
g 508 T )

e 1 r 7 i K
I 04 | ¢
*30% 1.5M
0 ' ' ' K °30% 2M
0 0’2 0’4 0 1 1 L ] L
Citrate (mol/L) 0 005 gl 01 0,15

FIG. 9. Measurement of the volume fraction versus the citrate FIG. 11. Structure factor of sample FF4 at high ionic strength
concentration along an isobaric lihé= 750 Pa for sample FF4. along the isobaric lindl =750 Pa.
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Lr Lr creasing salt concentratidA5]), this means that the anisot-
ropy of the dipolar interactions do no play a part in the be-
05 r| 05 havior of the systems. But, as their form is betwean? ahd
g : g . dfdy-1 1/r3, they increase the range of attractions compared to pure
20 20 7 ! ' van der Waals attractions.
05 15 05 11 4 CONCLUSION
tr — high coupling “Lrlif |7 high coupling In summary, our results show that the experimental sys-
"""" tow couping 7 lowcoupling tem presented here provides a versatile system for the study
15 * Van der Waals 15 * Van der Waals X . i
* electrostatic o electrostatic of the influence of the potential shape on the phase behavior
+ dipolar high coupling + dipolar high coupling of colloidal suspensions. This stems from the existence of
2 + dipolar low coupling 2o + _dipolar low coupling both magnetic dipolar interactions and electrostatic repul-
@ (b) sion. Experimentally, the behavior is explored by fixing the

ionic strength and the volume fractich through osmotic

FIG. 12. Estimated calculations for the interparticle potentials aCOMpression. The experiments demonstrate that the nature of
high ionic strength [(cit];;ee=1 mol/L). (@) dy=6 nm and(b) d,  the observed phase diagram is controlled by the ratio of at-
=9 nm. tractive to repulsive interactions as predicted for colloidal

suspensiong2]. If A,>0, i.e., the repulsion dominates, only
=9nm) at high ionic strength[¢it]s,ee=1 mol/L). The fluid-solid phases exist. 1A,<0, i.e., the attractions are
long-range repulsive part that was dominating in the lowstrong, a phase diagram with gas, liquid, and solid phases as
ionic strength regime is lowered. The repulsive part of theln atomic systems is obtained; a liquid phase and a critical
potential becomes purely hard core and the attractions dom@rea exist. This is the first colloidal suspension that allows
nate. However, depending on the precise conditions, the sygbserving a critical point associated with gas-liquid transi-
tem remains sensitive to a change in ionic strength. Studyin§ons and allows obtaining magnetic colloidal glasstee
the gas-liquid transition shows a shift in the threshold tem-Solid phasg Without an applied magnetic field, the systems
perature as ionic Strength Chang&T: kA[Cit]freE7 with belong tO.the class of low dipolal’ ﬂU|dS nq Chain.ing of the
k=1000 K mol according to measurements in Ré6]. The particles is observed because magnetic dipolar interactions
increase of salt does not change the global shape of the i€ Weak enough compared to the other attractigay
terparticle potential, but changes the intensity of the attrac- 1he knowledge of this phase diagram without an applied
tive part[compare Figs. (b) and 12Zb)]. It thus allows us to magnetic fieldH aIIO\_/vs cor_1troII|ng the |n|_t|al state of the
monitor the balance of attractions and repulsions in this dosystem before applying a field7]. As the influence of the
main of global attractive potential. On the contrary, in themagnetic fieldH depends on the balance of the different
low pressure area in which solids are obtained, the electrghteractions, this allows tuning the effects of an apphetbr
static repulsion is totally screened by the very laigit];.. & Wide range ofl and® values. Such effects of a magnetic
and the S(q) curves are superimpose(Fig. 11 where f|¢|d on the.dn‘fgrent phaseslldentn‘led in the phase diagram
[Cit];,ee>1.5M)), i.e., the potential does not change any-Will be studied in a forthcoming paper.
more.

In this high ionic strength regime, we show that gas-
liquid-like transitions can be observed in a colloidal suspen-
sion which is electrostatically stabilized. The existence of the We acknowledge R. Perzynski for fruitful discussions, J.
liquid phase is due to the shape of the potential that is domiMertz for his help during the writing of the paper, F. Boue
nated by attractions. This is in agreement with predictiongL.L.B. CE-Saclay, Frange and P. Lesieu(LURE, Orsay,
[2]. As we do not observe the formation of particle chainsParis Xl, Francg for their help during scattering experi-
(the weight of the scattering objects is constant while in-ments.
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