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processes.

Nanoprecipitation provides colloidal dispersions through successive recombination events between nano-
metric objects. In the present article, we explain why the nanoprecipitation pathways induced through
solvent-shifting — the Ouzo effect -, are fascinating study-cases. Indeed, they allow to address the
question of how the interactions between the colloidal particles control the dynamics of the process, thus
the particle size distribution. Experimental monitoring of the precipitation dynamics demonstrates that the
colloidal dispersion polydispersity decreases over time as the droplets coalesce. Monte Carlo simulations
within the Smoluchowski framework agree quantitatively with these observations, and show how the inter-
actions between the particles naturally force the system to become nearly monodisperse. The mechanistic
understanding gained from the solvent-shifting experiments is also relevant to other nanoprecipitation

1. Introduction

Segregation often prevails amongst molecules, which makes
phase separation a general behavior for multi-component mixtures.
However, certain non-equilibrium pathways may trap the system
at an intermediate length-scale between molecular mixing and
macroscopic phase separation: the colloidal domain.

Top-down pathways lead to the formation of colloids through
successive divisions of macroscopic domains into smaller ones. The
associated free energy cost dramatically increases with the amount
of interfaces. Colloids with sub-micronic dimensions (1-100 nm) are
thus difficult to obtain. On the contrary, bottom-up pathways start
from homogeneous solutions, in which molecules are mixed at the
molecular scale, and rely on a parameter change to trigger phase
separation. Generally, the bottom-up pathway only ensures appear-
ance of growing microstructures, while the formation of colloids
requires a specific control of the growing process (i.e. a stopping
mechanism). Otherwise, the microscopic objects will continue to
combine until equilibrium macroscopic phase separation. A typical
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hindering mechanism operates through the build-up of repulsive
barriers between colloids of a given length-scale, thus keeping the
colloidal system in a metastable state [1].

Behind this well-documented mechanism lies an important issue:
how to control colloidal system uniformity. Indeed, “monodisperse”
dispersions, consisting of identical colloidal objects, are often desired
as their physical properties are generally easier to control than those
of “polydisperse” dispersions. Therefore, we want to understand
how the interactions between colloids, and thus the barriers that
oppose their recombinations, relate to the colloidal dispersion size
distribution.

2. The Ouzo effect: nanoprecipitation through solvent-shifting

The addition of a bad solvent to a solute/good solvent mixture
is an interesting study case of bottom-up pathways. Indeed, this
solvent-shifting results in the spontaneous precipitation of the solute
into a mixture of the two solvents, as observed routinely when
preparing an anise-based beverage such as Ouzo. Furthermore, this
process does not involve any chemical reactions, contrarily to most
nanoprecipitation methods.

However, a complication arises from the mixing kinetics of the two
solvents. Consider the system in its initial state: a solute is dissolved
in one of its good solvents. Addition of a bad solvent that mixes with
the good solvent decreases the overall solvent quality. The solute



remains dissolved into a mixture of these two solvents, forming a
single phase, up to a given amount of bad solvent, which corre-
sponds, on a phase diagram, to reaching the solubilization bound-
ary or binodal line. Upon crossing this phase boundary, the sys-
tem starts to separate into two phases of distinct compositions
given by the tie lines. However, the system has not reached its
final composition yet and its representative point continues to
move towards its final location, given by the global composition.
A competition thus occurs between the splitting of the represen-
tative point into two sub-points along the tie line and the move-
ment of the representative point towards its final location. This
sums up as the following question: is mixing faster or slower than
phase separation? Two cases can be considered, as illustrated on
Fig. 1:

o if full mixing is achieved prior to phase separation, phase
separation proceeds homogeneously in the sample. Interactions
between the forming colloidal particles determine the final size
distributions.

o if phase separation proceeds simultaneously with mixing,
the system becomes heterogeneous. On a phase diagram, each
mixing domain is associated with a different representative
point and the effective trajectories may be complicated. Both
the extent of this heterogeneity and its effect on the inter-
actions between colloidal particles determine the final size
distributions.

The latter is the most common situation in literature and has
resulted in a number of observations, leading authors to distinguish
between successful and unsuccessful solvent-shifting, separated by
an “Ouzo-boundary”. However, one should be careful since hetero-
geneities are hard to control and make conclusions unreliable. In
particular, all the relevant parameters (concentration, solvent ratio,
ionic strength) are changing in space and time while phase separa-
tion takes place. Most of the literature on nanoprecipitation through
solvent-shifting belongs to this category [2¢].

To overcome this difficulty, Prud’homme’s group pioneered the
use of efficient mixing cells to perform solvent-shifting in homoge-
neous conditions. The initial design used two confined impinging
jets, adapted from Hartridge&Roughton mixers. Mixing times below
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a few milliseconds were achieved due to highly turbulent flows [3+].
However, this setup requires streams of equal momentum and thus
realizes only a 1-1 mixing ratio. They therefore developed a multi-
inlet vortex mixer with tangential streams that allows the mixing
of streams of equal or non-equal momentum [4]. A large range of
mixing ratios can then be used, which allows to explore the whole
phase diagram.

Rapid mixing tools have also been used for decades in commercial
instruments such as stopped-flow devices. However, since the mix-
ing chambers have been designed mainly for aqueous solutions
mixing, their applicability or solvent-shifting is problematic. Nev-
ertheless, Roger et al. [5+] used a commercial stopped-flow from
BioLogic company coupled to the intense X-ray beam of the ESRF
synchrotron facility (instrument ID02). The first measurement was
performed 10 ms after mixing and regular monitoring showed that
colloidal dispersion reaches its metastable size distribution in about
a second. This demonstrates that practical uncoupling of mixing
(a few milliseconds) and phase separation (one second) is possible
using adequate mixers.

3. The repulsive barriers

In the case where all components are liquid, the bottom-up
solvent-shifting process occurs through a sequence of droplet coa-
lescence. Droplet surfaces are generally electrically charged [6, 7],
and the interaction between two droplets is the sum of a long-range
attractive potential (Van der Waals attraction) and a small-range
repulsive potential (double-layer electrostatic repulsion). This is the
basis of the DLVO theory [1, 8, 9].

For two charged spheres of radius R; and R; respectively, with h
being the distance between their two surfaces, the total interaction
energy writes:

Ui‘j - R; + Rj

R,‘Rj (_/E]
6 h

~+ l"e""") (1)

Ap is the Hamaker constant for the liquid forming the droplets (Ay is
a few kgT) and quantifies the Van der Waals attraction. ' quantifies
the repulsion between two ionic double-layers and can be expressed
either using effective surface charge densities [10] or effective elec-
tric potentials [11]. It is independent of the values of the radii at
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Fig. 1. Typical phase diagram for a solute (blue)/good solvent (yellow)/bad solvent (red) ternary system. The addition of a bad solvent leads to a phase separation upon crossing
the solubilization boundary (green line). The compositions of each separating phase are given by the tie lines (dotted lines). (a) Corresponds to uncoupled mixing and phase
separation. Rapid mixing brings the system to a homogeneous supersaturated solution at the final composition, which then phase separates. (b) Corresponds to simultaneous
mixing and phase separation. Phase separation occurs at different and varying compositions. These heterogeneous conditions usually lead to less uniform dispersions.



Fig. 2. Sketch of the interaction energy profile between two charged spherical parti-
cles. The sum of the radii is 1000 nm. The other parameters entering the relation (1)
are: Ay = 3kgT, T = 4kT/nm and the screening Debye length is k~! = 1 nm. The
interaction energy, U;;, counted in kT unit, is plotted as a function of h (the separation
between both surfaces) and R;, the radius of the droplet labeled i. The other droplet
radius is R; = (1000 — R;) with R; and R; in nm. Three curves are highlighted: in green,
the energy profile for the radii 25 nm and 975 nm; in yellow, the energy profile for the
radii 250 nm and 750 nm; in red, the energy profile for the case R; = R; = 500 nm.
The repulsive barrier is much lower - hence coalescence favored - when values of the
radii are very different.

the leading order. k! is the Debye screening length (typically a
few nanometers). The relation (1) supposes that the radii are much
smaller than the Debye length and that the separation h is smaller
than the sum of the radii, R; + R;.

If the ionic repulsion dominates over the Van der Waals attrac-
tion, two droplets are hindered to come into contact by a repulsive
barrier. Coalescence efficiency is then controlled by the height of
this barrier. Fig. 2 displays the shape of the interaction free energy
between two droplets labeled i and j, of respective radius R; and R;,
with constant sum R; + R; = 1000 nm.

In a more precise way, the probability per unit of time of coales-
cence of two droplets is the product of the probability of collision
(which depends on the diffusion, either free Brownian or induced by
hydrodynamic) and of the probability that the colliding droplets pass
over the repulsive barrier. The latter probability is generally defined
as the inverse of the stability ratio [12], W;;. The larger the stability
ratio, the smaller is the probability to coalesce. This ratio was stud-
ied in detail in the framework of the DLVO theory by Reerink and
Overbeek [13]. They proved that W;; is essentially equal to the expo-
nential of the maximum of the interaction energy, Umax/ksT, which is
typical of activated processes. Knowing the relation (1), one obtains:
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Wiy e (grrer ) @)

A precise calculation gives the proportionality factor in Eq. (2), which
is only weakly varying with the radius, whatever the transport
process.

From the height of the barrier given by Eq. (2) and illustrated
in Fig. 2, we can qualitatively predict how the system will evolve
over time, and specify the corresponding mechanism. Indeed, for
nearly equal-sized droplets (red curve on Fig. 2) - which corresponds
to the middle of the size distribution -, highly repulsive barriers
(height>kgT) lead to very large stability factor, and coalescence
is thus strongly hindered. At the same time, very different-sized
droplets - which correspond to the tails of the size distribution -,
experience relatively small repulsive barriers (height~KkgT) to over-
come (green curve on Fig. 2) and coalescence proceeds more readily.
Therefore the droplets in the tails of the size distributions coalesce
much faster than the droplets in the middle of the size distribution,
and the system evolves naturally towards the monodisperse state.
In practice, in order to observe this selection rule, the stability ratio

must be large enough for the hindrance mechanism to develop, but
not that large that the kinetics be inaccessible. We will now discuss
quantitative approaches.

4. The coalescence equations

A century ago, Smoluchowski [14] wrote the kinetic rate
equations, which describe the number of droplets over time, as a dif-
ference between a gain term and a loss term, which are both due to
coalescence events. The experimental conditions are gathered in the
coalescence kernel function, K;;, which is the probability of coales-
cence between a droplet labeled i and a droplet labeled j. After the
discussion in the previous section, one knows that the coalescence
kernel function is essentially equal to the inverse of the stability
factor, Wj;, which is given in Eq. (2).

Let us take the usual case where the droplets are labeled with
their volume, that is: i denotes the volume of the droplet labeled i.
The set of rate equations writes in terms of the concentrations of the
droplets of volume k, c,(t):

% = Gain Term — Loss Term 3)
. 1
Gain Term = E,Z K;jcic; (4)
i+j=k
Loss Term = > K;Cicy (5)

1

in which Eq. (4) is the rate of creation of droplets of volume k by
coalescence of a droplet of volume i and a droplet of volume j = k—1i,
and Eq. (5) is the rate of disappearance of droplets of volume k by
coalescence of these droplets with any other droplet. Egs. (3)- (5)
suppose that the total volume of the droplets is conserved.

In spite of strong assumptions to write the rate equations above
- e.g. fluctuations of the spatial distribution of the droplets are
neglected [15¢] -, this analytic approach is known to be successful
to explain and quantitatively describe the evolution of the dispersed
system in most coalescence experiments.

4.1. The self-preserving solution

In appearance, the Smoluchowski equations appear easy to write,
but finding the exact solution of this set of infinite number of coupled
nonlinear equations is a formidable task, which has been solved in
only a few simple cases.

In the case of rapid coalescence (that is: with a stability ratio of
order 1), the system tends to macroscopic phase separation. Since
there is no characteristic droplet volume other than the actual aver-
age volume, (k), it is natural to assume that the volume distribution
should depend only on the non-dimensional ratio k/(k) [16]. Putting
then the concentrations ¢, under the “self-preserving” form (the
term was coined in [17¢]):

oot (45) (6)

with fa still unknown positive function, the Smoluchowski equations
(3)-(5) write in much simpler forms, allowing to obtain definite
information about the shape of the function f. This self-preserving
regime is also termed the first-scaling law.

One can note that, defining the moments of the droplet volumes
as: (kS) = > kScx/> ck. the scaling relation (6) implies that the
radius polydispersity, 4, is a constant:

(R) = R _ Jo w?Pfudu

8% =
B2 (57 uPandu)”

(7




0.45

1 millisecond 107 years

0.4
transient

0.35{ regime

0.31

0.251

self-focusing
regime

0.21

self-preserving
regime

polydispersity o, /(R) —

0.1

N~ e
0.051

0
10-10

10 102 102 t/ 106 1010 1014 1018 1022
S —_—

Fig. 3. Plot of the polydispersity, 6, as a function of elapsed time, for a system of spher-
ical droplets coalescing with the Smoluchowski kernel (9). Monodisperse conditions
are assumed, such that the initial value of the polydispersity is 6 = 0. After a burst in
the polydispersity - reached in a few milliseconds -, the system tends to become more
and more monodisperse over time. This self-focusing regime corresponds to a partic-
ular scaling termed the second-scaling. After a few billion years, the self-preserving

regime is reached and the polydispersity reaches its predicted value.

since the droplet radius, R, is proportional to k'P and u=k/ (k) does
not depend on time.

Strictly speaking, the self-preserving solution (6) is expected to be
valid when the system is far from the initial state, that is when (k) —
oo and k/ (k) are finite. Acommon irritating problem in this approach,
is the lack of information about the condition: (k) — oo, hence the

difficulty to know a priori whether an experimental system is in the
scaling state (6) or not (transient behavior or alternative scaling).

4.2. Is the self-preserving scaling reached?

The case of the kinetic rate Egs. (3)-(5) using the charged spheres
kernel (that is essentially the inverse of the stability ratio Eq. (2))
was solved exactly in the self-preserving regime [18+]. A time-
independent value of the polydispersity was obtained:

(R?

(8)

However, one can wonder if the condition t — oo is fulfilled in
experiments, since the repulsive barrier likely implies large charac-
teristic times.

To check this point, we performed numerical simulations of the
Smoluchowski equations with the charged spheres kernel [5-]:

Bo_ T
a( ) o T

in which a and 3 are characteristic exponents of the probability of
collision of two Brownian spheres [17¢], and 7, is a characteristic
time for the Brownian coalescence of uncharged spheres.

On Fig. 3, numerical values of the polydispersity as a function
of time are plotted for the charged spheres kernel (9), using typi-
cal experimental values as input, namely: I = 1kgT/R,, with R, the
radius of the smallest sphere. The self-preserving regime is in fact
reached, and the polydispersity reaches its predicted value Eq. (8),
but only after an extremely long time of a few billion years. There-
fore, in any experiments taking place under similar conditions, the
exact self-preserving solution is irrelevant: another intermediate
regime is present.
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Fig. 4. Size distributions were obtained over time from SAXS experiments. The mean radius increases logarithmically over time, while the polydispersity decreases over time.
Monte Carlo simulations using the charged kernel match the experimental variations, without any adjustable parameters.



Varying the I' parameter in the numerical simulations, Roger,
Botet and Cabane [5+] showed that this intermediate regime cor-
responds to a well-defined scaling of the size distribution, proper
to small size fluctuations and different from Eq. (6). This second-
scaling law corresponds to a characteristic temporal decrease: 6

1/V/(R) [19].

4.3. The self-focusing scaling evidenced by experiments and simulations

The practical existence of this scaling law was investi-
gated experimentally by Roger et al. on the model system
PMMA/acetone/water [5+]. A rapid addition of water to the
PMMA /acetone solution was ensured through the use of a stopped-
flow device. Droplet growth was monitored through milliseconds-
fast small-angle X-ray scattering at the ID02 beamline of the ESRF.
The spectra were directly inverted using a method developed by
Botet and Cabane based on the analysis of the deviation from the
Porod law [20]. Size distributions were thus obtained without any
assumptions about their shapes. These distributions and their first
two moments, the mean radius and the polydispersity, are plot-
ted on Fig. 4. A quantitative agreement with the simulation data
was obtained without any adjustable parameters. The particles were
charged through the macromolecules’ end-groups [6] and the sur-
face charge density was thus constant over time. This confirms that
the self-focusing scaling is relevant in the practical case, while the
self-preserving scaling is out of reach. This study also unveiled a
mechanism through which successive recombination events lead to
increasingly uniform colloidal dispersions.

5. Conclusion and perspectives

The combination of rapid mixers, numerical simulations and
fast monitoring unveiled the mechanism responsible for obtaining
narrow size distribution of colloidal dispersions prepared through
solvent-shifting. The recombination dynamics of charged colloids
fall into a characteristic scaling law under which the polydispersity
decreases over time due to the size-dependent ionic repulsions. This
mechanism should operate for a variety of other nanoprecipitation
pathways and could explain why so many nanoparticle dispersions
are uniform, even when the nucleation and growth mechanism has
been shown not to operate [21]. However, a few experimental stud-
ies have demonstrated that narrow size distributions could also
be obtained when the interfaces were nearly electrically neutral.
Using block copolymers as stabilizers, Pinkerton et al. [22] pre-
pared uniform dispersions of pharmaceutical drugs. This echoes with
the limited-coalescence mechanism characterized by Whitesides et
al. [23¢] for particles stabilized emulsions. In both cases the stabi-
lizing species adsorbs strongly to the interfaces, contrarily to short
surfactants [24-, 25]. This suggests the existence of another self-
focusing mechanism besides the one reviewed here, which applies to
recombination between charged colloids.
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