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Abstract. We describe the concentration process of a dispersion of silica nanoparticles undergoing evapo-
ration in a dedicated microfluidic device. Using microfocused small-angle X-ray scattering, we measure in
time and space both the concentration field of the dispersion and its structure factor. We show that the
electrostatic interactions affect the concentration rate by strongly enhancing the collective diffusion coef-
ficient of the nanoparticle dispersion. En route towards high concentrations, the nanoparticles eventually
undergo a liquid-solid phase transition in which we evidence crystallites of micron size.

1 Introduction

The spontaneous or guided self-assembly of functional
nanoparticles (NPs) into three-dimensional ordered struc-
tures has recently driven a flourishing interest due to the
possible bottom-up fabrication of materials with unprece-
dented properties at the 10-100 nm scale, such as metama-
terials and plasmonic nanostructures [1-3]. In most cases,
self-assembly occurs during the evaporation of a sessile
droplet of an organic NP dispersion left on a substrate,
typically a microscopy grid, and results mainly in two-
dimensional structures, thereby emphasizing the crucial
role of particle-interface interactions [4]. Beside, only few
studies show real-time, in situ monitoring of the formation
of such ordered structures in evaporating droplets [5,6].
These investigations are indeed difficult to perform not
only because both the NP concentration and local order-
ing need to be characterized both in space and time with
a fine resolution but also because the kinetics of drying
is itself complex to model [7,8], making the fundamental
information even harder to extract.

In the present work, we use microfluidic evaporation [9]
to bring a fine good control both on the geometry and on
evaporation, and couple it to microfocused small-angle X-
ray scattering (SAXS). The combination of the two tech-
niques allows us to overcome most the above-mentioned
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difficulties and leads to a time- and space-resolved quan-
titative information about the NP concentration process,
up to the occurrence of 3D ordered structures.

Microevaporation has been described recently [9-11]
as a means to control at microscale the process of con-
centrating a solution. It exploits the pervaporation of wa-
ter through a thin polymeric membrane (fig. 1) in order
to extract the solvent only and to locally increase the
concentration; close to the tip of a microevaporator, a
gradient of concentration builds up and develops in a
controlled manner. This technique is analogous to clas-
sical sedimentation/centrifugation experiments, but per-
mits to concentrate any solution or dispersion —including
molecules and NPs up to a solid state thanks to the mi-
crofluidic benefits— or to ultrafiltration experiments, yet
with a greatly facilitated observation. In fine, it permits
to extract thermodynamic and dynamic properties of mix-
tures [12].

Using in situ microfocused SAXS experiments per-
formed directly on the polymeric microevaporation device,
we monitored the concentration process of an aqueous dis-
persion of charged silica NPs (radius R = 13nm), and
measured both their concentration ¢ and their structure,
in space and time with a um spatial resolution. Owing to a
thorough (and tedious yet standard) signal processing, our
experiments unveil important aspects of the concentration
process. First, below ¢ < 30% (volume fraction), our ex-
periments reveal that electrostatic interactions strongly
enhance the collective diffusion coefficient of the NPs dis-
persion, which directly influences NPs concentration gra-
dients upon concentration. Then, we observe that NPs
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Fig. 1. Bottom: cross-section view of our microevaporator and
picture of the real device. The microchannel (widthxheight
w x h = 350 x 52 ym?) is connected to a reservoir contain-
ing the NPs dispersion. Pervaporation occurs through the thin
PDMS walls on the length Lo = 6.2mm. Top: sketch of the
microfocused SAXS experiments. The X-ray beam is focused
on the main channel (focal spot 1.5 x 1.5 um?), and 2D pat-
terns are collected on a CCD camera at = 492mm from the
sample. Space-time acquisition is performed on a z-grid with
50 pum steps (81 points on 4 mm), on different lines displaced in
the y-direction by 0.5 ym to avoid beam damage. The temporal
resolution is &~ 160 s between each consecutive measurement at
a given x-position.

concentrate up to the growth of a solid state at a volume
fraction ¢ =~ 30% marked by strong spatial correlations.
Finally, the microfocused SAXS resolution allows us to
identify unambiguously long-range-ordered, 3D structures
with a typical grain size of several micrometers within the
solid phase.

2 Setup and experiments

2.1 System investigated

We investigate the microevaporation of an aqueous disper-
sion of negatively charged silica NPs, Ludox AS40 (radius
13 nm). Ludox silica NPs are often used as a model system,
and one can thus easily find in the literature characteriza-
tions of such NPs (see, for instance, ref. [13]). The origi-
nal stock dispersion (measured concentration of 42 +0.2%
by weight) was diluted with deionised water (Milli-Q) to
reach a dispersion at a volume fraction of ¢g = 1.4%
(we assume the density of silica NPs to be 2.2g/mL).
The stock dispersion also contains small amounts of ionic
species, NapSO, and NaCl at 0.005 and 0.007% wt., re-
spectively (data of the manufacturer) so that the final
dilute dispersion displays a total concentration of ionic
species of about 0.2mM, and its measured pH is 7.5 at
22 °C. According to several measurements found in the lit-
erature [13,14], the effective charge carried by the Ludox
NPs is in the 50-70 range in the relevant investigated pH.
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2.2 Microevaporator fabrication

Performing small-angle X-ray scattering measurements
using synchrotron radiation directly on a polydimethyl-
siloxane (PDMS) microfluidic chip is often a real challenge
(beam damage, X-ray absorption and scattering, ...).
Therefore, specific materials are often used to manufacture
microfluidic devices suitable for X-ray analysis (polyimide
films [15,16], silicon nitride windows [17]). Here, we exploit
the thinness of the PDMS membranes of the microevap-
orator to perform SAXS analysis despite the difficulties
mentioned above. Figure 1 sketches our setup and the ex-
periment. We have manufactured a microevaporator spe-
cific for X-ray compatibility using standard soft lithogra-
phy. The main channel is embedded in a thin PDMS mem-
brane (total thickness &~ 90 um), and stuck on a thicker
PDMS stamp for mechanical stability (photo in fig. 1).
The main channel is connected to a tube, the reservoir,
containing the dilute aqueous dispersion of silical NPs.
Pervaporation occurs through the side-wall membranes,
and induces a net stationary flow at velocity vy that drives
and concentrates the charged NPs up to the tip of the
microevaporator. The corresponding flux ¢gvy depends
on the incoming velocity vy which has been calibrated
in a preliminary step. For this, we filled the device with
deionized water and dried up the reservoir; the resulting
air/water meniscus moves towards the tip of the microe-
vaporator because of pervaporation and we monitored its
velocity and found vy = 5.5 £ 0.5 um/s. We also checked
using local velocimetry measurements done on fluorescent
tracers that this velocity is indeed that of the flow even in
the absence of meniscus.

2.3 Microfocused SAXS experiments

We place the microfluidic device on a fully automated
x-y-z positioning platform located at the focal point of a
high-brilliance, microfocused X-ray beamline [18,19]. The
incoming beam is tightly focused (spot size ~ 1.5 um) on
the PDMS chip, and 2D SAXS patterns are collected us-
ing a CCD detector covering a g-range of 0.24 to 6nm—".
The exposure time is optimized at 1s in order to maxi-
mize the signal while minimizing the beam damage; the
latter was carefully evaluated using in situ SAXS, and post
mortem scanning electron microscopy and Raman confo-
cal spectroscopy (data not shown), ensuring that our thin
PDMS membranes were neither punched nor significantly
chemically altered by such an intense beam.

To monitor in space and time the NP concentration
profiles in the chip, the latter is moved horizontally per-
pendicular to the beam after every measurement (along -
lines, see fig. 1). Then, to further reduce the beam damage,
the sample is slightly displaced vertically after one line is
completed (y-direction, see fig. 1). We subtract from the
measurements the reference pattern collected on a twin
microchannel containing pure water only, and also correct
for the decay of the primary beam intensity.
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Fig. 2. (a) Spatio-temporal composite image of the 2D SAXS
patterns. (b) Azimuthal average I(g) for the first measured
spectra (at * = 4mm and ¢ = 49min due to experimental
constraints of filling and aligning the device): the continuous
line represents the form factor of polydisperse spheres (best fit
with R = (13 £ 1.7) nm); the upper spectrum corresponds to
a typical I(g) (¢t =290 min, = 350 pm) from which both the
concentration ¢(z,t) and the structure factor S(¢) (insert) are
extracted.

3 Results: overview of the concentration
process

3.1 SAXS analysis

Figure 2(a) shows a composite image of the 2D SAXS pat-
terns that summarizes the spatio-temporal concentration
process of the charged NPs. Such a composite image gath-
ers the SAXS patterns (2D arrays g,-g,) collected by the
detector at times t, and at each x-position in the mi-
crochannel (for a reason of size, fig. 2(a) does not display
the ~ 9000 SAXS images collected). We then perform an
azimuthal averaging of these data to get the scattering
curves I(q) at each a-t point (fig. 2(b)).

The first measured curve (r = 4mm, ¢t = 49 min) fits
well with the form factor of polydisperse spheres P(q),
with radius R = 13 nm and a Schultz distribution of width
1.7nm [20]; the corresponding volume fraction ¢; is un-
known for now, but is low enough such that S(¢) ~ 1 for
the g-range investigated in the experiments.

At longer time scales and thus at higher concentrations
¢, we model the curves according to I(q)a¢S(q)P(q),
where S(q) is the structure factor of the NP disper-
sion. Thanks to the constraint S(¢) — 1 at large ¢ and
the reasonable assumption that the height h of the mi-
crochannel remains constant, we can thus estimate both
S(q) = I(q)/(#P(q)) and the relative concentrations ¢/¢;.
At some higher concentrations, structure factors display
deep oscillations (inset of fig. 2(b)), thus indicating local
ordering of the NPs. Unfortunatly our limited g-range does
not allow us to access to the first order of S(g) of the NPs
suspension, namely at low concentrations, and it is thus
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Fig. 3. Left: spatio-temporal plot of the concentration ¢.
(a)—(c) show some concentration profiles at the times indicated
by white ticks on the spatio-temporal plot. (d) Position of the
front x ¢ against time, measured (o) or calculated from the so-
lute conservation ().
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difficult to extract information about the local concentra-
tion from the S(g) measurements. Absolute scale X-ray
measurements would also permit to determine the exact
concentration field ¢(z,t) [20], but we cannot measure si-
multaneously the transmission using the SAXS setup we
used. Instead, we can estimate the absolute concentration
field ¢(z,t), by using the conservation of mass that stip-
ulates that all the solute that enters the evaporation zone
remains trapped in it, i.e. O fOLD dx¢p = ¢ovg. Such mea-
surements have however fairly large uncertainties (< 10%)
mainly coming from uncertainties on the preliminary wvg
measurements.

3.2 Concentration process: volume fraction
measurements

Figure 3 displays the spatio-temporal concentration
¢(x,t) during the evaporation process (see also Movie F1
in the supporting information). Several concentration pro-
files at different times t indicated by white ticks on this
diagram, are also displayed in fig. 3(a)—(c). At small time
scales (t < 170min), NPs slowly concentrate at the tip
of the microevaporator and concentration profiles show
only smooth spatial gradients (fig. 3(a)). At ¢ ~ 170 min,
the concentration reaches a maximal value at = 0 of
¢ ~ 40%, and a front separating a dilute phase from a
denser one, starts propagating in the microevaporator as
pervaporation still leads to an incoming flux of NPs. Fig-
ure 3(d) displays the position of the front x as a function
of time: the growth velocity of the dense state is not con-
stant, and decreases from 500 to 250 nm/s.

Figures 3(b) and (c) show that concentration profiles
in the dense state are almost stationary, with a clearly vis-
ible hump in the z = 0-1 mm range. Figures 3(b) and (c)
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Fig. 4. Top: three typical measured S(q) at the positions in-
dicated by the symbols in (a). (a) Space-time plot of the stan-
dard deviation of S(g). (b-c): positions of first peak against
x at the times indicated by the white ticks on (a). Panel (b)
corresponds to the liquid state at ¢ = 155 min, (c) to the solid
one at t = 230 min.

also show that for ¢ < 230 min, concentration fields in the
dilute phase (before the front), are almost stationary, but
that at larger time scales, the concentration profiles seem
to translate in the z-direction, and the transition between
the two states occurs between two fixed values (¢ ~ 15
to 30%, fig. 3(c)). For t < 230min, we can therefore as-
sume that the incoming flux jo = ¢gvg is conserved up
to the dense state. Its growth velocity vy should therefore
check the solute conservation, i.e., ¢povg = A¢vy, where
A¢ is the jump of solute concentration at the front. This
is clearly demonstrated in fig. 3(d) where we estimate the
front position z; from the measurements of A¢ and the
knowledge of ¢gvg. The values of x significantly deviates
from the measured one for ¢ > 230 min, as concentration
profiles before the front are not stationary anymore.

3.3 Concentration process: structure factors
measurements

We show in fig. 4 that the concentration process yields a
hierarchy of structures as evidenced by the corresponding
structure factors S(q). For low concentrations (¢ < 20%),
S(q) are almost constant. At intermediate ¢ (> 20%), a
shallow peak shows up at ~ 0.38nm ™! indicating a slight
degree of ordering between the charged NPs, and probably
corresponding to the second order of the structure factor.
Indeed, the maximal peak of S(q) is expected to locate at
g <0.2nm~! for ¢ < 20% (below our accessible g-range),
if one assumes face-centered-cubic (fcc) arrangement. In
the dense state, structure factors show now strong oscil-
lations, with a first peak located at ~ 0.29nm~"'. Impor-
tantly, the transition observed on S(g) upon concentration

Fig. 5. SAXS patterns measured at positions x = 400 yum and
at different times ¢, corresponding to different y-positions. The
spatial resolution between two successive images is 0.5 pum. The
patterns (b)-(g) shows well-defined azimuthal modulations, as
compared to (a) and (h). These images thus indicate the pres-
ence of an organized grain of about 3 pym.

seems very abrupt, and does not simply correspond to a
shift of the S(q) first peak from the low g-range to the in-
vestigated ¢-window (see Movie F2 in the supplementary
material).

The spatio-temporal plot of fig. 4 represents the stan-
dard deviations of S(g) coded using a gray level, and these
data clearly demonstrate again a sharp transition between
two differently organized states, that we now refer to as
a liquid state, and a denser solid organized state. Impor-
tantly, the location of the peak position of S(g) in the
dense state leads to an estimate of the volume fraction
in the 60-70% range according to a fcc arrangement, and
thus far from the estimated ¢ = 30-40% (see fig. 3). Again,
we believe that our measurements of ¢ may present some
uncertainties, and that our limited g-range does not allow
us to extract properly the local concentrations from the
S(q) measurements. We thus hope to solve such a discrep-
ancy by performing similar measurements at the absolute
scale, and on a larger g-range.

Interestingly, the liquid and solid states undergo uni-
axial compression. Indeed, while estimating the position
Gm of the maximal peak of S(¢) (fig. 4(b), (c)), we ob-
serve that ¢, slightly but significantly decreases both in
the liquid state and in the solid one. This indicates a no-
ticeable compressibility of these states which must be due
to some flow of water still permeating across them and
compressing them via a viscous drag.

3.4 Concentration process: 2D SAXS patterns

We now turn to the 2D SAXS patterns measured in the
dense state. Some of these patterns show unexpected az-
imuthal modulations of the scattered intensity. More pre-
cisely, fig. 5 presents patterns measured at a given distance
x = 400 ym from the tip of the channel but at different
y-positions along the channel width. As the distance be-
tween two successive patterns is 0.5 um, the size of the
region explored here is about 3 ym and the microfocused
beam thus helps revealing the presence of crystallytes of
typical size of 1 to 3 um in the dense state. We do not
try here to assess the structure [21] of such small col-
loidal crystals, first because our g-range is too limited,
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but also because their finite sizes lead to a complex inter-
pretation [22]. Moreover, as we are using a micro-focused
X-ray beam (focal spot around 1.5 x 1.5 um?) crossing a
channel of height 50 ym, we do not perform a perfect aver-
aged measurement, as the probed scattering volume may
only contains a few grains. This would also explain why
structure factors S(g) in such a dense state do not dis-
play thin and high peaks as measured on other ordered
systems. The present results however unambiguously re-
veal that the NPs are locally ordered, on a micron grain
size.

4 Discussions: towards quantitative
measurements of collective diffusion
coefficients

4.1 Theoretical description of the microevaporation
process for the colloidal dispersion

Our experiments are similar to the classical sedimentation
experiments of colloids leading to the growth of dense (and
possibly crystallized) sediments. Importantly, microevap-
oration permits to concentrate NPs that would not sedi-
ment easily without strong centrifugation. Schindler and
Ajdari [12] described the general case of microevaporation
for binary mixtures, based on nonequilibrium, irreversible
thermodynamics for which there is a coupling between
pervaporation, hydrodynamics, and diffusion. They thus
provided a general model to extract thermodynamic and
kinetic information from the analysis of a microevapora-
tion experiment, and more precisely from the combined
measurements of the pervaporation-induced velocity pro-
file v(z) and the concentration field ¢(z,t).

Importantly, our case is more complex than a sim-
ple binary mixture, since the charged dispersion contains
more than two species: solvent, ions and colloids. Pervapo-
ration thus also concentrates ions contained in the reser-
voir towards the microevaporator, and this can possibly
change electrostatic interactions between the NPs during
their concentration process.

However, as the effective charge carried by the Ludox
NPs is around 50-70 [13,14] (a simple estimation using
4R/1,, [23] leads to 70, where I, is the Bjerrum length),
we can assume at a first approximation, that the ionic
strength, and thus electrostatic interactions, is mainly
dominated by the contribution of the counter-ions com-
ing from the NPs only, as soon as the volume fraction is
above 1%. In that case, the model developed by Schindler
and Ajdari for binary mixtures is a good starting point to
analyze our experiments.

In their model, the volume-averaged velocity profile
v(z) in the microevaporator follows,

dpv(2) = —q(9), (1)

where ¢(¢) reflects the loss of water via pervaporation,
and thus depends on the chemical potential of water [12].
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In the case of a dispersion, the colloidal assembly hardly
affects the chemical potential of water, and thus also the
evaporation rate. A rough estimation of the change in wa-
ter chemical potential Ay (the driving force of pervapora-
tion) is indeed of the order of Au/kT = Z(p)vy, /v., with
Z(¢) the dispersion osmotic compressibility, and v, /v,
the ratio of the volumes of water molecules over the col-
loid one. For our dispersion, v, /v, ~ 3-107% and Au/kT
is negligible. We can thus assume that ¢(¢) = constant,
and that the velocity profile is linear in the microevapo-
rator, and given by

v(z) = —v; — (vo — vy)x/ Lo, (2)

with vy the incoming velocity and v; a small leakage ve-
locity coming from pervaporation in the PDMS matrix at
the tip of the microevaporator. Calibration of our device
leads to vo = 5.5+ 0.5 um/s and v; in the 0.1-0.5 pm/s
range (data not shown).

Solutes are transported in such a flow according to [12]

8t¢(x7 t) = _aw(¢v(x) - D(¢)aw¢), (3)

where D(¢) is the long-time collective diffusion coefficient
(also called mutual or gradient diffusion coefficient). D(¢)
is intimately related to the colloidal interactions (osmotic
compressibility), and also to the hydrodynamic interac-
tions [24,25]. It thus differs from Dy, the self-diffusion co-
efficient of the NPs in the dilute regime.

4.2 Estimating collective diffusion coefficient

In the case of a linear velocity profile, and for a constant
D, one can demonstrate from eq. (3) that solutes are con-
vected from the reservoir up to an accumulation region of
size p ~ (DLg/vo)"/? [9,11], coming from the competition
between diffusion and convection by the pervaporation-
induced flow. In that ideal case, the concentration rate in
the accumulation zone is given by 0rp = dovo/p [9,11].
Simple estimates of the extension of the spatial gradients
p from the bare diffusion coefficient Dy calculated from
the Stokes-Einstein relation (Do &~ 1.7 - 10711 m?/s), give
p ~ 100 pm, and thus far from the observations. Indeed
as shown in fig. 6, our experiments reveal that concentra-
tion profiles display smooth spatial gradients before the
growth of the dense state, and the expected concentration
rate 0y = ¢ovp/p would also be too large to explain our
results.

This points out that NPs interactions are crucial to un-
derstand the concentration process (spatial gradients and
rates of concentration) that we observed for that charged
suspension. Such interactions have to be taken into ac-
count in the collective diffusion coefficient D(¢).

Equation (3) reveals that it is possible to extract
D(¢) from the measurements of the concentration field
¢(x,t). Indeed, by estimating numerically the quantities
O (x,t) = [y ¢(u,t)du and dy¢(x,t) from our measure-
ments, we can estimate D(¢) for several concentrations
by assuming that the velocity profile v(x) is given by
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Fig. 6. Concentration profiles ¢(x,t) before the growth of the

dense state, in the range of time ¢ = 49—141 min. Inset: estimate

of the collective diffusivity D(¢) vs. volume fraction ¢ (see

text).

eq. (2), and assuming a vanishing flux ¢v(x) — D(¢)0,¢ at
x = 0. We restrict such an analysis in the liquid state (for
¢ < 25%) as our measurements are not resolved enough to
yield precise values of the spatial derivatives in the dense
state.

The results obtained by such a procedure are shown
in the inset of fig. 6. The numerical derivatives of the
data lead to a significant noise in such calculations, but
one can see a clear behavior. First, the values of D(¢)
are larger than the value of the Stokes-Einstein diffusiv-
ity (D(¢) ~ 5-1072m?/s vs. Dy ~ 1.7- 107 m?/s),
as it is the case for repelling NPs (the relaxation of the
gradients of concentration are mainly due to the strong
electrostatic interactions). Secondly, D(¢) increases up to
reach a maximum around ¢ ~ 10%, and seems to decrease
again at higher volume fractions. This general behavior of
charged suspensions is due to the interplay between os-
motic compressibility of the dispersion and hydrodynamic
interactions. At low volume fraction, D(¢) increases as
the osmotic compressibility decreases with increasing con-
centrations. Above a critical concentration, hydrodynamic
hindrance compensates the electrostatic repulsions, and
D(¢) decreases with increasing ¢ [24-26].

Such observations also recall the extended sedimen-
tation profiles for charged colloids [27,28], and more re-
cently in consolidation experiments [29]. For the case of
sedimentation, a one-component description is sufficient
to explain the observed sedimentation profiles [30]. A fully
detailed description of the concentration process of all the
ionic species (NPs and ions), taking into account the finite
diffusivity of the ions, and all the interactions (hydrody-
namic and electrostatic), is missing in the context of evap-
oration, and left for a future work. Interestingly, precise
measurements of S(¢) and ¢(x,t) in our experiments may
give new insights in the understanding of the dynamics
of charged suspensions upon consolidation. Indeed, simul-
tanenous measurements of S(g) in a larger g-range will
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lead to an estimate of the osmotic compressibility, and
therefore should provide direct information on the hydro-
dynamic interactions.

5 Conclusions and outlooks

As for the case of sedimentation of colloids, we observe
upon concentration the nucleation and growth of a dense
organized phase, but at a relatively low concentration
¢ ~ 30% compared to the case of hard spheres (¢, =
50%), due to the repulsive electrostatic interactions [24].
Furthermore, our SAXS microfocused resolution permits
to evidence crystalline grains inside this dense state with
small sizes (1-3 um) that may have not been identified
previously in SAXS investigations of phase diagrams of
charged colloids [31]. Repulsive ionic colloidal crystals are
often observed in phase diagrams of highly deionised sus-
pensions of large colloids (> 100nm in diameter), and
at low volume fractions. They have however been rarely
reported in more concentrated systems (¢ > 10%) with
smaller elementary building blocks (< 20nm in diame-
ter), except in a few pieces of work as in ref. [32] in a
rather similar system (charged silica NPs, radius 10 nm).
As noted in this work [32], nucleation and growth of such
crystals, as well as their structure, is still poorly under-
stood and may probably differ from the case of highly
deionised suspensions of larger colloids. The typical lat-
tice dimension (=~ 50nm) in such cases may also lead to
photonic applications but for a smaller wavelength com-
pared to the classical Bragg reflections observed in the
visible range with larger colloids.

We also expect to be able to enhance the crystallinity
of the dense state by tuning both the concentration rate,
as for the case of sedimentation, and the interaction be-
tween particles. In such a way, we hope to build well-
defined lattices of functional NPs, that are believed to be
good candidates of metamaterials working in the visible
range. Finally, it is well known that tuning interactions
between NPs is the best method to promote nanoscale
self-assembly [33]. However, transport properties (such as
the collective diffusion coefficient) are also crucial to help
and understand the self-assembly process, especially dur-
ing evaporation of the solvent of a dispersion [3]. We be-
lieve that microevaporator tools, coupled with analytical
methods such as microfocused SAXS, may prove to be
useful to bring such information.
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