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Steady and out-of-equilibrium phase diagram of a
complex fluid at the nanolitre scale: combining
microevaporation, confocal Raman imaging and small
angle X-ray scattering3
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We engineered specific microfluidic devices based on the pervaporation of water through a PDMS

membrane, to formulate continuous and steady concentration gradients of a binary aqueous molecular

mixture at the nanolitre scale. In the case of a model complex fluid (a triblock copolymer solution), we

demonstrate that such a steady gradient crosses the phase diagram from pure water up to a succession of

highly viscous mesophases. We then performed in situ spatially resolved measurements (confocal

spectroscopy and small-angle X-ray scattering) to quantitatively measure the concentration profile and to

determine the microstructure of the different textures. Within a single microfluidic channel, we thus

screen quantitatively and continuously the phase diagram of a complex fluid. Beside, as such a gradient

corresponds to an out-of-equilibrium regime, we also extract from the concentration measurement a

precise estimate of the collective diffusion coefficient of the mixture as a function of the concentration. In

the present case of the triblock copolymer, this transport coefficient features discontinuities at some phase

boundaries, which have never been observed before.

1 Introduction

Phase diagrams of complex fluids, such as colloidal disper-
sions, polymer or surfactant mixtures, represent a basic
knowledge which is often required in many research realms
of physical chemistry. The acquisition of the data needed to
build such diagrams is a laborious and repetitive task: phase
equilibration times can be long, viscous fluids have to be
manipulated, and monitoring of the state of the mixture is
difficult to automate. Such limitations therefore prevent high-
throughput screening as well as detailed explorations of phase
diagrams. Microfluidics, as a tool to manipulate liquids at the
nanolitre scale, may overcome some of these limitations.
Microfluidics indeed brings an unprecedented level of control
over the transport phenomena,1 and the low volumes
investigated speed up equilibration times and permit high-
throughput screening of phase diagrams with minute amounts
of samples. These unique opportunities were successfully
applied in the field of protein crystallization, even enabling
rational screening of crystallization conditions.2–6

However, handling viscous and non-Newtonian complex
fluids remains a challenge at the microfluidic scale. A possible

route relies on in situ formulation directly within microfluidic
channels, due to the controlled evaporation of the solvent. It
occurs spontaneously in PDMS-based systems for aqueous
solutions, as water pervaporates through the PDMS matrix.7,8

Selimovic et al. recently used this pervaporation process to
change the solute concentration within nanolitre droplets
stored in a microfluidic network, thus exploring the phase
diagrams.9 Following similar ideas, we developed microfluidic
devices, referred to as microevaporators, that permit us to
explore phase diagrams dynamically.10

The basic mechanisms are shown in Fig. 1: in a dead-end
microfluidic geometry, water pervaporation across a PDMS
membrane induces a flow from a reservoir up to the tip of the
microcapillary. This pervaporation-induced flow in turn
convects non-volatile solutes contained in the reservoir, and
concentrates them at the tip of the microevaporator, possibly
up to dense mixtures. This tool thus permits us to explore an
aqueous mixture dynamically from dilute up to dense states
following a controlled out-of-equilibrium route. The detailed
mechanisms at work were investigated theoretically for dilute
solutions,11 and for simple binary mixtures,12 and are briefly
summarized in the next section. Experimentally, microeva-
porators permit us to investigate aqueous solutions (polymers,
salts, surfactants)13,14 and also to engineer confined colloidal
crystals.15,16 Several groups have also recently used micro-
evaporators to achieve high-resolution patterning of nanopar-
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ticles and polymers,17 or to study poly(N-isopropyl acrylamide)
aqueous solutions.18

In the present work, we show that microevaporators can
generate steady, millimetre-long concentration gradients even
with a complex fluid. Here, we study a model system, an
aqueous triblock copolymer solution (P104, Pluronics), which
features a succession of highly viscous mesophases at room
temperature.19 We take advantage of the continuous gradient,
spanning entirely and continuously the phase diagram of the
solution, to analyze it and to extract out-of-equilibrium
features.

The continuous aspect of the gradient is clearly demon-
strated in Fig. 1c, showing a microscopic view under partially
crossed polarizers of the tip of a microevaporator, where a
steady gradient is established from pure water up to a pure
triblock copolymer. The sequence of the successive meso-
phases can be identified from the different textures. Using
microscopy and spatially-resolved in situ measurements
(Raman confocal spectroscopy and small angle X-ray scattering
(SAXS)), we then determine precisely the phase boundaries
and the structures of the corresponding phases. Remarkably,
such a continuous screening reveals a new texture which has
not been reported before.20,21 Finally and most importantly, as

the steady gradient generated using microevaporation corre-
sponds to an out-of-equilibrium regime, where pervaporation
balances osmotic compression of the mixture, we demonstrate
that our tool leads to estimates of the collective diffusion
coefficient of the complex fluid. In the case of the triblock
copolymer under study, the collective diffusion coefficient
displays discontinuities at the phase boundaries, probably
corresponding to discontinuities of the osmotic compressi-
bility and of the permeability of the different phases.

2 Basics of microfluidic evaporation

Microevaporators permit the concentration of aqueous solu-
tions/dispersions by means of water pervaporation through a
thin PDMS membrane of thickness e (see Fig. 1). Typical
dimensions are h = 5–50 mm, w = 20–200 mm, L0 = 1–10 cm, and
e = 10–30 mm. The volume of the microfluidic evaporator lies in
the 1 nL–1 mL range, and the volume of the reservoir
containing the solutes is much larger (>50 mL). For pure water
(or for dilute solutions and dispersions), permeation rates
through the PDMS membrane are of the order ne = 10–30 nm
s21, leading to an incoming flow rate n0 = (L0/h)ne in the 1–500
mm s21 range. The large values of permeation rates are due to
the thinness of the PDMS membranes (e = 10–30 mm), and
permeation across the thickest side of the PDMS matrix (#1
cm) is thus negligible. This flux in turn convects the solutes up
to the tip of the microevaporator, where they accumulate at a
pace controlled by the geometry of the chip. Detailed
theoretical and experimental investigations can be found in
ref. 10–16. We briefly summarize below the functioning of the
microevaporators in the case of binary mixtures, and how they
can be used to generate steady concentration gradients.

2.1 The case of binary mixtures

Schindler and Ajdari built a one-dimensional (1D) model
based on transport equations and under the assumption of
local thermodynamic equilibrium, to describe the concentra-
tion process for a binary mixture (solution/dispersion) inside a
microevaporator.12 This model describes both the volume
fraction profile Q(x,t) of the solute, and the volume-averaged
permeation-induced flow n(x) along the evaporator, according
to:

hxn(x) = 2(a(Q) 2 he)/te, (1)

htQ = 2hx(Qn 2 D(Q)hxQ), (2)

where a(Q) is the activity of the mixture, te = L0/n0 = h/ne is the
natural time scale of the evaporator, and D(Q) is the collective
diffusion coefficient of the mixture (in the reference frame of
the volume-averaged velocity). The first equation is simply the
global volume conservation and is related to the driving force
for pervaporation, i.e., the difference between the activity of
the mixture and the external humidity he. The second equation
is the conservation of the solute in the microevaporator, and
depends on a balance between the convective, Qn(x), and

Fig. 1 (a) Schematic view of a microevaporator. Typical dimensions are h = 5–50
mm, w = 20–200 mm, and L0 = 1–10 cm. This dead-end microchannel is
connected to a reservoir (a large opening in the PDMS matrix, not shown).
Pervaporation leads to a continuous concentration of the solutes contained in
the reservoir at the tip of the microchannel (red gradient and blue arrows). (b)
Side view showing the permeation at a rate ne across the membrane of
thickness e (e = 10–30 mm and ne = 10–30 nm s21). he is the external humidity.
Global conservation leads to an incoming flux n0 = (L0/h)ne. (c) Microscopic
picture of the tip of a microevaporator, under a partially crossed analyzer and
polarizer, showing a steady and out-of-equilibrium concentration gradient of
Pluronics P104 (height h = 35 mm, width w = 250 mm). The blue arrow indicates
the direction of the permeation-induced flow. The qualitative sequence of the
phase diagram can be identified thanks to the different textures. The white
arrow points at a boundary between the two isotropic phases (micellar to cubic
phase), which is hard to see in this picture.
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diffusive, 2D(Q)hxQ, fluxes (see ref. 12 for a detailed derivation
of these equations). To solve this model, boundary conditions
are needed: an imposed concentration Q0 of solute in the
reservoir, n(x = 0) = 0, and D(Q)hxQ = 0 at x = 0. Note that the 1D
assumption of the model described above is only valid when
the concentration is homogeneous across the height of the
channel, i.e. for hne/D , 1.11,12 Within this assumption,
experiments performed using different geometries can be
compared as soon as the key parameters te and L0 are known.

2.2 Continuous concentration process

When the reservoir contains an initially dilute mixture at a
concentration Q0, pervaporation continuously concentrates the
solutes at the tip of the microevaporator. The spatio-temporal
concentration process depends finely on the kinetic and
thermodynamic properties of the mixture (a(Q) and D(Q)) and
on the geometry of the device (e, L0 and h). For dilute
solutions/dispersions (a(Q) # 1 and D(Q) # constant),
analytical approximations can be found in ref. 11.

Experiments10,14–16 show that this evaporation-induced
concentration holds up to very high concentrations, up to
the formation of a dense state that grows continuously along
the microchannel. Two limiting mechanisms were identified
by Schindler and Ajdari to explain these observed behaviors.12

The formation and growth of a dense state is either due (i) to
the vanishing of the driving force of evaporation (a(Q) # he)
that occurs at high concentration in molecular mixtures (salt,
polymer, etc.); or (ii) to the incompressibility of the mixture at
a given volume fraction Qd, as observed in the case of colloidal
dispersions (D(Q A Qd) A ‘).

2.3 Steady concentration gradient

A unique opportunity offered by the microevaporation
technique is to build steady and out-of-equilibrium concentra-
tion gradients. To generate such a gradient, one first needs to
concentrate solutes inside the microevaporator up to the
formation of a dense state, and then to replace the solutes in
the reservoir by pure water to stop the incoming flux of solute,
but not of water. Indeed, water permeation continues and the
solutes trapped in the microevaporator adopt after a transient
regime a steady concentration profile, which is given by:

hxn(x) = 2(a(Q) 2 he)/te, (3)

Qn(x) = D(Q)hxQ. (4)

The second equation shows that the convection and
diffusion fluxes balance exactly, which is equivalent to saying
that the permeation across the concentrated solutes exactly
balances their osmotic compressibility.12 Measurement of
both n(x) and Q(x) in this steady regime permits us in principle
to obtain information on both the osmotic compressibility and
permeability of the mixture.

We show next that such a gradient can be easily generated
even with a very viscous complex fluid, such as the triblock
copolymer solution under study. This gradient spans the
entire concentration range accessible to the mixture, therefore
permitting an easy screening of the different phases (see
Fig. 1c). As this gradient is steady, in situ spatially-resolved

measurements (spectroscopy, small angle X-ray scattering) can
be implemented and give useful information on the structures
and concentrations at the phase boundaries. Finally, the
intrinsic out-of-equilibrium nature of the gradient opens a
route to investigations of the dynamical properties of such
complex fluids, as shown below in the estimate of the
collective diffusion coefficient of the mixture.

3 Materials and methods

3.1 Complex fluid investigated

We investigated a water soluble triblock copolymer commer-
cially available under the trade name Pluronic P104. P104
corresponds to end blocks of hydrophilic poly(ethylene oxide)
(PEO) and a middle block of the less polar poly(propylene
oxide) (PPO), with composition (EO)27(PO)61(EO)27 (molecular
weight # 5900 g mol21, PEO content of y40 wt%). To relate
the P104 mass fraction Qm to the volume fraction Q, we assume
that the aqueous mixture is simple, i.e., that its density is a
linear combination of those of the two pure phases (density of
the pure P104 is 1.04 g cm23).

The choice of this complex fluid is motivated by the
numerous studies of its phase diagram in the literature,20,21

and also because we recently investigated the drying of water–
P104 mixtures in confined droplets.22 This complex fluid is
known to display four different phases at equilibrium upon
concentration at room temperature:20,21 an isotropic micellar
phase (denoted L1) for mass fraction Qm , 30 wt%, a micellar
cubic phase (I1) in the range y30–50 wt%, two birefringent
textures, a hexagonal phase (H1) for y50–65 wt% and a
lamellar phase (La) for y70–80 wt%, and finally a dense
lamellar phase. Note that the phase diagram of P104 was
determined in ref. 20 and 21 by standard methods (visual
inspection, X-ray and light scattering) with mixtures prepared
at 5 wt% intervals. The values mentioned above also contain
some uncertainties since they are inferred from curves
displayed in ref. 20 and 21. Note also that in ref. 20 the
solvent was deuterated water, and not water as in the present
study. Phase equilibration times are of the order of hours to
days as mentioned in the previous references. Above the L1 A
I1 transition, the viscosity of the solution increases drastically
to form a paste, making formulation at the mL scale quite
difficult (mixing at higher temperatures, centrifugation to
remove bubbles21).

3.2 Microfluidic evaporators

We used standard soft photolithography techniques to
manufacture all our microfluidic evaporators, as detailed in
ref. 14–16. In brief, a master template was made with a
photocurable resist to design a network of channels with
height h. The template was then moulded in PDMS and cured
at 65 uC. This elastomeric matrix was peeled off the template
and punched to create a large opening for the reservoir (simply
using a home-made metallic punch of a few mm in diameter);
the body of the chip was then sealed with a thin PDMS
membrane of thickness e # 10–30 mm previously spin-coated
on a wafer. After peeling off the wafer, we used microscope

912 | Lab Chip, 2013, 13, 910–919 This journal is � The Royal Society of Chemistry 2013
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slides to cover specific areas of the membrane where we
wished to suppress evaporation, thus defining the length L0 for
water pervaporation as shown in Fig. 1.

The two analytical tools that we used in the present work
(confocal spectroscopy and SAXS) impose several constraints
on the microevaporators. For instance, an oil-immersion
objective with a high numerical aperture is needed to provide
spatially-resolved measurements using confocal Raman spec-
troscopy. However, such immersion objectives perturb the
pervaporation of water when used with the device shown in
Fig. 1. We thus proceeded as follows (see Fig. 2a): a thin layer
of PDMS was spin-coated onto the master template, with a
total thickness of e + h. Then a stamp of PDMS with a large
hole to permit evaporation was sealed on the top of the
microevaporator. After complete adhesion, the whole device
was peeled off the template and stuck on a thin glass slide to
permit the use of oil-immersion objectives (see Fig. 2a).

Due to the unavoidable X-ray absorption, scattering, and
beam damage, PDMS is not the most appropriate material to
perform X-ray scattering measurements using synchrotron
radiation.23 Several alternative strategies have been developed,
involving for instance Kapton foils24,25 or silicon nitride
windows26 (see the recent review by Köster et al.27). Despite
the problems listed above, and because the systems investi-
gated in the present work displayed a significant scattering
signal, we exploited the thinness of the PDMS membranes of

the microevaporator to perform SAXS measurements using
synchrotron radiation. To minimize PDMS absorption and
scattering, we engineered the device shown in Fig. 2b. The
protocol is the same as for the chip compatible with
immersion objectives, but the final PDMS stamp was sealed
with another PDMS membrane previously spin-coated on a
silicon wafer, and not by a glass slide as above. For the data
shown here, h = 60 mm, w = 250 mm, and the total thickness of
the PDMS membranes was only 50 mm.

All the engineered microevaporators were calibrated to
estimate the incoming velocity n0 (more details about the
calibration procedure can be found in ref. 16). First, we filled
the device with deionized water and dried up the reservoir.
Then, an air–water meniscus entered the evaporator and
moved towards its tip because of pervaporation at a velocity of
n0. n0 is easily measured with an accuracy of ¡1%, using
tracking on a temporal series of snapshots taken on a
microscope. External humidity he was also measured with a
standard hygrometer. Typical values for the microevaporators
used in the present study lie in the range n0 = 1.5–10 mm s21,
depending on the geometry (L0, e, h) and humidity he.

3.3 Raman confocal spectroscopy

Raman confocal microscopy allows the monitoring of vibra-
tional spectroscopy from a micrometer-sized volume, thus
offering both spatial resolution and chemical selectivity. In the
present work, Raman measurements were carried out on-chip
using a confocal microspectrometer (Labram HR, Jobin-Yvon)
to measure the local concentration of P104. The sample
volume was illuminated using an argon-ion laser beam (l =
514.5 nm) focused by an oil-immersion objective (1006, N.A.
1.3, Olympus). The scattered light was collected using the
same objective and dispersed with a 3 cm21 spectral resolution
using a grating of 600 lines mm21. A confocal pinhole
eliminated significantly out-of-focus backscattered signals:
the axial resolution of the confocal height was around wc #
2 mm in our optical configuration (see Supplementary
Information3 and Fig. 2a).

In the present report, we performed scans of Raman
measurements along the gradient generated in the micro-
fluidic evaporator. The typical spatial resolution was in the 3–
30 mm range, and acquisition times were of the order of 1 s for
each spectrum. To minimize the contributions coming from
the PDMS matrix and the glass slide, the sample volume was
focused in the middle of the microfluidic channel of height h =
35 mm.

The recorded spectra display the characteristic vibrational
contributions of water and P104 in the 2500–3800 cm21 range
(see Fig. 2a). Vibrational signals coming from the PDMS matrix
were not observed due to the confocality of our setup. The
copolymer contribution corresponds to well-defined peaks at
2880 and 2940 cm21, whereas the OH stretching modes in
liquid water lead to a broad peak at 3200–3500 cm21. We then
used a specific algorithm, developed in previous work,22,28 to
extract the chemical composition from such data. In brief, we
extracted the P104 concentration by comparison of the
recorded Raman spectrum with a library of reference spectra
measured on a minimal set of samples formulated in vials.
Note that only the shape of the spectrum is sufficient to

Fig. 2 (a) Specific microevaporator for the use of immersion objectives. The
confocal height (wc # 2 mm) is focused at middle height of the channel (h = 35
mm). Inset: a typical Raman spectrum acquired on-chip. No vibrational signatures
of the PDMS matrix were observed due to the confocality of the setup. (b)
Microevaporator compatible with small angle X-ray scattering experiments
using synchrotron radiation. The X-ray beam crosses two thin PDMS
membranes, and 2D patterns are collected on a CCD detector (see text). For the
SAXS data shown in the paper, h = 60 mm, w = 250 mm, and the total thickness
of the PDMS membranes was 50 mm.

This journal is � The Royal Society of Chemistry 2013 Lab Chip, 2013, 13, 910–919 | 913
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perform such an analysis since all measured spectra are
normalized in a same way. This protocol yields estimates of
the local P104 concentration with a precision level of about 1%
for Q , 60–70%, and up to 5% at higher concentrations (see
ref. 22 for more details).

3.4 On-chip small angle X-ray scattering

Small angle X-ray scattering is a useful tool to probe soft
matter as well as biological systems, at the colloidal scale. We
performed small-angle X-ray scattering measurements at the
SWING beamline of SOLEIL (French national synchrotron
facility). We placed the microfluidic evaporator at the focus of
the high-brilliance X-ray beam (energy 12 keV) on an x–y
automated stage (see Fig. 2b, note that the orientation of the
PDMS chip has no influence as buoyancy is negligible in our
experimental configuration29). 2D SAXS patterns are collected
at a distance of 180.4 cm with a 2D detector covering a q-range
of 0.006–0.6 Å21. The shape of the beam at the focal point is
approximately an ellipse with sizes 200 6 50 mm2, and is
oriented with its major axis perpendicular to the microeva-
porator to increase the spatial resolution of the measure-
ments. Scans are performed along the gradient generated in
the microfluidic evaporator with a step of 50 mm. At each
position, four images are acquired and averaged with an
acquisition time of 250 ms for each pattern. Due to the small
thickness of the PDMS membranes, we do not observe
significant PDMS absorption or scattering. After irradiation,
we also checked that the PDMS membranes were not
significantly altered by the intense X-ray beam. It agrees well
with previous experiments performed on a microfocused X-ray
beam line (#1.5 6 1.5 mm2, ID13, ESRF) with similar energy
and photon flux on similar microfluidic chips15.

4 Results

4.1 Qualitative phase diagram

We first filled the reservoir of a microevaporator with a dilute
solution of P104 at a volume fraction Q0 # 1–10%. We then
monitored under a microscope the concentration process at
the tip of the device (see the movie supplied in Supplementary
Information3). After a given duration (#1–10 h), a series of
textures invaded the microevaporator, and we replaced the
P104 solutes in the reservoir by pure water. After a transient
regime, a steady profile built up at the tip of the micro-
evaporator as shown in Fig. 1c, under a partially crossed
analyzer and polarizer. It corresponds to a continuous
exploration of the phase diagram of the binary mixture
P104–water, from pure water up to a dense phase, and is
therefore a qualitative tool to evidence the different textures of
this complex fluid. Importantly, such a screening does not
necessitate any formulation step that may be difficult to
perform at the mL scale due to the high viscosity of the
complex fluid under study. Indeed, the viscosity of the mixture
at low shear rates jumps from y1022 up to 100 Pa s21 at the L1

A I1 transition, and the mixture displays non-Newtonian
behaviors at higher concentrations (its behavior is similar to
that of a paste). Microevaporation permits the formulation in

situ and at the nL scale of a continuum of samples from pure
water up to very dense states.

This steady concentration gradient displays sharp transi-
tions along the microevaporator. Starting from the reservoir,
one first notices a dark line (hard to see in the picture, but
easily observed using a different contrast of microscope),
separating two isotropic textures. From the literature knowl-
edge,20,21 we identify this boundary as the micellar to cubic
phase transition (L1 A I1). Second, there is a sharp transition
at x # 1500 mm from the I1 phase to a slightly birefringent
texture. Again, by comparison with previous works in the
literature, it corresponds to the cubic to hexagonal texture
transition (I1 A H1). We then observe at around x = 1100 mm a
gradual transition to an isotropic texture. This transition was
not expected, as only four mesophases were reported at room
temperature in the literature.20,21 We will comment on this
striking issue later, and we will show using confocal spectro-
scopy measurements and SAXS analysis that this transition
indeed corresponds to a different texture which has never been
observed before. At x # 700 mm, there is again a sharp
transition to a strongly birefringent texture: the lamellar phase
La. Finally, at x = 350 mm, one notices a sharp transition from
the La to an isotropic texture that we identify as the pure P104
phase. Note that this last texture is isotropic (its detailed
organization is rarely discussed in the literature20). After long
transient times (typically 5–10 h), we sometimes observed the
nucleation of a strongly birefringent texture within this
isotropic texture. This sudden and stochastic process (see also
the movie supplied in Supplementary Information3) is remi-
niscent of the nucleation and growth of a crystalline texture.
We leave to a future work a more detailed investigation
concerning this specific issue.

4.2 Concentration measurements

To quantitatively obtain the positions of the phase boundaries,
we scanned such steady concentration gradients using
spatially-resolved Raman confocal spectroscopy (see Section
3.3). Fig. 3 displays the analysis of such measurements. More
precisely, the inset shows a concentration profile Q(x) with a
moderate spatial resolution (30 mm), but covering the whole
gradient from Q = 0 up to Q # 0.9. The main plot shows
another experiment performed with a smaller step size (3 mm),
now covering only the range Q # 0.2–1 (note that the maximal
values obtained depend on the external humidity he, see eqn
(4)). The error bars on these measurements are ¡0.01 for Q ,

0.6–0.7, and up to ¡0.05 at higher concentrations (see Section
3.3).

We also superimposed onto this concentration profile the
positions of the transitions between the different textures
observed simultaneously under the microscope. We now get
the quantitative values of the phase boundaries, and even
observe sharp discontinuities at some of the transitions,
pointing toward diphasic domains. The values are: L1 A I1 at Q

# 0.33 ¡ 0.02, I1 A H1 at Q # 0.46 ¡ 0.02, H1 A La with a
jump of 0.68 ¡ 0.03 A 0.75 ¡ 0.03, and La A pure P104 with a
jump of 0.88 ¡ 0.05 A 1 ¡ 0.05. At our experimental
precision, the L1 A I1 and I1 A H1 transitions did not show
jumps of concentration, and thus there were no observable
diphasic domains. Several experiments performed using
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different microevaporators give similar values, with error bars
of only y2–4%. We thus get precise estimates of the phase
boundaries at the nL scale, which are in agreement with
literature measurements.20,21

Astonishingly, the concentration profile shown in Fig. 3
displays a fuzzy regime at around x # 1000 mm. We indeed
observe a narrow spatial coexistence of two different states
with a concentration jump from Q # 0.54 ¡ 0.02 to #0.58 ¡

0.02 (also seen in the profile shown in the inset). On the
microscopic images, this jump of concentration is associated
with a slight change of the texture, see for instance the dashed
line in Fig. 1c, between a slightly birefringent texture (H1) to an
isotropic texture. Note that literature measurements do not
report any phase transition at such concentrations for this
block copolymer solution.20,21 However, in these works,
measurements were performed manually on a limited set of
samples with intervals of fraction y5 wt%, and may have
missed this transition. We show below with SAXS that this
transition is indeed correlated to a slight structural change,
pointing to a possible new texture.

4.3 On-chip small-angle X-ray scattering

We performed spatially-resolved SAXS measurements using
synchrotron radiation on a concentration gradient built in a
microevaporator, in order to resolve the microstructure of the
different textures. Our measurements showed some simila-
rities with the simple so-called penetration or flooding method,
where a composition gradient is created by putting a dry
sample into contact with the solvent in a standard X-ray
capillary tube.30 The spatial resolution along the gradient was
50 mm in our experiments due to the finite size of the X-ray
beam on the sample (see Section 3.4 and Fig. 2b). Far from the

tip of the microevaporator, where the solute concentration
vanishes (pure water), we collected several patterns to obtain a
reference spectrum that was subsequently subtracted from all
the measurements shown here (it corresponds to the scatter-
ing of the PDMS membranes and of the solvent).

Fig. 4 shows several typical patterns collected at different
positions along the concentration gradient, as well as the
corresponding azimuthally-averaged curves I(q) vs. q. Fig. 5
gathers on a 2D plot all the curves I(q) vs. q as a function of the
position x in the microevaporator (the origin x = 0 is at the tip).
Starting from the reservoir and in the micellar phase (x > 6
mm), the SAXS patterns are rather featureless and do not
display any well-defined correlation peaks.20 At a given
position closer to the tip (x # 6 mm), the patterns displays a
well-defined but not intense ring at q # 0.07 Å21 (see Fig. 3a)
corresponding to the cubic phase I1. Then, in the x = 5.56–5.3
mm range, the SAXS patterns are anisotropic and display
peaks that continuously evolve in the q = 0.049–0.063 Å21

range. On the azimuthal average I(q) vs. q, a second peak at a
relative position of

ffiffiffi

3
p

is also seen, suggesting a hexagonal order.
For x in the 5.2–4.95 mm range, the SAXS patterns display well-
defined peaks at q # 0.023 Å21. A second order at a relative
position of 2 is also seen in the I(q) vs. q curves, suggesting the
lamellar domain (the third order is sometimes also observed, but
its intensity is small, see Fig. 4). For x , 4.95 mm, patterns display
again two peaks with relative positions 1 : 2, but with a main peak
now located at q # 0.025 Å21, corresponding to the dense state.

Our measurements show that it is possible to screen the
structure of the phase diagram of a complex fluid at the
nanolitre scale using in situ SAXS measurements. However, our
scattering curves are not intense enough (especially in the
cubic domain) to perform detailed investigations without any

Fig. 4 Left: typical 2D SAXS patterns collected on-chip at specific locations along
the concentration gradient. Right: corresponding azimuthally-averaged and
corrected I(q) vs. q (see text). (a) patterns for the I1, (b) H1, and (c) La texture
regions.

Fig. 3 Steady concentration profiles along the microevaporator obtained from
confocal Raman measurements. Inset: moderate spatial resolution for a profile
covering the range Q = 0–0.9. Main: concentration profile with a refined mesh in
the range Q # 0.2–1. Vertical lines indicate the positions of the boundaries
between the different textures observed simultaneously on the microscopic
image (see Fig. 1c for an example). The dashed line indicates the unexpected
jump of concentration (see text) corresponding to the dashed line shown
Fig. 1c. The structures of the different phases (as expected from the literature
data) are also indicated.
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ambiguity of the microstructures of the organized meso-
phases, as has been done for instance on macroscopic samples
in ref. 20. Let us recall that the measurements shown here are
performed on very thin samples (h = 60 mm) and may not
correspond to powder-averaged scattering curves, as is often
the case using macroscopic glass capillaries. One possibility to
improve our measurements is to increase acquisition times
and/or perform similar measurements using microevaporators
with larger heights, or to multiply and average acquisitions on
several identical microevaporators.

Nevertheless, since our SAXS measurements continuously
probe the phase diagram, they reveal interesting features that
may not have been observed using classical methods. For
instance, the 2D map in Fig. 5 clearly reveals a scattering
signal at low q in the 5.5–5.6 mm range. This narrow spatial
domain corresponds to the region observed on the micro-
scopic image between the two possible different textures in the
hexagonal domain (see the dashed line in Fig. 1c). This also
corresponds to the gradual transition with a coexistence of two
different branches of concentration, as revealed in the
concentration profile of Fig. 3. A typical scattering curve I(q)
in that narrow region is shown in Fig. 6. There is clearly a
power-law scattering behavior, I(q) ~ q2a at low q, that may
correspond to large structures dispersed in the solution. Since
a # 3.8, it suggests the presence of an interface between two
phases (sharp interfaces lead to an exponent a = 431). We also
observe slight changes in the scattering patterns at larger q, as
shown in Fig. 6. Indeed, the scattering patterns now display
two thin rings at very close values of q (y0.052 and
y0.054 Å21), the peak at the relative position

ffiffiffi

3
p

vanishes,
and two very close peaks at the relative position y2 now clearly
appear.

Combining all our measurements (microscopy, SAXS, and
concentration profile), our observations are the following: for
Q , 0.54 ¡ 0.02 we observe a birefringent texture, with a SAXS
pattern characteristic of a hexagonal phase (two peaks, 1 :

ffiffiffi

3
p

).

In a narrow spatial region, we observe the coexistence between two
slightly different textures (thus possibly giving rise to scattering at
low q) and with two different concentrations, Q # 0.54 ¡ 0.02 and
Q # 0.58 ¡ 0.02. The second texture is isotropic, and its SAXS
pattern reveals a main peak very close to the one observed for the
H1 phase, and a peak at a relative position of 2.

We have no interpretation yet for such a new texture, but our
combined measurements demonstrate without any ambiguity
that there is a textural transition in the expected hexagonal
domain that is associated with a jump of concentration from Q

# 0.54 ¡ 0.02 A 0.58 ¡ 0.02. This transition may have not
been observed using classical means yet because of the limited
set of samples investigated,20,21 but also because the main
peak (if not examined carefully), shows a continuous evolution
with concentration, as seen in Fig. 5. Note that for a similar
block copolymer solution (P84, Pluronics), ref. 32 reports a
bicontinuous structure V1 between the H1 and La phases.
Further studies are thus required to refine the analysis of this
textural transition.

4.4 Towards estimates of out-of-equilibrium properties

One specific and interesting feature of the method presented
here is the fact that the steady concentration gradient
corresponds to an out-of-equilibrium regime. It can be clearly
seen from eqn (3) and (4) derived in the case of simple binary
mixtures.12 The first equation relates the local driving force of
pervaporation (the difference between activity and humidity
through the membrane) to the permeation-induced flow. The
second equation shows that convection due to pervaporation
exactly balances the diffusivity of the binary mixture. It can
also be seen from the fact that the permeation of water
through the mesophases exactly balances their osmotic
compressibility (equivalence between Fick’s and Darcy’s
laws12,33).

These equations also show that measurements of both the
velocity profile n(x) and the concentration profile Q(x) should
give both the activity of the mixture a(Q) and its mutual

Fig. 6 Top: scattering curve measured at x = 5.5 mm (see the arrow in Fig. 5)
showing the power law behavior at low q. The main peak at the relative
position

ffiffiffi

3
p

disappears, but two close peaks appear at the relative position 2.

Bottom: corresponding 2D SAXS pattern showing that the main ring actually

splits into two very close rings.

Fig. 5 2D map of the scattering curves I(q) vs. q as a function of the position x in
the microevaporator (without subtraction of the reference pattern). Color codes
for the value of the intensity and the continuous lines indicate the positions of
the different textures. The arrow points to a narrow range of positions with
scattering at low q, corresponding to the jump in concentration observed along
the concentration profile in the hexagonal domain (see text and the dashed
line).
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diffusion coeffient D(Q). Unfortunately, measurement of the
local flow rate n(x) along the microfluidic evaporator is a
complex issue for several reasons. Firstly, preliminary tests of
the tracking of fluorescent colloidal tracers along the
concentration gradients (added at a given time in the reservoir
after the establishment of a P104 concentration profile) show
that large tracers (>500 nm in diameter) do not penetrate the
viscous phases. Smaller tracers do enter the viscous phases but
show complex trajectories in the hexagonal and lamellar
domains (data not shown), probably because they explore
textural defects of the mesophases as recently demonstrated in
another context.34 Secondly, the magnitude of the velocity of
these tracers in the mesophases is extremely small (,1–10 nm
s21, see also the theoretical estimates below) and we do not
believe we are able to measure precisely and easily such low
flow rates with our current techniques.

However, we can use estimates of a(Q) from the literature
combined with our measurements of the concentration profile
Q(x) to compute the velocity profile expected from eqn (4). We
can then estimate the collective diffusion coefficient of the
mixture D(Q), which follows:

D(w)~
w
Ð x

0
du a(w(u))

Lxw
: (5)

This last equation is simply derived from eqn (4), using n(x)
= 0 at x = 0. We can thus estimate D(Q) from measurements of
Q(x), and assuming a given law for a(Q).

Measurements of the activity of the water–P104 mixture
(thermodynamic property), which is directly related to the
osmotic pressure of the copolymer solution, have been
performed using classical means (equilibrium against a bath
at a known activity35) or more recently by the direct
observation of the drying of a confined drop.22 Even if this
copolymer solution shows a complex phase diagram (with
coexistence domains between several phases), such measure-
ments show that the activity can be fitted correctly by the
Flory-Huggins model:

a(Q) = (1 2 Q)exp(Q + xQ2), (6)

with a single polymer–solvent interaction parameter x for
volume fractions below 0.7. Significant deviations were
observed at larger concentrations in ref. 35.

Fig. 7 shows the estimated velocity profile n(x) calculated
using eqn (4) and using the Flory-Huggins model with x = 0.6
(he # 0 in this experiment). The permeation-induced velocity
profile shows different behaviors: (i) for small x, i.e. in the
most dense phase (Q > 0.8), the activity is close to the external
humidity and there is no significant evaporation, n(x) # 0. For
larger x, activity increases rapidly up to 1, and the velocity
profile is close to a straight line with slope (1 2 he)/te (see the
blue line in Fig. 7b).

The shape of the velocity profile does not depend strongly
on the exact form of the activity of the mixture, except in a
narrow spatial domain (x in the 400–600 mm range) corre-
sponding to large concentrations in the 0.75–0.85 range. To
test this, we computed in Fig. 7b the velocity profiles expected

in the case of the Flory-Huggins model, eqn (6), but with x =
0.8 and x = 0.4. Again, no significant deviations are observed.
In other words, the shape of the velocity profile, if not known
with large accuracy, can be well approximated by the one
displayed in Fig. 7b. Conversely, one also needs to measure
n(x) with a very high accuracy in order to discriminate several
laws for the activity. It falls out of the scope of the present
paper and we need to develop specific experiments to perform
such measurements.

Nevertheless, we can extract D(Q) using eqn (5) and a model
of a(Q), as shown in Fig. 7b. The results of such an analysis are
shown in Fig. 7c. As a spatial derivative of the concentration
profile Q(x) is needed to estimate D(Q), we use second order
polynomials (displayed in Fig. 7a) to compute hxQ. We tested
several fits at higher orders (as well as the raw data) and found
no significant dispersions. Note also that other laws for the
activity lead to very similar behaviors and values, as discussed
above, and we believe that our measurements are therefore
robust.

A first interesting feature concerns the typical values of D(Q),
starting from 10210 m2 s21 at low Q and decreasing down to
10211 m2 s21 at larger concentrations. This is in agreement

Fig. 7 (a) Steady concentration profile Q(x) as previously shown in Fig. 3.
Continuous lines are fits by second order polynomials on different segments. (b)
Inset: activity of the solution according to the Flory-Huggins model with x = 0.6
(dashed-dotted lines for x = 0.4 and x = 0.8). Main: velocity profiles computed
from eqn (4) using the concentration profile shown in (a) and combined with
the activity displayed in the inset (dashed-dotted lines for x = 0.4 and x = 0.8). (c)
Estimate of the collective diffusion coefficient from eqn (5), the measured Q(x)
and the estimated n(x) shown in (a) and (b).
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with values found in ref. 36 for a similar system (Pluronics
P105) in the context of the drying of Pluronics films. The
second astonishing result is the fact that large discontinuities
of D(Q) are observed, more precisely at the I1 A H1 transition,
but also around Q # 0.55, where we identified a possible new
texture, and finally at the transition to the lamellar state.
These discontinuities may have been anticipated from the
shape of the Q(x) profile shown in Fig. 3, as it clearly appears
that the spatial derivative hxQ (more precisely Q/hxQ) is not
continuous at some of the phase boundaries.

The collective diffusion coefficient of a mixture is related to
its osmotic compressibility and permeability to solvent
flows.37 The observed discontinuities thus demonstrate that
the osmotic compressibility and/or the permeability of the
complex fluid under study show a strong dependance on the
texture, with discontinuities at the phase boundaries. We
believe that the results displayed in Fig. 7 open the way to
exciting investigations of out-of-equilibrium features of lyo-
tropic mesophases. Beside, such values are also useful for
detailed modeling of the drying kinetics of copolymer films,
and our results show that simple continuous models of D(Q)
may not correctly reproduce the drying process.

5 Conclusions and outlooks

We engineered microfluidic evaporators dedicated to the
screening of phase diagrams of complex fluids. Steady and
out-of-equilibrium concentration gradients were easily estab-
lished thanks to a pervaporation-induced flow along a
microfluidic channel. The shape of the concentration profile
depends on a balance between the permeation of water
through the binary mixture and the osmotic compressibility
of the solution. Importantly, we demonstrate that this
technique can generate gradients of solutes up to very viscous
mixtures, as observed in the case of the copolymer solution
under study. We also show how to engineer specific micro-
fluidic devices compatible with SAXS measurements using
synchrotron radiation and confocal optical measurements
using oil-immersion objectives.

We employed these two techniques to scan steady
concentration gradients of a model copolymer solution. We
identified quantitatively the different textures along the phase
diagram, in agreement with the literature. We also reveal a
new texture in the hexagonal domain that was not observed
previously. Its detailed structure is still under investigation.
Nevertheless, our measurements show that this texture is
isotropic, but its main diffraction peak measured using SAXS
continuously follows the main peak of the hexagonal texture.
More detailed investigations are needed to solve this specific
issue. Note also that this new texture may also exist only in the
out-of-equilibrium situation investigated here, or may be due
to subtle confinement effects.

As the steady gradient results from an out-of-equilibrium
situation where convection exactly balances diffusion, we are
able to estimate the collective diffusion coefficient of the
mixture as a function of the concentration. This quantity

displays discontinuities at some phase boundaries that have
never been reported to our knowledge. These measurements
may open the way to many different and exciting investiga-
tions. First, we plan to use temperature control of the
microfluidic channel in order to tune the defects of the
organized mesophases, for instance by imposing a jump to a
higher temperature for a given duration only. Such experi-
ments may reveal kinetic effects and may also probe the role of
the orientation of the texture (namely in the hexagonal and
lamellar domains) on the values of the collective diffusion
coefficient D(Q). Indeed, as D(Q) takes into account the
permeability of water through the texture and its osmotic
compressibility, we expect an anisotropic response of these
quantities for organized mesophases. We believe that our
original microfluidic devices are unique tools to investigate
such issues.
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