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1 Introduction
imparted by the microfluidic mold, and concentration by perve-

Microfluidic pervaporation is an efficient and versatile tech-
nique to make micro-scaled structures (typical dimensions 10 x
10 um? x 1 cm), starting from dilute solutions or colloidal dis-
persions 1>, This procedure makes use of a dead-end channel
embedded in a poly(dimethylsiloxane) (PDMS) membrane and
connected to a reservoir containing a dilute dispersion, see Fig-
ure 1. Pervaporation of water through the PDMS matrix (at a rate
ge per unit length, see inset of Figure 1a), drives a flow from the
reservoir up to the channel tip at a flow rate ~ Lyg, (~ 10 nL/hr
for Ly ~ 10 mm and ¢, ~ 1 um?/s). This flow in turn enriches
continuously the tip of the channel with solutes or particles, up
to the formation of a solid which eventually invades the channel,
see Figure 1b. This technique thus combines both micro-moulding
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1 Electronic Supplementary Information (ESI) available: Details concerning the nu-
merical resolution of eqs 3 and 4. Experimental details on the fabrication protocols.
Closer view of the solidification front. See DOI: 10.1039/b000000x/

This journal is © The Royal Society of Chemistry [year]

poration to obtain micro-scaled materials from dilute solutions ¢«
suspensions. Note that this tool also makes possible the dynam.:
exploration of the phase diagram of a complex fluid, from a dilute
mixture up to a solid, and it was used for such a purpose on vari-
ous soft matter systems (surfactants, copolymers, inorganic salte,
colloidal dispersions. . .) 6-9

Conventional microfabrication techniques, including micre
moulding in capillaries, photolithography or 3D printing, gen-
erally require the need for UV- or heat- curable prepolymers <.
thermoplastics 1914, By contrast, microfluidic pervaporation al-
lows the use of almost any type of materials from colloids!~>
to polymer solutions >16. Nevertheless, microfluidic pervapora-
tion, in spite of its superior versatility and high spatial resolu-
tion, still suffers from severe limitations and in particular from
a lack of predictable fabrication time scales. The latter depend
on the dynamics of material concentration as time elapses. In
the present work, we theoretically and experimentally elucidate
the mechanisms of concentration of dilute polymer solutions up
to the growth of micro-materials within the channels. We show
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Fig. 1 (a) Shematic views of parallel micro-pervaporators embedded in a
PDMS mold sealed by a PDMS membrane of thickness e (typical
dimensions h =25, w =100, e =25 um, and Ly = 10 mm). Blue arrows
indicate the pervaporation-induced flow. Inset: transverse view, ¢, is the
pervaporation rate through the PDMS matrix (per unit length). (b)
Growth of a composite material inside the channel . Blue arrows
indicate the incoming pervaporation-induced flux (w = 150 um). This
experimental case corresponds to the growth of a composite PVA/CNT
material, see text.

that the key ingredients of both the concentration of the solution
and of the material growth are captured by basic modeling using
transport equations.

Experimentally, we study aqueous solutions of poly(vinyl alco-
hol) (PVA), in which we dispersed a small amount of carbon nan-
otubes (CNT) to get estimates of the concentration fields within
the channels during the process. We first show using microflu-
idic screening experiments that the dynamics of concentration
and growth of such materials is governed by the geometry of
the channel and the polymer concentration in the dilute disper-
sion. We also show using local measurements of the CNT con-
centration within the channel that a model taking into account
the non-ideality of the polymer solution is able to account semi-
quantitatively for the observed dynamics. We also report signifi-
cant deflections of the PDMS matrix during the solidification lead-
ing thus to materials with a transverse cross-section smaller than
the one imparted by the PDMS mold. We finally show that a
simplified model taking into account these deflections can predict
quantitatively the growth of the materials.

Beyond our extensive investigation of the dynamics of concen-
tration, we demonstrate that the micro-pervaporation technique
makes possible the fabrication of PVA/CNT composites with con-
trolled shapes, see Figure 1b. These materials can be extracted
from the PDMS matrix which serves as a mold along with being
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at the core of pervaporation process. Complex shapes can even
be obtained, see the scanning electron microscopy (SEM) images
displayed in Figure 2, either by manual handling of planar struc-
tures made in networks of microfluidic channels, or directly using
two-level microfluidic molds obtained using standard alignments
processes. This technique opens the way for the design of origi-

Fig. 2 SEM pictures of composite PVA/CNT materials with complex
shapes. (a) The knot was laced manually from a planar beam of
thickness 25 and width 150 um. (b) This shape was molded directly in a
two-level micro-channel (thickness of the beam 25 um and of the
superimposed curved structure 10 um).

nal materials which may have potential applications in the field of
organic Micro-Electro-Mechanical Systems (MEMS) 17,18 we will
report in a separate paper a detailed investigation of the electri-
cal properties of the PVA/CNT micro-composites obtained by this
technique, and their possible use as functional building blocks for
MEMS.

Our article is organized as follows. We first briefly present the
basic functioning of micro-pervaporation and we present in de-
tails the theoretical description for a binary mixture such as PVA
in water. We then present experimental details and the complex
fluid under study in section 3. We then report in section 4 our
experimental investigation of the concentration process of such
solutions within the channel, up to the growth of a material.
We finally compare these results with our theoretical description
based on transport equations, up to obtain a quantitative agree-
ment when deformations of the PDMS matrix are taken into ac-
count.

Our results provide a general framework concerning the dy-
namics of growth of polymer micro-scaled materials regarding the
channel geometry, the initial concentrations of the solutions, and
the pervaporation rates. Such a quantitative prediction of the
time scales needed from micro-fabricating polymer materials is
essential to design polymer components up to integrated micro-
devices using combined micromoulding and pervaporation.

This journal is © The Royal Society of Chemistry [year]
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2 Theoretical description of the microfluidic
pervaporation of polymer solutions

In the present section, we present both the functioning of micro-
pervaporators and the theoretical description of the expected con-
centration dynamics for a binary mixture. We then apply this
model to the case of a polymer solution, and we derive a sim-
plified model which captures the key ingredients of the expected
dynamics of concentration and growth of polymer materials.

2.1 Basics of microfluidic pervaporation

The general description of the functioning of micro-pervaporation
can be found in refs® (and in refs.®° for specific systems), and
we give below only some key ingredients for the case of a binary
mixture. The basic functioning is sketched in Figure 1a: the typ-
ical dimensions of the channels investigated in the present work
are h x w = 25 x 100 um? and the channels are embedded in a
PDMS block (=~ 5 mm thick) sealed by a thin PDMS membrane of
thickness e ~ 25 um. For such a linear geometry, pervaporation
of water mainly occurs through the membrane at a rate ¢, per
unit length of the order of 2-3 um?/s (see inset of Figure 1a, g,
is defined here for a vanishing external humidity 4.). Pervapora-
tion of pure water along the channel length L drives a flow from
the reservoir at a rate g.Ly of the order of 10 nL/hr for the cases
investigated in the present work (Ly ~ 10 mm).

We now consider the case of a binary aqueous solution, such
as PVA in water, with ¢ the solute volume fraction. For homoge-
neous concentrations over the transverse dimensions of the chan-
nel (i.e. for g, < D with D the typical interdiffusion coefficient of
the solution!?), Schindler and Ajdari derived a 1D model based
on classical transport equations, which describes the dynamics of
concentration within the channel®. Pervaporation drives a flow
which follows mass conservation

(hw)aXV = 7(a(¢) 7he)‘167 €h)

where V(X) is the mean velocity within the channel and a(¢)
the local chemical activity of water (the origin of the X axis is
set at the tip of the channel). The term a(¢) — k. thus repre-
sents the driving force of pervaporation through the membrane.
This pervaporation-induced flow in turn drives the solutes from
the reservoir toward the tip of the channel where they accumu-
late. The temporal evolution of the solute concentration along
the channel follows the conservation equation

Irg +dx(9V(X) —D(9)dx9) =0, 2)

with D(¢) the collective diffusion coefficient of the solution (in
the reference frame of the volume-averaged velocity) 1°.

With the unitless dimensions x = X/Lg, t = T/t and v =

This journal is © The Royal Society of Chemistry [year]
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V/(Ly/7.) with 7, = hw/q., this model now reads

o =—(a(@)—h,), 3)
a0+ atov- 3 20) =0, @

with the Péclet number Pe = L2 /(Dyt.), and D = DyD(¢) with Dy
the value of the collective diffusion coefficient in the limit ¢ — 0
(D(¢ — 0) = 1), thus corresponding to the self-diffusion coeffi-
cient of the polymer in the dilute regime2°.

The dynamics of the solute concentration can be predicted us-
ing the numerical integration of eqs 3 and 4 with appropriat.
boundary conditions and the knowledge of both a(¢) and D(¢).

2.2 Numerical resolution for PVA/water binary mixtures

To get quantitative values of the concentration process for the PVA
solutions studied in our work, we solved eqs 3 and 4 using the
chemical activity described by the following Flory-Huggins mode1

a(@) = (1—9)exp(¢ + x9?) @

with x(¢) = 5.934 — 5.4556 (1 — ¢)°9723, see Figure 3a. These va'-
ues were measured by Jeck et al. who investigated the dynamic;
of water sorption into PVA membranes2!. As shown later, the pr:
cise shape of the curve a(¢) is not critical to capture the dynamic:
of the concentration of PVA within the channel. For the sake cr¢
simplicity without the loss of generality, we also assumed 4, = 0

1 0
)
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Fig. 3 (a) Theoretical activity of the polymer solution according to

eq 52'. (b) Space-time plot of the concentration field ¢ (x,r) calculated
for Pe = 10* and ¢, = 0.01. Concentrations are coded using a gray scale
shown in inset.

In the range covered by our experiments (see later in section 3),
Ly = 5-15 mm, 7, = 200-1200 s, and Dy ~ 10~ m?/s (a rough
estimate using the Stokes-Einstein relation and radius of gyration
15-20 nm22). Péclet numbers thus range from 103 to 10° indicat-
ing that the convective transport dominates the process, and we

Journal Name, [year], [vol.], 1-11 |3



will thus assume D = 1 for simplicity. All the details concerning
the numerical resolution of eqs 3 and 4 are given in SI.

Figure 3b reports a typical space-time plot of the concentration
profile ¢(x,¢) calculated for Pe = 10* and ¢ = 0.01 (concentra-
tions are coded using a gray scale). After a transient time 7, ~ 5,
a dense state (¢ = 1) invades the channel at a rate which signifi-
cantly slows down. Figure 4 displays both the calculated velocity
profiles and concentration fields at different specific times to bet-
ter evidence the dynamics before and after z,.
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Fig. 4 (a) Velocity v(x,7), and (b) concentration profiles ¢ (x,z) vs. x for
1=0,2.4,4,4.8,19.6 and 39.7 calculated for Pe = 10* and ¢y = 0.01
(from black to gray lines). The two arrows indicate the growth of the
dense material in the channel. (b) The red curve corresponds to

¢ = ¢o/x. For r =19.6, the blue curve corresponds to the shifted
hyperbolic profile given by eq 7. Inset: Concentration at the tip vs. 7. The
blue curve is ¢ = ¢gexp(z).

For t < 1,, all the velocity profiles collapse on the single linear
profile v(x) = —x, as for the case of a dilute solution (a(¢) ~ 1,
see eq 3). The increase of the concentration towards ¢ — 1 at
x — 0 only decreases the chemical activity at the tip of the channel
but does not modify significantly v(x) along the channel. As the
transport is mainly dominated by convection (Pe >> 1), we already
derived analytical approximations in ref# for the concentration
fields:

¢ = goexp (t) fort < —log(gox),
¢ = ¢p/x either. (6)

The concentration increases exponentially along the channel un-
til it reaches the steady hyperbolic profile ¢ = ¢y/x. This peculiar
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shape corresponds to a constant flux dominated by convection,
ie. ¢(x)v(x) = ¢ov(x = 1) = —¢y. These approximations fit cor-
rectly the concentration fields in the regime ¢ < 1,, see Figure 4b.

At later time scales, the concentration reaches = 1 at the tip,
and pervaporation across the membrane vanishes as a(¢ — 1) —
0, see eq 3. In this regime, velocities are thus almost null within
the dry material ¢ ~ 1, and the latter invades the channel. We
can estimate the position of the advancing front x; of the mate-
rial using the extrapolation of the velocity profile to the value 0.
Upstream the front x, the velocity profiles are almost linear (be-
cause a(¢) ~ 1 for x > xy), and thus with the same slope as above,
ie v(x) = —(x—xyp).

In the liquid region for x > xy, the transport is still dominated by
convection (Pe > 1), and thus ¢ (x)v(x) ~ ¢ov(x = 1). Concentra-
tion profiles for x > x, are thus well-fitted by the shifted hyperbolic
profile

1 —xy
(P(.X, t ) =¢o ) 7

X*Xf

see e.g. the blue curve for r = 19.6.

Diffusive effects play a role only on a scale 1/+/Pe within the
channel as expected from a scaling analysis of eqs 3 and 41°.
We thus expect that diffusion smoothes the concentration profiles
upstream x; on a scale 1/ vPe ~ 0.01 in the case shown Figure 4.
Fine details corresponding to the exact shape of D(¢) are thus
only contained within this small zone. We performed numerical
simulations on a wide range of Péclet numbers (from 102 to 107,
data not shown) and we indeed observed that the width of the
profile upstream the front up to the collapse on the hyperbolic
profile scales as 1/+/Pe.

Figure 5a finally reports the front position xy vs. t. The growth

30
0 *
IS
10°
0
0° ¢p 10
>
1
0 o 150 ;10 >
0 t 150 10°3 do 10t

Fig. 5 (a) Front position x; vs. ¢ for Pe = 10, ¢y = 0.01. Inset: log-lin
representation. Inset: 7, vs. ¢ for the same set of Pe. Red curve:

7, = —0.71og(¢o).

rate significanly slows down and follows the exponential decay

This journal is © The Royal Society of Chemistry [year]
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given by

xf:I—eXp(—t;T") ®

8

with two free parameters 7, and 7, which correspond respectively
to the induction time of the material within the channel, and a
typical time scale for its growth.

Figure 5b shows the values of 7, and 17, calculated theoretically
for a wide range of ¢y and for several Pe. We observed for all Pe,
that 7, = 1/¢y , except a slight deviation for ¢ > 0.05 that we will
comment below. Concerning the induction times, we observed
two regimes: (i) for ¢y > 0.01, 7, does not depend on the Péclet
number and evolves logarithmically with ¢y; (ii) for smaller con-
centrations, 7, increases importantly with the decreasing ¢y and
this behavior depends on Pe.

2.3 A simplified model

In the transient regime, before concentrations reach almost one at
the tip of the channel, our numerical results indicate that we can
safely use eq 6 corresponding to a convection-dominated trans-
port with v(x) & —x. The concentration at the tip thus increases
exponentially ¢ ~ ¢pexp(r) independently on Pe. This regime is
valid up to a critical time scale t* = 0.5log(Pe) where diffusion
cannot be neglected anymore as the concentration gradient in-
creases continuously at the tip 19, Two regimes are then expected.
For ¢y+/Pe > 1, the concentration at the tip reaches ¢ ~ 1 before t*
and induction times are thus given by ¢yexp(t,) ~ 1. This is con-
sistent with the regime observed for ¢y > 0.01, see the logarithmic
fit 7, ~ —log(¢) shown Figure 5b. For ¢y+/Pe < 1, the concentra-
tion at the tip does not reach 1 for 7 ~ ¢*, and the concentration
still increases at the tip of the channel but at a rate which scales
as ¢9/Pe1?. This is the origin for the two regimes observed the-
oretically for 7, see Figure 5b, with a cross-over around ¢y = 0.01
for the investigated range of Pe.

During the growth of the material, the incoming velocity within
the channel decreases and is roughly given by v(x =1,7) = —(1 —
xr), see Figure 4a. Assuming that the incoming flux of solutes is
convected up to the material leads to the approximate conserva-
tion equation:

X~ 7¢0(1 7Xf) . 9

The integration of this last relation leads to the exponential decay
of the growth rate, see eq 8, with 7, = 1/¢y. This is indeed the
behavior observed theoretically, see Figure 5b. The exponential
slowing down thus corresponds to the decrease of the effective
length of pervaporation during the growth of the material. The
latter does not indeed contribute to pervaporation as a(¢) = 0 for
¢ ~ 1. Note that the slight deviation from the theoretical scaling
T, = 1/¢p at high ¢, see Figure 5b, comes from the fact that we

This journal is © The Royal Society of Chemistry [year]
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neglect in the conservation equation 9 the temporal variation of
the concentration profile upstream the front which becomes sig-
nificant only at high ¢y.

3 Materials and methods

3.1 Dispersions investigated

We investigated dispersions of CNT in PVA solutions which were
already investigated in depth for their ability to form com-
posite materials using various processes?324  PVA is a semi-
crystalline polymer that has a glass temperature transition of
about 80°C when fully dry2>26, However, this temperature trar -
sition strongly decreases in presence of minute amounts of wz
ter25:26, The visco-elastic coefficients of the glassy and rubbery
states vary by orders of magnitude at the glass transition. Thc
storage modulus of dry PVA in its glassy state is of a few GPa2¢,
well above the modulus of the PDMS matrix of a few MPa.

We initially prepared a stock aqueous solution of PV.\
(72 kg/mol, Sigma-Aldrich) in deionized water at a mass frac-
tion 7.5%. To fully solubilize PVA, we first heated the soluti -.
at 90°C for 1 hr and left it to cool to room temperature f =
~ 12 hr. The PVA volume fraction of this solution ¢y ~ 0.06.i<
estimated from the PVA density (1.27 g/cm?) and assuming the
additivity of the volumes. We also prepared a 10 g stock disper-
sion of CNT in water by sonicating 90 mg of multi-walled CN'"
(Arkema, GraphiStrength C100) in the presence of 120 mg or
a polyoxyethylene glycol alkyl ether surfactant (Brij78, Sigma-
Aldrich), as already reported??. All the dispersions investigateq
later in the present work were obtained through appropriate mix
ing and dilutions of the two above stock solutions. Initial volur. =
fractions of PVA are in the range ¢y = 0.001 to 0.03, whereas CNT
mass fractions remains always below wy < 51074, For all the in-
vestigated cases, the ratio of volume fractions CNT/PVA are in the
range 0.0025-0.025 (assuming the density of CNT to 1.8).

The complex fluid under study, CNT dispersed in a polyme-
solution, differs from a simple binary mixture and may not uc
described by the model derived above in section 2. A full theoret-
ical description would require extensive modifications (includit. 5
collective diffusion for a multi-component system 28:29), which gr
well-beyond the scope of our work. However, several features o1
the investigated ink help us to keep our simple description. Fir.*,
we investigated only small ratios of concentration CNT/PVA, and
CNT remains therefore always dilute. Secondly, the colloidal na-
ture of the CNT does not affect significantly the chemical activity
of water which thus remains dominated by the polymer only3°.
Finally, the CNT are tracers within the polymer solution owing
to their low diffusivity (~ 107'! m?/s in water). For the sake
of simplicity, we will however assume that diffusion still homo-
geneizes the CNT concentration over the transverse dimensions
of the channel, leading as above to a simple 1D description.

With these assumptions, the CNT concentration y strictly fol-

Journal Name, [year], [vol.], 1-11 |5



lows the polymer concentration through v = (yp/¢0)¢, and the
dynamics of the PVA concentration remains governed by eqs 3
and 4. The assumption of homogeneity of the CNT concentration
along the tranverse direction is actually supported by the per-
fect agreement between the theoretical predictions and the ex-
perimental measurements provided below.

3.2 Experimental Microfluidic Pervaporation

We used classical soft photolithography techniques to fabricate
the chips shown shematically in Figure 1, see also the SI for de-
tails and our previous works mainly in refs%8°. For these lin-
ear geometries, the pervaporation rate ¢, depends on the channel
cross-section i X w, and on the membrane thickness e (of the or-
der of 25 um in our experiments) 2,31,

To screen different conditions of concentration using a single
experiment, our microfluidic designs are composed of several par-
allel pervaporators connected to a unique reservoir (a simple tube
punched into the PDMS matrix). In the first case, we screened the
incoming flux Lyg, using 5 parallel channels with the same trans-
verse dimensions & x w = 25 x 150 um? but with L ranging from
5 to 15 mm. In the second case, we screened several pervapo-
ration rates g, using parallel channels with a constant L,. For
the rough screening reported Figure 9a, we used 5 channels with
Lo =16 mm, h =25 um, and w ranging from 100 to 500 um.
For a finer screening, see Figures 9b and 10, we investigated 15
parallel channels with Ly =5 mm, 2 = 25 um, and w ranging log-
arithmically from 10 to 300 um. In that case, ¢, ranges typically
from 1 to 6 um?2/s.

To maximize the experiments and to screen different initial con-
centrations, our final microfluidic chips (5 x 7.5 cm?) are com-
posed of up to 12 identical units described above, yielding possi-
bly up to 12 x 15 = 180 different conditions on a single chip.

In a typical experiment, the channels are filled by gently flow-
ing the dilute dispersion into the channels (in about 1 min). The
external humidity 4, is then recorded thanks to a digital humidity
sensor (Sensirion SHT2x). Typical values range between 0.2 and
0.4, and temporal variations of 4, remains below 0.03 during an
experiment. The duration of a experiment ranges typically from
5 to 20 hr. The experiments reported here have been performed
at room temperature (~ 20-23°C).

3.3 Optical characterizations

The dynamics of concentration was recorded using a stereomi-
croscope (Olympus) coupled to a CCD camera (ORCA-05G, 12 bit
digital output, Hamamatsu) at a low frame rate (typically 1 im-
age/min). This setup provides images of the whole set of parallel
channels described above with a typical resolution down to 3 um
per pixel. Each movie thus makes possible the screening of ei-
ther different Ly or different w in a single experiment. Typical
snapshots zooming on one channel are shown in Figure 1b. The
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concentration process is clearly evidenced owing to the strong
absorbance of CNT leading to grayscale profiles.
the CNT concentration within the channel, we defined the ab-
sorbance profile A(X) by

A(X) = —logyg (M) ) (10)

To estimate

r(X)—1q

where /(X) is the grayscale profile along the channel, /.(X) a ref-
erence profile, and I, the dark value of the CCD camera. As in the
classical definition of absorbance, 7.(X) should correspond to the
profile measured using the PVA solution within the channel. How-
ever, to account for temporal variations of the illumination field
during the experiments, /.(X) is defined as the grayscale profile
measured at a location just outside the channel, within the PDMS
matrix. This is valid as the PVA solutions do not absorb in our
experimental range and this definition also correctly accounts for
the spatial inhomogeneity of the illumination.

The previous relation mimics the classical definition of the ab-
sorbance with however some differences. The steromicroscope
(including the illumination and collection optics) does neither il-
luminate strictly the sample with a parallel beam nor collect only
the transmitted light. Moreover, the sample is illuminated by a
halogen lamp without any filters, and the transmitted light is col-
lected by the CCD camera on a large spectral range. However, we
are confident in estimating the local concentration of CNT thanks
to eq 10, as (i) the numerical aperture of the collection of our
stereomicroscope is very small (NA =0.11), and (ii) the spectral
range of the absorbance of the CNT is particularly wide as com-
pared to the spectral range delivered by an halogen lamp32. More
importantly, the experimental measurements presented below are
in excellent agreement with the theoretical predictions, demon-
strating that eq. 10 yields correct estimates of the CNT concentra-
tion.

However, absorbance values saturates at A = 0.8 for high con-
centrations of CNT, preventing us to cover a wide range of con-
centrations. In our experimental configuration, the pixel values
of the reference profile I, range between 2000 and 3000 and the
dark value of the CCD camera is I; =~ 200. The value of saturation
A =~ 0.8 thus corresponds to pixel intensities of 7 ~ (1-2)1; close
to the limit of the dynamic range of the CCD in our configuration.

3.4 SEM characterizations

To acquire SEM images of the final material as shown in Figure 2,
we first peeled off carefully the membrane from the PDMS mold
containing the channel. In most cases, the composite materials re-
main attached within the mold. The fabricated materials are rigid
enough to be handled using precise tweezers. We then stamped
the composite materials on a metallic mount covered by a con-
ductive tape. Microscopic images were obtained using a tabletop
SEM (Hitachi TM3030).

This journal is © The Royal Society of Chemistry [year]
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To obtain the SEM pictures of the transverse sections of the
composite materials, see Figure 10, we proceeded as follows. We
first made an incision with a sharp blade within the PDMS block
containing the channels, transversally to the microchannels (see
Figure 1). The depth of this straight incision across the device
is small enough (3-4 mm) to prevent from the damage of the
composite materials. The whole PDMS chip is then immersed in
liquid nitrogen for about 1-2 min. After removal, the chip turned
brittle and we manually broke the device following the initial in-
cision. This procedure does not deform the materials within the
chip. SEM images of the transverse dimensions of the materials
are then obtained using a SEM pin mounted on a tilt/rotate stage.
This stage makes it possible to align each cross-section with the
SEM detector in order to get quantitative measurements of their
dimensions.

4 Results

4.1 Growth dynamics

A typical experiment is shown in Figure 1b for the case ¢y =
0.018, yp = 0.0003 (mass fraction), & x w = 25 x 150 um? and
Lyp =7.5 mm. Using eq 10, we estimated the local absorbance
A(X,T) along the channel from such images, and thus the rela-
tive values of the CNT concentration field y(X,T). Such an anal-
ysis leads to the space-time plot shown Figure 6. This space-time

0 0.25 x 0.75 1

Fig. 6 Top: typical snapshot of a given channel at a given time of the
concentration process (channel width w = 150 um). Bottom: space-time
plot of the absorbance estimated using eq 10 on a series of images as
the one displayed above. Positions x within the channel are rescaled by
Lo=7.5mm.

plot displays obvious similarities with the theoretical dynamics
expected for the polymer concentration field, see Figure 3b.

At early stages for T < T,, ~ 70-80 min, CNT continuously con-
centrate within the channel. For T > T,, we observed the nu-
cleation at the tip of the channel of a plateau of A ~ 0.8, which
then invades the channel. This corresponds to the growth of the
polymeric material within the channel. This space-time plot also
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reveals that the growth rate of the material significantly slows
down along the channel. Note that A ~ 0.8 corresponds to the
saturation of the measurements (see section 3), and the position
of the solid material cannot a priori be dectected precisely from
these data.

Figure 7 displays some absorbance profiles to better evidence
the dynamics before and after 7;,. Figure 7a focuses on the con-

T 1

Fig. 7 (a) Absorbance profiles before the growth of the material at

T =6, 33, 48, 63 and 78 min (from black to gray dots). The blue curve
corresponds to the hyperbolic profile A = AgLy/X. Inset: absorbance at
the tip of the channel vs. time T. The blue curve is an exponential fit. (v,
Absorbance profiles during the progression of the dense material along
the channel at 7 =90, 300, and 600 min (from black to gray dots). The
blue curves are shifted hyperbolic profiles given by eq 11.

centration profiles for T < T,, =~ 70-80 min, i.e. before the grow -
of the solid material. These profiles are in excellent agreement
with the theoretical predictions given by eq 6, see for instance
the buildup of the hyperbolic profile displayed in blue, and the
exponential increase of the concentration at the tip of the cha-

nel (see inset of Figure 7a). This regime is thus consistent wit
the one described by eq 6 corresponding to the transport don.:

nated by convection in a dilute solution, i.e. ¢(x)v(x) = ¢ov(x= 1),
with v(x) = —x, see section 2.

Importantly, these data also make possible the in-situ calibra
tion of the pervaporation rate ¢,. Indeed, the exponential in-
crease of the concentration yields an estimate of the time sca'_
T, = (hw)/q., see eq 6 which becomes ¢ (x,# =0) = ¢gexp((1 —h)t)
for h, # 0. The good agreement with the theoretical model also
demonstrates that our estimates of the CNT concentration using
eq 10 are valid, and more importantly that the concentration field
of the CNT follows the concentration field of PVA, as claimed
above.

Figure 7b show typical profiles during the growth of the com-
posite material within the channel. As discussed above, the satu-
ration of A prevents us from estimating precisely the exact po-
sition of the advancing front. Nevertheless, the concentration
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profiles upstream the advancing front are well-fitted by shifted
hyperbolic profiles

I —xy

A(x,t) = A 1n

x—xg’

see the blue lines in Figure 7, where x is the only free parameter
and A ~ 0.042 corresponds to the fixed absorbance at x =1. It
again shows that the transport is dominated by convection for
x> xy, see eq 7 in section 2

The fitted values of x; yield estimates of the positions of the
front. Note that for the case shown Figure 7, we can estimate the
concentration of PVA just below the saturation value A = 0.8 by
¢ = (0.8/Ap)@do ~ 0.35. This value is smaller than ¢ ~ 1 expected
for a dry composite, indicating our setup cannot fully cover the
concentration range = 0.35-1. Nevertheless, the estimates of the
dry front positions x; using eq (11) are very close to the x po-
sitions at which A begins to saturate owing to the strong diver-
gence of the hyperbolic profile near x; (see for instance the theo-
retical case displayed Fig. 4b). In other words, the concentration
range 0.35-1 is expected to be observed only on a very small scale
within the channel.

This value is smaller than the one expected for a dry composite
¢ ~ 1. However, the strong divergence of the hyperbolic profile
suggests that the concentration reaches ¢ ~ 1 at a position which
is very close to the extent of the plateau of saturation.

Figure 8a reports measurements of Xy vt. T obtained for vari-
ous Ly (Lyp = 5-15 mm) and for the same transverse dimensions
as above. Xy corresponds to a very good approximation to the po-
sition of the growing material, and this plot evidences again the
slowing down of the growth rate along the channel. The inset of
Figure 8a also shows the rescaling of the dynamics with the natu-
ral variables of the process, Ly and 7,. The perfect collapse of the
data underlines the excellent control provided by the microfluidic
geometry. It also strongly suggests that transport equations such
as eqs 3 and 4, are expected to describe quantitatively this dynam-
ics. This is indeed confirmed by the perfect fit of this dynamics
by the exponential decay eq 8, derived theoretically in section 2.
Such a fit yields both the induction time 7, and the characteristic
time 7, of the growth of the material within the channel.

To go a step further into the comparison with the theoretical
predictions, we screened different initial polymer concentrations
9o using the same dimensions & x w =25 x 90 um? and Ly = 5 mm.
In Figure 8(b), we reported the estimated 7, and 7, from these
screening measurements. We first observed that 7, = 0.5/¢ over
the wide range of concentrations investigated. The induction
times display two different regimes. For ¢y > 0.01, 7, slightly
decreases from 4.6 to 2.1, see the solid curve indicating the log-
arithmic decrease 1, ~ —log(¢y). For ¢y < 0.01, 1, shows a pro-
nounced increase with the decreasing concentrations up to ~ 30
for ¢y ~ 0.001. This behavior is consistent with our theoretical
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Fig. 8 (a): Growth dynamics for several Ly = 5—15 mm (from black to
gray dots) and for it x w = 25 x 150 um?. Inset: rescaling of the data x;
vs. t. The blue line is an exponential fit by eq (8). (b) Fitted values 7, vs.
¢o (hxw=25x90 um? and Lo = 5 mm). The solid line is 7, = 0.5/¢.
Inset: corresponding 7, vs. ¢y, the solid line is 7, = —log(¢p).

predictions, see the inset of Figure 5b, and with the same cross-
over value ¢y ~ 0.01 indicating therefore that Pe ~ 10* in our ex-
periments as expected.

All the above observations are in excellent agreement with our
theoretical predictions. However, the matching is only qualitative
as we observed experimentally 7, ~ 0.5/¢y, see Figure 8, whereas
theoretical arguments based on conservation of solutes predict
strictly 7, = 1/¢p. This deviation would suggest that the concen-
tration within the growing material is ¢ ~ 0.5. Note that such a
huge discrepancy cannot be explained by the assumption #, =0
in the above numerical resolution of eqs 3 and 4. Indeed, hu-
midities &, ranges experimentally between &, = 0.2-0.4. We thus
expect that the concentration of the material at equilibrium with
such values is very close to ¢ ~ 1, as ¢ > 0.97 for a(¢) < 0.4, see
Figure 3a.

We report below experiments which reveal that this discrep-
ancy comes from the deformation on the PDMS matrix during the
growth of the materials.

4.2 Failure of the quantitative description: deformations of
the channels and thermo-mechanical properties of the
polymer

We first report a rough screening experiment (¢y = 0.008) ob-

tained using a chip with 5 pervaporators with Ly = 16 mm,

h =25 pum, and w from 100 to 500 um, see Figure 9a. As above,

the exponential increase of the CNT concentration at the tips of

the channels makes possible the calibration of 7,, which vary from

1300 to 1600 s. After a transient, we observed the growth of ma-

terials within the channels and Figure 9a shows the correspond-

ing rescaled dynamics xy vs. ¢. The curves do not collapse at all,
even if they share a common induction time 7, ~ 2.5. All these

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 (a) Rescaled growth of the materials investigated for the case

¢ = 0.008, Lo = 16 mm, h =25 um and w ranging from 100 to 500 um
(from black to gray dots). (b) 7, vs. w (square) and shrinkage ratio r vs.
w (o, see text) for the case ¢y = 0.006, Ly =5 mm, h =25 um. r were
estimated using SEM images of the transverse dimensions of the dried
materials, see Figure 10. The red diamond comes from the independant
measurements 7, vs. ¢ shown Figure 8b, see text.

curves are correctly fitted by the exponential decay described by
eq 8 (not shown) but the growth rate for the smallest width is
significantly smaller than the one for the largest w.

To cover a wider range of aspect ratios z/w and evaporation
times 7,, we used a screening chip with 15 pervaporators with
Lo =5 mm, h =25 um and w ranging logarithmically from 10
to 300 um. For this chip, 7, ranges from 200 to 1200 s, and Pe
from =~ 10? to ~ 10%. We estimated as done previously the time
scales 7, from the growth dynamics x; vs. ¢ (¢ = 0.006). The
corresponding data are displayed Figure 9b and again the growth
depends on the channel width w. Surprisingly, this wider screen-
ing now reveals a non-monotonic behavior: 7, first increases up
to 90 for w = 50 um, then decreases down to 40 for the largest
width (300 um). This striking result evidences that our approach
based on conservation equations misses an ingredient.

The images obtained using our stereomicroscope on a wide
field of view (see section 3 and Figure 1b) prevent us to observe
precisely the solification front. However, images obtained at a
higher spatial resolution using a microscope clearly show that the
channels deform significantly close to the advancing front x (see
SI for the corresponding images). To get more insight into this ob-
servation, we measured systematically the transverse dimensions
of materials obtained within the channels.

Figure 10 shows some SEM images of the transverse sections of
the materials within the chip, see section 3 for the experimental
details. The images taken at high resolution show clearly that
the materials do not fill entirely the PDMS channel section & x w.
For large width w, the top faces of the materials are even curved
suggesting that the slight deflection of the PDMS membrane for
these large w impacts the final shapes of the materials. For w <
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Fig. 10 (a) Wide SEM view of the sections of the materials embedded
within the PDMS chip (see section 3 for the experimental details leading
to such images). From left to right, the width of the channels are w = 10,
13, 16, 21, 27, 34, 43, and 55 um. (b) to (d): SEM images at a higher
resolution for w =43, 90, and 145 um.

50 pum the transerve cross-sections of the micro-material are mor »
rectangular but always significantly smaller than 4 x w. Thes>
SEM observations demonstrate without ambiguity that the PDM>
matrix significantly deform during the solidification process, a-
previously reported for the case of cellulose acetate solutions 1.

To go a step further, we estimated the skrinkage ratio r =
S/(hw), where S is the cross-sections of the materials obtained kb~
analysing the SEM images. Figure 9b reports the estimated r vs.
w, together with 7, vs. w for the same experiment using the chip
screening logarithmically w from 10 to 300 ym. This plot show=
the same non-monotonic behavior for the skrinkage ratio: r firsc
increases from 0.5 to 0.6 for w = 50 um, then decreases dow:.
to 0.4 for the largest w. These two bell-shaped curves suggest
that the deformations of the PDMS matrix may explain the nor.-
rescaling of x; vs. 7, but also the experimental scaling 7, ~ 0.5/¢
which differs from the expected theoretical one 7, = 1/¢y.

Indeed, our above one-dimensional theoretical description only
applies for a channel with a constant geometry / x w. Strong
arguments based on solutes conservation lead to eq 9 which doe-
not quantitatively predict the observed growth rates. If we now
assume that the channel cross-section varies from 2 x w to = S a2
the solidification front x/, eq 9 becomes

r)'Cf:(PQ(l—Xf), (12)

to take into account the shrinkage of the channel in the conser
vation of the solute. This last equation predicts an exponential
decay as in eq 8 but with 7, = r/¢). This explains the be.l-
shaped curve 7, vs. w reported Figure 9b which follows the curve
r vs. w. Moreover, our screening experiments, see Figure 8b,
yield 7, ~ 0.5/¢y for h x w =25 x 90 um?>. This value reported in
Figure 9b is consistent with the shrinkage ratio measured inde-
pendently for the same geometry. This strongly supports that the
quantitative mismatch and the bell-shape curve 7, vs. w displayed
Figure 9b are both explained by the shrinkage of the material dur-
ing the solidification.

The deformations of the PDMS matrix at the solidification front
result from intricate phenomena coupling the adhesion forces of
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the PVA/solution on the PDMS walls and the strong increase of
the visco-elastic coefficients of the polymer mixture when the lat-
ter becomes glassy when ¢ — 12526, In this latter case, water is
expected to permeate through a glassy crust at a very low rate
owing to the strong decrease of the collective diffusion coefficient
at high concentrations?!. In this regime, our above description
of the growth based on a one dimensional uniform permeation
mechanism would fail as D < g, !°. Nevertheless, these subtle ef-
fects occur only in a narrow region upstream the growing front
(on a length scale ~ Ly/+/Pe) as transport is dominated by con-
vection in our experimental case. Therefore, our description of
the growth dynamics based on general conservation equations is
not affected by these effects which are taken into account phe-
nomenologically through the skrinkage ratio r.

5 Conclusions

We investigated in depth using both theory and experiments, the
dynamics of concentration of polymer solutions by microfluidic
pervaporation, up to the formation of a polymer material within
the micromold. Our experimental approach which makes an ex-
tensive use of the screening opportunities offered by the microflu-
idic tools, reveal that the key ingredients of the growth (induction
time and growth time) are simply captured by a simple model
based on transport equations. We also demonstrated that the pro-
cess is dominated by convection and that the specific shape of the
chemical activity a(¢) is not a crucial parameter. The guidelines
derived experimentally and theoretically above are thus general
and can apply to other polymer solutions in similar conditions.

The only semi-quantitative mismatch between the theoretical
predictions and the experiments comes from the deformation of
the matrix during the solidification. This problem is certainly re-
lated to the strongly increasing viscosity of the polymer solution
at high concentrations3? as suggested by Demko et al. 15, Nev-
ertheless, other factors are expected to play a significant role. In
particular, adhesion and the strong increase of the elastic forces of
the solidifying polymer within the channel when the latter crosses
the glass transition2%26, The full description of the forces exerted
by the drying polymer solution should also take into account both
the average flow of the solution at a rate v(x) in the channel and
the relative polymer/solvant flow induced by pervaporation 34-36,
More specifically, the bell-shape curve r vs. w observed in our
work also reveals that the mechanical deformations of the ma-
trix depend strongly of the aspect ratio h#/w. Importantly, our
measurements suggest that there exists an optimum w/h ~ 1-2
minimizing the shrinkage of the material.

To conclude, our study demonstrates for the first time the ex-
cellent control imparted by the microfluidic geometry on the fab-
rication of composite materials with well-defined shapes. This
approach only requires dilute inks (colloidal charges in a polymer
solution), avoiding the need for thermal of UV- post treatments

10| Journal Name, [year], [vol.], 1-11

Soft Matter

as in the seminal MIMIC procedure (micromoulding in capillar-
ies) 13:14, We will soon report a complete investigation of the pos-
sibilities offered by this technique to make micro-materials which
may have applications as MEMS 17-18,
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