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a b s t r a c t

In this paper, we present the synthesis of organic nanocrystals in a 3D hydrodynamic focusing device
through a non-solvent crystallization process. This microreactor was designed in order to control the
supersaturation level, while manipulating mixing conditions, and to avoid fouling and clogging within
the main channel. Rubrene, the molecule of interest, was dissolved in a THF–ethanol mixture and was
injected through a silica capillary. Two side flows containing the non-solvent and the surfactant, water
and CTACl respectively, surround and interact with the capillary flow and mixing occurs through diffu-
sion. First, we quantify the water diffusion process within the focused beam by confocal fluorescence
microscopy in the presence of fluorescein. It is shown here that the efficiency and the quality of the mix-
ing between the aqueous side flow and the focused organic solution are improved by increasing the side
rystallization
ize tuning

flow rate to the capillary flow rate ratio, i.e. the focusing ratio. Second, the synthesis of rubrene crystals
were performed under a variety of flow rate conditions. We show that, by increasing the focusing ratio
(from 5 to 40), the mean size of nanocrystals decreases (from 110 to 50 nm). The characterization of the
mixing process allows for a better understanding of rubrene nanocrystal synthesis: a fast supersaturation
induces the generation of numerous nuclei, which limits the crystal growth. Herein, we show that the
3D hydrodynamic focusing microreactor efficiently produces organic nanoparticles of controlled size,

f large
without the deposition o

. Introduction

Microfluidic technologies have been employed to perform
variety of chemical processes, including organic syntheses,

iochemical reactions [1,2], heterogeneous catalysis [3,4], and
anoparticle formation [5,6]. Microreactors provide several advan-
ages in these types of processes when compared to macroscale
pplications [7,8]. The high surface area to volume ratio, which
s two to three orders of magnitude larger than a conventional
atch reactor, enhances heat and mass transfer, thus reduc-

ng temperature and concentration gradients in microchannels
1,2,8]. Additionally, the laminar flow field developed in such sys-
ems improves the reproducibility and allows for the continuous
mplementation of chemical processes [10]. Moreover, the envi-
onmental impact of nanoproduction is minimized because of the

ecrease in required volume compared to volumes needed for tra-
itional bulk methods. This provides for the ability to use a large
ange of operating conditions, consuming small amounts of organic
ompounds, solvent and energy. The relative ease of implemen-

∗ Corresponding author. Tel.: +33 (0) 1 47 40 77 38.
E-mail address: genot@ppsm.ens-cachan.fr (V. Génot).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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, unwanted crystals on the microchannel walls.
© 2010 Elsevier B.V. All rights reserved.

tation of optical set-ups, heaters, coolers, sensors, and different
processing sections (mixing, reaction, quenching, and separation)
allows for online analysis and precise control of the physical
conditions of the reaction medium (concentration, temperature,
pressure). With reference to these advantages, microfluidic routes
have been employed in the continuous production of nanomaterials
with controlled properties [9].

Several key parameters determine the size of nanoparticles in
wet chemical methods including temperature, mixing efficiency
and concentrations of the reagents. The latter two determine
the supersaturation conditions, which govern the nucleation and
growth kinetics. Several kinds of microreactors have recently
demonstrated the ability to precisely control these parameters dur-
ing the synthesis of quantum dots [11–16], metallic nanoparticles
[17–20], oxides [21] and liposomes [22].

Nevertheless, the synthesis in microreactors does face some
challenges and the transfer of a flask batch process technology
into a continuous flow microreactor is not so obvious. At this small

scale, surface forces and surface properties, including surface ten-
sion, the physical or chemical interaction(s) between reactants and
surface and the roughness of the surface become more signifi-
cant than the particle motion [9]. This can cause the deposition
of nanoparticles or even clogging of the microreactor which can

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:genot@ppsm.ens-cachan.fr
dx.doi.org/10.1016/j.cej.2010.04.029
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ig. 1. (a) Y-type microdevice equipped with capillary, inlet and outlet tubing. (b)
n the middle of the main channel.

inder the synthesis of nanoparticles of controlled size. There are
ertain ways in which microreactor fouling can be prevented. This
ncludes changing the pH of the solutions or surface modification
uch as silanization, which was reported in the case of metallic
articles synthesis [9,19]. Biofouling, in particular, has been shown
o be limited by the growth of a poly(ethylene glycol) film on the
urface of the microsystem [23].

In addition to preventing the deposition of unwanted nanopar-
icles, the design of the microreactor is a crucial point to consider
n order to achieve faster mixing in a laminar flow regime with a
arrow residence time distribution. Research performed on silica
anoparticles showed that the implementation of a mixing section
nd the reduction of axial dispersion by a segmented two-phase
ow improved the monodispersity of the materials [21]. Some
ther approaches have also addressed these bottlenecks, for exam-
le the interdigital mixer [12] or the droplet-based two-phase flow
sed in quantum dot synthesis [13–15].

It has been shown that 3D fluidic geometries, as well as coaxial
ow and 3D hydrodynamic focusing, can overcome the deposi-
ion process on the channel walls during a precipitation reaction,
s demonstrated for rubrene nanocrystals [24] and for iron oxide
anoparticles syntheses [25]. Due to laminar flow within the
icrochannels, mixing only occurs by molecular diffusion. For fast

eactions like crystallization in a non-solvent which is sensitive
o the supersaturation level, reducing and controlling the mixing
ime in a reproducible manner are challenging. The hydrodynamic
ocusing technique offers the ability to reduce the mixing time
rom milliseconds to microseconds [26,27]. Focusing is commonly
chieved in microfluidic chips by the combination of the sample
tream with sheathing fluid streams. It would be more advanta-
eous to have a true 3D system so that the sample is focused in
oth the substrate plane and the vertical axis. The advantages from
3D system include decreasing the stream thickness and limitating

he interactions between the sample and the channel walls.
Here, we present a 3D hydrodynamic focusing device which is

ased on the microfabrication of a Y-type microchannel system
oulded in PDMS. A glass capillary is positioned into the intersec-

ion of the channels (cross-sectional area: 170 �m × 170 �m). The
mplemented reaction is the non-solvent crystallization of rubrene.
ubrene nanocrystals are valuable in the field of organic electron-

cs materials [28,29] and the presented microfluidic route appears
o us as a promising approach to produce rubrene nanocrystals.

ubrene was also selected because it offers fluorescence proper-
ies which have allowed previous investigations by fluorescence
ifetime imaging microscopy (FLIM) [24]. The results obtained by
LIM show a strong kinetic effect between the operating conditions
nd the crystallization process.
fied picture of the Y junction between the inlet flows. The focused stream appears

The overall aim of this work was to investigate how manip-
ulations of the operating conditions allow for the control of
nanoparticle size distributions. Moreover, since the crystallization
process and the nanocrystal size are linked to the diffusion dynam-
ics, a quantification of this mixing process was performed. Two
main parameters will be described that were used to quantify
the performance of a passive mixer, the mixing efficiency and the
mixing uniformity. To test these factors, confocal laser scanning
microscopy (CLSM) was used for the quantification of diffusion
within this 3D hydrodynamic focusing microdevice.

2. Experimental

2.1. Reagents

Rubrene (5,6,11,12-tetraphenylnaphthacene) and fluorescein
were purchased from Aldrich and were used as received. Tetrahy-
drofuran (THF, spectroscopic grade) and absolute ethanol (EtOH,
spectroscopic grade) were purchased from SDS. All aqueous
solutions were made with deionized water. The surfactant
cetyltrimethylammonium chloride (CTACl) was used as a stabiliz-
ing agent and was purchased from TCI-Tokyo.

2.2. Device fabrication and its implementation

As previously reported elsewhere [30,31], the microreactor
was fabricated by casting PDMS on a silicon wafer that was
patterned by photolithography using a spin coated negative pho-
toresist (SU8, MicroChem). Reservoirs were drilled in the cut PDMS
block and the PDMS was irreversibly bonded to a glass substrate
(76 mm × 26 mm) with oxygen plasma treatment. A glass capil-
lary tube (Polymicro Technologies, OD = 150 �m, ID = 15 �m) was
inserted into the microreactor and was fixed with epoxy glue to
avoid leakage. The PTFE tubing was inserted into the reservoirs of
the PDMS block as illustrated in Fig. 1a. The device was then placed
under a binocular microscope to control the stability of the flow
and the focusing quality in the main channel.

2.3. Confocal laser scanning microscopy (CLSM)

The efficiency of the mixing and the mixing uniformity within
the focused stream were determined using confocal laser scanning

microscopy (CLSM 5 Pascal, Zeiss). The excitation of the fluorescent
dye, fluorescein, was done by an Argon ion laser at 488 nm wave-
length with a high pass filter. For mixing level measurements, the
organic and aqueous solutions were respectively water with CTACl
(10−2 mol L−1) and a THF–ethanol mixture (30/70, v/v) respectively.
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Fig. 2. Scheme of the CLSM imaging at each position along the main channel.

luorescein (1.5 × 10−4 mol L−1) was then dissolved equally in the
wo reference solutions. When flowing these two solutions sepa-
ately in the microreactor, the fluorescence intensity measured for
he aqueous solution was 10 times higher than that of the organic
olution [33]. Due to the difference in intensities, the dye acted as
label for the degree of mixing between the water and the organic

ocused stream. The aqueous solution flowed from the side chan-
els with a volumetric flow rate (Qs) which was varied between
and 30 �L min−1. The organic solution flowed from the capillary

nto the main channel with a volumetric flow rate (Qc) in the range
f 1–3 �L min−1.

Using CLSM, a 1 �m thick optical slice was imaged by scanning
he channel perpendicularly to the cross-section over the width
f the channel and over 30 �m along the channel. The resolution
f each slice was 3.3 �m2 per pixel. The acquisition time for one
ixel was 3.6 �s and eight measurements per pixel were averaged
or a better representation of the focused stream. All of the images
btained from the PDMS inner surface to the glass substrate at the
ottom were stacked and then summed at different positions along
he main channel. Each stack allowed us to reconstruct, at each
osition, an intensity map of the cross-section. The intensity was
veraged over the 30 �m length of the stack (Fig. 2).

.4. Rubrene crystallization

Rubrene was dissolved in a THF/EtOH mixture (30/70, v/v)
o reach a concentration of 4.13 × 10−4 mol L−1. The solubility of
ubrene in the organic solution is 1.4 × 10−3 mol L−1 (0.745 g L−1).
his rubrene solution was pumped through the glass capillary inlet
t a flow rate (Qc) varying between 0.5 and 3 �L min−1. The capil-
ary was connected to a 500 �L glass syringe positioned in a syringe
ump (Model 11 Plus Dual; Harvard Apparatus). The aqueous solu-
ion of CTACl, 10−2 mol L−1 (CMC = 1.3 × 10−3 M [32]) was pumped
hrough each side channel inlet via PTFE tubing at a fixed flow rate
Qs) of 10 �L min−1. Both PTFE tubes were connected to 10 mL plas-
ic syringes set that were placed in an additional syringe pump
Model PHD remote; Harvard Apparatus). Thus, the residence time
as close to 2 s.

The solutions collided at a Y junction, forming a focused stream
n the main channel. Because of the difference in refractive index
etween the organic and aqueous solutions, the focused flow
learly appeared under the binocular microscope (Fig. 1b). Mixing
ccured through diffusion along the channel and induced precipi-
ation.

The rubrene nanoparticle suspension was collected through a
TFE outlet tube. Due to light sensitivity of rubrene, all the solu-
ions containing rubrene and its suspensions were maintained in
brown glass bottles that were wrapped in aluminium foil. For
ize measurements and further analyses, at least 1.5 mL of suspen-
ion was required. Therefore, the sampling time varied between
.5 and 1.5 h depending on the total volumetric flow rate. During

ow flow rates and after long running times, undesirable crystals
ould grow and be detected particularly at the edge of the capil-
g Journal 161 (2010) 234–239

lary, resulting in a crystal sheath around the flow coming out of the
capillary.

2.5. Size measurements

Each rubrene crystal suspension was analysed from 1 to 5 days
after synthesis by Dynamic Light Scattering under a 632.8 nm laser
beam (DLS, Zetasizer NanoZS, Malvern Instruments). Each sample
was analysed at least 3 times. For each run, the size distribution
was given from which the mean size was determined.

3. Results and discussion

3.1. Mixing characterization of the aqueous and organic solutions

In order to calculate the Reynold’s number in the microre-
actor, it was assumed that the mixture is similar to water
(density ≈ 1000 kg m−3 and viscosity ≈ 10−3 Pa s). Therefore, with
a mean velocity around 1.25 cm s−1, the flow in the microdevice is
laminar as indicated by a Reynolds number close to 2. This is far
lower than for a turbulent flow and it can be assumed that mixing
between the two side flows within the focused beam is induced by
molecular diffusion alone.

Previous studies concerning the preparation of Ag nanoparti-
cles and rubrene nanocrystallization [24] have highlighted that the
central stream, where the crystallization takes place, is focused in
three dimensions and does not contact the channel walls at any
point along the microreactor. Thus, a region of interest (ROI) corre-
sponding to the focused stream was defined at the entrance of the
main channel, 300 �m away from the capillary outlet where the
laminar flow profile is fully established [34]. The efficiency of the
diffusion process was quantified by translating this ROI to different
positions along the main channel. This ROI fitted the shape of the
focused stream which is mainly determined by the focusing ratio of
the volumetric flow rates defined as FocRatio = 2Qs/Qc. Fig. 3 shows
a typical reconstruction of the CLSM pictures at different positions:
300, 700, 1300, 1700, 2200, and 2700 �m away from the capillary
outlet. The zigzag shape of the fluorescein fluorescence in the ROI,
might be attributed to the oscillations created by the pumps which
imply the instability of the focused beam as observed under CLSM
experiments. The right inset is a numerical magnification of the
ROI to give a better visualization of the fluorescence intensity dis-
tribution. The relationship between each position (x) and the mean
residence time (tres) is described by the following equation:

tres = Ax

2 Qs + Qc
(1)

where A is the cross-sectional area.
Qualitatively, we can observe that the focused stream has a rect-

angular shape (dark area), well centred in the channel in regard to
its width. The fluorescence intensity in the ROI increases with posi-
tion along the channel. The mutual diffusion processes control the
mixing of the aqueous and organic solutions, which increases the
water content within the focused stream, and thus increases the flu-
orescence intensity of fluorescein therein. Here, the diffusion of the
dye, due to its partition ratio between aqueous and organic media, is
negligible compared to the diffusion process of the smaller solvent
molecules [35].

From each picture in the ROI, the fluorescence emission intensity
was measured and an in house Matlab©code was used to deter-
mine the degree of mixing, which corresponds to the fraction of

water in the aqueous/organic mixture, noted W. From the fluores-
cence intensity at each pixel, the average fraction (Wmean), and its
standard deviation (�) were determined over each analysed ROI.
The minimum intensity (Imin) and the maximum intensity (Imax)
were determined by flowing the two reference solutions contain-
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ig. 3. Example of the CLSM pictures of the cross-section at different positions x, rec
c = 1 �L min−1 and Qs = 10 �L min−1. The rectangle with dashed white lines is the R
orrespond to the numerical magnification of the ROI.

ng the fluorescent dye though the channel. Imax corresponds to the
uorescence intensity in pure water (W = 1).

To characterize the dynamic of the mixing, the mixing efficiency
nd the mixing uniformity were determined as follows.

First, the mixing efficiency (M.E.), which represents the degree
f mixing, is:

.E. = Wmean = Imean − Imin

Imax − Imin
(2)

econd, the mixing uniformity or mixing index (M.I.) is represented
y:

.I. = �
(3)
Wmean

n M.I. below 0.1 indicates that there is efficient mixing in the
evice.

The evolution of the mixing efficiency versus time is plotted on
ig. 4 at different flow rate conditions.

ig. 4. Mixing efficiency versus time for different operating conditions. Full curves are ca
et is obtained for a side flow Qs, a capillary flow Qc and is fitted using the measured wid
cted from the average intensity on the 30 �m stacks, under the flow rate conditions
termined at the beginning of the main channel and retained for each picture. Insets

It can be seen that high mixing efficiency is reached faster
for higher focusing ratios (FocRatio = 2Qs/Qc), as the width of the
focused stream decreases significantly with this ratio. When two
experiments are performed with the same FocRatio, the total vol-
umetric flow rate influences the position along the channel where
a desired M.E. is achieved.

The confocal image shows that the stream is mostly focused in
two dimensions (Fig. 3). For two-dimensional hydrodynamic focus-
ing, the M.E. versus time was predicted using Fick’s law of diffusion
([36], see Eq. (4)). As shown in Fig. 4, the mixing efficiency is well
described by the following expression:(

Wf

)
2
√

Dtres
( (

W2
f

))

M.E. = Wmean = erfc

2
√

Dtres

+
Wf �

1 − exp
4Dtres

(4)

where tres is the residence time, Wf is the width of the focused
stream determined at the inlet of the main channel for each exper-
iment, and D is the mutual diffusion coefficient, which is assumed

lculated according to the analytical expression given by Eq. (4). Each experimental
th Wf .
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ig. 5. Time corresponding to a M.I. = 0.1 versus focusing ratio (FocRatio = 2Qs/Qc).
he dotted curve through the experimental points is only a guide.

onstant over the mixing area [38]. This equation is very sensi-
ive to the values of Wf and D. Thus, good agreement between the
heoretical and the experimental data was obtained by adjusting
he diffusion coefficient D to 3.5 × 10−9 m2 s−1. This value is simi-
ar to the previously reported diffusion coefficient between water
nd ethanol: 1.25 × 10−9 m2 s−1 at 25 ◦C [37,38]. The slight differ-
nce may be due to the nature of the organic mixture, composed
f ethanol and THF instead of pure ethanol. Additionally, the aque-
us solution also contains the surfactant, CTACl. Furthermore, as
een in Eq. (4), the diffusion coefficient always appears through the
atio W2

f /D. The value of D is strongly dependent on the precision
f the width measurement. Thus, from these experiments we can
onclude that the mixing efficiency in the device depends on the
tream width and can be controlled by the focusing ratio, i.e. the
olumetric flow rates ratio.

For each set of experiments, we have plotted the time needed
o reach a M.I. = 0.1 versus the focusing ratio in Fig. 5.

From this figure, we can deduce that efficient mixing is obtained
etween 20 and 200 ms. In each case, as the M.I. reaches 0.1, the
.E. is also high, greater than 65% (see Fig. 4), and both values

nly depend on the focusing ratio. Therefore, as the focusing ratio
ncreases, efficient mixing indexes are reached in a shorter amount
f time.

.2. Synthesis of rubrene nanoparticles

Due to insolubility of rubrene in water, the non-solvent diffusion
rocesses initiate the nucleation of nanoparticles of rubrene, when
he concentration of water in the rubrene solution reaches the crit-
cal supersaturation of nucleation. The surfactant CTACl, dissolved
n water, was necessary to surround the newly generated nanocrys-
als and to control the growth and size of these crystals [39]. Due
o a lower diffusion coefficient than that of parent molecules, the
ubrene particles continue to flow in a central focused beam as
reviously reported [24]. By varying the side and capillary flow
ates, the mixing and reacting conditions were varied, which in
urn changed the way to obtain supersaturation. In the same Y-
ype microdevice (see Fig. 1), the side flow rate, Qs, was set at
0 �L min−1 and capillary flow rates, Qc, varied between 0.5 and
�L min−1. The final concentration of CTACl in the suspensions
iffered slightly, between 8.7 and 9.9 mmol L−1. For each focusing
atio, between 1 and 4 experiments were performed and the size
istribution was measured by DLS. The period of time between

he preparation and the analysis could be propitious to the sam-
le ageing, leading to Oswald ripening or aggregation of crystals.
evertheless no significant change was detected for samples pre-
ared in the same conditions and analysed after 1 or 2 days. The
ean diameters of the particles varied from approximately 50 to
Fig. 6. Mean diameter of the rubrene crystals versus FocRatio (see text). The crystals
are obtained under various experimental conditions. The error bar corresponds to
the dispersion due to several samples and several analyses on each sample.

110 nm. The size of the nanocrystals is strongly dependent on the
focusing ratio. Thus, the larger ratio, for example for 20 and 40,
yielded smaller particles.

As seen in Fig. 6, this trend is significant up to a FocRatio of 20,
because it shows that the size of the nanocrystals can be predicted
by controlling the focusing ratio. The scattering data around each
average value may pertain to the time period between the crys-
tallization and the analysis. The fluctuations observed by CLSM,
particularly concerning the position of the focused stream in the
main channel, may also contribute to this spreading of the data. Fur-
thermore, during some experiments, larger crystals were formed
around the silica capillary and recovered in the outlet solution.
From the DLS measurements, the appearance of these crystals could
also affect the average size of the nanocrystals. New device types,
in which a sheath flow is created around the capillary, are being
designed to completely eliminate the formation of large crystals in
the microdevice [36].

In this crystallization processes, nucleation and growth are gov-
erned by the level of supersaturation and the rate to reach this
supersaturation level. It is determined from the amount of water
that has diffused into the rubrene solution (in an EtOH/THF mix-
ture). In an efficient mixing process, the critical supersaturation
needed for nucleation, is reached faster, with proper mixing (low
M.I.) in the focused stream. This will then allow for the generation
of numerous nuclei whose growth is limited by the amount of avail-
able molecules. A larger number of nuclei implies a smaller average
size of the particles. Therefore, a higher focusing ratio would lead
to smaller particles as shown in Fig. 6.

4. Conclusions

We have shown that the 3D hydrodynamic focusing microde-
vice is designed to avoid the contact of the crystallizing flow with
the channel walls. A higher focusing ratio leads to a more stabilized
focused stream, which avoids contact with the channel walls and
then prevents unwanted crystal deposition. Concerning the hydro-
dynamic behaviour, the rectangular shape of the focused stream is
due to a likely 2D compression of the capillary flow, and as a result,
a 2D model has been applied to the diffusive mixing in the focused
stream.
It was then shown that rubrene nanocrystals of controlled size
can be synthesized under varied focusing ratios within this 3D
hydrodynamic focusing device. A higher focusing ratio reduces the
time needed to reach efficient mixing conditions (low M.I., high
M.E.). When the supersaturation is obtained more quickly, smaller
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