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ABSTRACT

We have previously presented the synthesisafadisperse doughnut-shaped silica microparticjea bimple
droplet-based microfluidic approach. [1] Here weHar studied their formation mechanism triggergddpid solvent
diffusion and the parameters for shape controkréstingly, it is found that the shape of the silparticles can be
tuned by the ratio of droplet diameter to micrafiai channel height (§h) and the local Peclet number. ®Ve
demonstrate the monodisperse silica micropartigléstunable shape at fluid interfaces in micradios. By varying
the channel aspect ratio4g and R, we have achieved silica particles with variablames of sphere, dimpled sphere,
bowl, doughnut.
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INTRODUCTION

Silica particles have demonstrated potentials imenous fields such as separation science, drugedglior
catalysis. [2] However, their polydispersity, eitlie size or shape, presents a major challengedenstanding and
controlling the mass-transport properties, whickuim introduces a striking lack, for example, imdarstanding the
effect of particle size and shape in the fieldsliafg delivery and material science. Recently, there been a great
attention to the synthesis of anisotropic silicatipkes. On the other hand, microfluidics providestraightforward
and robust approach to obtain highly monodispersgplets, one at a time and with an incomparableetegf control
over size. In addition, the characteristic parabeéilocity profile in microfluidic channel introdas new phenomena
in hydrodynamics. Therefore, we applied on chip lsification and solvent diffusion to synthesizdcsil particles
with controlled size and shape. Silica shape camed by /h and R varying from sphere, dimpled sphere to bowl
and doughnut. The interesting results would hejpréanote the potential applications of silica miaisrin separation,
adsorption, catalysis and drug delivery, [3-4] esglty in the case that particle shape has a stioypgct on their
performance. [5]

EXPERIMENT

Droplets were achieved on chip using a flow focgsievice (Fig. 1). The microfluidic channels welegained by
irreversible thermal bonding of a PDMS replica oaitat PDMS slab and the resulting chip was usezttly without
any surface modification. The continuous oil phasagethyl carbonate (DMC, 99 %, Sigma-Aldrich), veapplied to
the device through inlet 1 using a digitally cofied syringe pump (Harvard Apparatus PHD 2000, USH)e
dispersed aqueous phase was supplied througl2imehe same manner. The silica sol precursotisolwas used as
aqueous phase, which was prepared by mixing 1.@htétraethyl orthosilicate (TEOS, 99.0 %, Fluk@)l mL of
triethyl amine (TEA, 99.5 %, Fluka) with 5.0 mL wfater (MilliQ, 18 MQ.cm). This mixture was stirred at room
temperature until one single homogeneous phaseaegpé- 5 hours).

The respective flow rates were 3.00 and 0.05 mL/hr.

After the breakup junction, the emulsion droplets —
travelled along a channel with its width fixed 8024m
and its height varying in the range of 60-240 pm, L
indicative of a Ry, of 0.3 to 1.2. Its total diffusion
length, I, was either 36, 84, 109 or 137 cm, depend —
on the drying time required. Particles were co#ect
from outlet 3.
Figure 1: Scheme of the PDMS device used for thig.w

Droplets and particles were observed in situ uam@lympus IX51 inverse microscope (Olympus) codipkeh a
digital camera (Sony, SCD-SX90). Scanning electrocroscope (SEM) images were obtained with JEOLOF60
instrument. To better understand their morpholailica particles were cured in epoxy resin andisaet into
ultrathin slices for tunnelling electron microscdp&M) observations.

Pe is defined as the ratio of two characteristic smethe drying process: [6] time required for arsnocluster
(SN) to diffuse from the edge of the droplet taciester, R/Dg4r. Here R and B are the radius of the droplet (R =1/g D
Fig. 2) and the SN diffusion coefficient, respeelyy while the other is the time required for aled to dry,tg. Dg; iS
calculated by Stokes-Einstein equation [6] with #s size of 25 nm. [1] Thus.P R/ 14 Dys.

As previously stated, uniform W/O droplets were eyated with the flow focusing PDMS devices and
subsequently underwent in situ rapid solvent diffnsn microfluidic channel. After their generatidhe sol droplets
were found subject to consecutive stages of shgmkaeformation, buckling, condensation and sadidifon. [1] The
resulting silica particle shape, however, strondgpended on the ., Besides doughnut-like shape, we also
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reproducibly achieved bowl-like shape. Fig. 2 corapathe real-time droplet transformations in therofluidic
channels at two different.g and their resulting morphology characterized byiSéhd TEM. From Fig. 2Ac, it is
evident that, when &, = 0.4, droplets tend to deform symmetrically i ttross flow direction after shrinkage,
resulting in lateral buckling toward a final dougiishape (Fig. 2A d-f); On the contrary, wheg,R 1.1, deformation
can occur at any point of the droplet free surféi€ig. 2Bc), leading to asymmetric buckling and dually to
bowl-like silica particles (Fig. 2B d-f). The crosectional view of the particles by TEM in Fig. 2kearly
demonstrates their different morphologies simptptigh varying the R,
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Figure 2: Real-time droplet shape transformatiorflaid interfaces at Pmuch greater than unity when forming A)
doughnut-shaped (P 52, R, = 0.4, Dy/h = 0.92) or B) bowl-shaped (P 45, R, = 1.1, Dy/h = 0.57) silica
particles: (a) droplet generation; (b) shrinkage) fleformation; (d) buckling; (e) condensation; gficsolidification;
(g) SEM and (h) TEM images of the as-formed pasiciThe time indicates the actual time from thepldt
generation. The arrows depict the flow directiorciannels. The dark edges in images corresporitetgite wall of
serpentine channel with a total length of 36 cnal&bar is 50 um unless otherwise stated.

It has to be mentioned that the above two shagesamrstantly achieved wheg®> 1. It is found that R,plays a
dominant role in particle shape wheni®much greater than unity. Doughnut-shape and-sBbape were constantly
obtained when ph > 0.8 and 'h < 0.8, respectively (Fig. 2).

While we are able to demonstrate thathDplays a dominant role in silica particle shapéen R >> 1 in fluid
interfaces in microfluidic channels, one may wonitherscenarios when B reduced close to unity. According to the
equation R= R/ 14 Dy, reducing Pmeans increasing droplet drying time in microfiaidhannel or/and decreasing
diffusion time of SNs. In our case, we used a ligler content both in continuous phase and in éonutfroplets for
slow water diffusion from the droplets. Thus, wediDMC with high water content as the continuouaseh and
highly diluted precursor solutions (typically 1@a& dilution) as water disperse phase. In additibe, drying
serpentine channels were prolonged up to 137 crauficient drying. In Fig. 3, silica particles Wwivarious shapes
are displayed through tuning both the paramegér &d R When Ris small enough (& 10) , surprisingly the silica
particle shape is independent offband are found spherical (Fig. 3a & 3d). Whegiskhcreased to a medium value
around 10, dimpled spheres are observed. Howevireicase of gh < 0.8, single-dimpled spheres are achieved (Fig.
3b) instead of double-dimpled spheres in the ca&r/b > 0.8 (Fig. 3e). The results imply that, a srRalyjenerally
favors spherical shape, independent of tiggh.DWVhen R > 10, the parameteryh starts to play a dominant role,
yielding two dominant shapes with a threshold &t Bowl-like and doughnut-like shape fog/B< 0.8 and gh > 0.8,
respectively.

Figure 3: Tuning the shape of silica particles tarying

Peand Dyh: a) P.=4.1, Dyh = 0.32; b) R =12, Dy/h =

0.62; c) R=45, Dyh=0.57; d) R=6.5, Dy/h = 0.97; €)
Pe =10, Dy/h = 0.80; f) R = 52; Do/h = 0.92. It is found
that small R favors spherical shape and high/bfavors
disk shape. In order to achieve small, Rliluted

precursor solutions and prolonged microfluidic chats
(I= 36~137 cm) were used. Scale bar: 10 pm.

Coupled with hydrodynamics and mechanical instéddiat fluid interface, the non-uniform solvenffusion at
the periphery of the confined droplets is respdasibr the tunable shape. [7] The characteristi@palic velocity
profile in microfluidic channels renders droplesbd microfluidics a unique method to prepare siliagicles with
morphology control. The velocity distribution atiss section will be parabolic in shape with treximum velocity
at the center, essentially zero in contact withwiadl. As a result, water within an emulsion drapkeremoved at
different rate across the circumferential regiodmfplets. Droplet’s circumferential region on xame (channel cross
section view as showed in Fig. 4) is subject téed#int rate when it translates downstream withr#nwrage of the
continuous phase. This difference becomes signifiaa soon as either the channel aspect ratioeotdhfinement
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becomes large. In the fast drying regime ¥ 1) when [h > 0.8, the significant confinement renders solve
diffusion minimum at the top and bottom of dropderface, maximum at the lateral direction (rightFig. 4A),
yielding the first formation of viscoelastic shatlthe lateral direction. This is confirmed by thteral deformation of
droplet in forming doughnut-like shape in Fig. 28mn the contrary, confinement is not significanttia case of ph

< 0.8. Water diffusion is uniform in all radial ptiens (left in Fig. 4A). The droplets tend to stkiisotropically and
viscoelastic shell forms in any energy well atfitee surface of droplet (Fig. 2Bc). Further dryamyd buckling result
in bowl-like shape as observed in Fig. 2B d-f.
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Figure 4: Schematics of the non-uniform solvenfudibn introducing A) non-symmetric and symmetrickbing
instability (indicated by red color) for adh <0.8 and /h > 0.8, respectively; and B) slow diffusion a2 0, where
buckling is absent. Black and grey arrows show &ast slow water diffusion; respectively.

In the slow drying regime when P< 10, the global internal mass transfer is masiefr compared to the hindered
water transfer at fluid interface, resulting in hmgenous SNs across the droplet. As seen from Bigth&é droplets
don’t buckle but shrink isotropically, and undesgi-gel transition to form spherical dense particle

We introduce a one-step approach for the syntloésionodisperse silica particles with shape contlasgs of the
water contained in the sol triggers both the gaidition and the shape transformation of the ihitepherical droplets
at fluid interfaces. This interfacial evaporatiaivdn shape transformation has already been obd@mapray-drying.
[8] To the best of our knowledge, this is the firsal for accurate engineering of anisotropy ilicai particles by a
microfluidic approach. This method is completelyerl and it allows in situ encapsulation of fuontl molecules
for drug delivery carrier. In order to control therphology, one would just need to tune parametech as the sol
concentration, sol droplet size, channel dimensions
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