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Abstract. Surface nanodroplets are essential units for many compartmentalised processes from cataly-
sis, liquid-liquid reactions, crystallization, wetting and more. Current techniques for producing submi-
cron droplets are mainly based on top-down approaches, which are increasingly limited as scale reduces.
Herein, solvent exchange is demonstrated as a simple solution-based approach for the formation of surface
nanodroplets with intermediate and extremely high viscosity (1000000 cSt). By solvent exchange, the vis-
cous droplet liquid dissolves in a good solvent that is then displaced by a poor solvent to yield surface
droplets for the oversaturaion pulse at the mixing front. Within controlled flow conditions, the geometry of
droplets of low and intermediate viscosity liquids can be tailored on the nano and microscale by controlling
the flow rate. Meanwhile for extremely viscous liquids, the droplet size is shown to be dependent on the
liquid temperature. This work demonstrates that solvent exchange offers a versatile tool for the formation

of droplets with a wide range of viscosity.

1 Introduction

Microdroplets on surfaces are basic elements in a wide
range of chemical, physical and biological processes, for
example, for sensing, diagnosis, compartmentalized syn-
thetic and catalytic reactions, and among many others [1—-
4]. The interest of stationary submicron-sized droplets
originates from their very small volume, large specific sur-
face area and long time stability [5]. Current techniques
for producing submicron droplets are mainly based on top-
down approaches by dividing a small volume of droplets
from the bulk liquid, for example, via inkjet printing,
parallel deposition by microfluidic robots [6], trapping
droplets by microcavities, direct adsorption from emulsion
droplets [7,8], or by splitting a mother drop on nanopat-
terns on the surface [9].

The top-down approaches are more difficult for drop-
lets of femtoliter, due to the reducing nozzle size and
increasing relevance of capillarity. It becomes extremely
hard to deposit small and viscous liquids, due to the en-
ergy required to break up the droplet [10, 11]. Physical
stamps have been shown capable of depositing droplets
of an increased viscosity [12] however are limited by the
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need for lithographic structures and the associated me-
chanical difficulties as scale reudces [13]. Methods such
as matrix assisted pulsed laser evaporation [14] are also
limited due to the requirement for specialized equipment.
In bottom-up approaches, droplets may form by condensa-
tion, such as in dew formation [15,16]. However, condensa-
tion is only applicable to volatile liquids and requires con-
trol of a gaseous environment. Here we present a bottom-
up approach of solvent exchange as a medium to produce
nanodroplets liquids with negligible vapor pressure and
extreme viscosity. The method is solution-based with sim-
plicity, flexibility and scalability.

In this process, a good solvent (Solution A) of oil is
displaced by a poor solvent (Solution B) in the presence
of a substrate on which droplets of oil form, as sketched in
fig. 1. A pulse of oil oversaturation is created at the mixing
front of the two solutions during the exchange process.
With coworkers, we recently reported the effects of flow
and solution conditions on the droplet size [17-20], and
established the scaling law between the droplet volume
per unit surface area (Vol) and the Peclet number (Pe)
during solvent exchange [17,21]

3/2
Vol ~ h3 (Csat,poor) (Csat,good _ 1) P€3/4, (1)

Poil Csat,poor

where Vol, h, Csat,poor ad Csat good are the droplet volume,
channel height, saturation concentration of oil in the poor
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Fig. 1. (A) Schematic of the solvent exchange process. A sy-
ringe pump is used to control the flow rate, displaying a cus-
tomizable flow rate of 400 uL per minute. A gas-tight syringe
is connected via luer lock and teflon tubing to the inlet of
the fluid cell containing a hydrophobic substrate. Similarly,
waste is then directed by additional tubing from the outlet.
(B) Schematic depiction of nanodroplet formation by solvent
exchange. i) A fluid cell is charged with a good solvent, coined
Solution A (pale yellow). ii) At a controlled flow rate, the so-
lution is displaced by a poor solvent, coined Solution B (blue),
nucleating surface droplets (bright yellow). iii) At completion,
the fluid cell is fully charged with Solution B with stable sur-
face nanodroplets across the substrate.

solvent and saturation concentration in the good solvent
respectively. The Peclet number is defined by

Q

Pe = ——
€T wDh’

(2)
where D, @@ and w are diffusivity of the solvent, flow rate
and channel width, respectively. On prepatterned sub-
strates, the droplet size can be tailored from nanometers
to micrometers in height or from femtoliters to attoliters
in droplet volume by varying the solution concentration or
the base diameter of the chemical circular patterns [19,20].

Up to now, the solvent exchange process has been
mostly applied to non-viscous droplets, including water,
oils, or polymerisable monomers with viscosity ranging
from 0.6 to 9 ¢St [18,21]. In this work, we will demonstrate
that solvent exchange is capable of preparing droplets with
viscosity up to 1000000 cSt. Taking an example of silox-
ane polymer liquid, droplet size is shown to be dependent
on flow rate and temperature. The finding of this study
demonstrates the versatility of liquids that can be pre-
pared as droplets by solvent exchange.

2 Experimental section
2.1 Chemicals and solutions

Polymethyhydrosiloxane (PMH) (M, 1700-3200), Bis(3-
aminopropyl) terminated poly(dimethylsiloxane) (Bis-

Eur. Phys. J. E (2017) 40: 26

Table 1. Droplet liquids, viscosity, and the respective Solution
A and Solution B for the droplet formation. The contact angles
were measured by gently depositing the droplet liquid on the
substrate immersed in Solution B.

. Contact
Solution

Mw Viscosity Solution

Liquid amol ' st Molecular structure A B Anfgle
[]
I
0.5-3%
HDODA 226 9 /\n/’\/\/\/\o)l\/ n B OH° Sat. H,0 81
3 in Et(
THs <|?Hz THs
HyC. CH,
" e -
PMH 1700-3200" 12-45 \5 i Si O.i?'ASIPIIX% H0 26+5
Bisamine a . 0.1-1%
(PDMS) 2500 50 in EtOH H,0 28+4
Methacryl 0.1-1%
_POSS 1434 1,500 inTPA. H,0 517
9
PDMS 300,0000" 1,000,000 0.05% H,0 327

in THF

(a) Number average, Mn.

amine (PDMS)) (M, 2500), 2-hydroxy-2-methylpropio-
phenone (97%, Sigma), and 1,6-Hexanediol diacrylate
(HDODA), were purchased from Sigma. Polydimethyl-
siloxane (PDMS) (DMS-T61, 1000 000 cSt) was purchased
from Gelest. Methyacryl-POSS cage mixture was pur-
chased from Hybrid-Plastics. THF (AR, Chem-Supply),
ethanol (AR, Chem-Supply), isopropanol (AR, Chem-
Supply), sulfuric acid (97%, Chem-Supply) and hydrogen
peroxide(30%, Chem-Supply) were used as received.

For each liquid pair, a relatively good solvent, de-
scribed as Solution A and a relatively poor solvent, de-
scribed as Solution B were prepared as documented in
table 1. To enable polyermization, a 0.2% solution of 2-
hydroxy-2-methylpropiophenone was used as solution B.
Where necessary, the solvent was saturated by thoroughly
mixing the solute with water, upon thorough phase sep-
aration, the saturated water layer was then removed. In
the case of HDODA and methacryl-POSS, upon comple-
tion of solvent exchange, the entire fluid cell was placed
under UV to induce polymerization of the droplets.

To form droplets at elevated temperature, all syringes
and solutions were preheated to the target temperature.
The exchange was performed within a custom-designed
fluid cell which was heated by a digitally controlled hot
water bath. Before conducting the solvent exchange, the
fluid cell was allowed to equilibrate by heating for 10 min-
utes.

2.2 Substrate preparation

A detailed guide for hydrophobic modification is avail-
able [22]. Briefly, a silicon wafer was placed in freshly pre-
pared 3:1 piranha solution at 85°C for 30 min. The wafer
was then rinsed and sonicated in water and ethanol before
drying under a stream of nitrogen gas. The wafer was held
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above boiling water briefly until a breath figure appeared
before being submerged in a freshly prepared solution
of 1 mM octadecyltrichlorosilane in 8:1 hexane:chloroform
for 20 min. The wafer was then consecutively rinsed and
sonicated in hexane, acetone, ethanol before baking at
120°C for 2 hours. Prior to use the wafer was cleaned
by a high pressure stream of compressed COs, or “snow
gun”. This effectively removes particulate and organic
contamination through momentum transfer and solva-
tion, respectively [23]. The surface chemistry of silicon
wafers employed were rendered hydrophobic by a SAM
of trichloro(octadecyl)silane. In this case, the presence of
moisture causes chlorosilanes such as OTS to undergo un-
controlled hydrolysis and polycondensation reactions lead-
ing to rough silica species.

2.3 Contact angle of sessile droplets

Contact angle measurements of the monomer droplets
on OTS-Silicon were performed at room temperature (~
21°C). The substrate was submerged within a quartz cu-
vette containing the respective Solution B. The contact
angle was measured immediately after the droplet was de-
posited. For the highly viscous liquids, the droplet shape
may be influenced by the deposition process.

2.4 Solvent exchange process

The substrate was placed inside a flow cell for the droplet
formation. A schematic of the process and cell is described
in fig. 1. A number of custom designed cells are also shown
in the Supplementary Material in fig. S1. The materials for
the container, spacer and tubing are compatible with the
solvents and solute. The channel height was adjusted by
the thickness of the spacer between the base and the top
glass window. Physical maintenance of the seal of the cell
was simply provided by binder clips. The flow rate of the
second solution was controlled by the syringe pump (NE-
1000, PumpSystems Inc.). After solvent exchange, surface
droplets were observed by optical microscope in reflection
mode (HUVITZ, HRM-300). For controlling the temper-
ature during solvent exchange of highly viscous droplets,
the custom designed cell in fig. Sla was used whereby a
hot water bath was connected to the internal water circuit
within the metal base.

3 Results and discussion

3.1 Droplet liquids with intermediate viscosity

Four oils of increasing intermediate viscosity (9-1500 c¢St)
were selected to initially test the possibility of solvent ex-
change to yield polymer surface droplets. A summary of
the physical properties of the polymers used throughout
this report is provided in table 1. In order of viscosity, they
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Fig. 2. Optical micrograph viewed in reflection mode of poly-
mer droplets formed on a hydrophobic substrate. (a) Polymer-
ized HDODA in air; (b) bisamine(PDMS) in water; (¢) Meth-
acryl-POSS in air; (d) PDMS 1000000 cSt in air. Scale bar =
50 pm.

are PMH (v = 15-45 ¢St), bisamine(PDMS) (v = 50 ¢St),
and methacryl-POSS (v = 1500 ¢St). After the solvent ex-
change under controlled conditions, many droplets of the
viscous liquids were produced on the surface as shown in
the optical images in figs. 2 and 3. The liquid, methacryl-
POSS, could be polymerised, just like other polymerizable
monomers reported in our previous work [24].

For a given concentration of the oil PMH (0.1% v/v),
solvent exchange was performed at the flow rate from
200 uL/min to 1600 pL/min. The droplets formed are
shown in fig. 3a-d. Clearly the droplet size becomes larger
at a high flow rate. The quantitative analysis of respective
droplet size is plotted in fig. 3e-h, showing that the mean
droplet radius increases steadily from 3.7 um to 6.1 um
with the flow rate from 200 yL/min to 1600 uL/min. As
the radius increases, there is a general increase in polydis-
persity shown by the standard deviation and the broad-
ening of the probability distribution function (PDF). Fur-
thermore, the log-log plot demonstrates that the droplet
volume per area scales with Peclet number with a power
of 3/4. These results demonstrate that the scaling law
Vol o Pe3/* holds for the formation of viscous polymeric
droplets, same the formation of non-viscous droplets by
solvent exchange in previous reports [17,19-21, 25].

As the flow rate increases, the surface coverage also
increases from 25% to 37%, while the number density de-
creases by a factor of ~ 5. The inverse relationship be-
tween the surface coverage and the number density is ex-
pected, due to the enhanced droplet coalescence at high
surface coverage. This collective interaction has recently
been reported as universal for droplet formation by sol-
vent exchange, independent of formation conditions [26].
The coalescence of droplets releases bare areas for the for-
mation of new droplets, giving rise to the appearance of
smaller droplets satellites around larger droplets.
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Fig. 3. (a-d) PMH droplets in water formed at flow rates 200, 800, 1200, 1600 uL/min, respectively. Scale bar = 50 um. (e) Mean
lateral radius and standard deviation of PMH droplets formed at various flow rates. (f) Number density (droplet count per mm?)
and surface coverage (%) with flow rates 200 uL/min (green square), 800 uL/min (red circle), 1200 puL/min (purple diamond)
1600 pI./min (blue triangle). (g) Plot of log[volume per area(um?®/um?)] against log[Pe]; the dotted line indicates a gradient of
3/4. (h) Probability distribution function for (%) of droplet radius produced at different flow rates.

3.2 Droplet liquids with extremely high viscosity

PDMS with viscosity of 1000000 cSt was selected to fur-
ther demonstrate the capability of solvent exchange for
producing extremely viscous liquid droplets. A solution of
PDMS in THF was exchanged by water. The droplets were
observed after the solvent exchange performed at constant
temperature of 22°C with a flow rate of 1600 L /min.

The PDF plot shows the droplet base radius is no more
than 4 gm and the mean radius is around 2 pm. The forma-
tion of the polymeric droplets shows that the solvent ex-
change is a general approach for producing liquid droplets
of a large variety. Viscosity of the droplet liquid is not a
limiting factor for producing droplets by solvent exchange.

In an attempt to vary the droplet size, the flow rate was
reduced by a factor of 4 from 1600 xL/min to 400 L /min
at 22°C. There is only a slight decrease in the mean
droplet radius to 1.9£0.51 pm. These results suggest that
the size increase of the extremely viscous droplets is lim-
ited with an increase in the flow rate at this temperature.

However, a dramatic increase in droplet size was ob-
served as the solution temperature increased. As shown
in the optical images in fig. 4, the mean radius increases
from 2.17 £ 0.43 pm to 4.48 £ 1.52 um as the temperature
increases from 22°C to 55°C for the same concentration
and flow rate. The surface coverage and the number den-
sity follow the universal inverse relationship: as the former
increases from ~ 17% to ~ 43% with temperature, the lat-
ter drops by about a half.

Also of note, the surface coverage of 43% is higher
than that typical of non-viscous droplets such as HDODA,
possibly due to retarded coalescence between highly vis-
cous droplets [27]. The droplet volume per unit surface
area increases by almost one order of magnitude from
0.01 gm?/pm? to 0.1 pm?3 /pym?.

Several physical properties of the solvent and solute
vary with temperature that may influence the droplet
growth. The viscosity is mainly determined by the non-
viscous solvents, as the polymer solute is highly di-
lute. In the range of 22°C to 50°C, the dynamic vis-
cosity of water decreases from 0.98 x 1073 Ns/m? to
0.6 x 1073 N's/m? [28], while the diffusivity of the poor
solvent and the polymer molecules in the poor solvent
also increases [29-31]. However, it is likely that the ef-
fect of diffusivity is negligible, compared to the sharp de-
crease in droplet viscosity with temperature [32]. More-
over, the temperature dependence of the solubility of
PDMS in solvents may also facilitate the formation of
larger droplets [27].

Upon the formation, a liquid of such high viscosity is
able to remain stable after the surrounding water is re-
moved by a gentle stream of dry air, as shown in fig. 2d.
The water front slides over the droplets without sweep-
ing them off or causing them to merge, except that the
base diameter of the droplets becomes slightly larger on
the dry substrate, due to better wettability of PDMS in
air. In contrast, non-viscous droplets or bubbles at a solid-
water interface are mostly swept off or burst once water
recedes [33,34]. If required, ordered droplet arrays over a
large surface area may be formed by using pre-patterned
substrates, as demonstrated previously for non viscous lig-
uids [19,20, 35].

A final remark is that the formation of PDMS droplets
by solvent exchange may have important implications
for nanobubble research. Solvent exchange by using air-
equilibrated ethanol and air-equilibrated water is often
applied to produce nanobubbles on a solid surface. Misus-
ing plastic syringes for such experiments has caused some
misinterpretation of results from atomic force microscopy.
The features were later proven to be PDMS droplets
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Fig. 4. (a-c) Optical micrograph viewed in reflection mode of submerged PDMS droplets at temperatures 22 °C, 40°C, 50 °C,
respectively. Scale bar = 50 um. (d) Droplet radius (um) size distribution of polymer droplets formed at 22 °C (green square),
40°C (red circle), 50 °C (blue triangle). (e) Mean radius (um) and number density (1000s per mm?) of droplets formed at three
temperatures. (f) Volume per unit area (uL.®/pm?) and surface coverage of droplets formed at three temperatures.

instead of nanobubbles. Recently, several approaches
have been reported to distinguish PDMS droplets from
nanobubles [36]. However, as shown in this work, the
solvent exchange process can produce not only PDMS
droplets, but also many kinds of liquid droplets. To con-
firm that the features are nanobubbles, it is therefore re-
quired to eliminate not only PDMS in nanobubble for-
mation, but also all other liquid droplets. From this, it is
suggested that the solvent exchange should be performed
under clean conditions, by using clean ethanol and water,
and glass containers and syringes and metal needles for
handling the solvents.

4 Conclusions

The capacity of solvent exchange as a medium for droplet
deposition has been extended from simple liquids to large
molecular weight and highly viscous liquids. The viscos-
ity ranges from 50 to 1000000cSt. In contrast to other
droplet deposition techniques, this work demonstrates
that liquid viscosity is not a limiting factor for the droplet
formation by solvent exchange. The volume of deposition
could be tailored by the Peclet number for intermediate
viscosity liquids. For high viscosity liquids, however, an
elevated temperature was required to increase droplet de-
position. Further work is required to develop a quantita-
tive understanding of this temperature phenomena. The
high stability of viscous droplets formed by this method
may facilitate further research into interfacial phenomena.
Moreover, the ability to prepare highly viscous droplets
exemplifies the possibilities of future work with functional
polymer droplets.
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