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ABSTRACT: We demonstrate a concept to produce deposits of polymer in the form of particles
by ink-jet printing an emulsion in which the discrete phase evaporates preferentially. An oil/water
emulsion with polymer contained inside the oil phase is used as ink for printing. Flat deposits of
spherical polymer particles with uniform thickness are obtained. The effects of the hydrophobicity
of substrates and the physical properties of the oil on the morphology of the deposits are explored.
The deposit of aggregated polymeric particles can be transformed into a uniform film by annealing
if required. This strategy for patterning of polymer materials in the form of either particles or film

works for mixtures of polymers and functional cargoes.



Ink-jet printing possesses attractive features as a manufacturing technology including efficient use
of materials, digital control over patterns, flexible substrates and a contact-free process.!®
Increasing attention is being paid to ink-jet printing of polymers because of emerging applications
beyond conventional graphics, such as conducting polymeric devices, organic solar cells and
organic light-emitting diodes.”"'> However, polymer solutions with relatively high concentrations
(> 1 wt.%) become difficult to print reliably owing to viscoelasticity of the polymer solution,
especially for high-molecular-weight polymers.'*>!'* Johns and Bain recently overcame this
problem by confining the polymers within the oleic phase of an oil-in-water (O/W) emulsion. '
These inks exhibit low viscosity even at high polymer concentrations. Shear occurs exclusively in
the continuous aqueous phase so that the viscoelasticity of the polymer-containing phase does not
inhibit the ejection of droplets or the break-up of ligaments. In the experiments of Johns and Bain,
the oil was less volatile than water and the oil droplets coalesced during evaporation leading to a
polymeric film upon subsequent evaporation of the oil.

Pre-formed polymer particles can be printed as a colloidal dispersion to yield structured deposits
with potential applications as photonic crystals.'®* Uniform deposits with an ordered structure are
desired in most applications. In practice, ring stains commonly arise due to radial capillary flow in
the drops during evaporation which deposits particles at the periphery of the drop (widely known
as the coffee-ring effect (CRE)). The CRE is particularly pronounced for pinned contact lines and
contact angles of less than 90°.2!** Many approaches have been taken to weaken the radial
capillary flow in order to inhibit formation of ring stains including the use of mixtures of volatile
solvents, external fields to induce particle motion, or interactions among particles or between the

particles and the solvent.?>* For example, Talbot and Bain utilized an evaporation-driven sol—gel

transition in laponite suspensions to suppress the radial capillary flow and obtain uniform deposits



of polymer nanospheres.®* Previous inkjet studies aimed at depositing polymeric particles
invariably used colloidal dispersions of pre-formed particles. However, the commercial
availability of particles — especially functional particles — is limited and they are expensive relative
to the constituent bulk polymers. Emulsion solvent-evaporation is a versatile method for
preparation of polymer particles. In this method, the discrete phase is chosen to be more volatile
than the continuous phase so that preferential evaporation of the droplets generates particles rather
than a continuous film of polymer. Deng and co-workers have shown how the size, shape and
structure of polymeric particles can be controlled.?*¢

In this study, we have combined ink-jet printing with emulsion solvent-evaporation to produce
deposits of polymeric particles directly. An O/W emulsion with polymer contained in the high-
density oil phase is used as ink for printing. Disk-shaped deposits with uniform thickness and a
low height/diameter ratio are achievable by this strategy. In addition, the deposit of aggregated
polymeric particles can be transformed into a film upon annealing if required. Patterns are
repeatable from polymers with various molecular weight and chemical compositions, which is
essential for practical applications.

Polystyrene (PSssk, M,, = 35 kg mol ™) dissolved in a volatile water-immiscible solvent,
dichloromethane (DCM), was used as the oil phase and dispersed in an aqueous solution of the
surfactant sodium dodecyl sulfate (SDS). These two solutions were homogenized to produce an
O/W emulsion (see Supporting Information for experimental detail). The emulsion had most oil
droplets below 10 um in diameter (Figure 1a) and were printed through a print head (Microfab)

with a 50-um diameter orifice onto a transparent hydrophobic substrate (water contact angle, 6,0

= 88 £ 3°). The evaporation process was recorded through the substrate (Video S1). Figure 1b

shows a set of still images extracted from the video to show the three stages of evaporation
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Figure 1. Ink-jet printing of O/W emulsion (O: 10.0 mg/mL PS/DCM; W: 3.0 mg/mL SDS/water;
volume ratio O/W = 1/3). (a) Bright-field micrograph of the emulsion; (b1 — bs) dark-field
micrographs of the evolution of an ejected emulsion drop on the substrate during evaporation, (b1)
0.03 s, (b2) 0.28 s, (b3) 1.70 s, and (bs) 2.24 s; (c) schematic diagrams showing the evolution of a
printed drop. The dashed yellow line indicates the position of the contact line after the initial

impact and spreading of the droplet.

and deposition. During stage 1 (0.03—0.28 s), oil droplets spread towards to the contact line (Figure
1bi and 1by). During stage 2 (0.28—1.70 s), the reverse (inward) motion of the oil droplets (or
formed particles) from the edge back towards the centre was observed (Figure 1b3), possibly due
to capillary forces near the contact line.’” During stages 1 and 2, the drop underwent an emulsion-
to-dispersion transition: most oil droplets had evaporated (DCM diffuses through the water and
then evaporates from air/water interface) and formed particles, while the continuous aqueous phase
(water) had not dried fully. In stage 3 (1.70-2.24 s), complete evaporation of the continuous phase

of the dispersion resulted in the formation of a circular deposit with size (~85 pm) slightly smaller



than initial contact line (Figure 1bs). No ring stain was observed. Figure 2 shows the evaporation
process schematically together with corresponding images acquired from the side. The droplet

remains as a spherical cap with pinned contact line until the final stages of evaporation.
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Figure 2. (a) Schematic diagrams and (b) micrographs showing the evaporation of a printed drop

of emulsion viewed from the side. The reflection of the drop in the substrate is also seen.

The morphology of the deposit was investigated by scanning electron microscopy (SEM) and
atomic force microscopy (AFM) (Figure 3 and Figure S1). The polymer particles are spherical and
polydisperse with diameters from submicron to ~2.8 microns. The size distribution is determined
by the initial droplet size distribution in the O/W emulsion and the polymer concentration. In the
SEM image at higher magnification (Figure 3az), a few small nanoparticles are observed close to
the contact line, probably because capillary forces drive larger particles away from the contact
line.’” The AFM analysis (Figure 3b; and 3b») indicates that the thickness of the deposit is uniform
on a length scale much larger than individual particles, with a height of ~2.6 um (see the cross

section in Figure 3c¢). Flat deposits without ring stains are desired in most applications, such as



graphics printing and printed electronics. In previous studies, hydrophobic substrates (&,0> 90°)

have usually been adopted in order to avoid the CRE; however, a receding contact line usually
then gives hemi-spherical deposits of colloidal particles.!”!**! The uniform deposit obtained on
hydrophobic substrate by our method can be explained by several factors: 1) the presence of a
surfactant greatly reduces the initial contact angle®® of the ink after spreading (Figure 2b); 2) the
evaporative model*® of the emulsion is a constant contact area mode with a decreasing contact
angle (Figure 2b and Video S2), different from that of water (Figure S2) on the same substrate; 3)
the oil droplets tend to settle under gravity due to the high density of the solvent (ppcm = 1.33 g

cm™); 4) the layer of oil droplets suppresses radial capillary flow near the substrate.

Figure 3. (a; and a2) SEM images of the deposit from a printed emulsion drop; (b1) 2D and (b»)

3D AFM images of the deposit, and (c) a height curve of the cross-section along the blue line in

(b).

The morphology of deposits in ink-jet printing is well known to depend strongly on the



wettability of the ink on the substrate****. Substrates with varying hydrophobicity were prepared
by chemical modification with different silanes, and the corresponding deposits from printed
emulsions are shown in Figure S3. This group of results indicate that 1) the wettability of the
emulsion is less sensitive to the nature of the substrates than that of water mainly due to the
presence of surfactant; 2) the diameter of deposits increases with the decrease of contact angle as
would be expected from volume conservation; 3) irregular deposits formed on either strongly

hydrophobic (6,0 = 107°) or strongly hydrophiphilic (61,0 = 20°) substrates; and 4) uniform
deposits are repeatable on substrates with 6 o in the range of ~60°-90°, which is an important

feature for future applications.

The choice of non-polar solvent was also explored. In addition to low solubility in water, the
oleic solvents must evaporate faster than water in order to generate polymeric particles. When a
solvent (such as methyl benzoate) is used that evaporates more slowly than water, an emulsion-to-
solution transition occurs and the deposit is in the form of a film (Figure S4a) rather than particles.
Ethyl acetate is more volatile than water but, in contrast to DCM, has a lower density than water.
In this case, the oil droplets rise towards the top of the emulsion and some coalescence of droplets
occurred resulting in the generation of larger particles (Figure S4b). The CRE was observed in the
deposit, due to the radial capillary flow during evaporation (Video S3). We infer that the relative
density of the solvent plays a role in the morphology of deposits. Uniform deposit of polymer
particles was observed (Figure S4c) with chloroform, another volatile and high-density solvent
similar to DCM.

Inkjet printing of polymeric inks becomes increasingly problematic as the molecular weight
increases.'* To explore the sensitivity of our method to molecular weight we repeated the

experiments in Figure 1 with PS with a molecular weight of 253 kg mol™'. A deposit similar to



that of PSs3sk was obtained (Figure 4a). We also studied emulsions of PS3sk with a higher
concentration of polymer in the oleic phase: 50 mg mL ™! (Figure 4b). The method can be extended
to other water-insoluble polymers: Figure 4c shows a deposit of PMMA particles formed in situ
by printing of an emulsion. Functional species can be loaded inside the polymeric particles during
printing. A model cargo, Nile Red, was mixed with PS at a mass ratio of 1:100 before printing.
Encapsulation of Nile Red is confirmed by fluorescence spectroscopy (Figure 4d, and ds).
Moreover, the emulsion formulation also permits the production of particles loaded with functional
species such as drugs, magnetic nanoparticles or quantum dots,** providing a method for creation

of which would be worth considering for functional patterns by ink-jet printing.

(a) 10 mg/mL PS sz, 50 mg/mL PS5 10 mg/mL PMMA;5,
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Figure 4. Dark field micrographs of deposits from polymers with varied molecular weight (a),
concentration (b) and composition (¢ and di); (d2) 2D and (d3) 3D reconstruction super resolution

fluorescence spectroscopy*’ images of the deposit in (d).

The particles formed in this study are polydisperse and therefore of little use for applications in

photonics. Future work will explore the production of monodisperse particles by inkjet printing of



oil droplets of uniform size. On the other hand, the deposits of polymeric particles can be
transformed into films by annealing. Upon heating above the glass transition temperature, 7, of
the polymer, the particles melt and coalesce into a film, as shown in Figure 5. The film adopted
the footprint of the precursor deposit of particles. The film obtained by the current method is more
regular in shape and uniform in thickness than the film obtained directly by printing of an emulsion

with methyl benzoate as the solvent of the oil phase (Figure S4a).
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Figure S. (a) Schematic diagram showing transformation of the deposit by annealing: (b1) dark
field micrograph of a deposit before annealing, and (b2) bright field micrograph of the deposit after

annealing.

In summary, we have presented a method to obtain deposits of polymers in the form of particles
via ink-jet printing of emulsions. Polymeric particles formed in-situ in the drying droplet through
the prior evaporation of the dispersed phase solvent. Disk-shaped deposits with uniform thickness
and a size slightly smaller than contact line can be generated in seconds. The morphology of the
deposits is dependent on the wetting properties of substrate and the nature of the oil solvent.

Functional cargoes can be encapsulated inside the polymeric particles during printing. Deposits of



polymeric particles can easily be transformed into films by annealing if required. In principle, this
method is versatile for depositing particles formed from a wide range of water-insoluble species

and their mixtures.
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