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Hypothesis: Interfacial self-assembly has been demonstrated as a powerful driving mechanism for creat-
ing various nanostructured assemblies. In this work, we employed a dual-droplet printing process and
interfacial self-assembly mechanism to produce deposits with controlled assembly structures of colloidal
nanoparticles. We hypothesize that pH modulation of the droplet will influence the interfacial self-
assembly through the multibody interactions, e.g. particle-particle, particle-interface, and particle-
substrate interactions, correspondingly affecting the depositionmorphology of the colloidal nanoparticles.
Experiments: During the dual-droplet printing, a wetting droplet, containing colloidal nanoparticles, was
jetted over a supporting droplet that contains water only. pHmodulationwas carried out to the supporting
droplet. The self-assembly of two kinds of functionalized polystyrene (PS) nanoparticles (carboxyl-PS and
sulfate-PS) was systematically investigated under various pH conditions.
Findings: Depending on the pH level of the supporting droplet, deposits of carboxyl-PS particles ranging
from clear ring-like patterns to nearly uniform monolayer depositions have been obtained. On the other
hand, the sulfate-PS particles, even at extreme basic and acidic environments, successfully assemble into
nearly monolayer depositions. The multibody interactions are discussed. Such findings can be harnessed
in manufacturing high-performance optical and electronic devices.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction fundamental science and engineering that influence a variety of
Deposits acquired by evaporation of particle-laden droplets and
films with controlled assembly are of considerable importance in
technologies ranging from thin film coatings to printing functional
devices [1–3]. Recently, the evaporation-induced self-assembly
process has received much attention as a technique that enables
control over deposits to produce high-quality planar colloidal crys-
tal films [4,5]. However, the formation of ring-shaped deposits dur-
ing evaporation process, especially when the three-phase contact
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lines of the particle-laden sessile droplets are pinned, makes this
phenomenon rather complicated [6]. The evaporation of sessile
droplets is a non-equilibrium process. The complex fluid dynamics
of a droplet stems from the non-uniform evaporation flux of the
solvent over its liquid-vapor interface [7,8]. As a result, the sus-
pended particles are driven to the droplet edge by the action of
evaporation-induced flow forming this ubiquitous ring-like pat-
tern, known as the coffee-ring effect [9,10]. Significant research
efforts have been devoted to mitigate or suppress the coffee-ring
formation by means of, controlling the drying conditions of sol-
vents (e.g., substrate temperature [11], relative humidity [12],
and volatile solvents [13]), modifying particle shapes [14,15],
adjusting substrate wettability [16,17], and intentionally inducing
Marangoni flow due to surface tension gradient that is generated
by temperature difference across the interface, surfactant, or cosol-
vent [18–22], etc. It is worth noting that the coffee-ring effect is
considered as a detrimental defect in printing and coating tech-
nologies; nonetheless, this stain phenomenon has been harnessed
in a number of technological applications [23–25].

Among the research endeavors in tuning deposits of colloidal
sessile droplets, Bharadwaj et al. [26] experimentally investigated
the role of Derjanguin-Landau-Verwey-Overbeek (DLVO) interac-
tions on deposits left by evaporating sessile droplets containing
titania nanoparticles on a glass substrate. As the pH of the solution
changes, the morphology of nanoparticle deposits varies accord-
ingly from rings to uniform disks. Devineau et al. [27] analyzed
the deposit morphology of drying droplets containing protein-
functionalized polystyrene (PS) particles with different surface
properties. Protein adsorption on the surface of the suspended par-
ticles alters the surface charge of the PS particles. The authors
assert that the coffee-ring effect can be suppressed when the par-
ticles are neutralized by the protein adsorption.

Even though an immense experimental and theoretical work
have been diligently undertaken to improve the understanding of
drying mechanism and pattern formation upon evaporation of
particle-laden sessile droplets [28], not much attention has been
given to creating uniform depositions with nearly a monolayer of
self-assembled colloidal particles. Very recently, we have demon-
strated the ability to produce a well-ordered assembly of a nearly
monolayer of PS nanoparticles by employing a dual-droplet inkjet
printing process [29]. By tuning the surface tension, droplet size,
and droplet speed, a wetting droplet that contains PS nanoparticles
successfully spreads on the surface of a supporting droplet. In this
study, we investigate the effect of pH modulation of the supporting
droplet on the nanoparticle depositions as a result of particle-
particle interactions, particle-interface interactions, and particle-
substrate interactions. Negatively charged PS particles with
different surface functionalization groups were utilized and the
electrostatic interactions were tuned via the pH value of the sup-
porting droplet. This study uncovers a facile technique to control
the colloidal assembly upon solvent evaporation in enormous
industrial and research applications, especially for inkjet printing,
coating processes, and fabricating functional devices involving
liquid processing of colloidal inks.

2. Materials and methods

2.1. Materials

Microscope glass slides (25 mm � 75 mm), sodium hydroxide
solution (10.0 N), and KOPTEC ethanol (99.5% purity) were
obtained from VWR. Sulfate latex beads (8% w/v, 0.1 mm) and
carboxyl latex beads (4% w/v, 0.1 mm) were purchased from
Thermo Fisher Scientific. Tris(hydroxymethyl)aminomethane
(Tris) 99.8% purity, 2-(3,4-Dihydroxyphenyl)ethylamine
hydrochloride (dopamine), and hydrochloric acid (37% purity)
were acquired from Sigma-Aldrich. Deionized (DI) water with a
resistivity of 18.2 MX � cm was produced by Direct-Q water
purification system (Millipore Sigma). All chemicals were used as
received without further purification.

2.2. Substrate treatment

All glass substrates were first cleaned with solvents following
the order of hot soapy water, acetone, and Isopropanol, then rinsed
with DI water and dried by clean compressed air. The cleaned
substrates were further treated with plasma for 5 min (PDC-001-
HP–115 V from Harrick Plasma) to ensure that the substrates are
thoroughly clean. The cleaned substrates were chemically treated
with dopamine to enhance the contact line pinning of the jetted
droplets by the following procedure: the cleaned glass slides were
vertically immersed in a freshly prepared dopamine aqueous solu-
tion (5 mg/mL) with pH buffer of 8.5 (1.2 mg/mL tris) to initiate
the oxidative self-polymerization reaction; after 24 h reaction, the
substrates were rinsed with ethanol and DI water successively to
remove the physically unattached dopamine particles and dried at
40 �C for 10 min using a vacuum oven (89508–426, 600W from
VWR).

2.3. Ink preparation

The as-received suspensions of polystyrene particles were
ultra-sonicated for 5 min to ensure a homogeneous suspension of
the nanoparticles. Then, the suspensions were diluted by ethanol
to obtain the inks for wetting droplets with a particle concentra-
tion of 10 mg/mL. The suspension was ultra-sonicated for another
5 min before printing. The ink for supporting droplets is DI water,
the pH value of which is adjusted either by adding HCL or NaOH
with known concentrations.

2.4. Dual-droplet inkjet printing process

The inkjet printing platform (Jetlab 4, MicroFab) consists of four
printing stations, two of which were used in this study. Supporting
droplets and wetting droplets were jetted from two piezoelectric
nozzles with different orifice sizes of 30 mm (MJ-ATP-01-80-8MX,
MicroFab) and 80 mm (MJ-ATP-01-30-8MX, MicroFab) driven by a
waveform generator (Jetdriver III, MicroFab). In brief, a supporting
droplet was generated by jetting multiple bursts of DI water with a
total volume of �110 nL on the substrate at a frequency of 500 Hz.
Then, wetting droplets containing PS nanoparticles were jetted to
the center of the supporting droplet using the 80 mm nozzle at a
frequency of 1 Hz. This ensures a complete impact and spreading
of the wetting droplet before subsequent droplets. In this work,
we have used a jetting speed of �1.3 m/s and a droplet volume
of �550 pL (diameter �100 mm) for the wetting droplets.

2.5. Morphology characterization

An ultra-high-resolution scanning electron microscope (HITA-
CHI SU-70 FE-SEM) with 5 kV and 15 mm scanning distance was
used for morphology characterization of the printed patterns. To
minimize charging effect of the PS nanoparticles, the samples were
coated with platinum using a platinum sputter (Denton Vacuum
Desk V) for 60 s.

2.6. Surface profilometry

Height profiles of the nanoparticle deposits were characterized
using a stylus profilometer (Dektak 150, Veeco) with a stylus diam-
eter of 12.5 mm. The measurements were recorded using a stylus
force of 2 mg, scanning resolution of 0.1 mm, and scanning length
of 2 mm.
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2.7. Zeta potential characterization of colloidal nanoparticles and
dopamine-coated substrates

The PS particles were dispersed in water with different pH val-
ues, which were adjusted either by adding HCL or NaOH with
known concentrations. Zeta potential measurements were con-
ducted using Malvern zetasizer (ZS). The pH value of the suspen-
sions was measured by a benchtop pH meter (sensION + MM374,
HACH, USA) with accuracy of ±0.1 pH. The zeta potential of the
dopamine-coated glass slide was determined by an electrokinetic
analyzer (SurPASS 3, Anton Paar, USA). Streaming current measure-
ments were performed in asymmetric mode using a clamping cell.
1 mM KCL solution was used as the measuring electrolyte where
0.05 M of HCL and 0.05 M of NaOH were utilized to adjust the pH
range accordingly. Three repetitions of zeta potential measure-
ments were performed at each pH value for each tested sample.
3. Results and discussion

3.1. Self-assembly of nanoparticles at different pH values

Very recently, we have successfully demonstrated a nearly
monolayer, closely-packed deposition of colloidal nanoparticles
through a dual-droplet inkjet printing process. Nanoparticle-laden
wetting droplets were jetted over a supporting droplet which was
firstly deposited. Regulating surface tensions, droplet speeds, and
droplet volumes resulted in effective particle spreading over the
interface of the supporting droplet. The dynamics of wetting dro-
plet impacting the supporting droplet, spreading of nanoparticles,
and drying of solvents were discussed in detail in our earlier report
[29]. In this study, we conducted a systematic investigation of
particle-particle, particle-interface, and particle-substrate interac-
tions initiated by the pH change of the supporting droplet in the
dual-droplet inkjet printing. The supporting droplet was generated
bymultiple bursts of inkjet droplets that is equivalent to�110 nL of
water. One and three wetting droplets with a single droplet volume
of �550 pL were deposited onto the supporting droplet by a sec-
ondary printhead. In all the experiments, the modifiedWeber num-
ber (We0) is controlled below 0.42 to ensure the spreading of the
wetting droplet on the surface of the supporting droplet [29,30].

Fig. 1 illustrates the complex multibody interactions presented
by the negatively charged PS particles accompanied with pH vari-
ation in the supporting droplet. Upon the wetting droplet impact
on the supporting droplet, the PS particles spread on the interface
of the supporting droplet. Consequently, the particles experience
various types of interactions such as particle-interface and
particle-particle interactions where the capillary forces compete
with the particle electrostatic interactions and the particles’ water
affinity at the interface to facilitate the skin formation of PS parti-
cles. The self-assembly process is strongly influenced by the proto-
nation and deprotonation of the supporting droplet, which in turn
controls the surface charge magnitude of the particles at the inter-
face. In this study, carboxyl- and sulfate-functionalized PS
nanoparticles are selected because the former is sensitive to the
pH change due to protonation and deprotonation of the carboxyl
group while the latter is not. The protonation and deprotonation
of the carboxyl group follows the reversible reaction equation,
R� COOHaqueous $ R� COO�

aqueous þ Hþ
aqueous. For pH = 7, the reaction

to the right and the reverse reaction to the left reach an equilib-
rium with a certain concentration of R� COO� in the system.
When the solution is more acidic (pH < 7), more Hþ protons pre-
sent in the system, pushing the reverse reaction to the left and
leading to a suppressed R� COO� formation. Both the prominence
of Hþ protons and suppression of R� COO� formation contribute to
the significant decrease in the zeta potential (absolute value) in
acidic environments. For pH > 7, the opposite trend, i.e., less pro-
tons and promotion of R� COO� formation, is obtained leading
to an increase in the zeta potentials (absolute value) of the
carboxyl-PS particles. On the other hand, the sulfate group
(R� SO�

4 ) is not affected by the concentration of the Hþ in the sys-
tem. At various pH conditions, zeta potential of the sulfate-PS par-
ticles changes as a result of the changing proton concentrations.
Zeta potential measurements of suspensions with carboxyl- and
sulfate-functionalized PS nanoparticles also support this analysis.
As shown in Fig. 2, the zeta potential of carboxyl- and sulfate-PS
nanoparticles show similar trends where the net negative charges
of the particles decrease with the decrease in pH value, and vice
versa. However, carboxyl-PS nanoparticles experience more drastic
changes compared to the sulfate-PS particles, due to the above-
mentioned protonation and deprotonation process. None of the
colloidal suspensions reaches the isoelectric point (IEP) even when
the pH value is dropped to 1.5. This observation is consistent with
the results reported elsewhere [31].

In this study, the printing conditions are tuned so that the wet-
ting droplets would not impinge into and mix with the supporting
droplets. The wetting droplets carrying the colloidal nanoparticles
successfully spread over the interface of supporting droplets, as a
result of an instantaneous Marangoni flow due to the surface ten-
sion gradient emanated from the initial mixing of solvents upon
the impact. Both carboxyl and sulfate functional groups have
strong affinity to water, and the functionalized PS nanoparticles
would diffuse and mix into the supporting droplet if no other
forces prevent them from this process. Upon the wetting droplet
spreading, capillary forces arise to compete against the interparti-
cle electrostatic repulsion forces at the interface to push these
nanoparticles to bridge and eventually agglomerate together form-
ing various sizes of monolayer networks. Compared to individual
spherical nanoparticles, these monolayer ‘‘islands” are trapped at
the interface in an energetically favorable state due to the interfa-
cial deformation caused by the fractal shape of the agglomerates
[32]. Therefore, the nanoparticles at the interface may experience
two different and competing movements: (i) particle diffusion
andmixing into the supporting droplet, and (ii) particle assembling
into ‘‘islands” of monolayer networks at the interface, which are
determined by the capillary interactions of particle-particle and
particle-interface, particle-particle electrostatic interactions, and
particles’ affinity to water [33]. When pH value of the supporting
droplet changes, the particle-particle electrostatic force varies
(Fig. 2) which correspondingly affects the assembly process at
the interface and final deposition on the substrate.

Depending on the type of PS particles and the pH value utilized,
various assembly structures of nanoparticle deposits are obtained
from a nearly monolayer with well-ordered structures to relatively
uniformbut less-ordered deposits, and to depositionswith ring-like
morphologies. More details are presented in the following sections.

It is worth pointing out that for sulfate-PS nanoparticles at pH 7,
besides the monolayer deposition in most of the deposits, a ring of
nanoparticles was observed at the edge of the deposits, which is
attributed to the nanoparticles at the interface interacting with
the dopamine-coated substrate. When the pH changes from an
acidic to a basic environment, as shown in Fig. 2, the zeta potential
of the dopamine-coated substrate also varies from positive to neg-
ative, with an isoelectric point at pH 6.2. As a result of the particle-
substrate interaction, the pH value of the supporting droplet
strongly affects the morphology of the final deposits.
3.2. Effect of pH on deposit morphology of carboxyl-PS nanoparticles

To elucidate the mutual effect of the multibody interactions
experienced by carboxyl-PS particles during the assembly, pH



Fig. 1. Schematic of the dual-droplet inkjet printing where different interparticle and particle-substrate interactions are initiated at the interface and in the bulk of the
supporting droplet. As the solvent evaporates, different deposition patterns are obtained depending on the type of the nanoparticles utilized and the pH value of the
supporting droplet.

Fig. 2. The measured zeta potentials of carboxyl- and sulfate-PS particles in water
and surface zeta potential of the dopamine-coated glass slide with respect to
different pH values. The standard deviations for the colloidal particles and the
dopamine-coated substrates are �1 mV and �3 mV, respectively.

1 For interpretation of color in Figs. 3 and 5, the reader is referred to the web
version of this article.
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values of the supporting droplets were systematically controlled.
As illustrated in Fig. 1, the carboxyl-PS particles assemble
differently according to the pH value utilized. For pH conditions
of <4, �4–7, and >7, nearly monolayer depositions without ring
formation, non-uniform deposition with ring formation, and exclu-
sive ring formation are obtained, respectively. The morphologies of
the deposits composed of carboxyl-PS particles at various pH
values are presented in Fig. 3 for one wetting droplet. The self-
assembly mechanism and multibody interactions are illustrated
in Fig. 4a and elaborated in detail as follows.

The assembly of the carboxyl-PS particles was first examined
with a supporting droplet of pH 7. It is worth noting that when
the self-assembled ‘‘islands” at the interface deposit onto the sub-
strate, structural colors are generated due to the well-ordered peri-
odic structures among the nearly monolayer nanoparticle
assembly. On the other hand, lack of the structural colors indicates
no ordered assembly present in the deposits. As shown in Fig. 3, no
structural color exhibits in the nanoparticle deposition at pH 7. We
deduce that most of the spreading nanoparticles diffuse into the
bulk of the supporting droplet due to their strong hydrophilicity
and strong particle-particle electrostatic repulsion forces (with a
zeta potential of �47.8 mV), which inhibits the network formation
at the interface. Some of the particles inside the supporting droplet
are carried by the evaporation-induced flow to the edge of the ses-
sile droplet while the rest are deposited inside the footprint due to
particle-substrate interactions. Even though the dopamine-coated
substrate shows the isoelectric point near pH of 6–7, it is hypoth-
esized that the adsorbed zwitterionic dopamine has the ability to
catch nanoparticles in the bulk of the supporting droplet by DLVO
interactions [34]. The final deposition (Figs. 3 and S1) exhibits a
non-uniform irregular morphology contributed mostly by the par-
ticles diffusing into the bulk of the supporting droplet.

When the supporting droplet gets more acidic (e.g. pH 5), the
surface charge on the carboxyl-PS slightly decreases with a zeta
potential of �45.9 mV. Upon the wetting droplet spreading on
the supporting droplet, a small fraction of the nanoparticles sur-
vive and stay at the interface during the evaporation due to the
slightly decreased interparticle electrostatic repulsion force. As
shown in Fig. 3, agglomerate islands (bluish color1) are observed
on top of the final deposits, which are attributed to the self-
assembled floating ‘‘islands” of nanoparticles at the interface. A dar-
ker brown color of the deposition indicates that the nanoparticles
inside the supporting droplet are captured by the dopamine-coated
substrate, due to the particle–substrate attractive force, noticing that
the dopamine-coated substrate has a positive zeta potential at pH 5
(14.4 mV).

When the pH value of the supporting droplets further
decreases, e.g. pH 4, the protonation reaction of the carboxyl group
is further suppressed, resulting in a large decrease in zeta potential
(�20.9 mV). Such a condition facilitates more nanoparticles to be
self-assembled and trapped at the interface while still a large num-
ber of nanoparticles diffuse and mix into the bulk of the supporting
droplet. As shown in Fig. 4a, these nanoparticles experience strong
particle-substrate electrostatic interactions (attractive force) that
assists in trapping some of the particles in the middle of the
deposit while the rest of the particles are carried to the three-
phase contact line by the evaporation-induced capillary flow. As



Fig. 3. Deposit patterns obtained from jetting one wetting droplet with carboxyl-PS particles on supporting droplets with different pH values. The scale bar is 100 mm.

Fig. 4. Illustration of the multibody interactions at different pH values for (a) carboxyl-PS particles, and (b) sulfate-PS particles. The positive and negative signs represent ions
available in the supporting droplet at various pH values.
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a result, the final deposition obtained at pH 4 is composed of self-
assembled particles at the interface of the supporting droplet,
which is indicated by the bluish color, and the particles diffusing
into the bulk during solvent evaporation that presents the brown
color as shown in Fig. 3. This behavior is more pronounced at a
higher particle loading such as jetting three wetting droplets
(Fig. S1 in the Supporting Information).

A drastic change in the nanoparticle assembly is observed when
the pH value decreases to 3 with a zeta potential of �7.2 mV. Due
to the significantly decreased electrostatic repulsion between the
nanoparticles, they tend to form agglomerates at the interface.
On one hand, the agglomerates prevent the nanoparticles from dif-
fusing and mixing into the supporting droplet as described earlier,
and majority of the particles are trapped at the interface during the
evaporation; on the other hand, the agglomerates are formed in a
3D configuration instead of a monolayer network. No structural
colors are exhibited in the deposition due to lack of regular and
periodic arrangement among the nanoparticle assembly.
When the pH of the supporting droplet is further reduced to 1.5,
the carboxyl-PS particles exhibit the lowest surface charge (�1.43
mV) that results in minimal particle-particle electrostatic repul-
sions. In this case, the interparticle capillary forces (and possibly
van der Waals forces) are strong enough to dominate the self-
assembly process of nanoparticles at the interface. Interestingly,
in this strong acidic environment, the nanoparticles may experi-
ence ‘‘melting and bridging” to form a nearly monolayer film of
joined nanoparticle branches, as shown in Fig. S3 in the Supporting
Information. No such melting behavior is perceived at pH values
equal to or higher than 3. Although the supporting droplets and
the substrate are strongly positively charged at this low pH value,
their influences are not significant since all the particles prefer to
stay at the interface (Fig. 4a) because of the weak interparticle
repulsion interactions.

Compared to the condition of pH 7, zeta potential of the
carboxyl-PS particles slightly increases when the supporting dro-
plet becomes basic with pH values higher than 7. Interactions
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among the charged particles at the interface, both negatively
charged particles and dopamine-coated substrate result in similar
yet still distinct deposit morphologies as shown in Fig. 3. For con-
ditions of pH 7 and pH 10, due to the minimal difference in zeta
potentials of the nanoparticles (�0.5 mV), we hypothesize that
the particles behave in a similar fashion at the interface, i.e., most
of the particles diffusing and mixing into the supporting droplet
and only a very small population of particles floating at the inter-
face. Nonetheless, the particles diffusing into the bulk of the sup-
porting droplet exhibit a different behavior. Notice the zeta
potential of the substrate increases to (�27.5 mV) in the basic
environment. In this case, in addition to the evaporation-induced
flow, which carries those particles to the contact line of the sup-
porting droplet, they also experience stronger particle-substrate
repulsion forces that ease the particle migration to the contact line.
Fig. 4a illustrates the multibody electrostatic interactions at pH > 7.
Although all the mechanisms push the particles to migrate to the
edge of the supporting droplet, some of them could be observed
in the middle of the deposits after the drying process. This could
be attributed to: (i) zwitterionic polymer (dopamine) adsorbed
on the substrate surface attracts some negatively charged PS parti-
cles, and (ii) we hypothesize that some PS particle might be
trapped by the substrate surface roughness during their migration
path to the edge of the supporting droplet. Surprisingly, no parti-
cles are deposited in the middle of the footprint when pH 11.5 is
utilized (Fig. S3 in the Supporting Information). In this case, the
substrate, the supporting droplet, and the PS particles are all highly
negatively-charged. This exemplifies a scenario that upon the par-
ticles spreading on the interface, they fail to assemble into agglom-
erates or networks at the interface due to strong interparticle
repulsion interactions; instead, they diffuse and mix into the sup-
porting droplets due to their strong hydrophilicity. Furthermore,
all these particles transport to the edge of the supporting droplet
by the action of the evaporative-induced capillary flow. Due to
the strong particle-substrate repulsion interactions, all these parti-
cles could not deposit onto the substrate until they reach the con-
tact line of the supporting droplet, producing the conventional
‘‘coffee-ring” effect.
3.3. Effect of pH on deposit morphology of sulfate-PS nanoparticles

To assess the effect of pH on the sulfate-PS particle assembly,
the pH of the supporting droplet was systematically adjusted from
Fig. 5. Deposit patterns obtained from jetting one wetting droplet with sulfate-PS part
1.5 to 11.5. Figs. 1 and 4b illustrate the effect of pH on the deposits
produced by sulfate-PS particles and multibody interactions
involved in this assembly process. Sulfate functional groups are
the most hydrophilic in nature due to their acidity. However, the
sulfate-PS particles in this study have only about �1/12th func-
tional groups per particle of those on the carboxyl-PS particles
(Table S1). Fewer functional groups and lower zeta potentials lead
to weaker interparticle repulsion interactions and less affinity to
water, which facilitates the skin formation at the interface and cor-
respondingly reduces the number of nanoparticles diffusing into
the supporting droplet. Yet, fewer functional groups on the particle
and less surface charge density are also responsible for more par-
ticle agglomerations as compared to the carboxyl-PS particles
(Fig. S4 in the Supporting Information). The sulfate-PS particles
gave strikingly different outcomes from the carboxyl counterparts
when utilizing various pH values in the supporting droplet. Such
nanoparticles are less prone to the pH change where the fully cov-
ered, nearly monolayer deposition is always the case (Fig. 5). At pH
11.5, the sulfate-PS particles have a zeta potential of �46.1 mV
which is comparable to that of carboxyl-PS particles at the pH 4.
However, the sulfate-PS particle’s affinity to water is much weaker
than its counterpart due to the fewer sulfate functional groups on
the PS particles. As a result, even at this most basic condition and
with the strongest interparticle repulsive interactions, the sulfate-
PS particles successfully self-assemble into nearly monolayer net-
works at the interface and deposit the well-ordered assembly onto
the substrate upon solvent evaporation. The bluish structural color
exhibited in Fig. 5 indicates the high quality and orderliness of the
particle assembly, which stems from the periodic optical cavities in
the depositions produced at different acidic and basic environ-
ments. The optical images in Fig. 5 and the SEM images in Fig. S4
support the hypothesis that in all the pH conditions, the sulfate-
PS particles self-assemble into monolayer networks at the inter-
face, maintaining the well-ordered assembly structure until final
deposition, despite the change in zeta potentials.

Differences, however, do exist in the deposition morphology of
the sulfate-PS particles at various pH conditions. At pH 1.5, akin to
the carboxyl-PS particles, the sulfate-PS particles ‘‘melt” and join
each other at the interface, forming a solid skin of nanoparticles,
during the drying process. This behavior is observed at pH 1.5 even
though the sulfate functional groups are not pH sensitive. Further
increase in pH value (e.g., pH 4 and 5 with zeta potentials ��38
mV) has led to higher interparticle repulsion interactions by which
icles on the supporting droplets with different pH values. The scale bar is 100 mm.
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the close-packing of the nanoparticles is slightly affected as shown
in the Supporting Information (Fig. S4). However, the capillary
force present at the interface of the supporting droplet still prevails
the other forces. The dopamine-coated substrate at such pH levels
is highly, positively charged that attracts the excess amount of the
floating particles at the interface contributing to the ring formation
(Fig. 4b). The ring-like pattern can be clearly seen at a larger parti-
cle loading, e.g. three wetting droplets, as shown in Fig. S2. It
should be noted that the ring formed of sulfate-PS particles origi-
nates from particles trapped at the interface of the supporting dro-
plet. While the ring composed of carboxyl-PS particles, especially
at pH > 3, is a combination of the particles diffusing into the bulk
and the particles at the interface of the supporting droplet.

When the pH of the supporting droplet increases to 6 or 7, the
zeta potential of the nanoparticles does not change much (��38
mV), while the dopamine-coated substrate exhibits an isoelectric
point at pH 6.2. As described in the previous section, the positively
charge amine groups could capture the negatively charged PS par-
ticles even though the overall charge on the dopamine-coated sub-
strate is neutral. This provides an explanation to the ring formed at
this particular pH value.

A repulsion force arises between the particles and the substrate
at pH > 7, where the substrate, the supporting droplet, and the
nanoparticles are all negatively charged. This repulsion force
reduces the amount of the nanoparticles deposited at the ring by
forcing them back to the surface of the supporting droplet (more
details are provided in Section 3.4). Further increasing the pH to
11.5 has boosted the particle-substrate repulsive interactions
(Fig. 4b) where the surface charges become highly negative. The
basic solution not only significantly reduces the amount of the par-
ticles deposited at the ring, but also enhances the formation of
highly-ordered, closely-packed monolayers of nanoparticle assem-
bly by squeezing the nanoparticles back to the interface. Conse-
quently, the blue color contrast is the brightest at pH 11.5. The
SEM images of the deposits are presented in Fig. S4 in the Support-
ing Information.

Finally, because the sulfate-PS particles are more robust against
the pH change where most of the particles remain trapped at the
interface of the supporting droplet, buckling and folding of formed
skins have been observed at higher particle loadings (e.g. three
wetting droplets). A similar observation of the film buckling phe-
nomenon at high particle loadings have been reported by Boley
et al. [35]

3.4. Discussion

In this dual-droplet printing process, the final structure of the
particle assembly depends on the particle affinity to water (type
of functional groups and density), the charge level of the PS parti-
cles (zeta potential), and the pH of the supporting droplet. For
sulfate-PS particles, much fewer functional groups per particle
make the particles less hydrophilic. Even when the zeta potential
increases to �46.1 mV and the sulfate-PS particles experience
strong electrostatic repulsion, they still self-assemble into mono-
layer networks at the interface. On the other hand, carboxyl-PS
particles are much more hydrophilic due to the large number of
functional groups on the particle surface. Self-assembly of
carboxyl-PS particles is only obtained for zeta potential of �7.2
mV or lower, corresponding to pH of 3 or less. As the zeta potential
increases (along with the increase in pH), less carboxyl-PS particles
can self-assemble and maintain at the interface. When the zeta
potential increases to �51.1 mV (at pH 11.5), no particles survive
at the interface during the evaporation; and instead, all the parti-
cles diffuse and mix into the supporting droplet.

When the sulfate-PS particles are trapped at the interface dur-
ing the evaporation, they maintain the well-ordered assembly
structure and deposit onto the substrate upon drying. However,
very small amount of particles still get captured by the dopamine
surface at the contact lines of the supporting droplet, especially
for conditions of pH 4–10. Dopamine surface has a positive zeta
potential for pH < 6. This means that the negatively charged PS par-
ticles at the interface can be attracted to the contact line and
deposited at the edge due to electrostatic interactions. Further-
more, dopamine is a zwitterionic polymer which is capable of
attracting some negatively charged PS particles at the interface,
even when its zeta potential is negative (for pH of 7–10). As a result
of this deposition, a ring forms at the edges of the supporting dro-
plet (Figs. S2 and S5). In addition, the particles diffusing and mixing
into the supporting droplet also contribute to the ring formation,
particularly for carboxyl-PS particles (Figs. S1 and S5). Those parti-
cles follow the evaporation-induced capillary flow inside the sup-
porting droplet and move towards the contact line. During their
journey, some particles may get captured and randomly deposit
on the dopamine-coated substrate due to the aforementioned elec-
trostatic interactions, zwitterionic nature of the dopamine surface,
and/or roughness of the dopamine surface. The rest of the particles
deposit near the edges of the supporting droplet. When the zeta
potential of the dopamine surface increases to �28.5 mV for pH
> 10, the negatively charged particles could not deposit onto the
dopamine surface due to strong electrostatic repulsion. Therefore,
for the extreme case of carboxyl-PS particles at pH 11.5, all the par-
ticles diffusing into the supporting droplet are repelled by the sub-
strate and accumulated near the edges of the supporting droplet,
producing the conventional coffee ring.

Fig. 6a illustrates the height profile of the carboxyl-PS particle
deposits measured by the profilometer. At low pH values (e.g. pH
1.5 and pH 3), the floating particles at the interface of the support-
ing droplet have low charges that eases the network formation by
the action of capillary forces. The particles are held firmly in their
network where a negligible amount of particles deposit onto the
dopamine surface at the contact line regardless the favorable
attractive electrostatic force between the particles and the
dopamine-coated substrate. Therefore, the rings at the low pH val-
ues have negligible thicknesses. The ring is measured to be �1 mm
in height at pH 4. When the pH further increases, the rings become
thicker and wider, reaching �2 mm in height for pH 10. This growth
is contributed by the particles from both the interface and the bulk
of the supporting droplet. While for pH 11.5, the ring turns into a
narrow and tall peak (3.3 mm in height) since all the particles
exclusively deposit near the edges and no particles in the middle
of the deposit due to the strong repulsion from the dopamine-
coated substrate.

On the other hand, the sulfate-PS particles are less susceptible
to pH change where the interface of the supporting droplet is
always covered with the self-assembled nanoparticles. Fig. 6b pre-
sents the height profile of deposits with sulfate-PS nanoparticles.
Since the sulfate-PS particles successfully self-assemble at the
interface with negligible particles mixing into the supporting dro-
plet, the ring formed with the sulfate-PS particles is dominantly
from the particles at the interface. Similar to the carboxyl nanopar-
ticles, low pH values (e.g. pH 1.5 and pH 3) give monolayers of
sulfate-PS particles and no accumulation of particles at the contact
lines. An increase in particle loading (i.e. three wetting droplets)
did not produce a ring (Fig. S2 in the Supporting Information).
Instead, we have observed that jetting more wetting droplets cre-
ates a hole in the self-assembled film and induces vortices close to
the interface of the supporting droplet. Analogous observation of
such eddies has been reported by Parsa et al. in an effort to study
the effect of substrate temperature on pattern formation [11].
However, the ring starts to develop at pH 4 due to the increase
in the attractive electrostatic interactions between the particles
at the interface and the dopamine-coated substrate at the contact
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Fig. 6. Height profiles near the deposit edges obtained from dual-droplet printing of
(a) carboxyl-PS particles, and (b) sulfate-PS particles at different pH values. The red
dash lines represent the ring region while the inset shows the z-height of each
individual peak with its corresponding pH value. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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line. The rings are very similar among the deposits in pH values
between 4 and 7 with the highest peak of �1.6 mm. The situation
significantly changes at pH 11.5. The substrate becomes highly
negatively charged that pushes the nanoparticles near the contact
line back to the interface of the supporting droplet resulting in a
monolayer assembly with a higher degree of closely-packed depo-
sition. Consequently, the amount of nanoparticles present in the
ring of the deposit significantly reduces, which is contrary to the
rings obtained at the same pH level with carboxyl-PS particles.
Both Fig. 6a and b show some peaks (�0.5 mm) in the middle of
the deposits that correspond to PS particles (particularly the
sulfate-PS particles) and dopamine agglomerates.
4. Conclusion

In this work, we have demonstrated controlling deposition mor-
phology in the dual-droplet inkjet printing by pH-modulation
along with the associated electrostatic interactions of nanoparti-
cles. It is worth emphasizing that majority of the prior research
efforts on colloidal particle deposition from a droplet are based
on a homogeneous particle-laden sessile droplet ranging from tens
of microns to millimeter size in diameter. Various approaches have
been employed to alter the evaporation-induced flow field,
particle-particle, and particle-substrate interactions resulting in
different deposition morphology of the colloidal particles, e.g.
dome-shape depositions [36], line patterns [37], spider web and
radial spoke structures [38], relatively uniform depositions with
suppressed coffee-ring formation [11–17] etc. However, deposi-
tions with nearly a monolayer of self-assembled colloidal particles
have rarely been obtained. Recent efforts have been made to push
the colloidal particles to the droplet interface during the solvent
evaporation, leading to some well-ordered depositions [39–41].
Different from these depositions from particle-laden sessile dro-
plets, interfacial self-assembly is the driving mechanism in the
deposition formation during the dual-droplet printing. The col-
loidal particles are spread on the air-water interface of the sup-
porting droplet when the wetting droplet impacts onto the
supporting droplet. The self-assembly of the particles occurs at
the interface, and in favorable conditions maintains at the interface
during the solvent evaporation, till finally deposits onto the sub-
strate. pH modulation of the supporting droplet affects the interfa-
cial self-assembly through multibody interactions among the
nanoparticles, and the particle-interface and particle-substrate
interactions. The final structure of the particle assembly is deter-
mined by the particle affinity to water (type of functional groups
and density), charge level of the PS particles (zeta potential), and
the pH of the supporting droplet.

The carboxyl-PS particles have higher affinity to water and is
more prone to pH change. At pH values as low as 3, the particles
tend to self-assemble at the interface of the supporting droplet,
where the interparticle interactions are minimal due to the low
surface charge. However, they diffuse and mix into the supporting
droplet as the pH increases. For extreme pH values (i.e. pH 10 and
pH 11.5), most of the particles at the interface diffuse into the sup-
porting droplet where they are carried by the evaporation-induced
capillary flow to the contact line producing the conventional
coffee-ring. The sulfate-PS particles, on the other hand, is margin-
ally affected by the pH change. Its low surface charge density facil-
itates the self-assembly of the nanoparticles at the interface of the
supporting droplet regardless of the pH value utilized. Contrary to
the carboxyl-PS particles, the sulfate-PS particles, even at extreme
basic and acidic environments, successfully self-assemble into
nearly monolayer networks at the interface and deposit the well-
ordered assembly onto the substrate upon solvent evaporation.
Finally, reducing the pH value of the supporting droplet to 3 or less
produces self-assembled networks regardless the type of nanopar-
ticles employed where no ring formation is observed.

Future works include investigating the interfacial self-assembly
of anisotropic colloidal nanoparticles in the dual-droplet inkjet
printing process; and employing functional materials (e.g. noble
metals) to fabricate low-cost, high-performance functional devices,
e.g. surface enhanced Raman scattering (SERS) substrates. Incorpo-
rating the scalable dual-droplet inkjet printing technique with the
ability to control the assembly structures of the deposits can
become a promising approach to printing functional optical and
electronic devices.
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