fﬁf}gﬂ.ﬂ, View Article Online

View Journal

Nanoscale

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Sabapathy, V.
Kollabattula, B. Madivala and E. Mani, Nanoscale, 2015, DOI: 10.1039/C5NR03369A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale



Page 1 of 9

Published on 30 June 2015. Downloaded by Colorado State University on 01/07/2015 20:03:01.

Journal Name

Cite this: DOI: 10.1039/%xxx00XXXX

Received Date
Accepted Date

DOI: 10.1039/XXXXXXXXXX

www.rsc.org/journalname

Nanoscale

Visualization of equilibrium position of colloidal parti-
cles at fluid-water interfaces by deposition of nanopar-
ticles 7

Manigandan Sabapathy, Viswas Kollabattula, Madivala G. Basavaraj and Ethayaraja
Mani*

We present a general yet simple method to measure contact angle of colloidal particles at fluid-
water interfaces. In this method, the particles are spread at the required fluid-water interface as
a monolayer. In the water phase a chemical reaction involving reduction of a metal salt such
as aurochloric acid is initiated. The metal grows as a thin film or islands of nanoparticles on
the particle surface exposed to water side of the interface. Analyzing the images of particles in
high resolution scanning microscopy (HRSEM), we trace the three phase contact line upto which
deposition of metal film occurs. From geometrical relations, the three phase contact angle is then
calculated. We report measurements of contact angle of silica and polystyrene (PS) particles at
different interfaces such as air-water, decane-water and octanol-water. We also apply this method
to measure contact angle of surfactant treated polystyrene particles at air-water interface, and we
find a non-monotonic change of contact angle with concentration of surfactant. Our results are
compared with the well-known gel trapping technique and we find good comparison with previous

measurements.

1 Introduction

Adsorption of particles at fluid-fluid interfaces is of fundamen-
tal importance in soft matter and colloid science from the per-
spectives of interactions between particles, kinetics of adsorption
and structural properties of monolayer of particles. -2 Further,
adsorption of particles helps stabilize drops, bubbles and foams,
wherein particle-laden interfaces offer kinetic barrier for coales-
cence and provides better stability against phase separation. In
general, micron-sized particles irreversibly adsorb at fluid-fluid
interfaces due to high adsorption energies. The adsorption en-
ergies depend on the particle-fluid interfacial tensions, size and
three phase contact angle () of the particles.* Of these param-
eters, contact angle dictates the type of emulsion (w/0 or o/w)
that can be stabilized. For instance, particles with contact angle
< 90° stabilize o/w emulsion while particles with contact angle
> 90° stabilize w/0 emulsion.> Therefore, accurate measurement
of 0 of particles is important as it directly relates to the formation
and stabilization of emulsions and foams.

The search for an unified method for determination of contact
angle of colloidal particles at various kinds of interfaces has been
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on-going over many years. Several methods for measuring con-
tact angle, although limited in scope, have been reported. The
easiest but indirect method of measuring 6 is based on sessile
drop.® In this method, a thin continuous film of the material of
the particle is coated on a substrate. This is possible only if the
particles can be dissolved in a suitable solvent. Therefore this
method is suitable for latex particles such as polystyrene, PMMA
and so on. The substrate is placed in the lighter (low density)
fluid and a fine drop of the heavier (high density) liquid is placed
on the substrate. Scheme 1a shows a schematic of the sessile drop
method. By imaging equilibrium shape of the liquid drop on the
substrate, the contact angle can be calculated using Young-Dupre
equation (see Scheme 1a). This method lacks accuracy due to the
effect of film thickness, roughness, degree of dissociated charges
(in case of charged particles), and often gives large inconsisten-
cies in the measurement of 8. Moreover, inorganic particles such
as silica, which is often studied as a model system, can not be
made as a film directly. For such cases, a close packed monolayer
of particles is coated on a substrate.” The contact angle of a liquid
drop is determined by placing a liquid drop on the substrate fol-
lowed by the drop shape analysis. This contact angle is assumed
to be the contact angle of the particle at the liquid-air interface.
However, the effect of particle roughness and line tension limit
the accuracy of the measured contact angle.

Indirect measurement of contact angle of particles at fluid-fluid
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interface was first suggested by Clint and Taylor.® The monolayer
of particles in a Langmuir trough is compressed until it collapses
and the corresponding collapse pressure (I1.) is measured. I, is
equal to the Gibbs free energy of detachment of particles from the
interface. By assuming the particles are close-packed, contact an-
gle is calculated. This method relies on the accurate measurement
of collapse pressure. However, due to relaxation time associated
with rearrangement of particles in the monolayer near collapse,
the measured collapse pressure is subjected to significant variabil-
ity leading to inaccurate measurement of contact angle. ?

The pursuit of in-situ measurements of contact angle of parti-
cles has significantly increased because of limitations of the exist-
ing techniques and advances in the development of novel exper-
imental tools. Mohammadi and Amirfazli reported a method to
measure contact angle, wherein a confocal laser scanning micro-
scope is used to obtain cross sectional images of the particles in
the plane perpendicular to the interface when it is in equilibrium
position. Based on change in the background intensity, the cross
sectional area of the particle at the interface is calculated to ob-
tain the contact angle of the particles. 19 Further, Snoeyink et al.
had very recently reported a method for measuring the contact
angle of polystyrene particles using Bessel beam microscopy. 1!
By probing the particle height at the interface through the image
analysis over hundreds of particles, the contact angle of particles
is measured in-situ at interface.

In the recent past, the methods based on freezing, or gel
trapping (GTT) 1415 of particles at liquid interfaces have been
demonstrated to show direct measurement of contact angle. The
state of particles trapped at interface is examined through micro-
scopic techniques such as scanning electron microscope (SEM) or
atomic force microscope (AFM), which detect particle’s immer-
sion depth. The depth of immersion is related to the three phase
contact angle. However, the gelling and freezing of particles dur-
ing the process may affect particle location, particles shape, or
chemical composition of the system!!. Additionally, in the case
of freezing technique, the methodology reported by the author
works only for oil that is freezable at moderate cooling.

In this article, we demonstrate a simple method to measure 6
in-situ at various kinds of fluid-water interfaces. A fluid-water
interface is created by considering water containing a mixture
of a metal salt such as HAuCly; and a reducing agent such as
NaBHy, sodium citrate and a suitable oil/air. The particles are
then spread at the interface so as to create particle monolayer.
The reduced metal atoms nucleates and grow on the part of the
particle that is immersed in water side. After completion of the
reaction, a thin film of gold deposits on the particle surface in
contact with aqueous phase enabling the tracing of three phase
contact line. The particles are removed carefully from the in-
terface by dip coating. Scheme 1 b shows the schematic of the
method. The particles are imaged in high resolution scanning
electron microscope (HRSEM) to trace the equilibrium contact
line of particles. By measuring the two dimensional projection
of the uncoated region and particle diameter, 6 can be calcu-
lated (refer Schemelb). In this method, one can also use other
metallic/in-organic coating instead of gold deposition as long as
the deposition of nanoparticles/nanofilm on the adsorbed parti-

12,13
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cle provides enough contrast during SEM analysis. Unlike sessile
drop method, the proposed method is not limited for a particular
kind of particles. Our method can be used at room temperature
unlike GTT which requires moderate temperature for the gellan
to remain in water-like liquid. In what follows, we describe exper-
imental details in Section 2 and present results for PS, silica and
surfactant treated PS particles and finally provide some general
remark of the proposed method.

2 Experimental Section

2.1 Materials and Methods

The amidine functionalized positively charged polystyrene (PS)
particles of diameter 2.2 um are purchased from Interfacial
Dynamics Corporation. The 3-Amino propyl trimethoxysilane
(APTES, 97%) is procured from Alfa Aesar, USA and is used as
received. The positively charged APTES treated silica particles
are prepared starting from monodispersed silica (SiO,) particle
of size 1 um obtained from Fiber Optic Centre, Inc., USA. The
surface treatment leads to amine groups on the silica particles
surface. Initially, silica particles of 4 wt % suspended in 1 ml of
ethanol is mixed with 100 ul APTES and left undisturbed for 3
hrs. The particles are then separated from APTES mixture by cen-
trifugation and washed with DI water for at least four washing cy-
cles to remove any excess APTES. The zeta potential of bare silica
(1 ym) and polystyrene (2.2 um) measured using electrophoretic
dynamic light scattering (DLS) are 29 + 2, 81 + 3 mV, respec-
tively. Aurochloric acid, a common precursor for gold, is obtained
from Sigma Aldrich, USA. The reducing agents such as sodium
borohydride (NaBHy), tri sodium citrate are received from Merck,
Germany. 1-Octanol and n-decane received from Alfa Aesar, USA
and Merck, Germany, respectively, are used as oil phase. Sodium
dodecyl sulfate (SDS), Merck, Germany is used to functionalize
particles prior to spreading at the interface in one set of experi-
ments. Ethanol used to aid spreading is supplied by Merck, Ger-
many. The gellan which is used to gel aqueous phase in gel trap-
ping technique is gifted by CP Kelco, USA. Poly dimethylsiloxane
(PDMS) and curing agent (Sylguard® 184) purchased from Dow
Corning, USA are used as cross-linked elastomer to transfer the
particles from the gellan surface on to the PDMS. For all process
requirements, MilliQ ® de-ionized water (DI) is used.

2.2 Measurement of equilibrium contact angle of colloidal
particles

In the proposed method, equilibrium contact angle of PS and SiO,
particles is measured by depositing a thin film of gold selectively
on particle surface exposed to water side of the fluid-water inter-
face. The deposition of gold produces a clear and distinguishable
surface contrast when imaged using HRSEM and therefore the
method offers a way to measure the contact angle directly. As de-
scribed in Scheme 2, the aqueous phase used contains aurochlo-
ric acid and sodium borohydride (reducing agent). Here after,
we denote the aqueous reaction mixture as "water" phase. These
reagents are mixed such that the molar ratio between reducing
agent/gold is 20% more than the stoichiometric requirement, so
that NaBH, is always present in excess quantities. Typically we

This journal is © The Royal Society of Chemistry [year]
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Scheme 1 Schematic showing calculation of contact angle
measurement from a) sessile drop technique (ypo - Surface energy of
particle-oil, yp, - Surface energy of particle-water, yow - Surface energy
of oil-water; unit of surface energy is given in mJ/m?2), b) proposed
technique (6 - Contact angle, d - diameter of the circle obtained by two
dimensional projection of uncoated region of the particle, D - diameter of
particle).

use aurochloric acid concentrations in the range of 0.2 - 0.5 mM.
Subsequently, a 55 ul. ethanol-water suspension (2:1 volume ra-
tio) containing known concentration of particles is spread at the
air-water or oil-water interface. The surface coverage of particles
at the interface is typically close-packed. This is confirmed from
microspcopic observations (refer Figure S1). Then, a substrate,
usually glass, held in dip coater port (APEX instruments, India)is
immersed in the reaction mixture. The desired area of substrate
to be coated can be varied by changing the dipping length. Prior
to dipping, the substrate is cleaned by immersing it in a piranha
bath containing hydrogen peroxide and sulphuric acid in the vol-
ume ratio of 1:3. The reaction leading to the deposition of gold
on the particle surface is allowed to continue for 2 hrs. The sub-
strate is then pulled from the mixture at a constant lifting speed
of 2 mm/min and suspended for 5-10 min in air to evaporate
residual reaction mixture from the film (monolayer) of particles.
Finally, the particles are imaged in HRSEM to demark the gold
coated part from bare surface. For comparison, we also evaluate
the contact angle of particles using another reducing agent such
as tri sodium citrate. The reaction mixture containing aurochloric
acid and sodium citrate solution are mixed and kept at 80°C. The

This journal is © The Royal Society of Chemistry [year]
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molar ratio between reducing agent/gold is 20% more than the
stoichiometric requirement. Since a higher temperature of 80°C
is required when sodium citrate is used, we choose to use NaBHy
in most of the experiments.

Step 1 Step 2

Step 3

I

Microscope

Scheme 2 Schematic representation of experimental steps describing
deposition of gold nanoparticles on the particle surface at the interface.

2.3 Surfactant treated PS particles

It is known that the contact angle of particles can be modified
by treating the particles with oppositely charged surfactants. 13
We show that our method can be used to study the variation of
contact angle of surfactant-treated particles. The deposition of
gold film is not affected by this additional functionalization as we
will show later. In one set of experiments, the PS particles are
pre-treated with SDS before spreading at the air/water interface.
For treatment, equal volume of PS particles (4w/v%) and SDS of
various concentration are mixed and sonicated for 5 min before
leaving it undisturbed for an hour. It is expected that negatively
charged SDS will bind electrostatically with positively charged PS
particles. After this treatment, the mixture is centrifuged and sed-
imented particles are re-dispersed in DI water using ultrasonica-
tor. This procedure is repeated four times to remove free surfac-
tant molecules. Further, the conductivity of supernatant solution
is monitored after every wash in order to confirm the absence of
free surfactants. The results obtained from the conductivity meter
show that there is no significant variation after the second wash
onwards. The values of conductivity after every washing steps are
0.15, 0.1, 0.1, 0.1 uS/cm. Thorough washing to remove free sur-
factant is essential because, free surfactant present may reduce
fluid-fluid interfacial tension and change the actual 6. Thereby
we make SDS functionalized PS particles with various degrees of
functionalization.

2.4 Gel trapping

Contact angles measured based on the proposed method is vali-
dated using gel trapping technique (GTT). GTT is performed by
spreading the particles on an air-water or oil-water surface fol-
lowed by gelling of the water phase containing a nonadsorbing
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polysaccharide such as gellan.!# The gellan mixture is prepared
by dispersing 1.5 wt% of gellan (CP Kelco, USA) in DI water. The
mixture is heated to 90°C in a water bath for 15 min to dissolve
and hydrate the gellan. After the gel trapping procedure, the air
or oil phase is replaced with a small amount of poly (dimethyl-
siloxane) (PDMS) elastomer. For this modification, PDMS mixed
with curing agent in 1:10 wt ratio (Sylguard® 184, Dow Corn-
ing, USA) is used. The PDMS spread on the particle monolayer
at the solidified gellan surface is allowed to cure slowly for 48
hrs so that the particle region exposed to air/oil is embedded into
the curing PDMS elastomer. This makes the calculation of equi-
librium contact angle of particles easier as the part exposed from
the PDMS base can be directly viewed using HRSEM.

2.5 Characterization

The structural morphology and contact angle measurement of
particles are studied using HRSEM (Hitachi S-4800) with oper-
ating voltage from 1-3 kV. For better image quality, a thin layer of
gold is sputter coated on the sample to render them electronically
conductive. Energy dispersive X-ray spectroscopy analysis (EDS)
is made using the HRSEM to quantify the surface composition
of particles. EDS analysis of the particles are carried out with-
out sputter coating. Inverted microscope (Model: DMI3000B, Le-
ica Microsystems, Germany) is used to characterize the particle
monolayers prior to dip-coating and to observe structural mor-
phology. Ultrasonicator (500GTI, Martin Walter Powersonic, Ger-
many) is used for the separation and re-dispersion of surfactant
treated particles into required liquid medium at an operating fre-
quency of 132 KHz for 10 min. Conductivity of supernatant solu-
tion containing surfactants is monitored using conductivity probe
(GA instruments, India). Dynamic light scattering, DLS (Horiba
SZ-100) is performed to measure the zeta potential of particles
used. The surface tension analysis for reaction mixture-air and
reaction mixture-decane is carried-out using a goniometer (GBX
instruments, France).

3 Results and Discussions

3.1 Contact angle of PS particles at air-water interface

Since the three phase contact angle of a particle at an interface is
influenced by the fluid-fluid interfacial tension, we first establish
that the presence of metal salt and the reducing agent does not af-
fect the air-water and oil-water interfacial tension (see Fig. S1 in
Supplementary Information). Further it is also confirmed based
on control experiments with flat interfaces that the true contact
angle of particle is not affected by the in-situ deposition of gold
nanoparticles on the colloidal particle surface (see Fig. S2 in Sup-
plementary Information). As a result of the chemical reaction in
the bulk, the gold salt is reduced to gold metal. Since the particles
are already adsorbed at the interface, the metal atoms that nucle-
ate in the bulk grow as nanoparticles on the surface of the particle
in contact with the aqueous phase. As the part of the particle ex-
posed to water side is available for gold to grow, one can expect
the formation of either thin gold film or islands of gold nanopar-
ticles. Figure 1 shows a representative HRSEM image of regular
hexagonal arrangement of particles with gold metal nanoparticles
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on the surface for two different reducing agents. After scanning
the entire region of substrate, we observed that there is a thin
layer of gold on the surface of particles immersed in the reaction
medium while there is no sign of gold deposition on the part ex-
posed to air. The EDS mapping analysis using HRSEM confirms
the presence of gold on the particle surface exposed to water side
and absence in the air side (insets Figure 1). From the image
analysis based on 100 representative particles, the diameter of
circle (d) obtained from two dimensional projection of uncoated
part of the particle (part exposed to air) and D (particle diameter)
were measured individually for all particles. Dip coating allows
to retain the orientation of the particles intact as in they were at
the interface. From geometry, 6 can be calculated from the values
of d and D.

For contact angle < 90°, we use the equation

0 =sin"! (%) €Y)

and for contact angle > 90°,

4

0 =180 — sin~! (%) 2

Based on equation 1, the contact angle measured for the PS
particles at water-air interface system using sodium citrate and
NaBH, are 39 + 1° and 38.5 + 1°, respectively, showing the
choice of the reducing agent has no effect on the measured con-
tact angle.

We note that there is no significant variation in the apparent
contact angle obtained for reaction times of 10 min, 60 min and
120 min, although the quality of gold film strongly depends on
reaction time (see Fig. S3 in Supplementary Information). How-
ever, film quality in turn affects the accuracy of measurement of
contact angle. Of the three reaction times studied in our experi-
ments, 60 min gives good demarcation of the contact line.

3.2 Contact angle of surfactant treated-PS particles at air-
water interface

Recently there has been growing interest in using a combination
of charged colloidal particles and oppositely charged surfactant to
stabilize Pickering emulsions or foams. 1 The synergistic interac-
tion between particles and surfactant molecules is found to offer
better stabilization. This combination can be used to alter contact
angle of a particle at the same interface. A monotonic increase of
contact angle as a function of added surfactant has been reported
earlier. 13 However, in this case surfactant molecules are present
both on particle surface (via electrostatic) and in bulk water as
free surfactant molecules. Therefore the increase in 6 can be due
to the decrease in oil-water interfacial tension because of the free
surfactant. It is not clear whether increase in 6 is due to free
surfactant or due to particle-surfactant complex or both. In an-
other study where excess surfactant molecules were thoroughly
removed and only the surfactant molecules bound to particle sur-
face were present, it was shown that the contact angle did not
depend on the initial concentration of the surfactant.” It can be
argued that in these range of surfactant concentrations, the par-

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 HRSEM images showing gold nanoparticles on particle surface
using reducing agent: A) sodium citrate, and B) sodium borohydride.
Insets show EDS analysis showing the presence of gold. The scale bar
corresponds to 2 um.

ticles were highly charged. On one hand the charged particles
like to maximize the area exposed to water and decrease the con-
tact angle and on the other hand, surfactants adsorbed on the
particle surface can impart hydrophobicity leading to an increase
in contact angle. Therefore one might expect constancy in con-
tact angle with surfactant concentration where electrostatic con-
tribution is dominant, followed by an increase in contact angle as
hydrophobicity becomes dominant. If surfactant concentration is
increased further, contact angle should decrease again. Because
of charge reversal, as discussed below, one is expected to see this
nonmonotonic change in contact angle as a function of surfactant
concentration. We verify this hypothesis by functionalizing the
particles with oppositely charged surfactants and use our contact
angle measurement technique to investigate this hypothesis.
Figure 2 a shows the variation of zeta potential and contact an-
gle of PS particles (2.2 um) with SDS surfactant (anionic) concen-
tration. In the plot, the SDS concentration is expressed as ¢/cmc,
where c is the concentration of surfactant and cmc is the criti-
cal micellar concentration (8.2 mM at 20°C). As the surfactant
concentration increases, the charge of the particles reverses from
positive to negative. This is because initially SDS binds with PS
particles by electrostatic attraction thus screens the charge on the

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Effect of surfactant concentration on contact angle of PS
particles, a) Dependance of zeta potential and contact angle with SDS
concentration, b) Bottom morphology of particles shows gold deposition
upto one half of the particle surface (i.e., contact angle 90°) for SDS
concentration of 0.097, c) Top morphology of particles showing gold
deposition for SDS concentration of 0.036 corresponding to contact
angle =~ 53°. The scale bar corresponds to 1 um.

particle. At certain concentration, the charges on the particle is
completely screened by a monolayer of surfactant molecules. As
we increase surfactant concentration further, a bilayer of surfac-
tant begins to form via tail-tail interaction, where the head group
of the outer surfactant layer is exposed to water. In such a sce-
nario, the particles acquire a net negative zeta potential. Next we
discuss how this charge reversal affects the contact angle. When
little surfactant (0.036) is present, there is an increase in contact
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angle from 39° to 53°. With further increase in surfactant con-
centration upto 0.085, no appreciable change in 6 is observed.
However at 0.097, a sharp increase in 6 of 90° is observed. In-
terestingly at this concentration, the zeta potential of the particle
is close to zero. Hence the hydrophobic nature of the surfactants
on the particle surface leads to higher 6 value. Further increase
in surfactant concentration leads to reversal of the sign of zeta
potential and electrostatic effect reappears leading to a decrease
in 0. Figures 2 b-c show the representative HR SEM images of
bottom and top morphology of surfactant treated particles at two
instances, 1) contact angle 90° and 2) contact angle 53°, respec-
tively. For contact angle measurement, each and every data points
have been plotted based on average values from three different
repeated experiments (totally three hundred measurements have
been done for each data points). The structure of particles at the
interface under fully charged state and neutral state is given in
Supporting Information (Fig. S5 in Supplementary Information).

3.3 Contact angle of PS particles at oil-water interface

Next, we apply our method to measure contact angle of parti-
cles in two different oil-water interfaces, namely decane-water
and octanol-water. In these experiments, we used sodium boro-
hydride as reducing agent. When imaged using HRSEM, the top
view of the particles i.e., portion of the particle exposed to oil did
not show any gold deposited regions (Fig. S6 in Supplementary
Information). Therefore, we investigated the bottom side of the
particles by transferring the particles using carbon tape. Figure
3 shows the bottom view of particles i.e., portion of the particle
exposed to aqueous phase. From Figure 3 a, it appears that 6 >
90°, and therefore we apply Eq. 2 to estimate contact angle. We
measured for decane-water 6 = 111 +5° and for octanol-water 6
= 158 +1°. The value of contact angle of particles increased dras-
tically when the type of interface is changed from air-water (8 =
39 +1°) to decane-water and octanol-water. The drastic change
of equilibrium contact angle is attributed to change in interfa-
cial surface tension of water-decane (52 mN/m), water-octanol
(8 mN/m) interface and distribution of charges. The higher val-
ues of 6 implies that the particles are immersed more into the oil
phase. Similar range of contact angle values are observed, when
sodium citrate is used as a reducing agent (Figure 3 c). The mea-
sured contact angle at decane-water is 124 + 1° with citrate as
reducing agent.

3.4 Contact angle of silica particles at air-water and oil-
water interfaces

In order to show that the technique can be extended to other type
of particle as well, contact angle of silica particles is measured at
different interfaces using NaBH, as reducing agent. Figure 4 rep-
resents HRSEM images showing top morphology of silica particles
deposited on the glass substrate. From the analysis of SEM im-
ages, the contact angle measured at air-water and decane-water
interface is found out to be 62 + 3° and 39 + 3°. We note in
the case of silica particles, the gold is deposited as a distinct ring
along the three phase contact line, different from what was ob-
served in PS particles. This may be due to low charge density on

6| Journal Name, [year], [vol.],1—9
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Fig. 3 HRSEM images showing gold deposition on polystyrene
particles adsorbed at water-oil interface a) decane-water (NaBHj,), b)
octanol-water (NaBHy,), c) decane-water (citrate). The scale bar
corresponds to 1 um.

silica particle surface. However, our method of measuring con-
tact angle requires only the contour of the three phase contact
line and its projection. Our method is not limited by the quality
of the deposited film as long as the contact line is traceable.

3.5 Comparison of measured contact angle with gel trap-
ping technique

To compare our measurements, we carried out gel trapping tech-

nique to measure contact angles of PS at air-water and octanol-

water interfaces. Figure 5 shows HRSEM image of polystyrene

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 HRSEM images showing gold deposition on silica particles
adsorbed at water-fluid interfaces, a) water-air, b) decane-water. In both
cases NaBHy, is used as a reducing agent. The scale bar corresponds
to 1 um.

particles embedded in PDMS block at air-water and oil-water in-
terface. Based on image analysis, the contact angle measured for
water-air system (Figure 5 a) is 50 + 3°, while, contact angle
of particles at octanol-water interface is 150 + 1° (Figure 5 b).
Based on the chemical deposition of gold methodology proposed
by us, the contact angle values correspond to 38.5 + 1° and 158
+ 1°, respectively. We find that a deviation of 5% is observed
for octanol-water and 22% for air-water interfaces. These differ-
ences can be due to solidification of the gellan and reduction in
the charge density of the particles. The surface charge density
of the particles plays an important role in the contact angle. In-
creasing the surface charge density of the particles by a factor of
2 decreases the contact angle by a factor 2/3.18 The adsorption
of gellan on particle surface may affect the accurate measurement
of contact angle by GTT, which we have not investigated in de-
tail. In some of our GTT experiments with PS particles at aqueous
gellan-decane interface, particle swelling is observed. Moreover,
while using PS particles, if temperature of gellan is slightly above
what is reported, we observed a shape transformations, similar to
the report of Park and Furst.1? These effects associated with GTT
may explain the deviation from true contact angle values.

Based on all our measurements, the contact angles obtained
from different methods and interfaces are summarized in Table 1.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 HRSEM images of polystyrene trapped in PDMS film obtained
from gel trapping technique for interfaces a) air-water system, b)
octanol-water system. The images were obtained using HRSEM
operated in tilted mode with an observation angle of 60°. The scale bar
corresponds to 5 um.

The data shows that there is considerable agreements in contact
angle values measured between existing GTT and our technique.
The method proposed by us in this article can be considered as
yet another technique which is simple and robust in application
and can be used to calculate contact angle of particles in-situ at
fluid-water interfaces.

3.6 Some general remarks on proposed technique

We have shown the generality of the proposed method to measure
contact angle by using two different kinds of particles at three
different kinds of interfaces. Here we highlight some general re-
marks on the method. One of requirements in this method is to
assemble particles as a monolayer at the interface. This can be
easily achieved for micron or sub-micron sized particles due to
irreversible adsorption at the interface. However, for very small
nanoparticles (< 10nm), the desorption energies can be compa-
rable to thermal energy leading to exchange of particles from the
interface to bulk and vice versa. In such scenario, the deposition
gold might occur on the whole particle surface. Further, imaging
the nanoparticles in HRSEM after coating will give rise to uncer-
tainty in the measurement of contact angle. This method works
well for particle sizes more than 1 um. Since our method involves
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Table 1 Summary of measurements of contact angle from different techniques

Type of particles

Type of interface ~ GTT

Proposed method

air-water 50 £+ 3° 38.5+1°
Polystyrene decane-water 122° 10 111 £5°
octonol-water 150 £ 1° 158 £ 1°
Silica air-water 70° 65 + 2°
2 .
decane-water 33° 0 (freeze technique) 39 + 3°

a chemical reaction in aqueous phase, one of the fluids should be
water. Therefore our method may not be applicable for oil-air in-
terface. We note that the quality of the deposited gold film to de-
mark the interface is important for accurate measurement of con-
tact angle. We found that if the particles are positively charged,
the quality of gold film is better. For negatively charged particle,
the film is discontinuous and often we observed either islands of
gold nanoparticles or a thin layer of gold around the contact line.
A detailed study in improving the quality of the film by optimiz-
ing reaction conditions or metal salt is required to fully realize
the genarality of the method. In other words, the mechanism by
which gold nanoparticle adsorb on the particle surface needs fur-
ther investigation. Although it has been cited in many articles that
the gold nanoparticles bind to the surface via electrostatic attrac-
tion followed by nucleation and growth, the role of the nature of
the charge is not completely understood. For instance, Bao et al.
indicated that the metals with negatively charged precursor ions
would nucleate on cationic particles whereas those with positively
charged precursor ions would prefer anionic particles.2! How-
ever, as described in Section 3.2, it is not clear as to why would a
negative precursor metal (gold) ions grow on a surface of surfac-
tant treated particles, pertaining to a zeta potential value of -28.0
mV, which is effectively an anionic particle. In this method, one
can also use deposition of other kinds of nanoparticles instead of
gold, as long as the deposition of nanoparticles/nanofilm on the
adsorbed particle provides enough contrast during SEM analysis.
To this end, 15 nm sized negatively charged silica nanoparticles
are deposited on positively charged PS particle at air-water in-
terface. The contact angle of particles obtained in this method
( 36 + 0.8°) is in agreement with the gold deposition method
(39 +£ 1°). For more details, see Fig. S4 in Supplementary Infor-
mation. The study of the role of charge on adsorption of metal
nanoparticles on cationic or anionic surfaces is currently being
investigated. The effect of shape of particles on adsorption at
fluid-water interfaces have been reported both theoretically and
experimentally. 22-26 These particles experience strong, and long-
ranged attractive capillary interactions that greatly exceed the
thermal energy kpT. Further, the combined effect of sharp edges
and capillary interaction of particles27-%8 due to shape anisotropy
at fluid-water interfaces tend to show pinning and de-pinning be-
haviour at the interface. 2> These effects give rise to complications
in determining equilibrium contact angle of anisotropic particles.

8| Journal Name, [year], [vol.],1—9

Hence, our method is limited to measure the contact angle of par-
ticles of spherical shape. Nevertheless, the promising application
of the proposed technique can be finding the equilibrium confir-
mation or orientation of anisotropic colloids at interfaces. Further
this method can be used to synthesize patchy colloids as choice of
different interfaces allow a control of the patch size.

3.7 Conclusion

To summarize, we have proposed a new methodology to measure
contact angle from real space imaging of particles that are coated
with metal nanoparticles on the surface exposed to water side
of the interface. The contact angle of pristine PS particles have
been found to be unaffected by the type of reducing agent used in
the reaction. The generalization of method is shown by measur-
ing contact angles of polystyrene and silica at interfaces such as
air-water, decane-water and octanol-water, which are commonly
used fluid-water interfaces. In a separate study on a surfactant
treated particles, we have shown that the addition of oppositely
charged surfactants to the suspension of cationic particles causes
change in contact angle as well as charge reversal of the parti-
cles. Apart from 90° contact angle corresponding to surfactant
concentration of 0.097, the particles showed constancy of mea-
sured 6 values throughout the range of surfactant concentration
studied. A potential extention of this work can be visualization of
equilibrium orientation of anisotropic particles at interfaces. Fur-
ther this method can be used to synthesize single patchy colloids
of controlled patch size.
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