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Abstract

It has been shown both theoretically and experimentally that amphiphilic Janus particles
are the most effective solid surfactants to stabilize interfaces. In most cases, the Janus particles
investigated have uniform morphologies with Janus boundaries dividing the particle into halves.
However, there are many examples of Janus particles where the hydrophilic and hydrophobic
domains are not equally distributed. The effects of this uneven domain distribution on the
mechanism and kinetics of Janus particle assembly, and final equilibrium state are not well-
understood. Dynamic pendant drop tensiometry offers a means to probe both the equilibrium
assembly, and the kinetics and mechanism of assembly. Here, the interfacial kinetics and
assembly of spherical anisotropic Janus particles are investigated using dynamic pendant drop
tensiometry. Systematic studies quantifying the time-dependent interfacial behavior as a function
of Janus particle morphology, chemical composition, particle concentration, and NaOH and HCI
concentration are performed. These studies shed light on the assembly mechanism of more

complex Janus particle morphologies and highlight their effectiveness as interface stabilizers.
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Introduction

The interface between two immiscible liquids affords an ideal platform for assembling
nanomaterials that can impart functional properties to a liquid construct.'? The assembly of
nanomaterials at interfaces was first described in the work of Ramsden® and Pickering.* Their
work showed that particulates dispersed in either phase will readily segregate to a liquid-liquid
interface to reduce the interfacial energy. These findings sparked the development and use of

these materials in applications such as Pickering Emulsions,”® colloidosomes,’'? flow-through
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chemical reactors, environmental remediation, and all liquid electronics.

The driving force for the assembly of nanomaterials at interfaces is to minimize the
thermodynamic penalty that arises from the formation of an interface between two immiscible
liquids. By assembling the particles at the interface of the liquids, contact between the two
liquids and the interfacial energy is reduced. Koretsky and Kruglyakov derived an equation for
AE, the change in interfacial energy (i.e. the binding energy), for a system of spherical particles

with homogeneous surface chemistry,**!

AE=77r"yp,,[1—|cosd|

(1¢)

6

where r is the particle radius, V.. is the oil-water interfacial tension, and 6 is the contact angle at
the three-phase contact line between the two immiscible phases and the absorbed particle. From
equation (1) the reduction in interfacial energy is strongly dependent on the size of the particle
and the contact angle at the three-phase contact line. As particle size increases, the binding
energy increases. This makes it difficult to remove large particles from an interface once they are
adsorbed. For smaller particles and nanomaterials, the binding energy is orders of magnitude
lower. Consequently, nanomaterials and smaller particles can reversibly adsorb and desorb to the
interface, unlike their larger counterparts. To prevent the desorption of nanomaterials from the
interface a nanoparticle surfactant strategy was developed that markedly increases the binding

energy of the nanomaterials to the interface.”>>* In this strategy an electrostatically
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complementary polymeric ligand is dispersed in the opposite phase of the nanomaterials.
Electrostatic attraction between the nanomaterials and the ligands causes a cooperative assembly
between the nanoparticles and polymeric ligands at the interface. This strategy greatly increases
the binding energy of the nanomaterials, and generally results in an irreversible binding of the
nanomaterials to the interface. Consequently, if the interfacial area is decreased the
nanomaterials assembled at the interface will jam, locking in non-equilibrium shapes of the
liquids.

While nanoparticle surfactants are effective in preventing nanomaterial desorption, the
introduction of ligands in the second phase is not always ideal. An alternate strategy to increase
the binding energy of nanomaterials to interfaces is to use Janus particles or materials. Janus
particles are micron or nanoscale colloids with sides that are asymmetric in chemical
composition, charge density, or surface properties.”™*' For Janus particle surfactants, the
asymmetry is typically such that one domain is hydrophobic, and the other is hydrophilic. This
class of Janus particles are generally termed amphiphilic Janus particles.**** In work done by
Binks et al. it was shown that, compared to their homogeneous counterparts, Janus particles
exhibited a threefold increase in their binding energy to an immiscible interface.* This
significant increase in binding energy makes Janus particles ideal candidates for solid
surfactants.

There are several techniques one can use to generate Janus particles.*” Seeded emulsion
polymerization (SEP), a heterogeneous polymerization method, has been adopted in numerous
laboratories.**? Here, a polymeric seed particle is swollen with a monomer feed and an initiator
within a surfactant-stabilized seeded emulsion droplet. Upon polymerization of the monomer
feed, polymerization-induced phase separation occurs producing a kinetically trapped chemically
and morphologically anisotropic Janus particle.”® The kinetically trapped morphology can be
rearranged to an equilibrium phase separated morphology using solvent-assisted phase separation
(SAPs).** In SAPs the polymer particle is swollen with an annealing solvent within a surfactant-
stabilized droplet. The particles are then annealed at an elevated temperature to reach their
equilibrium configuration. In addition to morphological changes, one can also introduce
chemical changes to one of the domains to produce Janus particles with chemical anisotropy. Tu

et al. showed that using seeded emulsion polymerization one could produce pH-responsive
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amphiphilic Janus particles using acid-catalyzed hydrolysis (ACH) post-particle synthesis.>
These Janus particles could then be used as stimuli-responsive solid surfactants which could
switch their emulsion type by tuning the system pH.

The utility of SEP and other techniques for fabricating Janus particles has led to
numerous experimental studies examining the interfacial behavior of Janus particles. Previous
studies have focused on how varying synthetic and experimental conditions of the system can
change the equilibrium interfacial behavior. Glaser et al.”® were one of the first to experimentally
confirm that amphiphilic Janus nanoparticles showed an enhanced ability to stabilize oil/water
interfaces, as predicted by Binks et al.** Lan et al. showed that tuning the position of the Janus
boundary in amphiphilic Janus particles allows one tune the properties of the resulting Pickering
emulsions.” Park et al. showed that Janus particles exhibit attractive interactions when

8 However, Janus

assembled at oil/water interfaces due to quadripolar capillary interactions.’
particles containing a negatively charged hemisphere overcame this attraction and exhibited
repulsive interactions. It was also shown in a separate work that cylindrical Janus particles
adsorb to air-water interfaces with either an end-on or a tilted configuration.” The particle
configuration can subsequently be controlled by replacing the air with an oil phase. Razavi et al.
showed that Au/SiO, Janus particles where the Au domain is comprised of Au nanoparticles
significantly reduces the IFT of an air/water interface compared to a smooth Au cap.” In a
separate work, it was shown that the deformation of monolayer assemblies of Au/SiO,
nanoparticles exhibited different collapse modes depending on the amphiphilicity of the Janus
particle.®!

In addition to experiments there have also been extensive theoretical studies examining the
assembly behavior of various Janus particle systems.®® In several works by Park et al., the
interfacial behavior of the particles was simulated as a function of Janus particle shape, size,
configuration, and amphiphilicity.®** It was found that each of these characteristics plays an
important role in the assembly behavior of the Janus particles. In addition, they also noted that
the Janus particles could assume multiple configurations at an interface. In the work of Gao et al.
the effects of Janus particle shape and size were simulated with the Janus boundary on the long
axis of the anisotropic particles.®® They found that the amphiphilicity and shape of the Janus

particles have a strong impact on Janus particle interfacial behavior. Additionally, the simulated
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interfacial tensions for various systems were calculated and it was found that Janus particles with
complex shapes could exhibit complex adsorption kinetics with multiple assembly relaxations.
These complex adsorption kinetics have been observed experimentally for shape anisotropic
Janus particles.®”®® In work by Xie et al. it was shown that the assembly structure of magnetically
susceptible amphiphilic Janus particles could easily be manipulated using external magnetic
fields.® This allowed one to tune the packing of the particles when assembled at the interface and
in a final dried particle film post solvent evaporation. In all these studies, each of the systems
probed both theoretically and experimentally contains a perfect Janus configuration where the
particle is cleanly split into two halves of differing chemistry. There has been far less attention
paid to amphiphilic Janus particles whose hydrophobic and hydrophilic domains are
anisotropically distributed over the surface of the particle. The anisotropic distribution of the
hydrophobic and hydrophilic domains could cause complex adsorption behavior of Janus
particles similar to inducing shape anisotropy.

In this work, we employ dynamic pendant drop tensiometry to probe the interfacial assembly
behavior of amphiphilic pH responsive Janus particles at a water/toluene interface. The dynamic
interfacial tension (IFT) is probed as a function of particle concentration, morphology, and
NaOH and HCI concentration. These experiments are then used to elucidate both the equilibrium
assembly behavior of the particles, and the kinetics of their assembly. Both were found to be

tunable using the particle chemistry and morphology, as well as the solution conditions.

Results and Discussion

Four categories of Janus particles were prepared using SEP and either SAPS, ACH, or a
combination of both post-synthetic methods (Figure 1a). Dynamic pendant drop tensiometry was
performed using a DataPhysics OCA 15plus where a video of an aqueous drop of particle
solution suspended in a toluene phase was recorded. Frame-by-frame video analysis of the drop
shape was then used to calculate the dynamic interfacial tension of the system as a function of

time (Figure 1b).
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Fig. 1 a) Synthetic scheme showing the preparation of the various Janus particles synthesized
for use in this study using SEP and various post-synthetic modification techniques. b) Diagram
depicting the characterization of the interfacial behavior of our Janus particle systems using
dynamic pendant drop tensiometry.

Interfacial Tension

Synthesis and Modification of Janus Particles

A detailed description of the synthetic steps can be found in the supplemental
information. Briefly, in the first step of the Janus particle synthesis polystyrene seeds for SEP
were synthesized using techniques outlined by Okubo et al.”® This synthesis yielded polystyrene
seeds 476 nm in diameter, as measured by dynamic light scattering (DLS), with a PDI of 0.03
(Figure S1(a)). Infrared (IR) spectroscopy confirms the successful polymerization of the styrene
monomer where the characteristic absorption peaks for polystyrene are present in the spectra
(Figure S1(b)). From the SEM images in Figure 2(a) the polystyrene seeds are near
monodisperse and spherical. These seeds were then swollen with a monomer feed in a seeded
emulsion droplet stabilized by a 1 wt% poly(acrylic acid) solution. The monomer feed contains a
50/50 comonomer mixture of styrene and tert-butyl acrylate, a small amount of divinylbenzene
as a crosslinking agent, and an azo-initiator. The crosslinking agent is added to prevent the

dissolution of the polymerized copolymer phase after modification into a hydrophilic copolymer



using ACH. Upon initiation, the monomer feed inside the swollen seeded emulsion droplet
begins to polymerize. The polymerization of the monomer feed triggers a copolymerization-
induced phase separation producing chemically and morphologically anisotropic Janus particles.
The size of the resultant Janus particles was measured using dynamic light scattering and was
found to be 764 nm with a PDI of 0.02 (Figure S1(a)). This is comparable to previous reports
using similar protocols to produce Janus particles approximately double in size.”** From the
SEM images, one can see that the Janus particles obtained from SEP contain two distinct
domains of polystyrene and poly(styrene-co-tert-butyl acrylate) (Figure 2b). This is further
confirmed using IR spectroscopy where one can see the absorption peaks characteristic of both
the aromatic and the tert-butyl ester groups (Figure S1(b)). These particles are referred to as
copolymer Janus particles (CJP).

Post-synthesis of CJPs, one can perform either ACH or SAPS to modify the CJPs
chemically or morphologically. Following procedures described previously by other authors,
ACH was performed on the tert-butyl ester group in the acrylate copolymer domain.>*"> This
process turns the copolymer domain of the CJPs into a hydrophilic, pH responsive domain,
making the CJPs strongly amphiphilic and pH sensitive. Post-ACH the particle size, as measured
by dynamic light scattering, is 703 nm with a PDI of 0.08 (Figure S1(a)). The slight decrease in
size is likely due to a small loss of the copolymer phase since not all the copolymer chains are
crosslinked. The increase in PDI can be attributed to an uneven swelling of the copolymer phase,
since the CJPs are now amphiphilic and easily swollen with water. From the SEM images, one
can see the distinct difference between these Janus particles and the CJPs (Figure 2(c)). The
contrast between the polystyrene domain and the copolymer domain becomes much more
distinct and the copolymer domain appears collapsed. The collapse of the copolymer domain
occurs due to the loss of water under the high vacuum conditions of SEM. Further confirmation
of chemical transformation is done using IR spectroscopy where the aromatic resonance peak is
evident, but the tert-butyl peaks have been replaced with peaks characteristic for acrylic acid
(Figure S1(b)). The Janus particles produced by doing SEP and subsequent hydrolysis (ACH) are
referred to as amphiphilic Janus particles (AJP).

In the initial SEP synthesis, the morphology is a kinetically trapped non-equilibrium

morphology.”>* As the molecular weight of the copolymer phase increases and the amount of
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monomer in the seeded emulsion droplet decreases, the mobilities of the seed and copolymer
phases decrease. This significant reduction in mobility arrests copolymerization induced phase
separation and prevents the particle from attaining its thermodynamic equilibrium morphology.
SAPS can be performed to impart mobility to the system, allowing the two phases to separate
further to their equilibrium state.”> ACH can be performed post-SAPS to yield a particle that is
also amphiphilic. After doing both SAPS and a combination of SAPS and ACH, the particle
sizes were measured by DLS and found to be 522 and 559 with PDIs of 0.21 and 0.01 (Figure
S1(a)). From the SEM images in Figure 2(d) and 2(e) it is evident that the morphology is
significantly less patchy with a more regular phase separation. This becomes clearer with the
combination of SAPS and ACH as the contrast between the two domains is more evident, as with
the CJPs and AJPs. IR spectroscopy confirmed that no chemical transformation occurred after
performing SAPS on the CJPs. Changes in the IR spectrum were only observed after ACH was
performed on the morphologically transformed Janus particles (Figure S1(b)). Janus particles
produced by SEP followed by SAPS are referred to as phase-separated Janus particles (PSJP).
PSJPs that were hydrolyzed using ACH are referred to as phase-separated amphiphilic particles
(PSAP).

Increasing particle amphiphilicity

v

CJPs

L8 Cr%a
OO
e <L)

& (T )

(a) Seed Particle

Fig. 2 SEM micrographs of the synthesized (a) polystyrene seed particles, (b) copolymer Janus
particles, (c) amphiphilic Janus particles, (d) phase separated Janus particles, and (e) phase
separated amphiphilic particles. Scale bars represent 1 um. Selected Janus particles in the



micrographs have been artificially colorized to highlight the phase separation of the Janus
particles.

Interfacial Behavior of Janus Particles

Previous reports of Janus particles synthesized using similar synthetic methods resulted
in larger particle sizes that showed strong interfacial activity. This high interfacial activity
allowed these Janus particles to be used as pH responsive solid surfactants.”~’ To confirm that
reducing the particle size by half did not affect the interfacial activity, the emulsification
experiments from Tu et al. were repeated using our smaller sized AJPs (Figure S2).% Like their
results, we found that our AJPs strongly segregate to the O/W interface to form stable Pickering
emulsions. Additionally, a similar phase inversion under highly basic conditions from a W/O
emulsion to an O/W emulsion was observed. These emulsions were similarly found to be stable
for several months after mixing, giving us confidence that our Janus particles would show a
similar degree of interfacial activity.

The IFT as a function of AJP concentration at neutral conditions was quantified using
dynamic pendant drop tensiometry. Pendant drop experiments are conducted over a constant
time frame of one-thousand minutes with data points collected once every five seconds. The
calculated IFT is then plotted as a function of aging time to observe the time dependence of
interfacial tension between the bulk toluene phase and aqueous droplet phase. As particle
concentration increases one can qualitatively see that the decrease in interfacial tension is
initially constant and then begins to steadily decrease (Figure S5). The IFT was then plotted a
function of the log aging time to see if any complex adsorption behavior can be observed. At
concentrations below 5 mg/mL one observes a single relaxation in the interfacial tension as a
function of time (Figure 3(a)). This decay corresponds to the adsorption of the AJPs to the
interface to reduce the interfacial tension between the aqueous and toluene phases. At
concentrations higher than 5 mg/mL one observes two relaxations in the interfacial tension as a
function of time (Figure 3(b)). The first decay corresponds to the AJPs initial adsorption to the
interface to reduce the interfacial tension. We hypothesize the second decay at longer times
arises from a reorganization of the particles at the interface. This occurs at higher concentrations

because the interface is now sufficiently saturated that no other particles can absorb to the
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interface to reduce the interfacial tension. Therefore, the system further reduces the interfacial
tension by optimizing the particle packing and orientation at the interface.

To quantitatively understand this relaxation behavior and the time scales associated with
the relaxations, the data were fit with a sum of linear exponential decays. The dynamic interfacial

tension as a function of time can be expressed as,”"!

Nt
y(t]zymm+; Ae"
2]
where Y min 1S the lowest IFT achieved over a one-thousand-minute time frame, A; is the amplitude
of the decay function which is equal to the total IFT drop of the ™ decay function, 7; is the
relaxation time of the i" decay, and N is a value varying from 1-3 depending on the total number
of visible decays in the dynamic IFT. If the data are not fit with equation (2) a value for ¥.i» can
be obtained by taking the average of the last 20 minutes of data recorded in y(¢). All fit results
obtained from fits of dynamic IFT concentration series data can be found in table S3 in the SI. At
AJP concentrations below 5 mg/mL, data could be fit to equation (2) when N=1 since only a
single exponential decay was observed in our dynamic IFT data. Fitting the data obtained at 2.5
mg/mL, we find that A, is 6.20£0.01 mN/m and 7. is 47.02£0.1 minutes. Where 7. is the
relaxation time associated with AJP adsorption to the interface. At AJP concentrations above 5
mg/mL, data could be fit to equation (2) when N=2 due to the appearance of the second
exponential decay in the dynamic IFT data. Fitting the data obtained at 10 mg/mL, fit values of
Au and A, were calculated to be 9.54+0.02 mN/m and 7.67+£0.02 mN/m while 7.4 and 7 recon
are 56.1+0.1 minutes and 664+9 minutes. Where 7 ..o 1 the relaxation time associated with AJP
reconfiguration at the interface. From these fit values we can see that the initial adsorption of the
AJPs to the interface is quite rapid while the timescale for reconfiguration is an order of
magnitude longer.
This reconfiguration is predominantly governed by the rotation of the AJPs at the
interface to maximize the amount that each domain is in its preferred fluid phase. If these
timescales were purely due to Brownian rotation and were not influenced by any other factors,

8 R’

then a timescale for reconfiguration and reorientation could be estimated by r,= T
b
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Jalilvand et al. estimated the diffusion coefficients for Janus micromotors at water/toluene
interfaces using an effective viscosity approach.” An effective viscosity can be calculated by
simply taking an average of the relaxation times for the Janus particle rotational diffusion
coefficient where the particle is dispersed in each solvent. From this we calculate 7k in water to
be 0.268s and in toluene it is 0.150s. By taking the average of these two timescales we obtain the
effective Brownian reorientation time with no interactions or contributions from interfacial
tension to be 0.209s. This is many orders of magnitude faster than our measured reorientation
time. However, these calculations do not consider any resistance to rotation due to the interfacial
tension or the amphiphilicity of the Janus particles. Previous studies have shown that the rotation
of Janus particles at interfaces can be significantly slowed as a function of particle amphiphilicity
and the interfacial tension of the system.”>”® In some cases, this gives rise to rotational relaxation
times that are in the same order of magnitude as our measurements or even slower. In general,
the higher the system interfacial tension and the higher the particle amphiphilicity is, the slower
the reorganization of the particle at the interface are. The high degree of amphiphilicity and the
uneven distribution of the hydrophilic domains on the surface of our particles strongly
contributes to this slow rotational motion.

The importance of this secondary relaxation in the IFT can be seen in the fit values for
Vmin. Fit values for V.. as a function of particle concentration are plotted in figure 3(c). At
concentrations lower than 5 mg/mL, the drop in V., due to the adsorption of the AJPs to the
interface is approximately constant. As the concentration increases past 5 mg/mL, and particle
reorganization begins to occur, one can see that the V... continually decreases with increasing
concentration. This reduction is maximized at the highest concentration of 10 mg/mL where ¥ i
is almost half the value obtained at 5 mg/mL emphasizing the importance of this reorganization

at the interface.
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From the previous measurements it was found that the optimal particle concentration to
obtain the lowest value for V., was 10 mg/mL. Experiments were then performed to elucidate
the effects of particle amphiphilicity and morphology on the Janus particles’ interfacial assembly
behavior. The dynamic IFT of aqueous droplets containing Janus particles of varying
amphiphilicities and morphologies at a constant concentration of 10 mg/mL and neutral
conditions was measured. Plots of the IFT as a function of the aging time for various synthesized
particles all show complex interfacial relaxation behavior (Figure S6) that could be described
using Eq. (2). It is evident from the IFT curves that the ACH Janus particles which have been
made amphiphilic from ACH reduce the IFT significantly more than non-chemically modified
particles. From inspection of the dynamic IFT, non-chemically modified particles can be
described with only one exponential decay, while the chemically modified ones require two
exponential decays. One hypothesis for the appearance of this secondary relaxation is that one of
the lobes of the particles swells upon exposure to the toluene interface. However, DLS
experiments where our AJPs were dispersed and allowed to equilibrate in toluene show minimal
changes in the particle size (Figure S3). Additionally, if the appearance of the secondary
relaxation was due to the swelling of the polystyrene phase this relaxation would appear for all
Janus particles tested, not just the AJPs and PSAPs. Another alternative hypothesis for the
appearance of the secondary relaxation is that the AJPs and PSAPs are undergoing an interfacial
reconfiguration while the CJPs and PSJPs are not. Our data suggests that Janus particles that are
not strongly amphiphilic will not undergo an interfacial relaxation to reconfigure the Janus
particles into an optimal configuration and will simply adsorb to the interface. This occurs
because the non-chemically modified Janus particles contain a low degree of amphiphilicity, and
each domain does not have a preferential fluid phase. Whereas the Janus particles which have
been chemically modified are highly amphiphilic and each domain does have a preferential fluid
phase. Therefore, the system will undergo reorganization and reorientation at the water/toluene
interface to put each domain in its preferred fluid phase and further reduce the systems dynamic
IFT. Results from fits of the dynamic IFT of the morphology series data can be found in table S4
in the SI. Fitting the curves for the CJPs and PSJPs with equation (2) when N=1, one can see that
the value for V., is approximately the same at 27.7+0.1 mN/m and 27.940.1 mN/m (Figure
4(a)). However, T4 differs significantly for the CJPs and PSJPs at values of 89.9+0.4 min. and

14



26.7£0.5 min (Figure 4(b). This suggests that morphologically modifying the particles changes
the kinetics of the Janus particle assembly but not ».... For AJPs and PSAPs the fit values for
VYmin are similar, at 16.6+0.1 mN/m and 13.4+0.2 mN/m. V... values for AJPs and PSAPs are
approximately half those for the CJPs and PSJPs. In addition, a reduction in the value of 7. due
to morphological modification can be observed with AJPs and PSAPs from 56.1+0.3 min. to
12.240.3 min. From this we can conclude that to change 7. for the Janus particle systems, a
chemical modification is required to make the system more amphiphilic. However, one can tune

the kinetics of the adsorption process simply by tuning the particle morphology while not

affecting the final value of ¥ uin.
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Fig. 4 — Dynamic pendant drop characterization of Janus particles of varying morphology at a
concentration 10 mg/mL at neutral conditions. Plots report fit values for (a) Vmi» and (b) Tuss as a
function of Janus particle morphology and amphiphilicity.

Because similar Janus particles have shown a pH-dependent behavior, it is expected that
the addition of acid or base to the aqueous droplet phase will change the interfacial assembly
behavior. We anticipate that varying the morphology will also influence the acid and base
response of the Janus particles and yield different interfacial behavior. Dynamic IFT experiments
were performed with AJPs and PSAPs dispersed in a 0.2M NaOH (aq) solution. Compared to
measurements performed at neutral conditions, the equilibrium value for IFT is noticeably lower
(Figure 5(a)). In addition, a third exponential decay is seen at short times in the dynamic IFT. We
propose that the third relaxation corresponds to a barrier diffusion and reduced particle
adsorption to the interface. Under highly basic conditions, the acrylic acid groups present in the
copolymer domains become deprotonated and one portion of the particle becomes highly
negatively charged. Previous studies have shown that an O/W interface generally carries a
negative charge.””! The two like charges create a strong enough electrostatic repulsion to slow
down the adsorption of a particle to the interface. However, this force is relatively weak, and the
Janus particles can eventually adsorb overcoming the electrostatic barrier. Results from fits of the
dynamic IFT for the basic morphology series can be found in table S5 in the SI. The dynamic
IFT data under basic conditions for AJPs and PSAPs were fit to three exponentials. Like at
neutral pH, the final values for V.., are quite similar at 9.52+0.01 and 11.8+ 0.1, suggesting that
the final equilibrium configuration of the particles is similar (Figure 5(b)). The values for 7;, for
both the AJPs and PSAPs are 0.73+0.01 min. and 0.17+0.01 min. further supporting the
argument that morphological rearrangements increase the kinetics of these processes. This is
even more evident when comparing values for 7. and 7recon 0f 25.5+0.1 min. and 3191 min,
for AJPs, 20.2+0.2 min. and 195+1 min, for PSAPs (Figure 5(c)). These results show that the
addition of base can affect the mechanism, kinetics, and equilibrium organization of the Janus
particles at the interface. The same trends observed previously upon tuning Janus particle

morphology are also observed at a different base concentration.
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Knowing that the adsorption both AJPs and PSAPs are strongly affected by pH,
experiments were conducted to probe the influence of HCl and NaOH concentration on the
interfacial behavior of AJPs. 10 mg/mL solutions of AJPs were prepared with 0.01M, 0.1M, and
0.2M HCI and NaOH as the continuous phase. Zeta potential measurements were performed to
show that increasing the acid and base concentration in solution causes changes in the particle
surface charge (Table S1 and S2). This indicates that any changes in interfacial behavior

observed can most likely be attributed to the changes in the solution environment in which the
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AJPs are dispersed. Upon changing the concentration of NaOH (aq) one sees quite different
assembly behavior (Figure S7(a)). At a 0.01M NaOH concentration, the dynamic IFT initially
decreases to ~23 mN/m but then begins to steadily increase to ~26 mN/m, then decreases again
back to ~23 mN/m. Increases in IFT for charged particle systems adsorbing to oil/water
interfaces has been previously observed and reported by other groups.”** We hypothesize that
this initial increase in the IFT is due to local distortions of the water/toluene interface by the
AJPs adsorbed to the interface. The distortions occur due to increases in the magnitude of dipolar
repulsions brought about the small addition of NaOH to the system. These repulsions between
particles adsorbed at the interface could cause local distortions and deformations of the interface,
corresponding to increases in IFT, to accommodate the further adsorption of more particles. For
all other samples as the concentration of NaOH increases, Yni» qualitatively decreases, indicating
a higher degree of interfacial activity. Results from fits of the dynamic IFT for the NaOH and
HCI concentration series can be found in table S6 and S7 in the SI. Fits to the IFT curves for
0.1M and 0.2M NaOH (aq) were performed while an average »..» was calculated for the 0.01M
solution. From these calculated values it is evident that as NaOH concentration increases, Y min
decreases (Figure 6(a)). This is occurring because, as the concentration of NaOH increases, more
acrylic acid groups become deprotonated and the AJPs become more amphiphilic. While this
increase in amphiphilicity is simultaneously occurring, the negative charges brought about by
this deprotonation are still inhibiting adsorption of the AJPs to the interface as discussed
previously. This initial adsorption of our charged particles to the interface is still highly
unfavorable due to their repulsion by the charged interface. However, once the particles are
adsorbed to the interface this initial barrier is overcome and the particles can further reduce the
system’s IFT. It is the presence of NaOH in our system combined with the additional
thermodynamic drivers built into amphiphilic Janus particles that allow the simultaneous
observation of these phenomena. This increase in amphiphilicity facilitates the further adsorption
of more AJPs, improving the stability of the O/W interface and causing a larger drop in .. This
is further supported by the fact that, upon increasing NaOH concentration, the values for 7, 7,
and 73 do not change significantly. Additionally, upon increasing HCl concentration, the
dynamics of the system change significantly without affecting V.. (Figure S7(b) and 6(b)).

Fitting the data to equation (2) when N=2, both 7. and 7., decrease with increasing HCI
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concentration while V., fluctuates around an average value (Figure 6(c)). This is an effect of the
higher counterion concentration in the aqueous phase decreasing the barrier for adsorption at
higher HCI concentration. This subsequently makes it easier for particles to adsorb and assemble
at the interface and increases the kinetics of their assembly without affecting their final

configuration.
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Fig. 6 - Dynamic pendant drop characterization of AJPs at a concentration 10 mg/mL in 0.01M,
0.1M, and 0.2M NaOH(aq) and HCI (aq) solutions. For AJPs under basic conditions, plots report
(a) ¥min obtained from fits of the dynamic IFT as a function of NaOH concentration. For AJPs

under acidic conditions, plots report (b) ¥mi» and (c) T obtained from fits of the dynamic IFT as
a function of HCI concentration.

Conclusion
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In this work, we synthesized and modified various classes of amphiphilic and non-
amphiphilic Janus particles. Upon investigating their interfacial assembly behavior, it was found
that both chemical and morphological modification were important to the final equilibrium
assembly and the kinetics of assembly. By chemically modifying the Janus particles to make
them more amphiphilic, the interfacial activity of the particles increased, in comparison to their
non-amphiphilic counterparts. It was found that amphiphilic Janus particles could reduce the IFT
by initially adsorbing to the O/W interface, and then further reduce the IFT by reorienting
themselves into a more optimal configuration and packing. By morphologically modifying the
particles, the final equilibrium configuration of the assembly does not change, but the kinetics of
the assembly changes. Upon the addition of either acid or base to the aqueous phase, the
assembly behavior could also be quite drastically altered. When adding base, a third dynamic
event was found corresponding to the barrier diffusion of the Janus particles to the interface. We
demonstrated that the morphology of the particles had little effect on the final equilibrium
configuration when base was added to the system. Only a change in the kinetics was found due to
a change in the Janus particle morphology. With the addition of acid to the system, the final
equilibrium configuration did not change drastically. However, the presence of counterions in the
system allowed the particles to adsorb to the interface more easily leading to faster adsorption
kinetics. The use of dynamic pendant drop tensiometry has allowed us to study in detail the
interfacial adsorption behavior of a large class of Janus particles. Furthermore, the analysis
presented in this work has revealed aspects of amphiphilic Janus particle design that can help

inform the direction of future particle syntheses for specific applications.
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