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Abstract This work presents a unique desymmetrization
method to produce a high quantity of Janus nanoparticles
(JNPs) using dual-phase oil (melted wax)/water system. The
four-stage process includes fixing, primary modification, re-
leasing, and secondary modification. Unlike other works, dis-
persed hydrophilic nanoparticles were forced to be placed at
oil/water interface using an upward water stream formed by
buoyancy effects due to the applied heat to the bottom of the
container. This eliminated some significant deficiencies of
common desymmetrization processes which apply oil (melted
wax)/water Pickering emulsion systems, e.g., the coalescence
of melted /solidified wax droplets and high cost. The best effect
of heat-driven buoyancy flow was ensured using saturation
theory. In order to induce asymmetrical surface properties to
the applied nanoparticles, (3-aminopropyl)triethoxysilane and
hexadecyltrimethoxysilane were used in primary and second-
ary modification stages, respectively. Produced JNPs were
characterized using FTIR, thermogravimetric analysis (TGA),
and energy-dispersive X-ray spectroscopy (EDX) tests in order
to confirm the attachment of modifier molecules on the surface
of the applied nanoparticles. Furthermore, TGA results were
used to calculate three-phase contact angle () as an important
parameter dictating the asymmetric properties of Janus
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nanoparticles. Also, a dichloromethane/water mixture was used
to demonstrate the differences of Janus nanoparticles with sim-
ilar uniformly modified nanoparticles. Furthermore, using
polystyrene/poly(methyl methacrylate) blend, it was shown
that produced Janus nanoparticles tend to be placed at the in-
terface while their corresponding uniformly modified nanopar-
ticles stay in polystyrene or poly(methyl methacrylate) phase.

Keywords Janus nanoparticles - Asymmetrical surface
modification - Pickering emulsions - Oil/water system -
Surface characterization

Introduction

Colloidal nanoparticles represent very interesting building
blocks in creating complex materials with unique properties
in different practical fields [1]. Recently, there have been sig-
nificant advances in preparing such nanomaterials as
monodispersed nano-objects, and it is now the matter of tai-
loring of their properties via surface modification [2, 3] which
has led to nanoparticles with isotropic surficial chemistry [4].
On the other hand, regioselective surficial modification (an-
isotropic surficial modification) is proved to be a good way to
enhance and control the shape and properties of such
nanomaterials [5, 6]. So far, many methods have been intro-
duced to obtain a new generation of particles called Janus
nanoparticles (JNPs) presenting dissymmetrical surficial
chemistries [7-9]. Among all unique proposed methods, it is
always the quantitative and qualitative efficiencies which in-
dicate the capability of a method of producing JNPs.
Desymmetrization in high internal interface systems is one
of the most practical strategies that applies the privileges of
Pickering emulsion systems to provide JNPs [10]. This ap-
proach implies that a wax-in-water emulsion is stabilized with
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colloidal particles (e.g., nanoparticles) and forms so-called
Pickering emulsion [11]. A Pickering emulsion is a two-phase
oil/water emulsion system in which the interface is stabilized by
colloidal beads via purely physical interactions [12]. The for-
mation of such system is strongly favored with increasing par-
ticles size that explains the reason of challenge to produce
Pickering emulsion using very small nanoparticles (<50 nm)
[13]. Perro et al. applied Pickering emulsion of wax in water
to produce high quantities of JNPs [10]. The process is based on
dispersing melted paraffin wax in water media containing silica
particles using a stirrer. It is reported that silica particles were
trapped on the surface of oil droplets after cooling to tempera-
tures lower than the melting point of paraffin wax. Thereafter,
modification of exposed surface of trapped silica particles re-
sulted in producing Janus particles. In another work, Jiang et al.
tried to control the penetration depth of silica particles into the
surface of oil droplets [14] To this end, they used different
amounts of a specific secondary surfactant to change the hydro-
philicity of silica particles that directly affects the penetration
depth. Giermanska et al. kinetically investigated the stabiliza-
tion of oil-in-water emulsions comprising paraffin-melted drop-
lets by adsorbing silica particles at the oil/water interface [15].
Applying Pickering emulsion systems, Hong et al. proposed a
new and very practical method to produce Janus particles in
large quantity [16]. They used (3-aminopropyl)triethoxysilane
(APTES) to chemically modify the exposed surface of adsorbed
and immobilized particles on the surface of solidified paraffin
droplets (SPDs). It seems that using high internal interface sys-
tems proposes a unique and efficient procedure to produce
Janus particles (as well as JNP). However, there are still some
significant process deficiencies (e.g., high energy consumption,
material waste) which limit the application of the mentioned
methods in industries.

To overcome the above-mentioned limitations, in this
study, we propose a new four-step method comprising fixing,
primary modification, releasing, and secondary modification
stages to produce JNPs. As demonstrated in Scheme 1, the
fixing process was performed using a dual-phase water/oil
system in which silica nanoparticles, dispersed in the water
phase, were forced to be placed at oil/water interface. Then,
solidified paraffin substrate covered with silica nanoparticles
at the bottom side was exposed to a primary modification
stage in which the exposed surface of fixed nanoparticles
was chemically modified using APTES. Afterward, the nano-
particles were separated from the substrate in the releasing
stage and then were exposed to a secondary modification
stage using hexadecyltrimethoxysilane (HDTMS).

In general, the novelty of this work can be categorized into
four parts: (/) elimination of limited and partial coalescences
as two different but very effective parameters in producing
JNPs. Limited (relaxed) coalescence occurs between melted
paraffin droplets and helps them to freely relax their shape
[15]. On the other hand, partial (unrelaxed) coalescence
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implies that the solidified paraffin particles irreversibly con-
nect and form paraffin bridge [15]. These parameters drasti-
cally decrease the quantitative efficiency of common
desymmetrization processes [10]; (Z) simple fixing without
intensive mixing; (/7]) utilizing saturation theory (ST) that
indicated the optimum required content of dispersed particles
in the system based on the strength of heat-driven buoyancy
flow; (IV) fixing of the primary hydrophilic nanoparticles on
an individual paraffin planner surface (in the fixing stage)
instead of thousands of thousands micron-sized (or smaller)
SPDs [10, 14]. Also, FE-SEM, FTIR, energy-dispersive X-ray
spectroscopy (EDX), and thermogravimetric analysis (TGA)
were used to characterize the produced JNPs and confirm
surface modification after each stage.

Experimental section
Materials

Paraffin wax as the oil phase, with a very narrow range of
melting temperature from 56 to 58 °C and density of 0.9 g/
cm’, was purchased from Dr. Mojallali Industrial Chemical
Co. (laboratory grade). Ethanol (Merck, 99.9%), APTES
(Aldrich, 99%), HDTMS (Aldrich, >85%), chloroform (Dr.
Mojallali Industrial Chemical Co., >99%), and dichlorometh-
ane (Merck, 99.9%) were used as received. Particle-stabilized
emulsions were obtained using two different hydrophilic silica
nanoparticles (Aerosil fumed silica), kindly provided by
Degussa. Their characteristics are reported in Table 1.
Polystyrene (PS) (Grade 1160 GPPS) was purchased from
Tabriz Petrochemical Corporation. And poly (methyl methac-
rylate) (Grade E920) was purchased from LG Corporation.

Fixing stage

All paraffin substrates were primarily provided in 33.6 L
(0.4 m x 0.7m x 0.12 m) rectangular cube container heated only
from its bottom side. The content of paraffin wax was precisely
indicated to ensure that the final solidified substrates could toler-
ate the process physical conditions (e.g., transporting from one
stage to another). It was experimentally indicated that a paraftin
substrate with a thickness of 0.5 cm is completely capable of
providing the process necessities and stays unbroken to the end
of primary modification stage. Accordingly, the weight of re-
quired paraffin (Wparmn) can be calculated by Eq. (1):

Wanafin = 0.5 X Ac X Pparaftin (1)

where pparariniS the density of paraffin wax and A indicates
the top surface area of the container. The system was consid-
ered to be governed by the saturation theory (ST) in that the
content of the nanoparticles stays at its theoretical saturation
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Heat-drive Buoyancy flow

Scheme 1 Schematic of applied
Melted paraffin

process to produce JNPs

Fixing stage
Temperature: 85°C

Secondary modification stage
Temperature: 25 °C

point in fixing stage. As illustrated in Scheme 2, the theory
takes the applied water volume as an ensemble of similar small
water cubes. It should be noted that the ratio of side lengths of
the hypothetical cubes to the diameter of applied nanoparticles
(Rcp) will be discussed later. Considering a spherical silica
nanoparticle at the center of each hypothetical cube, the theory
presents a unique strategy to calculate the saturating content of
nanoparticles. In general, the theory takes six available direc-
tions for a spherical silica nanoparticle to strike its neighbors
due to their thermal energy (Scheme 2d) [17]. As a result, if the
content of silica nanoparticles stays at its saturation point, nano-
particles occupying the neighbor layer of oil/water interface
(Scheme 2c) have a significant chance to be placed on the
surface of paraffin substrate. Also, considering the upward wa-
ter stream due to heat-driven buoyancy flow [18], it is sug-
gested that nanoparticles at the vicinity of oil/water interface
are driven to be placed at the interface due to thermodynamic
factors of the system (Scheme 2¢) [4, 19]. Accordingly, it is
assumed that heat-driven buoyancy flow forces silica nanopar-
ticles to fill all empty cubes placed in the neighbor layer of the
oil/water interface (Scheme 2d). This definitely increases trap-
ping chance of nanoparticles in the oil phase.

Heat-driven buoyancy flow was investigated via an hour
tracing of dispersion of P2 nanoparticles in water media at
85 °C. The content of P2 nanoparticles in 500 mL of water
was indicated by monitoring the effect of the flow on the dis-
persion of nanoparticles. Considering the water vaporization
rate at 85 °C (experimentally indicated to be 1.2 mL min " at
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85 °C), 72 mL of excess water was added to the system to
monitor the results in exactly 500 mL of water during 1 h.
Different amounts of P2 nanoparticles were added to the sys-
tem in order to investigate the optimum effects of heat-driven
buoyancy flow at the shortest possible test time. Considering
Rcp = 15, complete dispersion of P2 nanoparticles was accom-
plished after 5 min and more importantly, there was no silica
nanoparticle left at the bottom of the container that was ascribed
to the proper functionality of heat-driven buoyancy flow. It
should be noted that the further increase in the content of silica
nanoparticles followed by their accumulation on the bottom of
the container. Figure 1 shows the system, based on Rcp = 15, at
the different process time points.

It was experimentally indicated that the minimal required
temperature to form detectable heat-driven buoyancy in the
system is about 40 °C, although this temperature should be
set based on the melting point of the applied paraffin and best
possible particle dispersion in the least possible time. On the
other hand the maximal temperature should be below the boil-
ing point of water.

Accordingly, theoretical saturating content of silica nano-
particles (Wgjica) is given by Eq. (2) based on R¢p = 15:

(VCf_O'SAC) X (VS psilica)
(Repd)’

Wiilica = (2)

where pgilicais the density of nanoparticles (pgjica=2.2 cm )
[15], V. is the total volume of the container, V is the volume

Table 1 Characteristics of

utilized silica nanoparticles Nanoparticle name

Commercial name

Nanoparticle diameter (nm)  Free silanol group density (nm2)

P1 Aerosil A200
P2 Aerosil OX 50

12 1.4
40 1.9
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Scheme 2 a The general (a) (b)
structure of ST. b A water cube
and its empty sub-cube
constituents. ¢ Side view of the
general structure. d Possible
striking directions for an
individual silica nanoparticle
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of asilica nanoparticle (considering a perfectly spherical shape
V,=nd/6), and f is the filling factor that was empirically
indicated to be 0.95. Consequently, the volume of required
water can be calculated using Eq. (3):

Wsilica

Viater = (f X V—0.54,)—
Psilica

(3)

It should be noted that the content of silica nanoparti-
cles should be essentially maintained at its theoretical sat-
uration point (as stated by ST) during consecutive fixing
processes. This will maximize the nanoparticle attachment
probability to the oil/water interface. After adding 83 g of
either silica nanoparticles to the water phase (Eq. (2)), the
system was heated to 85 °C in order to melt down paraffin

Fig. 1 Effect of heat-driven
buoyancy flow on dispersion of
P2 nanoparticles (Rcp = 15) after
a0s,b75s,¢90s,d2min, e

5 min, f25 min, g 50 min, and h
1h
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wax as oil phase as well as inducing the effects of heat-
driven buoyancy flow to the system. After 30 min, the
system was cooled down to room temperature and the
solidified paraffin substrate (covered by P1 or P2) was
exposed several times to washing processes with deion-
ized water in order to remove unattached and weakly at-
tached nanoparticles. The schematic of fixing process on
paraffin substrate is shown in Scheme 1.

In order to increase the amount of production, the en-
tire process should be run continuously for several times.
Therefore, after finishing fixing process for a paraffin
substrate, the next substrate was replaced and the process
was reinitiated after resetting the content of nanoparticles
to reach its theoretical saturation point. The
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complementary required weight of nanoparticles (Wcg)
after each fixing process can be calculated using Eq. (4):

ACVS ilice
Wes = <d§“d) (4)

It should be noted that Eq. (4) also indicates the amount
process yield per each batch which is 3.87 (mg) for P1 JNPs
and 12 (mg) for P2 JNP. Though, increasing Ac and/or number
of bathes increase the process yield.

Utilizing the privileges of ST, it was possible to eliminate
secondary surfactants which are commonly used in order to
increase the tendency of silica nanoparticles (<50 nm) to be
placed at oil/water interface [10, 16]. These materials signifi-
cantly consume the preferential reactive sites on the surface of
nanoparticles (e.g., —OH sites on the surface of hydrophilic
silica nanoparticles) and decrease the efficiency of modifica-
tion stage.

Add process yield, use n as number of batches. Introduce a
parametric formula.

Primary modification stage

Paraffin substrates covered with P1 or P2 nanoparticles were
immerged in a 0.2-vol% solution of APTES/ethanol at 25 °C
(Fig. 1) [16]. The system was stirred at 500 rpm for 24 h.
Then, the exposed surface of paraffin substrate was washed
with ethanol to remove extra unattached APTES molecules.

Releasing stage

Considering the scale of the applied nanoparticles, a very thin
layer of the substrate was shaved and then submerged in chlo-
roform. This helped to prevent the entrance of excess paraffin
into the solvent media since it is very important to eliminate
the residual paraffin from final products. One milliliter of
chloroform was used per 0.7 g of paraffin to accomplish the
realizing process after 25 min at 35 °C. These values were
indicated based on the chloroform saturation dependencies
to the temperature and the paraffin concentration.
Accordingly, indicating an optimized dissolving temperature
as a function of paraffin content helped to increase the stage
efficiency. We designed a simple method based on the proce-
dure of indicating cloud point of ternary polymer systems [8,
20, 21]. The method was used to determine the cloud point of
paraffin/chloroform solutions with different concentrations
(0.1,0.2, 0.3, 0.5, 0.7, and 0.9 g paraffin in 1 mL of chloro-
form) without agitating at 40 °C. After complete dissolution,
the system was gradually cooled down (1-1.5 °C/min). At the
first sight of turbidity, cooling process was stopped and the
temperature was raised again to see whether or not the turbid-
ity disappears at a specific cloud point. This procedure was
repeated since the exact temperature was determined. The

process was traced using a high-resolution camera in order
to increase the accuracy. At least 15 samples were tested for
each composition to calculate average cloud points tempera-
ture (Fig. 2a). The amount of required chloroform per paraffin
content (at a specific temperature) was also indicated in order
to determine the proper amount of required solvent for the
process (Fig. 2b).

Secondary modification stage

Released JNPs were dispersed in a mixture of 0.2 vol%
HDTMS in ethanol. The system was stirred at 500 rpm for
24 h at 25 °C. The collected nanoparticles were washed with
ethanol to remove unattached HDTMS molecules.

Characterization and instrumentation

FE-SEM (MIRA3, Tescan) device was used to investigate the
presence of nanoparticles on the surface of provided paraffin
substrates. The specimens were prepared by coating a thin
layer on a mica surface using a spin coater (Modern
Technology Development Institute, Iran). The cloud point test
procedure was recorded using a high-resolution digital camera
(HXR-MC1500, maximum optical magnification x12, Sony).
FTIR spectra were recorded on a Fourier transform infrared
spectrometry (Tensor 27, Bruker) using KBr in the infrared
region of 400-4000 cm . TGA were conducted under a ni-
trogen atmosphere at a heating rate of 10 °C/min using a Pyris
1 thermogravimetric analyzer (Perkin Elmer, USA). Scanning
electron microscope/EDX were performed using SEM device
(S360, Cambridge). TEM (Leo 906, Zeiss, Germany, 100 kV)
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Fig. 2 a Cloud point temperature of chloroform/paraffin system as a

function of paraffin content in 1 mL of chloroform. b The least required

amount of chloroform per paraffin content at different process
temperatures
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was used in order to investigate the location of the produced
JNPs in blend samples.

Result and discussion

Provided paraffin substrate covered with P1 or P2 nanoparti-
cle were studied using FE-SEM images. As illustrated in
Fig. 3, the test revealed the perfect coverage of paraffin sub-
strates with P1 or P2 nanoparticles after the fixing process.
This also confirmed the efficiency of heat-driven buoyancy
flow as a fixing tool in the process. It should be noted that,
in the case of P1 nanoparticles, the aggregates are formed due
to the specific conditions of sample preparing stage for FE-
SEM test. In order to prevent inflaming of paraffin, it was
essential to decrease the device voltage which caused the for-
mation of gold aggregates on the surface of paraffin substrates
(covered with nanoparticles). Though, as it is shown in
Fig. 3d, besides the mentioned limitation, some individual
P2 nanoparticles can be distinguished on the surface of paraf-
fin substrates.

Produced JNPs were studied by FTIR, TGA, and EDX
tests in order to confirm attachment of modifier molecules

on the surface of the nanoparticles after each stage. FTIR
spectra of P1 and P2 JNPs and their corresponding bare nano-
particles are presented in Fig. 4. According to the results, the
characteristic peaks in the ranges of 1100-1125 cm ™', 810—
820 cm™ !, and 470-480 cm ™! are attributed to Si-O-Si asym-
metrical stretching vibrations [22], symmetrical stretching vi-
brations [23, 24], and bending vibrations [21-24],

ol

Fig. 3 The FE-SEM results of the provided paraffin substrates covered
with a, b P1 nanoparticles and ¢, d P2 nanoparticles (scale bar = 500 pm
in a, ¢; scale bar =2 pym in b, d)
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Fig. 4 FTIR spectroscopies of (a) bare P1 nanoparticles, (b) obtained P1
Janus nanoparticles from primary modification stage (P1p), (c) obtained
P2 Janus nanoparticles from secondary modification stage (P1s), (d) bare
P2 nanoparticles, (e) obtained P2 Janus nanoparticles from primary
modification stage (P2p), and (/) obtained P2 Janus nanoparticles from
secondary modification stage (P2s)

respectively. After modification with APTES (the primary
modification stage, Fig. 4b, e), the small sharp peak at
695 cm” ' appears due to methyl rock vibrations. [23, 24]
The peaks in the ranges of 1480—1500 cm ' and 1580—
1600 cm ! correspond to C—H and NH, absorptions, respec-
tively. [25] Also, peaks in the ranges of 28552875 cm ' and
2925-2935 cm ! are, respectively, ascribed to -CH, and C—-H
stretching vibrations [26]. It should be noted that the obtained
P1 and P2 Janus nanoparticles from primary modification
stage are referred as P1p and P2p, respectively. Also, the ob-
tained Janus nanoparticles from the secondary modification
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stage are mentioned as P1s and P2s. From the FTIR result of
Plp and P2p (Fig. 4b, e), it could be concluded that APTES
molecules were successfully attached to the exposed surface
of P1 and P2 nanoparticles in primary modification stage. On
the other hand, FTIR results of P1s and P2s (Fig. 4c, f) showed
that almost all included peaks except that belonged to NH, in
the range of 1580-1600 cm™' were amplified due to the at-
tachment of HDTMS molecules on the residual bare surface of
the P1p and P2p nanoparticles. It should be also pointed out
that in P1s and P2s, the peak in the range of 2925-2935 cm’!
was also attributed to CH; stretch vibration, besides C—H
stretch bond, which was not expected in the P1p and P2p
samples. [23].

TGA was also performed in order to calculate the grafting
densities of APTES and HDTMS molecules on the surface of
both nanoparticles (Fig. 5). The remaining weights of P1p and
Pls were 83.31 and 80.31 wt.%, respectively. Also, the re-
maining weights of P2p and P2s were 82.91 and
81.67 wt.%, respectively. In all Janus samples, the first small
amount of weight loss (~ 2 wt.%) was due to the evaporation
of adsorbed water [27]. The second weight loss in both Plp
and P2p samples was mainly due to the degradation of -NH,
and —CH,— groups (decomposition temperature range of
APTES, 200-700 °C [28]). Accordingly, in the case of both
P1s and P2s samples, the second weight loss was attributed to
the degradations of -CHj3 group as well as -NH, and —CH,—
groups (decomposition temperature range of HDTMS, 300—
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Fig.5 TGA results of (a) bare P1 nanoparticles, (b) P1p, (¢) Pls, (d) bare
P2 nanoparticles, (e) P2p, and (1) P2s

400 °C [29]). The weight loss of P1p sample was 12.84 wt.%
while it was 15.04 wt.% for P1s. Moreover, the weight loss of
P2p was 13.13 wt.% and the weight loss of P2s was
17.76 wt.%. As a result, the grafting density (molecule/nm?)
onto the surface of P1 and P2 JNPs was obtained 6.7 and 24.9,
respectively. This shows an increment of the primary free
silanol density on the surface of P1 and P2 nanoparticles
(Table 1) as a result of rehydroxylation during the modifica-
tion stages [30, 31] and/or crosslinking of the modifier mole-
cules involving attached and unattached molecules. [32, 33].

As itis previously mentioned, three-phase contact angle ((3)
indicates the amphiphilic characteristics of the produced JNPs
[14]. It defines the penetration depth of the spherical silica
nanoparticles into the paraffin substrate (Scheme 3) and con-
sequently indicates the modified surface in each modification
stage and behavior of JNPs at interface regions (e.g., oil/water
interface) [5, 34]. So far, many investigations have been per-
formed to determine (3, those are not useful in the case of small
nanoparticles (< 50 nm) [5, 14, 34]. Herein, using TGA re-
sults, a new general method is proposed by which it is possible
to calculate (3 for a wide size range of particles.

Assuming a Janus like particle, the number of degraded
APTES molecules (Naprgs) can be calculated using Eq. (5):

(Wl%)l A)/([I:z X NA (5)

N ApTES =

where (wl%); is the weight loss percentage of the tested sam-
ple obtained from the primary modification stage, W, denotes
the total weight of the tested sample obtained from the sec-
ondary modification stage, N, is Avogadro’s number, and
Maq is the molecular weight of the degraded part of an indi-
vidual APTES molecule. Similarly, the number of degraded
HDTMS molecules (Ngprwvs) can be calculated using Eq. (6):

{(wl%)z—(wljiV;)l} X Wy x Ny »
Hd

Nuptms =

where (wl%), is the weight loss percentage of the tested sam-
ple obtained from the second modification stage and My

B=0°  0°<B<90°  B=90°

Silica
nanoparticle

/

Paraffin

Scheme 3 Effects of 3 on the penetration depth of a spherical
nanoparticle into paraffin

@ Springer



32

Colloid Polym Sci (2017) 295:25-36

denotes the molecular weight of the degraded part of an indi-
vidual HDTMS molecule. The number of silica nanoparticles
(V) in the tested sample and their corresponding surface area
(Ag) can be, respectively, indicated using Egs. (7) and (8):

N, — (100%—(W1%),) x W> )

Psilica X VS

A, = Nyrd® (8)

where d and pgjjic.are the diameter and the density of nanopar-
ticles. Thus, the number of attached molecules per nm? of
nanoparticle surface area (¢y,) can be calculated using Eq. (9):

_ Nuprvs + NapTEs
™M = A 9)
S

Using Eq. (5)—(7), it is possible to calculate the number of
attached APTES molecules (72,,o) and HDTMS molecules
(nmp) to the surface of an individual nanoparticle as follows:

N APTES
— DYAPTES 10
nmA Ns ( )
Nuptms
- 11
Ml = TN (11)

Consequently, the surface area occupied by APTES (si,4)
and HDTMS molecules (sy,;;) on an individual nanoparticle
surface can be calculated using Egs. (12) and (13), respective-

ly:
SmA = Mma X Py (12)

SmH = AmH X Oy (13)

It is considered that all available preferential silanol sites on
the surface of silica nanoparticles were consumed during each
modification process. Therefore, it is possible to take s, as
the surface area of the unexposed part of an individual silica
nanoparticle in primary modification stage. Accordingly, 3
can be calculated using Eq. (14):

2
8= arccos{ 1- s;f} (14)

T

Based on Eq. (14), 8 was calculated as 24.5° and 34.6° for
P1 and P2 nanoparticles, respectively. The reason of less pen-
etration depth of P1 nanoparticles compared to that of P2
nanoparticles was investigated using Young’s equation for a
spherical nanoparticle at oil/water interface (Eq. (15) [13]):

[7(PO)—y(PW)|

cosl = ow)

(15)

where y(PO), v(PW), and v(OW) denote the interfacial ten-
sion between particle/oil phase, particle/water phase, and oil
phase/water phase, respectively. Considering almost the same
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~4(PO) and v(PW) for both P1 and P2 nanoparticle, it is y(OW)
which drastically affects 3. Surface tension of water increases
with the size and the concentration of silica nanoparticles and this
definitely increases ¥(OW) [34]. In order to prove the validity of
the TGA results, we also indicated 3 from FE-SEM images based
on our previous work (Supplementary information, sections S1)
[35]. However, it is impossible to obtain 3 for P1 nanoparticles
based on FE-SEM images, but the accordance of the results for
P2 nanoparticle shows the validity of the proposed method (G
(TGA) =34.6° and 3 (FE-SEM) =34.7 £0.5°).

Figure 6 illustrates the EDX map scan result of Plp
and P1s which show the presence of modifier molecules
on the surface of the applied nanoparticles. As it is clear,
the number of carbon (C), silicon (Si), and oxygen (O)
elements increased in the sample obtained from second-
ary modification stage which is attributed to the presence
of HDTMS molecules. Moreover, it is obvious that the
number of nitrogen (N) elements, indicated as white
dots, is almost the same in both stages. The same results
were obtained from the EDX map scan of P2p and P2s
(Fig. 7).

Although the FTIR, TGA, and EDX tests gave good infor-
mation about the attachment of modifier molecules on the
surface of the nanoparticles, but another test was also used
in order to prove their amphiphilic characteristics. In this test,
JNPs provided from primary modification stage, were mixed
with equal weight of silica nanoparticles which were uniform-
ly modified with APTES. The uniform modification process
was performed based on adding P1 or P2 nanoparticles to the
mixture of methanol and APTES and stirring the system for
24 h [16, 36]. Then, JNPs and uniformly modified nanoparti-
cles were dispersed in a mixture of water and dichloromethane
and centrifuged. Figure 8a, ¢ shows that JNPs are exactly
placed at the water/dichloromethane interface as amphiphilic
particles [10] and uniformly modified silica nanoparticles are
cumulated in chloroform phase which is attributed to their
tendency to the organic solvent. As it is illustrated in
Fig. 8b, d, INPs provided from primary modification stage
also tend to be placed at the interface even without centrifug-
ing. Therefore, it can be concluded that there were no aggre-
gation of nanoparticles on the surface of paraffin substrate at
fixing stage since the aggregating causes the formation of
impurities (uniformly modified nanoparticles or unmodified
ones) after primary modification stage. Accordingly, if such
impurities exist among JNPs, there should be a dispersion of
nanoparticles in dichloromethane/water system as JNPs tend
to be placed at the interface, unmodified nanoparticles dis-
perse in water, and uniformly modified nanoparticles disperse
in dichloromethane.

In another attempt, we investigated the behavior of the
provided P2 JNPs from secondary modification stage and
the homogeneously modified P2 nanoparticles with both
APTES and HDTMS in dichloromethane/water system.
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Fig. 6 EDX map scan results of
the P1p and P1s samples

Fig. 7 EDX map scan results of
the P2p and P2s samples
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(a)

P1 JNPs
(obtained from
primary modification stage)

P2 INPs
(obtained from
primary modification stage)

P1 nanoparticles
homogeneously modified with
APTES

P2 nanoparticles
homogeneously modified with
APTES

Fig. 8 The location of a P1 Janus (obtained from primary modification
stage) and homogeneously modified nanoparticles, b P1 JNPs (obtained
from primary modification stage), ¢ P2 Janus (obtained from primary
modification stage) and homogeneously modified nanoparticles, and d
P2 JNPs (obtained from primary modification stage) in dichloromethane/
water systems. Upper phase: water, lower phase: dichloromethane

The homogenous modification of P2 nanoparticles was
performed based on the following method.

At first, P2 nanoparticles were uniformly modified
with APTES using the protocol described before.
Then, after washing the nanoparticles with methanol,
modification process was continued in methanol media
containing HDTMS for 24 h.

As it is illustrated in Fig. 9a, P2 JNPs dispersed in
dichloromethane phase while the homogeneously modi-
fied nanoparticles dispersed through the system. It should
be noted that, the behavior of P2 JNPs was completely
expected since their major surface portion was modified
with APTES and the attachment of HDTMS molecules to
their bare side (after secondary modification stage) in-
creased their hydrophobicity. This made the provided
JNPs from the primary modification stage to migrate from
the interface into the dichloromethane phase (after the
secondary modification stage). Therefore, the bare side
plays an important role in forming amphiphilic properties
of INPs (provided from primary modification stage) and
helps them to be placed at dichloromethane/water inter-
face. On the other hand, the homogeneously modification
of nanoparticles induced random surface characteristics to
the nanoparticles and caused them to disperse in different
phases (including interface).

In order to further investigating the behavior of the
final produced JNPs, some PS/PMMA blends containing
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Dispersed JNPs
obtained form
secondary modification stage

Fig.9 The location of a P2 JNPs (obtained from secondary modification
stage) and b P2 nanoparticles homogeneously modified with APTES and
HDTMS in dichloromethane/water system. Upper phase: water, lower
phase: dichloromethane

P2 JNPs, P2 nanoparticles homogeneously modified with
APTES, and P2 nanoparticles homogeneously modified
with HDTMS were prepared based on the following
method:

All PS/PMMA (85/15 vol%) blend samples were prepared
via solution mixing. For preparing samples containing JNPs
and nanoparticles homogeneously modified with APTES, at
the first step, PMMA was dissolved in dichloromethane and
after complete dissolution, nanoparticles (3 wt%) were added
under agitation. Accordingly, nanoparticles homogeneously
modified with HDTMS were added to the solution of PS in
dichloromethane. After 45 min, the second polymer phase
was added and after complete dissolution the mixing contin-
ued for 45 min. Thereafter, the samples were casted in a glass
petri dish for 7 days in room temperature and then they were
held under vacuum at 60 °C for 48 h in order to extract the
remaining solvent.

As it is illustrated in Fig. 10, P2 JNPs were placed at
the interface while P2 nanoparticles homogeneously
modified with APTES, and HEXA were dispersed in
PMMA and PS phases, respectively. Based on the results
of the performed test in dichloromethane/water system,
the produced JNPs acted as expected in PS/PMMA
samples.

Based on the similarity of P1 and P2 JNPs test results, it
was proved that the proposed process acts perfectly in produc-
ing JNPs of different sizes.



Colloid Polym Sci (2017) 295:25-36

35

Fig. 10 a, b P2 JNPs at the
interface of PS and PMMA
phases, ¢ P2 nanoparticles
homogeneously modified with
APTES placed in PMMA phase,
and d P2 nanoparticles
homogeneously modified with
HDTMS placed in PS phase

Conclusion

A new and unique desymmetrization method was used in
order to produce Janus nanoparticles applying oil (melted
wax)/water dual-phase system. The process consisted of
four stages: fixing, primary modification, releasing, and
secondary modification. Unlike other similar works, there
was no limited or partial coalescence in the system which
prevented the presence of impurities (unmodified or uni-
formly modified nanoparticles) in the final production.
Dispersed hydrophilic nanoparticles in the water phase
were forced to be placed at oil/water interface using heat-
derive buoyancy flow formed by the applied heat at the
bottom of the container. Saturation theory (ST) was used
in order to indicate the minimum content of nanoparticles
considering the optimum effects of upward induced water
stream. The content of all system constituents was precise-
ly indicated to prevent material waste as well as control-
ling the effective system parameters, e.g., complete elimi-
nation of paraffin wax in releasing stage. This was intro-
duces as one of the advantageous of the proposed process
which makes it more efficient compared to the other relat-
ed works. After each modification stage, the produced
Janus nanoparticles were investigated using FTIR, TGA,
and EDX in order to confirm the attachment of modifier
molecules on the surface of the nanoparticles.
Furthermore, TGA results were used in order to indicate
three-phase contact angle () which revealed the asymmet-
rical nature of the produced Janus nanoparticles. 5 was
also indicated using FE-SEM images of the fixed nanopar-
ticles on the surface of solid paraffin base in order to ap-
prove TGA results. Accordingly, it was proved that the

VININd

PS
PMMA P2 nanoparticles
homogeneously modified
with HDTMS
1 pm

available surface area of the nanoparticles in each corre-
sponding modification stage was completely modified via
a particular modifying agent. The amphiphilic property of
the produced JNPs (provided form primary modification
stage) was also investigated via dispersing them in a
dual-phase dichloromethane/water media. Comparing pro-
duced JNPs with uniformly modified silica nanoparticles
(with APTES) revealed that JNPs tended to be placed at
the interface of the organic/inorganic system while the
uniformly modified silica nanoparticles cumulated in di-
chloromethane phase. Accordingly, it was shown that ho-
mogeneously modification of nanoparticles induces ran-
dom characteristics to the surface of nanoparticles while
it is possible to engineer it using desymmetrization pro-
cess. This was approved by applying the produced JNPs,
homogeneously modified nanoparticles with APTES and
homogeneously modified nanoparticles with HDTMS in
PS/PMMA blend. The results showed the aggregation of
JNPs at the interface while homogeneously modified nano-
particles with APTES and HDTMS were dispersed in
PMMA and PS phases, respectively. Moreover, it was
demonstrated that the proposed desymmetrization process
is very simple to use and has good economical and quali-
tative efficiencies compared to common desymmetrization
process.
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