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ABSTRACT: The creation of waterborne nanoparticles (NPs) is
one of the main topics in environmental science as an area of
ecofriendly research. Phase-transfer synthesis, an emulsion/solvent
evaporation method, facilitates the generation of the NPs using
immiscible oil and water phases in a biphasic combination.
Chemical interactions of the two phases by synthesis conditions or
parameters determine diﬀerent chemical intermediate states of the
emulsions, resulting in various sizes or shapes of the NPs.
However, a molecular-level understanding and chemical origin of
the emulsion have not been elucidated in detail. In this work, we
study the chemical kinetics of the nanoparticles in the emulsion
state during synthesis as a function of surfactant concentration.
Surfactant-covered gold nanoparticles (AuNPs) with ca. 20 nm size
are transferred at a medium surfactant concentration, enough to cover the AuNP and stabilize it in the water phase. However, sub-2
nm-sized AuNPs are produced at a high surfactant concentration beyond the critical micelle concentration of the surfactant. AuNPs
surrounded by CTAB micelles with a hemisphere contact are not formed, facilitating chemical interactions between solvent
molecules of the oil phase and the water phase to crack the AuNPs. Based on our time-dependent UV−vis absorption and confocal
microscope experiments and real-time in situ X-ray scattering analyses, we observed that the intermediate states in the chemical and
structural states determine the colloidal conformation. This work provides insight into the chemical mechanism with a structural
variation of two components in water and oil phases. Therefore, the current ﬁnding can promote the phase-transfer synthesis, which
would motivate the community to create ideal NPs.

■

INTRODUCTION
Emulsion synthesis using two immiscible phases facilitates
waterborne nanoparticles (NPs) by a biphasic combination.1,2
Oil-in-water (O/W) or water-in-oil (W/O) emulsion droplets
are formulated in the intermediate state. The oil phase
containing surfactants can be absorbed in an aqueous
phase.1,3−5 Pickering droplets have the role of templates to
conﬁne and combine two functional components into spherical
particles by minimizing the surface tension of liquid−liquid
emulsions. The emulsion droplets have a spherical shape, and
the two components have strong hydrophilic−hydrophobic
interactions at the liquid−liquid interfaces.6−9
In the emulsion state, the chemical states determining the
colloidal properties need to be understood in terms of the
formulation of emulsion droplets and the chemical interactions
of water and oil phases. The conformation of Pickering
droplets can be changed to coalescence, ﬂocculation, creaming,
or sedimentation by their chemical interactions.3,10,11 Therefore, a molecular-level understanding of the intermediate state
in the emulsion synthesis, in particular, the formation
mechanism of Pickering droplets and chemical interactions
between the two phases, is essential to realize ideal and/or
controlled NPs.
© 2021 American Chemical Society

Many studies primarily focused on the stabilization
conditions corresponding to the structural or stabilization
mechanism for the Pickering droplets.12−16 The molecular
behavior of nanoparticle surfactants at the liquid−liquid
interfaces has been investigated, and the stabilization
conditions with Pickering emulsions were suggested.17−19
However, in the phase-transfer synthesis, i.e., the emulsiﬁcation
with an evaporation process of the oil solvent (emulsion/
solvent evaporation method), the mechanism has not been
established in the emulsion synthesis. The evaporation of the
oil solvent might induce diﬀerent chemical interactions and
phase inversion of the two phases, resulting in the generation
of unexpected water-processable colloids.
In this work, we found a cracking phenomenon of the gold
nanoparticles (AuNPs) as a result of the emulsion synthesis in
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Figure 1. (a) Schematic illustration for the phase-transfer synthesis using a chloroform (CF) solution with CTAB and an aqueous AuNP dispersion
(O, CF oil phase; W, water phase), (b) DLS analysis for the size distributions, and (c) TEM images for selective samples with 1.37, 0.51, and 0.17
mM CTAB concentration (scale bar is 20 nm).

pink colored solution, whereas a yellow solution was obtained
beyond this condition.
For the samples with the yellow solution, they exhibited
around 1.70 and 10.73 nm-sized structures at high (1.37 and
2.19 mM) and low (0.17 mM) CTAB concentration,
respectively (Figure 1b and Figures S1−S2). Their decomposition structures were conﬁrmed by TEM measurements
(Figure 1c and Figure S3). On the other hand, the sample with
the 0.51 mM CTAB concentration that converts to a pink
solution showed a CTAB-coated particle structure ca. 23 nm in
size. It means that surfactant molecules in the oil phase
eﬀectively phase-transferred to the water phase and decorated
onto the AuNPs at the medium surfactant condition. A similar
feature was observed in synthesized particles at the CTAB
concentrations of 0.34 and 0.68 mM. The CTAB concentrations can be categorized into three diﬀerent regimes, i.e.,
low, medium, and high. This suggests that the cracking
phenomenon via the synthesis process is generated in either
“low” or “high” concentrations of the surfactants. Even though
the lowest CTAB concentration can cover AuNPs by the
theoretical calculation shown in the Supporting Information,
the stable colloidal dispersion without coalescence or
precipitation of colloids may require an excess CTAB
concentration. We ﬁnd that the suﬃcient CTAB condition to
not only cover the AuNPs and but also make a stable colloidal
dispersion is the medium concentration of 0.51 mM with
3.0712 × 1020 CTABs including 2.3625 × 104 molecules for
the stabilization in the two phases. Therefore, for the low
CTAB concentrations, due to insuﬃcient surfactants that
cannot cover the surface of all AuNPs, the decomposition of
the AuNPs occurs. However, its phenomenon in the high
CTAB concentration is an unexpected structural result. It
means that other chemical driving forces that occur in the

contrast to the AuNP decorated by the surfactants from the oil
phase. Surfactants with a medium concentration were
eﬀectively transferred into the water phase, and surfactantcovered AuNPs were synthesized. However, a sub-2 nm-sized
particle was observed from a 20 nm-sized AuNP in the highsurfactant condition. We carried out time-dependent measurements along the emulsion process to identify the structural and
chemical mechanism of Pickering droplets and how the
chemical interactions of the two phases determine the colloidal
structure, particularly for the decomposition of AuNPs. By
performing in situ small-angle X-ray scattering and timedependent UV−vis absorption and confocal microscopy, we
found that two intermediate states determine the colloidal
conformation. One is the chemical state of the interacting
solvent molecules of the oil phase with the water phase and the
other is the structural state of the surfactant when the
evaporation of the oil solvent occurs.

■

RESULTS AND DISCUSSION
To have a molecular-level understanding of the emulsions in
the emulsion/solvent evaporation synthesis, we chose aqueous
AuNPs with 20 nm size as a core material and cetyltrimethylammonium bromide (CTAB) surfactant as a chloroform (CF)
phase compound. An oil dispersion of CTAB was added into
the aqueous AuNP solution, and the mixture was vigorously
blended. The suspension in the intermediate state had an
emulsion state in which water and oil phases were mixed. It
was changed to a transparent water phase by the evaporation of
the oil phase, and aqueous CTAB-covered AuNPs were
synthesized (Figure 1a). However, the conventional prediction
broke up in a moment when the color of the ﬁnal solution
turned to yellow. The CTAB-covered AuNPs with an
optimized surfactant concentration displayed a transparent
26158
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Figure 2. (a) Visual evidence of the time-dependent color change of the AuNP solution in the presence of 1.37 mM CTAB surfactant, (b) UV−vis
absorption spectra of CTAB-loaded AuNPs with three diﬀerent CTAB concentrations, and (c) two types of relationships as a function of CTAB
concentration. In (c), the CTAB concentration vs two absorption peaks (top) and CTAB concentration vs size variation of AuNPs (bottom) are
shown. Observation of long-term variation for the CTAB (1.37 mM)-loaded AuNP sample: (d) UV−vis absorption spectra, (e) time-dependent
photoshot images of the ﬁnal solution (h, hour; d, day; w, week; m, month), and (f) the pseudo-ﬁrst-order plots for the reduction kinetic study.

cracking event of AuNPs are more signiﬁcant than the
chemical interactions to form CTAB (micelles or bilayer)covered AuNPs.
Time-dependent color variation was observed to explain the
unexpected phenomenon, which provides visual evidence of
diﬀerent chemical states during the synthesis (Figure 2a, time
interval is 5 min). As expected, upon adding the CTAB
solution, a transparent pink solution of AuNPs was changed to
an opaque light-pink solution (within 10 min), meaning that a
rapid conversion to the emulsion state occurred. Up to 60 min,
the suspension was maintained, and the same feature was
observed in the other two samples with 0.17 or 0.51 mM
CTAB concentration (Figure S4). A dramatic variation started
after; in the 1.37 mM CTAB condition, a conversion of the
emulsion to the semitransparent solution occurred with light-

yellow color at 75 min. A complete reaction to the yellow color
with transparency was done at 90 min. A similar variation
appeared in the 0.17 mM CTAB concentration. However, in
the 0.51 mM CTAB condition, a semitransparent pink solution
at 60 min was completely converted to a transparent solution
as the initial AuNPs at 70 min. It indicates that the
overoptimized surfactant condition has a longer time in the
chemical communications of the two phases, which might
allow a diﬀerent chemical state of emulsions to change to the
yellow solution.
The UV−vis absorption spectra show the dramatically
changed AuNP structures in detail and reveal that the cracked
AuNPs create a new complex with the CTAB molecules
(Figure 2b). In the 1.37 mM CTAB condition, a localized
surface plasmon resonance (LSPR) band at 522 nm
26159
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corresponding to the original AuNPs20,21 completely disappeared, but an absorbance peak at 389 nm appeared. The
intensity of the peak at 389 nm shows a similar level with the
initial 522 nm peak of AuNPs, indicating a complete
decomposition of 20 nm-sized AuNPs. However, in the 0.51
mM CTAB condition, only the LSPR band at 526 nm was
observed, which means that CTAB-covered AuNPs are just
slightly aggregated.22,23 When the status of the AuNPs
depending on the CTAB concentration was investigated
(Figure S5), the complete structural transition or the presence
of the CTAB-covered particle structure was observed as two
distinct peaks at 389 or 522 nm. Two trends of particle size
and absorbance peak positions are summarized in Figure 2c.
An absorption peak at 389 nm arising from ca. 1.70 nm-sized
AuNPs was observed at the high concentration.
The cracking structure and the corresponding absorbance
band at 389 nm mean a new structure formation by the
decomposition of AuNPs in the following scenario: CTAB−
CF and aqueous AuNPs in the intermediate state of the
synthesis: (i) chlorides from CF oxidize zero-valent Au atom to
a previous oxidation state, AuIII, and the Cl−AuIII interaction
generates an ion species of [AuIIICl4]− (eq 1).24 (ii) According
to ligand ﬁeld theory, the complexation strength of AuIII with
halide ions follows the series of I− > Br− > Cl−.25,26 Thus, the
chloride ligands in the [AuIIICl4]− are replaced by bromide
ions from the CTAB surfactant (eq 2). (iii) The ionic gold of
[AuIIIBr4]− can be interacted with [CTA]+ of the CTAB
molecule, and an AuBr4−CTA ion-pair complex is ﬁnally
created (eq 3).27,28
Au 0 → Au III + 3e− → [Au IIICl4]‐

we observed the disappearance of the LSPR band of AuNPs
but ca. 8 nm-sized particle structures (Figures S11 and S12)
(detailed descriptions are in the Supporting Information). In
this experiment, we found that when the CTAB molecules
were introduced in the CF-treated AuNPs solution after the
synthesis (Figure S12c−d), there was no chemical interaction
to create the AuBr4−CTA complex. It suggests that the CF
phase with a surfactant molecule causes chemical reactions of
the aqueous AuNPs in the synthesis.
In the line of studies on optical spectroscopy, the ﬁnal
solution was measured for the structural stability of the
AuBr4−CTA ion complex in the yellow water phase (Figure
2d). We found that the solution turned colorless after 1 day,
indicating that the light yellow Au(III)Br4−CTA complex was
reduced to the colorless Au(I)Br2−CTA ion.32 In the timedependent UV−vis absorption spectra, a gradual variation of
the Soret band of 389.76 nm was observed (Figure 2d and
Table S1). The peak intensity was gradually reduced and
entirely disappeared over 1 day. This trend was also revealed in
the sample with the low CTAB concentration (Figure S13b
and Table S3). In contrast, the sample keeping the particle
structure (0.51 mM CTAB concentration) showed high longterm stability with the LSPR band (Figure S13a and Table S2).
This result was visually conﬁrmed in the color changes of the
solutions with a time-dependent variation (Figure 2e). We
understand that the complex has an unstable state, which
suggests that the ﬁnal solution also has a diﬀerent chemical
state in the high-CTAB condition.
To understand the structural change of the Au(III)Br4−
CTA ion complex, its reduction kinetics to Au(I)Br2−CTA
were investigated via the pseudo-ﬁrst-order kinetic model.33,34
From the absorbance variation plots (A0 = the initial
absorbance of complex, and At = the absorbance of the
complex at time t) depending on the time t (Figure 2f), the
slope from the kinetic ﬁt provides the rate constant (k) of the
reduction.34,35 The kinetic ﬁts were investigated with two time
domains based on the existence of the 389.76 nm peak. At the
early time stage (under 24 h), the reduction constant was
estimated to be k = 7.056 × 10−3 h−1, whereas it decreased to k
= 4.553 × 10−3 h−1 after 24 h. They are comparable results
with that of low CTAB concentration (Figure S14). It suggests
that CTAB molecules that do not react with aqueous AuNPs in
the synthesis might remain as a self-assembled or individual
structure in the water phase, which allows diﬀerent chemical
interactions with the Au(III)Br4−CTA as a reducing agent.
To investigate the structure of unreacted CTAB molecules
in the water phase, we measured small-angle X-ray scattering
(SAXS) patterns (Figure S15). CTAB molecules synthesized
via the emulsion/solvent evaporation process (a solution of an
oil phase with CTAB molecules and an aqueous phase without
AuNPs) showed an aggregated structure at the 1.37 mM
CTAB concentration. In contrast, a nonassembled feature was
revealed in the other conditions (0.51 or 0.17 mM). In detail,
the structure factor band at around q = 0.0977 Å−1 in the high
CTAB concentration was observed (Figure S15c), which is the
same scattering feature as in the aqueous CTAB (1.37 mM)
suspension (Figure S15b). It indicates that unreacted CTAB
molecules in the synthesis were created in the particular
assembled structure, which is the same formation as the CTAB
compound dispersed in the water. With the critical micelle
concentration (CMC) concept (CTAB molecules have a
micelle structure over 1.0 mM concentration36), the assembled
structure observed in the SAXS pattern is the micelle structure.

(1)

[Au IIICl4]− F [Au IIICl3Br]− F [Au IIICl 2Br2]−
F [Au IIIClBr3]− F [Au IIIBr4]−

Article

(2)

[Au IIIBr4]− → [Au IIIBr4]− + [CTA]+ → AuBr4 ····· CTA
(3)

Indeed, the UV−vis absorption spectra related to the complex
previously reported show a Soret peak at the wavelength
around 390 nm,29,30 and its solution presents a yellowish
color.24,31 Additionally, to clarify the role of the CF in the
reaction process, we checked the emulsion synthesis using
other organic solvents such as toluene, tetrahydrofuran (THF),
and cyclohexane (CTAB concentration of 1.37 mM while
maintaining the other parameters). Interestingly, there is no
absorption peak at ∼389 nm in the non-chloride solvents
(Figure S6), meaning no cracking occurrence of the AuNPs.
We also veriﬁed whether other molecules (CTAB or water) or
synthesis conditions caused the cracking event or not. We
conﬁrmed that the CF phase plays a primary role in the
decomposition of AuNPs; diﬀerent agitation methods
(magnetic stirring or homogenizer) and synthesis temperatures
do not aﬀect the cracking of AuNPs (Figure S7). The CTABcovered AuNPs synthesized in the aqueous phase (Figure S8),
aqueous CTAB dispersions (Figure S9), and CTAB structures
synthesized via the emulsion/solvent evaporation method (the
process has an oil phase with CTAB molecules and aqueous
phase without the component, Figure S10) did not show any
Soret peak in the UV−vis absorption spectra or any evidence
of a 1.70 nm-sized split structure in the size distributions.
However, when the eﬀect of the CF phase without surfactant
on the aqueous AuNPs was investigated during the synthesis,
26160
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Figure 3. Confocal microscope images of Pickering emulsions with CTAB−CF (yellow) and aqueous AuNP (black) phases. The emulsion contains
1.37 mM CTAB concentration, and each emulsion shot was visualized in a time interval of 10 min (the time interval is 4 min in the range of 52−60
min). The oil phase was strained with Nile red. Scale bar: 10 μm.

Therefore, we ﬁnd that the reduction rate to the Au(I)Br2−
CTA was determined by the chemical interactions of the
complex with the micelles of CTAB molecules. In other words
, not only does the oil phase with the high CTAB
concentration have chemical communications with the
aqueous AuNP phase, but also the CTAB forms micelles
during the phase-transfer synthesis. The CTAB micelles might
be attached to the AuNPs with large sizes or bind to the
surface of the AuNPs during the synthesis. At the same time,
the CF molecules penetrate between the micelles, and the
cracking event of AuNPs occurs. Therefore, the hemisphere
contact of the micelles on the AuNPs explained in the
Supporting Information might not be valid in the highconcentration regime.
The new chemistry for the decomposition of AuNPs needs
an explanation about what happened chemically in the
intermediate states and how to interact CTAB−CF and
aqueous AuNP phases with each other, allowing the new
complex structure. We directly visualize the O/W emulsion
states using confocal microscopy utilizing an oil-soluble
ﬂuorescence dye (Nile red). Detailed liquid forms measured
in a time interval of 10 min are depicted for 1.37 mM CTAB in

Figure 3, and other CTAB conditions (0.51 and 0.17 mM) are
demonstrated in Figure S16. The results deposited on the ﬁlm
are shown in Figure S17. At the ﬁrst stage (10 min), W/O/W
double emulsion droplets were generated; spherical yellow
droplets (oil phase) 1.5 μm in size have ordered black dots
(aqueous phase) inside. A longer homogenization process
allowed a phase transition to the W/O emulsion state. The oil
droplets gradually spread out and made a network, and its form
was kept up to 40 min. The aqueous black droplets increased
in volume, which created an average size of ca. 45 μm in
diameter (D) spherical water phase. At the same time, smallsized water droplets dispersed in the oil phase were lined up at
the surface of the structure (50 min). The droplets create an
ordered network, which was gradually injected into D = ca. 70
μm-sized black droplets (52 min). The phase inversion
occurred again in the W/O/W emulsion by creating a big
(D = ca. 132 μm) yellow oil droplet (56 min). After the split of
the oil phase, a honeycomb structure of water phases was
generated in the emulsion droplets (60 min). Schmitt et al.
reported superlattices of AuNPs formed by Ostwald ripening
in the W/O/W emulsion.37 This phenomenon occurred in our
system at 60 min, and we directly observed its process as a
26161
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Figure 4. In situ small-angle X-ray scattering results of CTAB (1.37 mM)-loaded AuNPs in the emulsion/solvent evaporation synthesis: (a) 2D
SAXS patterns, (b) corresponding average radial integrations, (c) 1D SAXS patterns for a non-CTAB system in aqueous AuNPs with a CF phase,
(d) Guinier plots for the selective time, and (e) a suggested cracking mechanism of AuNPs.

chemical interactions of two phases to occur in the
decomposition of the AuNPs.
We then conducted time-resolved in situ small-angle X-ray
scattering (SAXS) measurements during the synthesis to clarify
whether the split event occurred in the Pickering droplets
around 50−60 min. The X-ray beam at 16.09 keV in a time
interval of 5 s was exposed to a capillary cell mounted in the Xray beam path (detailed experimental setup and damage tests
are described in the Supporting Information, Figures S18 and
S19). In two-dimensional (2D) SAXS images (Figure 4a) and
the associated radial average integrations (Figure 4b) of
CTAB-loaded AuNPs, a structural pattern of 20 nm-sized
AuNPs at the initial state (0 min) was dramatically converted,
and strong scattering features by micrometer-sized emulsion
droplets38 were maintained up to 60 min. It is consistent with

function of time. The structure was divided by smaller droplets
at 70 min, and its formation mostly disappeared when the
solution was transparent after 80 min. The formation of the
W/O/W Pickering droplets at the early synthesis stage and
chemical interactions of two phases in the emulsion droplets
with the ordered phase structure at around 50−60 min are key
factors to make the cracked structure of the component in the
aqueous phase. Because these two chemical states also
occurred in the low-CTAB condition, however, W/O emulsion
droplets were created at the initial synthesis time, and the
assembled structure of small droplets was not observed in the
optimized CTAB concentration that has the CTAB-covered
particle structure (Figure S16). The chemical state of the
closely packed structure in the emulsions might allow strong
26162
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Figure 5. Schematic cartoon showing the phase-transfer synthesis using an aqueous AuNP phase and CTAB−CF phase. It demonstrates how the
chemical interactions of the two phases cause the cracking phenomenon of the AuNPs (O: oil phase; W: water phase).

Figure 4c, the change from 20 to 15 nm in size appeared in a
time range of 0−35 min, and the variation up to 45 min
brought a considerable reduction to around 8 nm.
Based on the results of the aqueous AuNPs−CF system, the
20 nm-sized AuNPs might be split into ∼8 nm in 50 min. After
50 min, the decomposition to sub-2 nm might have occurred
up to 90 min (Figure 4e). Because the Guinier analysis with a
feasible region (qRg ≤ 1.3) was not available in the wavevector
range (Figure S21a), the peak at the structure factor was
gradually shifted from q ≈ 0.051 Å−1 to q ≈ 0.068 Å−1 (Figure
S21b).38,41,42
Overall, we summarize the chemical and structural
mechanism of two components in two phases during the
phase-transfer synthesis (Figure 5). The suggestion demonstrates how the chemical interactions of the two phases in the
emulsions determine the colloidal structure, particularly
causing the cracking phenomenon of the AuNPs. At the initial
synthesis time, W/O/W double emulsion droplets are
generated through the blending of the two phases. The
aqueous AuNPs are surrounded by CF molecules, which
initiate strong chemical communications in the droplets. In a
Pickering droplet in which small water phases are ordered
inside to a honeycomb structure at 50−60 min, the oil phase
starts to evaporate, and CTAB micelles are generated in the
water phase. The AuNPs decorated by the CTAB micelles with
a hemisphere contact were not formed. It shows that the
AuNPs have cracked to ∼8 nm by the chemical interactions of
the CF solvent. A longer synthesis time (60−80 min)
generates more CTAB micelles in the water phase. This
chemical state allows the smaller cracked structure of the
AuNPs and has few CTAB molecules with an individual
structure in the oil phase. Finally, the oil phase is fully
evaporated, and a sub-2 nm-sized cracked AuNP that has a
chemical bonding with the CTAB molecule is created. As a
result, we understand that (1) the solvent molecules of the oil
phase have strong chemical communications with an aqueous
component in the emulsion, and (2) the surfactant that has an
assembled structure in the water phase at the evaporation time

the observation from the confocal microscope. After that time,
the intense scattering patterns gradually reduced and
disappeared at the ﬁnal stage. In more detail, in the 1D
SAXS proﬁle (Figure 4b), a distinct reduction of scattering
intensities at the small-q region, q < 0.02 Å−1, was observed,
and a smooth peak corresponding to a structure factor at q =
0.051 Å−1 was distinct. We thereby found an exact evaporation
time of the oil phase to disappear for the emulsion droplets
after 60 min from when the evaporation starts. We ﬁt the SAXS
data with a hard-sphere model to evaluate the size variation of
the AuNPs. However, it was not easy to obtain accurate results
due to the eﬀect of the micrometer-sized droplet structure in
the oil phase-covered AuNPs. The droplet has two scattering
sources of CTAB and AuNPs, which are not distinguishable to
determine structural information for each component in the
SAXS pattern.
Thus, we simpliﬁed the phase-transfer synthesis system to
aqueous AuNPs and CF phases without CTAB (aqueous
AuNPs incorporated with only the CF phase) and focused on
the structural variation of the AuNPs. In Figure 4c, a real-time
structure variation of AuNPs was observed by the shift of the
structure factor band (0.016 Å−1 < q < 0.18 Å−1) toward the
high-q region. In particular, a dramatic change occurred at
around 40 min, and a detailed variation in size was evaluated
using a Guinier analysis. As shown in Figure 4d, the Guinier
approximations provide a distinct time-dependent size
variation,38,39 where q × Rg (radius of gyration) ≤ 1.3 for
globular scatters. A model regarding emulsion large droplets is
suggested (Figure S20), consistent with the observation from
the confocal ﬂuorescence microscopy; the O/W emulsion
droplets of size hundreds of nanometers to micrometers are
formulated in the intermediate state, which shows a quite
strong upturn scattering in intensity. The O/W emulsion large
droplets are thereby excluded in the size calculation. Based on
the Rg values, the size of the solid spheres can be calculated
from the relation R = (5/3)1/2Rg.39,40 This calculation gives
20.3, 15.8, 15.0, and 8.28 nm for 0, 13, 25, and 50 min (the
bottom ﬁgure in Figure 4d), respectively. In combination with
26163
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dispersed in CTAB (1 mL) was separately prepared by
magnetic stirring (750 rpm, room temperature) for 30 min.
The diluted AuNP solution was vigorously stirred by a
homogenizer (Ultrasonic Processor VCX-750W, 1/4″ tip) at
23% amplitude for 3 min. After shaking, the CTAB−CF
solution was slowly dropped into the aqueous AuNP
dispersion (injection rate = 50 μL/s) under a homogenization
process. Pre-emulsiﬁcation was ﬁrst achieved, and the
miniemulsion solution of a light pink opaque state was
obtained. When the CF oil solvent was evaporated, the mixture
became a transparent CTAB-coated AuNP solution. After
synthesis, the dialysis procedure was conducted using a 10 kDa
dialysis membrane tube in 3.8 L of di water for 48 h to remove
excess surfactant and oil solvent. Repeated centrifugation (at
6500 × g for 10 min using a Jouan centrifuge MR23i
instrument) in di water was additionally/ﬁnally performed.
The temperature in the synthesis had a range of 85−90 °C,
and variations were kept below 5 °C.

allows insuﬃcient chemical interactions between the surfactant
and the aqueous component. (3) It results in continuative
aqueous component−oil molecule interactions instead of
aqueous component−surfactant communications. (4) It
creates an unexpected colloidal structure, the surfactantcovered nanoparticle.

■

CONCLUSIONS
In this work, we found the decomposition phenomenon of
AuNPs in the emulsion/solvent evaporation synthesis by the
interaction of CF with the aqueous AuNP in the emulsion
state. Depending on the chemical and structural states of the
oil phase, including a surfactant, diﬀerent synthesis chemistry
determines the structure of aqueous colloids. Surfactantcovered AuNPs were eﬀectively phase-transferred at a medium
CTAB concentration to cover the AuNPs and to stabilize them
in the water phase. In contrast, the cracking events of the
AuNPs were observed in the low and high concentrations
through two diﬀerent mechanisms. In the high-CTAB
condition, CTAB micelles were formed during the synthesis,
but they were not decorated on the AuNPs with a hemisphere
contact. This shows that the AuNPs have cracked to sub-2 nm
size by the chemical interactions of the CF solvent.
In detail, CF molecules surrounded an aqueous AuNP phase
in the emulsion droplet, enabling strong chemical interactions
of the two phases. An assembled micelle structure of the CTAB
molecules is generated in the water phase during the
evaporation of the oil solvent. The CTAB micelles are not
covered on the AuNPs with a hemisphere contact. It allows
continuative chemical communications of the two phases
instead of the surfactant−aqueous AuNP interactions. With the
strong chemical interactions, insuﬃcient CTAB molecules with
an individual structure cannot cover the surface of all AuNPs,
resulting in the sub-2 nm-sized cracked structure of the
AuNPs.
Real-time in situ SAXS measurements, time-dependent UV−
vis absorption, and confocal microscope experiments demonstrate diﬀerent chemical states that cause the cracking
phenomenon and structural variations of the two components
in the two phases during the synthesis.
These results provide insights into the structural and
chemical mechanism of the emulsions, particularly at the
high-CTAB condition, and suggest how the oil phase with
surfactants has chemical communications with the aqueous
AuNP phase and determines the structure of NPs. Our study
encourages the establishment of knowledge of “chemistry in
emulsion”. Ultimately, it suggests how to control the colloidal
properties of aqueous particles in the structure and size in the
synthesis of waterborne colloids with the phase-transfer
system.
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