
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

/1
8/

20
26

 2
:3

7:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
One-pot synthes
aCollege of Materials Science and Engineer

Jiangan Road, Guilin 541004, P. R. China. E
bThe First Hospital of China Medical Univer

Shenyang 10122, P. R. China

Cite this: RSC Adv., 2017, 7, 51605

Received 17th September 2017
Accepted 31st October 2017

DOI: 10.1039/c7ra10323a

rsc.li/rsc-advances

This journal is © The Royal Society of C
is of ultrafine amphiphilic Janus
gold nanoparticles by toluene/water emulsion
reaction
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Haiming Wanga and Zhihong Luoa

Ultrafine amphiphilic Janus gold nanoparticles (Au NPs, d z 2.1 nm) were synthesized in batch by the

emulsion reaction between chlorotriphenylphosphine gold(I) in toluene and tetrakis(hydroxymethyl)

phosphonium chloride in alkaline solution, followed with phase inversion by adding excess toluene,

resulting in a yielding rate of up to 93.3%. FT-IR, Raman, TG and XPS analyses indicate that the emulsion

reaction product is composed of Au NPs protected by triphenylphosphine, tris(hydroxymethyl)phosphine

and their oxides. A NOESY experiment indicates that these ligands are separated into hydrophilic and

lipophilic compartments on the individual Au NPs. The Janus wettability of the thin films by the static

toluene/water interfacial reaction and Langmuir re-assembly of the as-dispersed emulsion reaction

product suggests that spontaneous phase separation of capping ligands occurs with the formation of the

Au NPs at the toluene/water interface, which can be maintained even in the colloidal state. The scalable

one-pot synthesis of the amphiphilic Janus Au NPs allows further functionalization for the diagnosis and

therapy of cancers and biphasic catalysis at low cost.
1. Introduction

Gold nanoparticles (Au NPs) have been recognized as attractive
candidates for the diagnosis and therapy of disease.1–4 The
absorbance and uorescence can be tuned to the near-infrared
region by altering the size and morphology of Au NPs, where
body tissues absorb weakly and hence allow some optical
applications in vivo, including optical imaging5 and photo-
thermal6 or radio therapy.7 The high atomic index and electron
density of Au NPs are also benecial for the efficient absorption
of X-ray radiation, which lead to a better contrast for CT and
MRI than the conventional iodine-based agents.5,8 Moreover,
the excellent biocompatibility, chemical stability and low
toxicity allow Au NPs to serve as prospective targeting delivery
agents into tumour cells by the effect of permeability and
retention (EPR),9 where drug molecules can be released by
external stimuli (such as pH,10,11 temperature,12 light13 or
competitive molecules). In this aspect, drug molecules are
either covalently conjugated onto Au NPs,14–16 or encapsulated
in Au-NP-stabilized Pickering emulsions.17,18 In the latter case,
ultrane Au NPs are used to build up nanoscale micellar vehi-
cles, which can provide with large loading capacity andmultiple
drug cargos into tumour cells. For example, nanomicelles
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hemistry 2017
encapsulated (in size from 22 nm to 48 nm) by amphiphilic Au
NPs with polycaprolactone and methoxypoly(ethylene glycol)
were reported to carry a model drug, 5-uorouracil, where the
drug release could last for more than 4 days.17,19

However, homogeneous nanoparticles (d < 10 nm) normally
suffer from unstable adsorption at oil/water interfaces, which
rely heavily on contact angles: at ca. 0� (or 180�), the desorption
energy of NPs at the interface is only 1/3000 of the one at 90�, in
which case the interfacial adsorption can hardly stand thermal
uctuations.20 Research has shown that amphiphilic Janus NPs
exhibit ca. 3-fold desorption energy of the homogeneous
counterparts at immiscible liquid/liquid interfaces,21 which can
stay at the interfaces even at a contact angle of 0� (or 180�).
Efforts have been paid on the interface engineering of homo-
geneous NPs. To avoid the possible overturn during surface
modication, Pradhan et al.22,23 assembled the hexanethiolate-
protected Au NPs (d z 2 nm) into a Langmuir lm, which
was then immersed in the 2-(2-mercapto ethoxy)ethanol solu-
tion, resulted in amphiphilic Janus Au NPs aer ligand
exchange in part. Xu et al. simplied the operation,24 where the
precursor octanethiolate-protected Au NPs (d z 5 nm) were
compressed to form a Langmuir lm, but the ligand exchange
was triggered by the injection of 3-mercaptopropane-1,2-diol
into the water underneath without removal of the lm.

Andala et al.25 reported that the immiscible liquid/liquid
interface facilitates the spontaneous phase separation
between hydrophilic and hydrophobic ligands, where the ligand
substitution of dodecylamine on the precursor Au NPs (d z 9.2
RSC Adv., 2017, 7, 51605–51611 | 51605
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nm) by mercaptoundecanoic acid and dodecanethiol at the
toluene/water interface directly led to the formation of amphi-
philic Janus Au NPs, no matter the thiol ligands were intro-
duced simultaneously or one-by-one into the system, since the
adsorption of amphiphilic particles localized at the interface is
thermodynamically more favorable than those with mixed
ligands. Inspired by the approach, a series of phosphine-
modied amphiphilic Janus Au NPs ranging from 2 nm to
18 nm were synthesized by ligand exchange at toluene/water
interface in our previous work.26 Moreover, Kim et al. recently
demonstrated that the spontaneous phase separation was also
possible to occur in a single solvent,27 where Janus Au NPs (dz
2 nm) were successfully synthesized in toluene, based on the
balance between the enthalpy of phase separation and confor-
mational entropy between the two ligands of hexadecane-1-thiol
and 1,10,40,100-terphenyl-4-thiol. In this study, spontaneous
phase separation of capping ligands was also noticed to occur
on the Au NPs of the interfacial reaction product between
chloro(triphenyl)phosphine gold (Au(PPh3)Cl) in toluene and
tetrakis(hydroxymethyl)-phosphonium chloride (THPC) in
alkaline solution, and the large toluene/water emulsion inter-
face was used to synthesize ultrane amphiphilic Janus Au NPs
in batch, followed with phase inversion by adding excess
toluene, leading to the batch production with a yielding rate of
up to 93.3% at low cost. In addition, the Janus Au NPs are stable
in colloidal state, and allow further functionalization for the
possible applications on targeting drug delivery, tumor imaging
and biphasic catalysis.

2. Experimental
2.1 Materials and chemicals

Gold wire (99.99%, d¼ 0.5 mm), triphenylphosphine (PPh3, CP)
and toluene (99.5%, AR) were from Sinopharm Chemical
Reagent Co. Ltd., China. Acetonitrile (CH3CN, 99.5%, AR), ether
(99.8%, AR), dichloromethane (CH2Cl2, 99.5%, AR), acetone
(99.5%, AR), pentane (99%, AR), dimethyl formamide (DMF,
99.5%, AR), hydrochloric acid (HCl, 36–38%, AR) and sodium
hydroxide (NaOH, 96%, AR) were purchased from Shantou
Xilong Chemicals Co. Ltd., China. Tetrakis(hydroxymethyl)
phosphonium chloride (THPC, CP, 80%) was from Tokyo
Chemical Industry Co. Ltd., Japan. Deionized water (18.2 MU

cm) was employed to prepare the aqueous solutions in the
experiments.

Chloro(triphenyl)phosphine gold (Au(PPh3)Cl) was synthe-
sized electrochemically following a method described by Huang
et al.28 Typically, 0.95 mL of HCl was added dropwise into 15 mL
CH3CN in a vial, followed with the dissolution of 0.092 g PPh3.
Au wire and platinum plate served as the anode and cathode,
respectively. White deposit was produced on the bottom when
a voltage of 2.0 V was applied for 6 h, which was ltered and
rinsed with ether till it appeared pure white. Aer drying at
60 �C, the white powders were dissolved again in 1.5 mL of
CH2Cl2, and re-crystallization was carried out at �10 �C as
10 mL of pentane was added. The crystals were again rinsed
with pentane and dried at 60 �C, leading to the Au(PPh3)Cl
powders.
51606 | RSC Adv., 2017, 7, 51605–51611
2.2 Synthesis of amphiphilic Janus Au NPs

50 mL of 1.5 mM Au(PPh3)Cl toluene solution and 80 mL of
31.25 mM NaOH solution were mixed with an emulsifying mixer
in an Erlenmeyer ask at a rate of 4000 rpm, followed with the
dropwise injection of 1.65 mL of 50 mM THPC solution to trigger
the toluene-in-water emulsion reaction. Aer 3 h of reaction,
additional 50 mL of toluene was injected into the ask with stir-
ring for phase inversion, and the water-in-toluene emulsion
reaction was fullled aer another 2 h. Then, the emulsion
mixture was removed in a separatory funnel and kept still over-
night, where the product at the toluene/water interface was
collected, and then rinsed by centrifuging with acetone and
deionized water for three times, respectively, resulting in yellowish
powders aer freeze drying. Colloids of the Au NPs in the emul-
sion reaction product were prepared by ultrasonic dispersion in
DMF, which were available for further characterizations.

2.3 Analysis of Au(PPh3)Cl concentration in toluene

The reduction rate from Au(PPh3)Cl to amphiphilic Janus Au
NPs in the emulsion reaction was calculated by the following
equation:

R ¼ Ci � Cf

Ci

(1)

where Ci and Cf are the initial and nal concentrations of
Au(PPh3)Cl in toluene in the emulsion reaction. In the
measurement, 5 mL of the sample toluene solution was injected
in a silica beaker (150 mL), which was dried on an electric hot
plate to remove the toluene slowly. Then, the evaporated
residual was heated at 200 �C for 0.5 h and calcined at 800 �C for
20 min. The obtained yellowish residual was removed into the
silica beaker, 0.1 mL of 10% KCl solution and 10 mL of aqua
regia were added in sequence to re-dissolve the residual, which
was dried on the electric hot plate. The nal residual was dis-
solved again with 10 mL aqua regia, which was diluted with
deionized water in a volumetric ask (100 mL), which was
available for the gold content analysis. The Ci and Cf were
determined by an atomic absorption spectrophotometer (AAS,
TAS-986F, Beijing Puxi Universal Instruments Co, Ltd.).

2.4 Wetting property of the thin lm assemblies of Au NPs

To investigate the phase separation of the phosphine ligands,
the wetting property of the Au-NP thin lm assemblies were
examined. On the one hand, a thin lm was prepared by the
static toluene/water interfacial reaction according to our
previous work,29 where 8 mL of 31.25 mM NaOH solution and
5 mL of 1.5 mM Au(PPh3)Cl toluene solution were added in turn
into a vial, followed with the injection of 165 mL of 50 mM THPC
solution to trigger the reaction. Aer 24 h of reaction,
a yellowish thin lm was formed at the toluene/water interface.
On the other hand, 1.0 mg of the emulsion reaction product was
dispersed in 10 mL DMF by ultrasonic stirring, led to a colloid
containing 0.1 mgmL�1 Au NPs. 3mL of the colloid were spread
on the water surface in a Langmuir trough (JML04C1-P, length
� width � height ¼ 21 cm � 8 cm � 0.8 cm, Shanghai
Zhongchen Digital Technology Co. Ltd.). Langmuir lms were
This journal is © The Royal Society of Chemistry 2017
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produced as the pressure of 10 mN m�1 was applied on the
oating Au NPs.

The above thin lm assemblies were collected by clean glass
slides: the slide moving upstroke from the water lied the lm
up, which ipped over and le the lipophilic side up; while the
slide moved downstroke to press the lm into the water, which
also ipped over and let the hydrophilic side up. The collected
lms were rinsed with acetone and deionized water, respectively,
and were available for contact angle measurement aer drying in
ambient temperature. The contact angles of water droplets on the
two surfaces were measured by a contact angle analyzer (JWA-
360A, Xiamen Congda Smart Technology Co. Ltd.).
2.5 Characterizations

The morphology of the emulsion reaction product was charac-
terized by a transmittance electron microscope (TEM, JEM-2010
JEOL, operated at 200 kV) and a eld emission scanning elec-
tronmicroscope (SEM, S-4800, Hitachi, operated at 15 kV). UV-vis
spectrophotometer (TU1901, Beijing Puxi Universal Instruments
Co, Ltd.) was used to differentiate the emulsion reaction product
and the Au-NP DMF colloid by the position of maximum absor-
bance, with a clean glass slide and a cuvette with pure DMF as
reference, respectively. A Fourier transmittance infrared spec-
troscope (Thermo Nexus 470 FT-IR), a confocal Raman micro-
scope (DXR, Thermo Scientic, at 532 nm), a thermogravimetric
analyzer (Q-500, Thermal Analysis Instruments) and an X-ray
photoelectron spectroscope (XPS, AXIS ULTRA XPS, KRATOS)
Fig. 1 Characterizations of the emulsion reaction product: (a) morpho
60 min, 3 h and 5 h under optical microscope; (b) SEM micrograph of t
images of the product, and the inset shows the size distribution of Au NPs
the as-dispersed Au NPs (upper image).

This journal is © The Royal Society of Chemistry 2017
were employed to determine the capping ligands of the emulsion
reaction product.

The nuclear Overhauser enhanced spectroscopy (NOESY) was
also employed to investigate the phase separation of the ligands
on the Au NPs in the emulsion reaction product. NOESY is
accepted as a phase-sensitive two-dimensional NMR technique,
which can differentiate the amphiphilic Janus NPs from the
homogeneous counterparts by detecting the distance-dependent
nuclear Overhauser effect between proton spins. In the experi-
ment, 25 mg of the emulsion reaction product were dispersed in
0.6 mL CDCl3, whose

1H and NOESY spectra were collected by an
AV-400 MHz NMR Instruments (Bruker, Karlsruhe, Germany).
3. Results and discussion
3.1 Morphology of the emulsion reaction product

In our previous work, the static interfacial reaction between the
Au(PPh3)Cl in toluene and THPC in alkaline solution resulted in
the formation of a thin lm assembly of Au NPs at the interface,
and the Au NPs were found to be modied with the cleavage
products of the reactants, i.e. tris(hydroxymethyl)phosphine
(THP), triphenylphosphine (PPh3) and their oxides as well as
small amount of Au(PPh3)xCl (x ¼ 1 or 2).29 In this work, the
large interface area of toluene/water emulsion drops was used
to prepare the Au NPs in batch, accompanied with the phase
inversion from toluene-in-water to water-in-toluene emulsions
by the addition of excess toluene, in order to make effective use
logical evolution of the emulsion drops with reaction time at 10 min,
he product; (c) TEM (left), HRTEM (upper right) and SAED (lower right)
; (d) UV-vis spectra of the emulsion reaction product (lower image) and

RSC Adv., 2017, 7, 51605–51611 | 51607
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of Au(PPh3)Cl. The analysis of atomic absorption spectroscopy
shows that the initial and nal concentrations of Au(PPh3)Cl in
toluene were 1.5 mmol L�1 and 0.1 mmol L�1, respectively, i.e.
93.3% of Au(PPh3)Cl was reduced in the emulsion reaction.

Fig. 1a shows the morphological evolution of emulsion
droplets during the reaction under optical microscope: at the rst
10 min of emulsion reaction, the droplets appear pretty round,
but at 60 min some of them present with “wrinkled” surfaces,
indicative of the formation of Au-NP thin lm assemblies at the
emulsion interfaces, which encapsulate the droplets in the case
that some of the inner liquid is gone under the strong stirring.
The lost liquid may coalesce to form new toluene-in-water
emulsion droplets by stirring, so more deformed micellar
assemblies are observed at 3 h of reaction. Aer the addition of
excess toluene, different sized droplets and thin lm fragments
are seen in the picture at 5 h of reaction, indicative of the
breakage of the lms covering the toluene-in-water emulsion
droplets, as well as the formation and coalescence of the Au-NP
lms on the water-in-toluene emulsion droplets.

Fig. 1b shows the SEM micrograph of the reaction product,
which is composed of lm fragments produced by the dynamic
Fig. 2 FT-IR (a) and Raman (b) analyses of the emulsion reaction
product.

51608 | RSC Adv., 2017, 7, 51605–51611
stirring and phase inversion. As the product is further enlarged in
the TEM image (Fig. 1c), the lm fragments are actually consisted
of regularly self-assembled Au NPs in an average diameter of
2.1 � 0.6 nm (N ¼ 307, shown in the inset). The HRTEM and the
select area electron diffraction (SAED) displayed in the upper and
lower right of Fig. 1c demonstrate that the Au NPs are in form of
nanocrystals.

Fig. 1d presents the UV-vis spectra of the emulsion reaction
product and its dispersion in DMF, in which the ultrasonic
dispersion in DMF manifests a strong resonance peak at 538 nm
corresponding to the absorption of colloidal Au NPs. In compar-
ison, the emulsion reaction product presents a wide band at ca.
580 nm, and the red shi of absorbance is associated with the
dipolar–dipolar interaction between the Au NPs in the thin lm
assembly, in line with previous literature.29,30 It was also noticed
that the dispersibility of the emulsion reaction product relied
heavily on the property of organic solvents: the emulsion reaction
product could be dispersed in chloroform, THF and DMF, but in
acetone or ethanol no peak shi was examined (not shown).
3.2 Composition of the capping ligands

Fig. 2a is the FT-IR spectrum of the emulsion reaction product.
The band at 3429 cm�1 can be assigned to the O–H stretch, and
the absorbance at 1632 cm�1 corresponds to the stretching of
benzene ring in aromatic compounds. The peak at 1373 cm�1 is
probably originated from the deformation of P]O stretch, and the
bands at 1123 cm�1 and 1034 cm�1 are likely attributed to the P–
Ar stretch and C–O stretch in primary aliphatic alcohols. The
broad band at 568 cm�1 attributes to the in-plane and out-of-plane
ring deformation of benzene derivatives. The Raman spectrum in
Fig. 2b exhibits four major bands. The band at 2842 cm�1 repre-
sents the C–H antisymmetric and symmetric stretching of the
–CH2– in aliphatic compounds, and the peak at 1590 cm�1 is
attributed to the benzene ring stretch in aromatic compounds.
The bands at 1367 cm�1 and 570 cm�1 are likely attributed to the
P]O stretch and P–C stretch, respectively. Hence, both the FT-IR
and Raman analyses suggest the presence of the cleavage products
on the as-synthesized Au NPs, i.e. tris(hydroxymethyl)phosphine
(THP), triphenylphosphine (PPh3) and their oxides.

The XPS survey was also employed to investigate the emul-
sion reaction product. Fig. 3a shows the tted peaks for the C1s

signal at 284.8 eV, 285.5 eV and 286.6 eV, corresponding to the
C–C of benzene ring, C–OH and C]O bonds. For the resolved
O1s signal, three tted peaks are observed at 530.5 eV, 531.4 eV
and 532.2 eV in Fig. 3b, assigned to the groups of P]O, C–OH
and C]O. The tting of the resolved P2p peak ends up with ve
peaks at 130.8 eV, 131.6 eV, 132.2 eV, 133.2 eV and 134.4 eV as
displayed in Fig. 3c, corresponding to the composition of PPh3,
THP, PPh3O, THPO and Au(PPh3)Cl, respectively. As for the Au4f
signal, two major tted peaks appear at 83.9 eV and 87.6 eV in
Fig. 3d, which can be assigned to the Au4f7/2 and Au4f5/2 of
metallic gold. A small peak at 85.0 eV attributed to Au4f7/2

+ (<2.9
at%) is also present, indicative of the existence of Au(PPh3)xCl (x
¼ 1 or 2), in agreement with the analysis of P2p. The possible
ligand composition from XPS analysis is listed in Table 1, which
demonstrates that the atomic ratio of the lipophilic molecules
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XPS analysis of the emulsion reaction product: (a) fitting of C1s signal; (b) fitting of O1s signal; (c) fitting of P2p signal; (d) fitting of Au4f signal.

Table 1 XPS analysis of the emulsion reaction product

Elements
B. E.
(eV)

FWHM
(eV)

Atomic percentage
(%)

Possible
chemistry

C1s 284.8 1.19 84.09 C–C (benzene ring)
285.5 1.15 14.65 C–OH
286.6 0.89 1.26 –C]O

O1s 530.5 1.38 21.88 O]P–
531.4 1.18 63.60 C–OH
532.2 0.98 14.52 –C]O

P2p 130.8 0.74 28.67 PPh3

131.6 0.5 14.03 THP
132.2 0.71 18.07 PPh3O
133.2 1.34 35.64 THPO
134.4 0.95 3.59 Au(PPh3)Cl

Au4f 83.9 1.02 53.03 Au4f7/2
0

85.0 0.98 2.87 Au4f7/2
+

87.6 1.09 44.10 Au4f5/2
0
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(PPh3 and PPh3O) to the hydrophilic ligands (THP and THPO) is
at about 0.94.

Fig. 4 displays the thermogravimetric analyses of the emul-
sion reaction product. There is no visible weight loss at the
temperature lower than 100 �C, indicative of a dry and stable
sample. A weight loss of 26% appears in the TG curve at the range
This journal is © The Royal Society of Chemistry 2017
from 100 �C to 200 �C, where the DTG curve shows three endo-
thermic processes probably attributing the release of incorpo-
rated solvents (toluene) and excess ligand molecules (THP,
THPO, PPh3 or PPh3O). 5.6% of the weight is lost in the range
from 200 �C to 400 �C, corresponding to the thermal cleavage of
THP and THPO to phosphates, and the 12.3% weight loss from
400 �C to 780 �C is likely assigned to the degradation of PPh3 and
PPh3O. The atomic ratio of the lipophilic (PPh3 and PPh3O) to
hydrophilic (THP and THPO) groups is estimated as ca. 1.1 from
the pyrolytic data of thermal degradation. Both the XPS survey
and TG analysis indicate that the hydrophilic and the similar
amount of lipophilic ligands are present on the Au NP's surface
in the emulsion reaction product.
3.3 Distribution of the capping ligands

NOESY is a phase-sensitive two-dimensional NMR technique,
and has been employed to differentiate Janus nanoparticles
from the homogeneous counterparts by detecting the distance-
dependent nuclear Overhauser effect between proton spins.22 As
shown in Fig. 5, the 1H NMR spectrum of the emulsion reaction
product dispersed in CDCl3 presents ve peaks, where the peaks
at 0.85 ppm and 1.27 ppm are likely attributed to the methylene
and hydroxyl protons of THP and THPO or their derivatives, and
RSC Adv., 2017, 7, 51605–51611 | 51609
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Fig. 4 Thermogravimetric (TG and DTG) analysis of the emulsion
reaction product.

Fig. 5 1H NMR and NOESY analyses of the emulsion reaction product.

Fig. 6 Janus wettability of the Au-NP thin film assemblies: (a) Lang-
muir re-assembly and sample collection of the as-dispersed emulsion
reaction product; (b) contact angles on the two surfaces of the thin
film by toluene/water interfacial reaction and the Langmuir re-
assembly of the as-dispersed emulsion reaction product.
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the strong peak at 1.56 ppm is assigned to the proton in H2O.
The peak at 7.26 ppm is corresponding to the solvent CDCl3,
and the one at 7.52 ppm is assigned to the protons in PPh3 and/
or PPh3O. The diagonal prole in the NOESY spectrum in Fig. 5
indicates the interchain interactions on the Au NPs, which are
arisen from the adjacent protons of the hydrophilic molecules
(square and triangle) and lipophilic molecules (circle). The
absence of signals in the reverse diagonal suggests that the
interactions between the protons of THP/THPO and the ones of
PPh3/PPh3O can be ignored, demonstrating that the hydrophilic
(THP/THPO) and the lipophilic (PPh3/PPh3O) ligands actually
situate on two separate compartments of the Au NPs' surface.

To further understand the phase separation on the Au NPs, the
wetting properties on the two surfaces of Au-NP thin lm assem-
blies were also tested, where two kinds of samples were used in the
experiment: (1) thin lms synthesized by the static toluene/water
interfacial reaction with the same recipe as the emulsion reac-
tion; (2) Langmuir re-assemblies of the as-dispersed emulsion
reaction product. Fig. 6a shows the pressure-area isotherm for the
formation of Langmuir re-assembly of the as-dispersed emulsion
reaction product. As the colloidal Au NPs were compressed in the
51610 | RSC Adv., 2017, 7, 51605–51611
Langmuir trough, the re-assembly of the Au NPs was prompted on
the water surface, during which the structure of the oating Au
NPs varied from the gaseous (G) phase, transition (gas–liquid, L–
G) state, liquid (L) phase to the solid phase (S, i.e. Langmuir lm)
as marked in the graph, as the pressure increased from 6.8 mN
m�1 to 25.8 mN m�1. Hence, the Langmuir re-assembly for
contact angle measurement was prepared at the pressure of 10
mNm�1. The inset of Fig. 6a shows the way of collecting samples
by the upstroke or downstroke movement of glass slides, which
was also applied for collecting the lms by the toluene/water
interfacial reaction. In the latter case, the lm located at the
toluene/water interface, and the collection had to pass through the
upper toluene layer in the system.

Fig. 6b illustrates that the contact angles on the two surfaces
of the lm by the interfacial reaction are determined as 68.5� and
18.7�, and the ones for the Langmuir re-assembly are 61.5� and
20.5�, respectively. The Janus wettability on the two surfaces of
the thin lm by the toluene/water interfacial reaction suggests
that spontaneous phase separation of capping ligands occurred
with the formation of the Au NPs at the toluene/water interface,
This journal is © The Royal Society of Chemistry 2017
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owing to the constraint of the immiscible liquid/liquid interface,
the biphasic supply and different affinity of ligand molecules.
The Langmuir re-assembly of the as-dispersed Au NPs also
present different wettability on the two surfaces, indicating that
the Au NPs of the emulsion reaction product are still Janus
amphiphiles in the colloidal state, which allow further func-
tionalization for the prospective applications on targeting drug
delivery, tumor imaging and biphasic catalysis. The ultrane
amphiphilic Janus Au NPs can be safely stored at ambient
temperature, and the one-pot synthesis allows scalable produc-
tion of amphiphilic Janus Au NPs at low cost.

4. Conclusion

Ultrane amphiphilic Janus Au NPs were synthesized in batch by
the emulsion reaction between Au(PPh3)Cl in toluene and THPC
in alkaline solution, followed with phase inversion to make
effective use of Au(PPh3)Cl, led to a facile and scalable approach at
a yielding rate of up to 93.3%. TEM and UV-vis analyses indicate
that the product are composed of Au nanocrystals with average
diameter of 2.1 nm, and can be dispersed in organic solvents like
DMF, THF and chloroform. FT-IR, Raman, XPS and TG analyses
demonstrate that the Au NPs in the product are protected with
lipophilic ligands (PPh3 and PPh3O) and the similar amount of
hydrophilic molecules (THP and THPO). The NOESY experiment
further demonstrate that the capping ligands of the individual Au
NPs in the product are separated into the hydrophilic and lipo-
philic compartments, and the surface chemistry keeps stable for
the as-dispersed Au NPs in DMF. The facile batch production of
the amphiphilic Janus Au NPs allows prospective applications on
targeting drug delivery, tumor imaging and biphasic catalysis at
low cost. More efforts are under way on encapsulating anticancer
drugs and tailoring the morphology of the Au-NP microcapsules.
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