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Abstract

Ligand exchange was triggered at toluene/water emulsion interface between homogeneous gold nanoparticles (Au NPs) with
triphenylphosphine (PPhz) and D-penicillamine (D-PA), resulted in amphiphilic Janus Au NPs with both phosphine and thiolate
ligands. TEM and XRD analyses indicate that the product is composed of Au nanocrystals in an average diameter of about
3.7 nm. XPS, FTIR, Raman, and 'H NMR analyses demonstrate that the Au NPs are protected with hydrophilic D-PA molecules
and lipophilic PPh; ligands in a molecular ratio of ca. 1.8. The NOESY analysis and contact angle measurement further suggest
that the D-PA and PPh; molecules are spontaneously separated to form compartmentalized hydrophilic and lipophilic regions on
the individual Au NPs, which exhibit good catalytic performance and recyclability on the reduction of 4-nitrophenol. The results
demonstrate that amphiphilic Janus Au NPs can be synthesized by partly exchange of PPh; with D-PA at toluene/water emulsion
interface and are potentially applicable for other phosphine/thiolate pairs to modify Au NPs.
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Introduction

Since De Gennes coined the concept of Janus particle [1],
enormous efforts have been devoted to the novel kind of col-
loids [2]. As a subcategory, amphiphilic Janus gold nanopar-
ticle (Au NP) possesses a compartmentalized shell of two or
more capping molecules with different affinity to oil and water
phases [3, 4], which makes it behave like a “solid surfactant”
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to a large extent. Combining with the excellent chemical sta-
bility, biocompatibility, and catalytic activity of Au NPs [5, 6],
the amphiphilic Janus Au NPs are expected to serve as novel
heterogeneous catalysts [7, 8], sensors [9], and targeting drug
carriers [10-13].

The well-defined segregation of capping ligands on Au
NPs involves in delicate surface/interface engineering [14,
15]. Ligand exchange reaction at immiscible liquid/liquid in-
terfaces is a straightforward approach, where a hydrophobic
molecule dissolved in oil phase can be used to partly replace
the original hydrophilic capping ligand on the precursor ho-
mogeneous Au NPs and vice versa, leading to amphiphilic
Janus Au NPs. Alternatively, the Janus modification can be
performed in one step, where the formation of Au NPs occurs
at the interface with the bilateral supply of a hydrophobic
ligand in oil and a hydrophilic molecule in water [16]. The
spontaneous phase separation of capping molecules on Au
NPs’ surface was also reported to produce Janus Au NPs
[17]. Among these methods, ligand exchange reaction is fre-
quently used for its facile operation and flexible applicability.

S-, P-, N-, Si-, or Se-containing molecules are frequently
selected as the capping ligands to stabilize Au NPs, owing to
the strong bonding of the elements with Au atom. Rao et al.
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noticed that the Au NPs modified with
tris(hydroxymethyl)phosphine oxide and triphenylphosphine
at the toluene/water interface could be entirely replaced by
dodecanethiol or mercaptoundecanoic acid, resulted in the
Au-NP suspensions in toluene or water due to the stronger
binding force of Au-S than that of Au-P [18, 19]. Recently,
Vilian et al. found that the substitution of phosphinine with
thiolate could be limited to some extent and Janus Au NPs
with both thiolate and phosphinine domains were obtained by
precisely control over the phosphinine/thiolate ratio in THF
solution, demonstrating the feasibility of partly ligand ex-
change [17]. Herein, we present a facile approach to synthe-
size amphiphilic Janus Au NPs with compartmentalized
thiolate and phosphine faces in batch, where partly ligand
substitution of precursor Au NPs with triphenylphosphine
(PPh3) by D-penicillamine (D-PA) can be performed at the
toluene/water emulsion interface.

Experimental
Materials and chemicals

Chloroauric acid hydrate (HAuCly, 99%, Shanghai Titan
Scientific Co. Ltd., China), triphenylphosphine (PPh;, >
99%, Aladdin Industrial Corporation, China), D-
penicillamine (D-PA, >98%, Adamas Reagent Co., Ltd.,
China), N, N-dimethylformamide (DMF, >99.5%, Xilong
Scientific Co., Ltd., China), toluene (>99.5%, Xilong
Scientific Co., Ltd., China), sodium hydroxide (NaOH, >
96%, Xilong Scientific Co., Ltd., China), sodium borohydride
(NaBHy, >98%, Sinopharm Chemical Reagent Co., Ltd.,
China), and 4-nitrophenol (>99%, Sinopharm Chemical
Reagent Co., Ltd., China) were used directly without further
treatment. Dichloromethane-d2 (CCl,D,, 99.5 at.% D) and
trifluoroacetic acid-d (CF;COOD, 99.5 at.% D) were from
Beijing Innochem Science & Technology Co., Ltd., China.
Deionized water (18.2 M2 cm, 25 °C) was employed to pre-
pare the aqueous solutions in the experiments.

Synthesis of amphiphilic Janus Au NPs

Forty-five milliliters of 1.0 mM PPh; toluene solution and
25 mL of 14.4 mM NaOH solution were added in an
Erlenmeyer flask, followed with the injection of 10 mL of
4.5 mM HAuCl, into the aqueous phase. The mixture was
agitated with an emulsifying mixer at a rate of 4000 rpm for
5 min, and then 5 mL of NaBH, solution (containing 17.0 mg
NaBH,) were added, where the reaction with HAuCl, was
kept for 1.5 h, resulted in a dark brown colored suspension
indicative of the formation of precursor Au NPs.

Five milliliters of 9.0 mM D-PA aqueous solution were
injected into the Erlenmeyer flask with Au-NP toluene
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suspension and were mixed with an emulsifying mixer at a
rate of 4000 r/min for 30 min to trigger ligand exchange. The
emulsion was moved in a separating funnel and left overnight,
resulting in the separation of water and toluene phases. The
reaction product at the toluene/water interface was removed
and rinsed with a mixed solvent of toluene and deionized
water (at the volume ratio of 1:1) for three times by centrifug-
ing at 10000 rpm. After freeze-drying, the amphiphilic Janus
Au NPs were obtained.

Characterizations

A transmission electron microscope (TEM, JEM-2100F,
JEOL, operated at 200 kV) and an X-ray diffractometer
(Smartlab 9 kW, Rigaku, operated at 40 kV with Cu K radi-
ation) were used to characterize the morphology and crystal-
line structure of the core Au NPs in the product, and the crystal
size was evaluated by the Debye-Scherrer’s method. The sur-
face chemistry of the product was studied by nuclear magnetic
resonance spectroscopy ('H NMR, Bruker AV-400,
Germany), Fourier transform infrared spectroscopy (FTIR,
IRTracer- 100, Shimadzu), Raman spectroscopy (DXR,
Thermo Fisher Scientific, with a laser beam at 532 nm), and
X-ray photoelectron spectroscopy (XPS, ESCALAB 250X,
Thermo Fisher Scientific).

The ratio of thiolate to phosphine ligands (C,) was estimat-
ed from the XPS analysis by the Scofield sensitivity factor as
follows:

Ny = Sp/SFscofield X TF x KE*¢ (1)

N
Cu(at%) = —=

% 100 (2)

where N, is the normalized area of spectral peak, Sy is the
fitting peak area, SFs..sciq 15 the sensitivity factor, 7F is the
transfer function, and KF is the electronic kinetic energy.
Nuclear Overhauser enhanced spectroscopy (NOESY) was
used to analyze the phase segregation of capping molecules on
the Au NPs. NOESY is a two-dimensional phase-sensitive
NMR technique that detects the distance-dependent nuclear
Overhauser effect between proton spins of the sample [20,
21]. In this experiment, 30 mg of the product were dispersed
in a mixture (0.6 mL) of dichloromethane-d2 and
trifluoroacetic acid-d (at a volume ratio of 1:1) by ultrasonic
stirring, and an NMR instrument (Bruker AV-400, Germany)
was used to carry out the NOESY analysis of the sample.
The phase separation of capping ligands on the Au NPs
was also examined by the wetting discrepancy on the two
faces of the Langmuir reassemblies of the as-dispersed prod-
uct, according to our previous work [16]. In the experiment,
1.0 mg of the product was firstly dispersed in 10 mL DMF by
ultrasonic stirring. A double beam UV-vis spectrophotometer
(TU-1901, Beijing Purkinje General Instrument Co., Ltd.)
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was used to differentiate the dispersed and assembled states of
the product by the feature of surface plasmon resonance
(SPR). Then, 9 mL of the colloid were employed to spread
on the water surface in a Langmuir trough (JML04CI1-P,
210 mm x 80 mm x 8§ mm, Shanghai Zhongchen Digital
Technical Apparatus Co., Ltd., China), and the Langmuir film
composed of the reassembled Au NPs was prepared by com-
pression at 12 mN m !, which was collected by a clean glass
slide (1 mm x 12 mm X 60 mm).

Two ways to collect the Langmuir reassemblies of the dis-
persed product were used. The Langmuir film was lifted up by
the upstroke movement of a slide underneath the film, led to
the lipophilic side out (surface A) by folding over across the
slide. As the slide pressed downwards into the water, the film
was flipped over and let the hydrophilic side out (surface B).
The wettability of the collected Langmuir reassemblies was
examined by a contact angle analyzer (JGW-360A, Xiamen
Chongda Intelligent Technology Co., Ltd., China).

The catalytic performance of the amphiphilic Janus Au
NPs was tested by the reduction of 4-nitrophenol, where
0.2 mL of 2 mM 4-notrophenol aqueous solution and
2.2 mL deionized water were added into a quartz cuvette,
followed with the addition of 1.2 mL of 40 mM NaBH,.
Then, 0.4 mL of 0.2 mg mL™" amphiphilic Janus Au NPs
suspension was added and allowed to react under ultrasonic
stirring. Time-dependent changes of UV-vis absorbance at
399 nm were recorded to monitor the reduction process with
and without the presence of Au NPs.

Results and discussion
Morphology and structure of the product

Figure 1 a displays the TEM image of the product, where the
average diameter of the Au NPs is measured as 3.7 +0.6 nm
(N=322) in the upper inset. The lattice space of the Au nano-
particle is gauged as 0.24 nm shown in the HRTEM image in
Fig. 1b, corresponding to the Au (111) plane in line with the
previous literature [22]. Especially, the Au NPs are seen to
aggregate in form of small vesicles in size of about 30 nm as
illustrated in Fig. 1c, suggestive of the association with the
toluene/water emulsion drops during ligand exchange reac-
tion. Figure 1 d shows the XRD diffractions of the product,
which appear at 38.26°, 44.35°, 64.78°, 77.56°, and 81.74°
assigned to the (111), (200), (220), (311), and (222) lattice
planes of Au crystal (PDF#04-0784), respectively. The broad-
ening of the diffraction peaks is attributed to ultrafine Au NPs
in the product, and the crystal size can be estimated by Debye-
Scherrer formula:

D = K\/Bcost (3)

where K is the Scherrer’s constant, A is the X-ray wavelength
(Cu k,=0.1541 nm), (3 is the full width at half maximum
(FWHM) of diffraction peak, and 6 is the Bragg angle. The
calculated crystallite size is 4.1 nm, close to the particle size of
Au NPs shown in Fig.la, indicating that the Au NPs are ac-
tually nanocrystals.

Surface chemistry of the product

The product was characterized by XPS analysis, where Fig.
S1 displays the total survey spectrum in the Supporting
Information, indicative of the existence of C, O, Au, N, P,
and S elements. The fitting of the resolved Auyy signal
(Fig. 2a) manifests two major peaks at 83.9 eV and 87.6 eV,
assigned to the Auyg, and Auyys, of metallic Au, respective-
ly. Figure 2 b shows two fitted peaks for the resolved P,
signal at 131.2 eV and 132.0 eV, in correspondence to the
Psp32 and Popyp. The fitting of the S, peak ends up with
two peaks at 162.0 eV and 163.2 eV as displayed in Fig. 2c,
attributed to the S5, and S,p1. The fitting of the N signal
results in just one peak at 400.2 eV as plotted in Fig. 2d. The
C,; signal is fitted with three peaks at 284.8 eV, 285.7 eV, and
290.4 eV as depicted in Fig. 2e, assigned to the C-C, C-S (and
C-N) and -COOH groups. As for the fitting of Oy signal in
Fig. 2f, two peaks are observed at 532.3 eV and 533.4 eV,
indicative of the -COOH and O-H groups, respectively. The
above results are listed in Table 1, from which the molecular
ratio of the hydrophilic molecule (D-PA) to the lipophilic li-
gand (PPh;) is estimated at about 1.85 based on the atomic
ratio of S to P (S/P).

Figure 3 a displays the FTIR spectrum of the product,
where the broad band at 3421 cm™' is attributed to the O-H
stretch, and the peak at 3049 cm ™' can be assigned to = C-H
stretch in aromatics. The bands at 2922 cm ' and 2853 cm !
represent the -CH; anti-symmetric and symmetric stretching
in aliphatic chains, respectively. The peak at 1689 cm ' is
attributed to the C=O0 stretch in carboxylic acids, and the one
at 1650 cm ! is likely originated from the -NH, deformation
in primary amines. The bands at 1552 cm ' and 1361 cm ™' are
assigned to the COO ™ group anti-symmetric and symmetric
stretching, respectively. The band at 1517 cm™' is probably
attributed to the C=C stretch in benzene ring, and the absor-
bance at 1425 cm ' corresponds to the C-P group stretching.

Figure 3 b shows the Raman spectrum of the product. The
band at 1562 cm™ ' represents the C=C stretch in aromatic
compounds, and the peak at 1423 cm ! is attributed to the
C-P group stretching. The two bands at 1260 cm ™' and
1308 cm ! represent the -CH; deformation, and the peak at
1175 cm™' is assigned to the -CHj rocking. The band at
1090 cm ™' presents the C-N stretching, and the peak at
842 cm™' is probably originated from the C-C-N symmetric
stretching mode. The bands at 1028 cm ' and 989 cm ' can be
assigned to the C-H in-plane bending and ring breathing in
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Fig. 1 TEM image of the product (a), HRTEM image of Au cores (b), vesicular assembly structure (¢), and XRD pattern of the product (d)

aromatic compounds, respectively, and the two peaks at
728 em! to 695 cm ! can be assigned to the C-H out-of-
plane deformation. The band at 521 cm ™" can be assigned to
the C-S stretch in mercaptans. The peak at 407 cm ' s attrib-
uted to C-C=0 bend in carboxylic acid, and the band at
279 ecm™! represents the -C-C-C- bending. Both the FTIR
and Raman results suggest the presence of D-PA and PPh;
molecules on the Au NPs in the product.

The capping molecules were also analyzed by using 'H
NMR spectroscopy according to the chemical shifts of pro-
tons, where quantitative analysis could be carried out by the
integral area of the peaks in the spectrum. In Fig. 3c, the
chemical shifts of protons at 11.17 ppm and 5.32 ppm are
attributed to the residual solvents of trifluoroacetic acid-d (in-
cluding water) and dichloromethane-d2, respectively. The
peaks at 7.65 ppm and 7.23 ppm are assigned to the protons
in the benzene rings of PPh; molecule, and the ones at
1.68 ppm and 2.37 ppm correspond to the protons of methyl
(-CH3) and methine (-CH) groups in D-PA molecule.
Comparing the integral peak area at 1.68 ppm to the sum at
7.65 ppm and 7.23 ppm, the ratio of D-PA to PPhs (S/P) is
estimated as 1.75 in agreement with the XPS analysis.

The distribution of capping ligands on the Au NPs of the
product was determined by NOESY technique [20, 23, 24],
which is a two-dimensional phase-sensitive NMR analysis
based on the distance-dependent nuclear Overhauser effect
between proton spins [21]. It is clear that all the resonances
in the spectrum are well aligned along the diagonal direction
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as shown in Fig.3d, demonstrating that the hydrophilic (D-PA)
and lipophilic (PPh;) ligands are segregated on two compart-
ments of the Au NP’s surface. In other words, the Au NPs in
the product are amphiphilic Janus nanoparticles modified with
two distinct faces of D-PA and PPh; molecules.

The amphiphilic feature of the Au NPs in the product was
also examined by the wettability of Langmuir reassemblies. In
the experiment, the product was firstly dispersed in DMF by
ultrasonic stirring. Then, the as-dispersed individual Au NPs
in DMF were spread on water surface, which were
reassembled in the form of Langmuir films after compression.
Figure 4 a shows a band at 535 nm in the UV-vis spectrum of
the dispersed product in DMF, while the Langmuir film pre-
sents a peak at 578 nm. The red shift of the Langmuir film is
attributed to the supramolecular interaction among the Au
NPs, which indicates the self-assembled Au NPs. Figure 4 b
displays the isotherm of Langmuir compression, where the
assembly of the floating Au NPs appears in the form of gas-
eous (G), liquid (L) and solid (S) states with the increase of
pressure. Based on the result, the Langmuir film was prepared
at the compression of 12 mN m ™.

The wetting difference on the two faces of the Langmuir
reassembly therefore reflects the amphiphilicity of the individ-
ual Au NPs in the as-synthesized product. The inserted picture
in Fig. 4b shows the ways of collecting the Langmuir films by
the upstroke and downstroke movements of the glass slides,
by which the contact angles on the two faces were available to
be measured. The contact angles of a water drop on the surface
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A (lipophilic side out) and surface B (hydrophilic side out)
were measured as 77.5° and 30.3°, respectively, verifying that
the phase separation of the PPh; and D-PA ligands occurs on

Table 1 XPS analysis of the product

Elements B.E. (eV) Possible chemistry Atomic
percentage (%)

AU4f 83.9 Al,l4t7/2 17.28
87.6 AU4f5/2

P, 131.2 Pasn 2.09
132.0 Popii2

Sop 162.0 Sap32 3.86
163.2 Sapir2

Ni. 400.2 CN 347

C. 284.8 Cc-C 47.80
285.7 C-S,C-N 8.30
290.4 -COOH 4.13

O.. 532.3 -COOH 7.56
5334 -OH 5.51

the individual Au NPs in the product, in agreement with the
NOESY analysis.

Competitive ligand adsorption on Au NPs

Figure 5 a is a schematic diagram that shows the formation of
Janus Au NPs via ligand exchange reaction at toluene/water
interface, during which a portion of the PPh; ligand on the
precursor homogenous Au NPs is replaced by D-PA molecule,
leading to the amphiphilic Janus Au NPs with two phosphine
and thiolate faces. The formation of Janus Au NPs was a rapid
kinetic process. The inset of Fig. 5b directly shows the ligand
exchange process by the color change in toluene phase: (1)
Before ligand exchange reaction, the precursor Au NPs stabi-
lized with PPh; are steadily suspended in toluene, which ap-
pears in a color of brown black; (2) 8 min later, a majority of
the Au NPs in toluene moved to the toluene/water interface in
form of aggregates, accompanied with the color fading in the
toluene solution; and (3) after 15 min of reaction, nearly all Au
NPs were enriched at the toluene/water interface, and both the
toluene and aqueous phases were colorless. The ligand
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Fig. 3 FTIR (a), Raman (b), "H NMR (c), and NOESY (d) analyses of the product
exchange process was also assessed by the S/P ratio (i.e., D- ~ NPs. Afterwards, the curve reaches a plateau that extends up
PA to PPh;) sampled at variant reaction periods by XPS anal-  to 240 min, suggesting the equilibrium of ligand exchange.
ysis. Figure 5 b shows the curve of the S/P ratio in the product Moreover, the process can be also investigated by UV-vis

with reaction time, which sharply increases in the first 15 min,  absorbance at A, = 539 nm in toluene at different lengths of
indicative of the quick substitution of PPh; by D-PA onthe Au  reaction. As illustrated in Fig. Sc, the absorbance of the Au
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Fig. 4 Characterizing the phase separation of the Au NPs through Langmuir reassembly of the dispersed product. UV-vis spectra of the product
dispersed in DMF and Langmuir reassembly (a) and compression isotherm and the contact angles on the two faces of the reassemblies (inset) (b)
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NPs in toluene declines quickly within the initial 15 min, and
only less than 10% of intensity is remained afterwards. The
kinetics of the ligand exchange reaction can be further esti-
mated by the absorbance variation according to the following
equation:

In(C,/Co) = 1n(A;/Ao) = —K g (4)

where the C;and A, represent the content of Au NPs in toluene
and the corresponding absorbance at the time ¢, the Cy and A,
the content of Au NPs in toluene and the corresponding ab-
sorbance before ligand exchange (1= 0), and K,,,, is the ap-
parent rate constant of ligand exchange reaction. Figure 5 d
displays a linear relationship of In(A/A,) versus reaction time,
suggestive of the first order reaction. The apparent rate con-
stant K,,,,, was estimated as 0.19 min~' at room temperature
from the gradient of the fitting line.

It is accepted that the binding force of Au-S is stronger than
that of Au-P, which enables the ligand substitution of phos-
phine by thiolate molecules on the surface of Au NPs.
However, this experiment suggests that the rapid ligand sub-
stitution of PPh; with D-PA stops in midway, leading to the
formation of amphiphilic Janus Au NPs with phosphine and
thiolate faces. Figure S3 displays that the color of water phase
turns pink (indicative of some hydrophilic Au NPs) as total
ligand substitution of PPh; by D-PA was commenced under
slow stirring for 24 h reaction, demonstrating the connection

of amphiphilic Janus Au NPs with the toluene/water emulsion
system. XPS analysis further indicates in Fig. S2 and Table S1
that the amphiphilic Janus Au NPs are stable enough to stand
the attack of D-PA, where the S/P ratio is not changed when
the as-synthesized product was again dispersed in | mM D-PA
solution under magnetic stirring for 2 h. The mechanic inves-
tigation on the ligand exchange at emulsion interfaces is still
underway.

As a potential heterogeneous catalyst, the preliminary
use of amphiphilic Janus Au NPs on the reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) by excess
amount of NaBH, (in the molar ratio of NaBH,4 to 4-NP
of 120:1) was commenced, where the time-dependent var-
iation of absorbance was monitored by UV-vis spectros-
copy at the wavelength of 399 nm (the characteristic peak
of 4-NP) [25]. It was observed that there was no visible
change on the absorbance after 30 min in the absence of
the amphiphilic Janus Au NPs, indicating that no reaction
happened. However, when the suspension of amphiphilic
Janus Au NPs (shown in the left photo of Fig. S4a) was
added, the absorbance began to decrease after a probation
period (Fig. S4b), where the fitting line of In(A,/A,) versus
reaction time is linear (Fig. S4c), suggestive of the first
order kinetics with the apparent rate constant K, of
0.12 min"' [26]. Different from hydrophilic Au NPs, the
amphiphilic Janus Au NPs can be easily separated from
the solution by magnetic stirring with toluene, where the

@ Springer



62

Gold Bull (2020) 53:55-62

amphiphilic Janus Au NPs are enriched at the toluene/
water interface (see the right image of Fig. S4a), available
for catalysis again after rinsing with the toluene/water
mixture (at the volume ratio of 1:1).

Conclusion

Amphiphilic Janus Au NPs coated with compartmentalized
D-PA and PPh; faces were synthesized by a fast ligand ex-
change reaction at toluene/water emulsion interface. TEM and
XRD analyses indicate that the product is composed of Au
nanocrystals in an average diameter of about 3.7 nm. XPS,
FTIR, Raman, and '"H NMR analyses demonstrate that the Au
NPs in the product are modified with D-PA and PPh; at the S/
P ratio of around 1.8. The NOESY analysis and contact angle
measurement further suggest that the D-PA and PPh; mole-
cules are separated into the hydrophilic and lipophilic com-
partments on the individual Au NPs. The amphiphilic Janus
Au NPs exhibit good catalytic performance on the reduction
of 4-nitrophenol and can be easily separated and reused due to
their amphiphilic nature. The simple approach allows the
batch synthesis of amphiphilic Janus Au NPs with compart-
mentalized thiolate and phosphine faces at low cost, which is
potentially applicable for other phosphine/thiolate pairs to
modify Au NPs.
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