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Recent advances in nanoparticle synthesis have created new potential avenues for aqueous catalysis of
organic reactions. Morphological control of metal nanoparticles often involves the use of surface ligands,
which in turn affect the catalytic activity of nanocatalysts. This Letter demonstrates that surface
anchoring group, chain length, and configuration of the water-soluble, polymeric ligands influence the
catalytic properties of alloyed AuCu3 nanorods for metal-catalyzed organic reactions. Due to the binding
affinity of the surface-anchoring groups, a thiol anchor was found to be detrimental the Au-catalyzed
reduction of p-nitrophenol while the Cu-catalyzed azide–alkyne cycloaddition was severely inhibited
by amine anchors. Furthermore, the catalytic activity of nanorods increased with increased dimension
of the ligands with the same anchoring group due to the reduction of graft density. Elevated temperature
facilitates the mobility of surface ligands in benzonitrile hydration to benzamide, resulting in the
enhancement of catalytic activity. This work highlights the paramount importance of surface ligand
selection in the design of nanocatalysts for catalytic organic reactions.

� 2015 Elsevier Ltd. All rights reserved.
Metal nanoparticles have received considerable attention as
heterogeneous catalysts in the past two decades due to their
extremely large surface-to-volume ratio compared to their bulk
counterparts.1 Uniform nanoparticle suspensions are considered
as the bridge between traditional homogenous and heterogeneous
catalysis. Nanoparticle catalysts have demonstrated the capacity to
catalyze reactions in H2O, at relatively low temperatures, under
normal atmosphere.2 These catalysts can be readily recovered by
centrifugation, therefore they can be recycled. Numerous efforts
have been made to synthesize metal nanoparticles with control-
lable size and shape which, in turn, tune their catalytic activity.3

In order to manipulate the morphology, surface ligands are
deployed in the synthesis and the resultant nanoparticles are
capped by a monolayer of these ligands. The binding affinity of
these ligands to the surface plays an important role in the catalytic
activity of the nanoparticles in heterogeneous catalysis because the
reactant molecules are activated on the nanoparticle surface.4–6

Ligand exchange is used as the first step in many phase transfer
processes designed to retain surface activity of nanomaterials. In
this Letter, we correlate the catalytic activities of aqueous, sur-
face-capped Au–Cu alloyed nanorods to polymeric ligands with
different functional groups, molecular weights, and configurations
for organic reactions. This correlation allows us to choose and
design surface ligand to retain and further enhance the catalytic
activity of the nanoparticles.

Coinage metals, such as Au and Cu, have been demonstrated for
numerous catalytic processes.1 Alloying Au and Cu enables synergy
of their catalytic properties, and thus Au–Cu alloys are better cata-
lysts than Au or Cu alone for many important reactions such as CO
oxidation,7 propene epoxidation,8 and benzyl alcohol oxidation.9

Additionally, using these alloys can defray the cost of pure Au
materials and reduce the reactivity of Cu with air.10 The catalytic
activity can be further altered by modifying the morphology of
the nanoparticles. For example, we have demonstrated that the
rod-shaped AuCu3 nanoparticles are approximately ten-fold more
active than spherical nanoparticles with the same composition
and surface area.11 The AuCu3 nanoparticles absorb visible or
near-infrared light, which may generate singlet oxygen,12 which
could be used in an alternative approach for organic syntheses
developed by Prof. Harry Wasserman,13 including bipyrrole
aldehyde,14 an intermediate in the total synthesis of prodi-
giosenes.15,16 Herein, we use the AuCu3 nanorods (AuCu3NRs) as
model catalysts to study the influence of surface ligands on their
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catalytic activity. Three metal-catalyzed reactions are chosen for
this study: Au-catalyzed p-nitrophenol reduction, Cu-catalyzed
alkyne–azide ‘click’ cycloaddition, and metal-catalyzed nitrile
hydration, all of which are important reactions for the synthesis
of intermediates in drug discovery. The binding affinity of poly-
meric ligands to Au and Cu surfaces is correlated to their catalytic
activity for these three reactions.

The AuCu3NRs were synthesized by alkylamine reduction as
previously described.11 Briefly, HAuCl4 was reduced at 140 �C for
20 min in tetradecylamine under protection of Ar to generate Au
seed particles. The reaction temperature was increased to 210 �C
and copper acetylacetonate (4:1 mol ratio Cu–Au) dissolved in
oleylamine was injected. The reaction was allowed to proceed for
another 20 min to form AuCu3NRs. Figure 1A shows the transmis-
sion electron microscopy (TEM) image of typical AuCu3NRs, having
an average length of 25.0 ± 2.1 nm and diameter of 11.2 ± 1.0 nm,
equal to an aspect ratio of �2. The powder X-ray diffraction
(XRD) pattern verified that the AuCu3NRs adopted face-centered-
cubic (fcc) crystal structure, suggesting a random alloy of Au and
Cu (Fig. 1B). The peaks at 42.1, 48.2, and 71.3 �C were assigned to
(111), (200), and (220) crystallographic planes of fcc structure.
The composition (1:3 ratio Au to Cu) of the AuCu3NRs was
Figure 1. Characterization of AuCu3NRs: (A) TEM image; (B) XRD pattern; and (C)
extinction spectrum.
confirmed by analyzing the most prominent peak of the (111)
plane using Vegard’s law. Figure 1C shows the optical spectrum
of the AuCu3NRs with an extinction peak at 670 nm. To obtain
water-soluble catalysts, ligand exchange was performed in CHCl3,
followed by transferring into aqueous solution using ethanol as a
phase transfer intermediary.11,17 After phase transfer, the
AuCu3NRs were well-dispersed in aqueous solution and there
was little change in their optical spectra. The concentrations of
Au and Cu were measured by flame atomic absorbance
spectroscopy.

Water-soluble polymers were used to replace the alkylamines
capping the surface of the AuCu3NRs, yielding water-soluble cata-
lysts. Table 1 lists the water-soluble polymers including linear
poly(ethylene glycol) (PEG) and branched poly(ethyleneimine)
(PEI). PEG (M.W. = 5000) terminated with amine (–NH2), thiol
(–SH), and carboxylic acid (–COOH) functional groups were chosen
for the study, named as PEG-NH2, PEG-SH, or PEG-COOH. The
amine group has a high affinity to coordinate with Cu while the
thiol group strongly interacts with Au surface. The carboxylic acid
group loosely attaches to both Cu and Au surfaces. The effect of
multidentate binding to the surface is compared using PEI which
contains multiple amino groups. The influence of steric hindrance
is studied using PEG and PEI with different molecular weights. To
investigate the effects of capping-ligand effects on the catalytic
properties, Au-catalyzed p-nitrophenol reduction, Cu-catalyzed
alkyne–azide ‘click’ cycloaddition, and metal-catalyzed nitrile
hydration were selected to test the hypotheses.

The NaBH4 reduction of p-nitrophenol (more accurately,
p-nitrophenolate) is a well-studied model reaction for nanoparti-
cle-based catalysis (Scheme 1).18 Compared to Cu, Au can catalyze
the p-nitrophenol reduction more efficiently.19 The reduction
process can be monitored by the loss of absorbance at 400 nm
corresponding to the disappearance of p-nitrophenolate.19 The reac-
tion proceeds through two steps: an induction period (t0) wherein
the surface of the particle is reconstructed to activate the adsorbed
reactant molecules and a catalytic period (kcat) where the reaction
follows first-order kinetics with respect to p-nitrophenol concentra-
tion.20 In the absence of metal nanoparticles the reaction had not
proceeded after 2 h incubation (Fig. S1). Table 2 lists the results
derived from the UV–vis spectroscopic analysis. Figure 2 shows
the UV–vis spectroscopic monitoring of the reaction process in the
presence of ligand-capped AuCu3NRs. The induction period was
found to be 3.7, 3.9, and 17.7 min for the PEG-NH2, PEG-COOH,
and PEG-SH and the kcat (s�1) was determined to be 0.0048,
0.0033, and 0.0022, respectively, for 1 ppm Au samples (catalyst
Table 1
Summary of aqueous AuCu3NRs capped by different polymeric ligands

AuCu3NR
sample
name

Ligand Terminus M.W.
(KDa)

Au/Cu
(mol/mol)

PEG-NH2 Poly(ethylene glycol) –NH2 5000 0.41
PEG750 Poly(ethylene glycol) –NH2 750 0.40
PEG-SH Poly(ethylene glycol) –SH 5000 0.46
PEG-COOH Poly(ethylene glycol) –COOH 5000 0.43
PEI10000 Poly(ethyleneimine) Branched, –NH2 10000 0.55
PEI600 Poly(ethyleneimine) Branched, –NH2 600 0.54

Scheme 1. Au-catalyzed p-nitrophenol reduction.



Table 2
Catalytic efficiency of ligand-capped AuCu3NRs for p-nitrophenol reduction

Sample [Au] (ppm) kcat
a (s�1) t0

b (min)

PEG-NH2 1.0 0.0048 3.7
PEG-COOH 1.0 0.0033 3.9
PEG-SH 1.0 0.0022 17.7
PEG-NH2 2.0 0.0101 0.9
PEG750 2.0 0.0062 1.4
PEI10000 2.0 0.0071 2.3
PEI600 2.0 0.0064 2.0

a Determined by taking the slope of the linear portion of ln(Abs0/Abs).
b Determined by minimum in 1st derivative of Abs versus time.

Figure 2. Nitrophenol reduction catalyzed by (black) PEG-NH2, (green) PEG-COOH,
and (blue) PEG-SH monitored as (A) absorbance at 400 nm, and (B) natural log of
the ratio of absorbance at 400 nm at time = 0 and time = t.

Scheme 2. Cu-catalyzed alkyne–azide ‘click’ cycloaddition.

Table 3
Catalytic efficiency of ligand-capped AuCu3NRs for azide–alkyne cycloaddition

Catalyst 0.5 h conversiona 2 h conversiona 18 h conversiona

No catalyst <2% <2% <2%
CuCl 5% 20% >98%
PEG-NH2 <2% <2% <2%
PEG750 <2% 6% 51%
PEG-SH 2% 15% >98%
PEG-COOH 2% 11% >98%
PEI10000 3% 16% >98%
PEI600 6% 19% >98%

a Determined by 1H NMR peak integrals. The reaction proceeded according to
Scheme 2.

Scheme 3. Metal-catalyzed nitrile hydration.

Figure 3. Nitrophenol reduction catalyzed by (black) PEI10000, (red) PEI600, (blue)
PEG-NH2, and (green) PEG750 monitored as (A) absorbance at 400 nm, and (B)
natural log of the ratio of absorbance at 400 nm at time = 0 and time = t.
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loading 1% by Au atom). The strong binding between the thiol and
Au prevents access of reactant molecules to the metal surface.6 As
a result, the induction time is increased and the kcat reduces. On
the other hand, the AuCu3NRs with weakly-bound PEG-NH2 and
PEG-COOH show much shorter induction times and larger catalytic
rate constants than those with tightly-bound PEG-SH.

Several different polymers with amine groups were used to
investigate the effects of multidentate binding and steric hin-
drance, as shown in Figure 3. Both PEG750 and PEG-NH2 provide
a single anchor to the AuCu3NR surface, while the PEIs allow
multidentate binding to the metal surface. Using 2 ppm Au (2%
catalyst loading) the induction times were 1.4 and 0.8 min and
the kcat were 0.0062 and 0.0101 s�1 for PEG750 and PEG-NH2

capped AuCu3NRs, respectively. This discrepancy can be attributed
to the increased graft density of shorter polymers relative to longer
polymers,21 thereby inhibiting the access of reactants to active
sites on the surface. The PEI-capped AuCu3NRs showed induction
times of 2.3 and 2.0 min and kcat of 0.0064 and 0.0071 s�1 for
PEI600 and PEI10000, respectively. One would expect that the
multidentate binding ligands should greatly reduce the catalytic
activity; however, the catalytic activity of PEI600-capped
AuCu3NRs is comparable to that of PEG750-capped ones.
Coincidently, it was found that a blue supernatant was recovered
during the phase transfer process with PEIs, suggesting that Cu2+

ions had been released from the AuCu3NRs. The FAAS results



Table 4
Catalytic efficiency of ligand-capped AuCu3NRs for benzonitrile hydration

Catalyst 24 h, 75 �Ca,b 3 h, 75 �Cb 24 h, 75 �Cb TOFc (mol/molcat h) 3 h, 95 �Cb TOFd (mol/molcat h)

No catalyst <2% <2% <2% N/A 20.7% 1380
PEG-NH2 <2% 3.1% 14.5% 121 26.7% 1780
PEG750 <2% 8.6% 25.0% 209 40.0% 2670
PEG-SH <2% 2.4% 10.1% 84 23.1% 1540
PEG-COOH <2% <2% 12.5% 104 21.2% 1420
PEI10000 3.0% 3.0% 15.1% 180 39.6% 2640
PEI600 4.6% 6.5% 21.7% 126 43.3% 2890

a Controls performed without AuCu3NRs using 1 mg/mL ligand concentration.
b Conversion determined by UPLC monitoring 254 nm. Reaction proceeded according to Scheme 3 with 9.3 mM benzonitrile and 0.5 % catalyst loading.
c Turnover frequency calculated based on 24 h incubation.
d Turnover frequency calculated based on 3 h incubation.
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confirmed the substantial increase in the mole fraction of Au and
Cu in the AuCu3NRs while XRD pattern revealed the composition
remained to be AuCu3. These data imply that the PEI-capped
AuCu3NRs are covered by a skin of pure Au, which promotes the
catalytic properties of the AuCu3NRs and compensates the detri-
mental effect of multidentate binding to the surface. The PEI etch-
ing of Cu from the AuCu3NRs is akin to the Tumbaga processing
that Native Americans used to produce alloyed AuCu3 pots with
a pure Au surface.22 Similar to the case of PEG, the catalytic activity
increased with increased chain length, suggesting that the bulky
PEI10000 configuration wrapping around the AuCu3NRs creates
more available reaction sites compared to the smaller ligand.

To further elucidate the surface ligand effects on the bimetallic
catalysts, the catalytic activity of AuCu3NRs was investigated for
the Cu-catalyzed ‘click’ reaction between benzylazide and pheny-
lacetylene yielding a triazole (Scheme 2).23 Pure Cu nanoparticles
have been demonstrated for this reaction in THF;24 however, the
possibility of surface oxidation of the Cu nanoparticles could not
be ruled out. This reaction has been demonstrated on the Au
(111) surface, but the Au acts as a two-dimensional constraint
rather than as a catalytic participator.25 In this study, the click
reaction was carried out in 1:1 t-butanol–H2O at room tempera-
ture for 0.5, 2, and 18 h with 1 equiv phenylacetylene, 1.2 equiv
benzylazide, 0.1 equiv sodium ascorbate, and 0.005 equiv Cu (as
AuCu3NR or CuCl, 0.5% catalyst loading). The product was isolated
by extraction with dichloromethane and the conversion was quan-
tified by 1H NMR by monitoring the loss of alkyne peak (2.9 ppm)
and the emergence of the vinyl peak (7.65 ppm), as listed in
Table S1). No reaction was observed in the absence of Cu-based
catalysts. The conversion efficiencies of the different ligand-capped
AuCu3NRs are included in Table 3. Comparable to the CuI salt as a
positive control catalyst, PEG-SH and PEG-COOH capped AuCu3NRs
demonstrated nearly a complete conversion of phenylacetylene
because the weak ligand bound surface are accessible to the reac-
tants. The amine terminated PEG750 capped AuCu3NRs only
demonstrated approximately 50% conversion and PEG-NH2 capped
AuCu3NRs showed almost no catalytic activity. This result indicates
that the strong interaction between amines and Cu prevents suc-
cessful adsorption of the reactants to the nanoparticle, thereby
inhibiting the reactions. Surprisingly, both PEI750 and PEI10000,
which contain numerous primary, secondary, and tertiary amines,
did not seem to interfere with the catalytic process, suggesting that
the leaching of Cu from AuCu3NR surface weakens the binding of
branched PEI to the surface and makes it available for reactants
to adsorb over a prolonged reaction time. Similar trends for the
ligand effects were found at the time points of 0.5 and 2 h com-
pared to the results from 18 h.

The binding affinity of ligand to the surface is weakened as the
temperature increases. To study the temperature effects on the
ligand binding, the metal-catalyzed hydration of benzonitrile to
benzamide was investigated (Scheme 3).26 The reaction was run
at both 75 �C and 95 �C and catalyzed using AuCu3NRs (0.5% cata-
lyst loading by metal atom) capped by all six different ligands
and results are listed in Table 4. The initial concentration of ben-
zonitrile was 1 mg/mL (�9.3 mM) and ultra-performance liquid
chromatography (UPLC) was used to quantify the conversion by
monitoring absorbance at 254 nm as listed in Tables S2 and S3. In
the absence of AuCu3NRs, no reaction took place at 75 �C and com-
plete conversion from benzonitrile was observed at 95 �C after 24 h.
Both of PEI600 and PEG750 capped AuCu3NRs showed the highest
turnover frequency and greatest conversion at either temperature
among all catalysts studied. The 5000 Da PEG-capped AuCu3NRs
showed roughly similar, low catalytic activity, suggesting steric
interference preventing access to the AuCu3NR surface to catalyze
the reaction. The elevated temperature provides surface lability,
which reduced the graft density of the ligands. At high tempera-
tures, the PEI10000 showed similar activity to the small ligands
(i.e., PEG750 and PEI600) because the elevated temperature aided
surface lability and fluidity of the ligand coating. The turnover
number was found to increase by two orders of magnitude at the
elevated temperature. After 24 h at 75 �C in the presence of only
ligands (1 mg/mL) without AuCu3NRs, no significant conversion
was observed for linear polymers, while the branched ligands
showed slight conversion (<5%), suggesting that the presence of
the metal particles significantly enhances the rate of reaction.

In summary, we have demonstrated the effects of surface
ligands on the catalytic properties of alloyed AuCu3NRs. The sur-
face anchoring group, chain length and configuration of the
water-soluble, polymeric ligands were found to affect the catalytic
properties of the nanoparticles. The Au-catalyzed reduction of
p-nitrophenol was found to be detrimentally affected by thiol
anchors, presumably due to the strength of the Au–thiol bond. In
contrast, the Cu-catalyzed azide–alkyne cycloaddition was
severely inhibited by amine functional groups because of the
strong interaction between amine and Cu. Additionally, smaller
ligands were found to have reduced catalytic activity relative to
larger ligands owing to the decrease of graft density. From
benzonitrile hydration to benzamide, elevated temperature was
found to increase the mobility of ligands and result in the enhance-
ment of catalytic activity of the ligand-capped nanocatalysts. This
work reveals the potential of AuCu3NRs for a variety of catalytic
organic reactions, yet underscores the paramount importance of
surface ligand selection in the design of nanocatalysts.
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