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ABSTRACT: Although changing the size of metal nanoparticle (NP) is a reasonable way to tune
and/or enhance their catalytic activity, size-selective preparation of NP possessing random-alloy
morphology has been challenging because of the differences in the ionization potential of each
metal ion. This study demonstrates a time-controlled aggregation—stabilization method for a size-
selective preparation of random alloy NPs composed of Au and Pd, which are stabilized by poly(N-
vinyl-2-pyrrolidone) (PVP). By adjusting the mixing time in the presence of a small amount of
PVP, the aggregation was induced to produce AuPd:PVP with sizes ranging between 1.2 and 8.2
nm at approximately 1 nm intervals. Transmission electron microscopy (TEM), powder X-ray

diffraction (PXRD), and extended x-ray absorption fine structure (EXAFS) analyses clearly



indicated the formation of various sizes of AuPd nanoalloys with almost the same morphology,
and size-dependent catalytic activity was observed when hydrodechlorination of 4-choroanisole
was performed using 2-propanol as a reducing agent. AuPd:PVP with a size of 3.1 nm exhibited
the highest catalytic activity. A comparison of the absorption edges on x-ray absorption near edge
structure (XANES) spectra suggested that the electronic state of the Au and Pd species correlated

with their catalytic activity, presumably affecting the rate-determining step.

1. INTRODUCTION:

Over the past decade, bimetallic alloy NPs have attracted considerable attention in a wide range
of research fields related to heterogeneous catalysts because of their unique catalytic activities.1
Besides enhancing the catalytic performance of one side of metal species by another counterpart,
the most fascinating aspect of alloy effects is their novel catalytic activity, which monometallic
NPs do not exhibit.2 Our early findings of “alloy-specific” reactions on fine chemical synthesis,
such as low-temperature Ullmann coupling reactionza and hydrodechlorinationze of aryl chloride
using quasi-homogeneous AuPd bimetallic nanoalloy catalysts, demonstrated its uniqueness.
Shishido’s group also reported hydrosilylation of 1,4-unsaturated ketone using AuPd nanoalloy
catalysts stabilized on solid support.2g Since the perturbation of each metal species leads to a drastic
change in the electronic structure and surface geometry of NPs (the so-called, ligand effect and
ensemble effects),s one of the facile ways to tuning the catalytic activity would be the changing
the ratio of metal species.ng Additionally, the interfacial interaction between metal NP and
stabilizing agents, such as solid support and polymer matrix, is another way to control the activity,4

however, few options are available and a novel method to control the catalytic activity of alloy



NPs is required. Since the catalytic activity of metal NPs is strongly affected by their cluster sizes,s
the development of a method for size-controlled preparation of metal NPs is a promising way to
control their catalytic activity. So far, we have established methods for size-selective preparation
of AuNPs using poly(N-vinyl-2-pyrroridone) (PVP) as a stabilizing matrix.e The thus-prepared
Au:PVP catalysts were applied for an aerobic oxidation of benzyl alcohol to reveal that the
catalytic activity is influenced by the particle size, and also the polymer chain length of PVP (e.g.
morphology of PVP).7 Unlike single metal NPs, however, the conventional seed-growth method
using small seed NPs and weak reducing agentseb is difficult to apply in the case of a bimetallic
alloy system due to large differences in the ionization potential of each metal ion source. Hence,
size-selective fabrication of metal nanoalloys is one of the challenges in the field of nanometal
science, and a new strategy is required to realize it. Here, we describe a time-controlling strategy
for a size-selective preparation of AuPd nanoalloys protected by PVP, and discuss their size-

dependent catalytic effect on hydrodechlorination.



2. EXPERIMENTAL SECTION

2.1. Modified procedure for the preparation of AuPd:PVP by liquid-phase reduction method.
AUPd:PVP with a cluster size of 2.8 + 1.2 nm was prepared as previously described with minor
modification.2a To a test tube (® = 30 mm), containing PVP(K-30) (278 mg, 2.50 mmol as a
monomer unit), water (44 mL), and a magnetic stir bar, was added aqueous HAuUCI4 solution (12.5
umol) and aqueous H2PdCla solution (12.5 umol) at 27 °C with stirring at 1300 rpm. After stirring
for 5 min, a freshly prepared aqueous solution of NaBH4 (50 mmol/L, 5.0 mL, 0.25 mmol) was
added to the mixture in one portion. After stirring for 1 h at the same temperature, the resulting
hydrosol was transferred to the ultrafiltration unit (Vivascience, Vivaspine 20, MWCO: 10,000)
using cold water, and concentrated by centrifugal ultrafiltration at 5 °C. After repeating the
washing process (ca. 20 mL x 3), the residue was freeze-dried for at least two days to give

AUPd:PVP.

2.2. Preparation of AuPd:PVP by microflow module. AuPd:PVPs with cluster size of 1.2 £ 0.4
nm was prepared according to the literature procedure with minor modifications: A flow
microreactor system consisting of an ultrafine multichannel microfluidic mixer (Toshiba Machine
Co., Ltd.) with PTFE tubes (® = 0.96 mm) was used. The microflow system and a 100 mL

Erlenmeyer flask were immersed in ice water.

In each of the two 50 mL beakers, PVP(K-30) (139 mg, 1.25 mmol as a monomer unit) was
dissolved with cold water (25 mL) under irradiation of ultrasound, and both of them were kept
cooling with ice water. To one of them were added aqueous HAuUCI4 solution (12.5 pmol) and
aqueous H2PdCla solution (12.5 pmol), and the mixture was gentry agitated. The resulting solution

was transferred into a plastic syringe (50 mL, 30 mm ID), and this was connected with a plastic



tube and attached on a syringe driver. To the other was added NaBHa4 (10 mg, 0.25 mmol) and the
mixture was gentry agitated. The resulting solution was transferred into a plastic syringe (20 mL,
30 mm ID), and this was connected with a plastic tube and attached on a syringe driver. The syringe
drivers were immediately activated to start flowing at the same moment at the flow rate of 16
mL/min, respectively. The initial small volume was collected into another vial. After confirming
the color change of effluent from pale brown to dark brown, the fraction containing AuPd:PVP
was collected into the cooled Erlenmeyer flask until when the remaining solution volume reaches
2 mL. The remaining solution was collected into another vial. The resulting hydrosol was
transferred to the ultrafiltration unit (Vivascience, Vivaspine 20, MWCO: 10,000) using cold
water, and concentrated by centrifugal ultrafiltration at 5 °C. After repeating the washing process

(ca. 20 mL x 3), the residue was freeze-dried for at least two days to give AuPd:PVP.

2.3. Preparation of AuPd:PVP by time-controlled aggregation—stabilization method. To a test
tube (® = 30 mm), which contains PVP(K-30) (8 mg, 75 umol as a monomer unit), water (35 mL),
and a magnetic stir bar, was added aqueous HAUCI4 solution (12.5 pmol) and aqueous H2PdCla4
solution (12.5 umol) at 27 °C with stirring at 1300 rpm. After stirring for 5 min at the same
temperature, a freshly prepared aqueous NaBHa4 solution (50 mmol/L, 5.0 mL, 0.25 mmol) was
added to the mixture in one portion. After stirring for a specific interval (<1, 20, 60, 180, and 300
s) at the same temperature, to this was added a solution of PVP(K-30) (270 mg, 2.43 mmol as a
monomer unit) in H20 (5 mL). After stirring for 30 min at the same temperature, the resulting
hydrosol was transferred to the ultrafiltration unit (Vivascience, Vivaspine 20, MWCO: 10,000)
using cold water, and concentrated by centrifugal ultrafiltration at 5 °C. After repeating the

washing process (ca. 20 mL x 3), the residue was freeze-dried for at least two days to give



AUPd:PVP (2.1-3.8 nm). The relationship between cluster size and interval is summarized in Table

1.

Table 1. A scheme of time-control aggregation—stabilization and relationship between aging time

and particle size

PVP
HAuCI, NaBH, (270 mg)
H,PdCl, l nucleus formation nucfgzg Ii%wth l stabilization
. g L o AuPd:PVP
PVP (8 mg) 07 oG (2.1 ~3.8 nm)
aging time (s) <1 20 60 180 300

particle size (nm) 21+0.6 3.0+£1.2 31+1.2 33+£1.2 38+13

2.4. Preparation of AuPd:PVP by time-controlled aggregation—stabilization method using
microflow module. A flow microreactor system consisting of two T-shaped micromixer (Comet
X-01, Techno Applications Co., Ltd.) and PTFE tubes (® = 0.96 mm) was used (Table 2). Several
lengths of silicon tube, which connect between two micromixers, were used to control the time lag
for aggregation. The relationship between tube length and time lags were summarized in Table 2.

The whole microflow system and a 100 mL Erlenmeyer flask were immersed in ice water.

Ina50 mL beaker, PVP(K-30) (270 mg, 2.43 mmol as a monomer unit) was dissolved with cold
water (10 mL) under irradiation of ultrasound, and the mixture was transferred into a plastic
syringe (20 mL, 30 mm ID), and this was connected with a plastic tube and attached on a syringe
driver (SD-a). The flow rate SD-a was set at 40 mL/h. In a test tube (® = 30 mm) equipped with

a magnetic stir bar, PVP(K-30) (8 mg, 75 umol as a monomer unit) was dissolved with cold water



(25 mL) under the irradiation of ultrasound, and the solution was kept cooling with ice water. To
this were added aqueous HAUCI4 solution (12.5 pmol) and aqueous H2PdCl4 solution (12.5 umol),
and the mixture was stirred for 5 min. The resulting solution was transferred into a plastic syringe
(50 mL, 30 mm ID), and this was connected with a plastic tube and attached on a syringe driver
(SD-b). The flow rate of SD-b was set at 100 mL/h. To a small beaker were added NaBH4 (10 mg,
0.25 mmol) and cold water (5 mL), and the mixture was agitated. The freshly prepared NaBHa
solution was transferred into a plastic syringe (20 mL, 30 mm ID), and this was connected with a
plastic tube and attached on a syringe driver (SD-c). The flow rate of SD-c was set at 25 mL/h.
Then, SD-c was immediately activated to start flowing. After flowing 0.5 mL of NaBHa4 solution,
SD-b was activated. After activation of SD-c for [time lag + 20] s, SD-a was activated. The
resulting hydrosol was transferred to the ultrafiltration unit (Vivascience, Vivaspine 20, MWCO:
10,000) using cold water, and concentrated by centrifugal ultrafiltration at 5 °C. After repeating
the washing process (ca. 20 mL x 3), the residue was freeze-dried for at least two days to give
AuPd:PVP (4.8-8.2 nm). The relationship between cluster size and interval is summarized in Table

2.

Table 2. A scheme of time-controlled aggregation—stabilization using micro-flow conditions and

relationship between tube length, aging time, and particle size

HAUCl, HoPdCl,
PVP (8 mg) ‘==
Db~ S <3

COVET X-01
NaBH, =

PVP (270 mg) —¢

SDa




tube length (cm) 6.62 50.8 183 316

aging time (s) 20 60 180 300

cluster size (hm) 48+21 6.0+2.6 7.1+ 3.3 8.2+33

2.6. Evaluation of Catalytic Performance. To a flame dried test tube (® = 30 mm) equipped with
a magnetic stirring bar were added a solution of KOH (16.8 mg, 0.30 mmol) in 2-propanol (2 mL)
and 4-chloroanisole (0.2 mmol) under argon atmosphere. After stirring for 5 min at 35 °C, to this
was added a solution of AuPd:PVP (2 atom%) in 2-propanol (4 mL). After the specific times, ca.
0.1 mL of the solution was sampled from the mixture using micro syringe to a micro tube. To this
were added an aqueous hydrogen chloride solution (ca. 1 mol/L) and water (0.4 mL) immediately,
and organic materials were extracted with ethyl acetate (0.5 mL x 3). An aliquot of the solution
(0.5 mL) was dispensed into a GC vial, and then to this were added a solution of n-hexadecane in
ethyl acetate (10 mmol/L, 0.1 mL) and ethyl acetate (0.5 mL). After vigorous mixing using a vortex
mixer, GC analysis was carried out using an aliquot of the solution: Constant pressure was adjusted
to 115.5 kPa. Temperature of the injection chamber, the column oven, and the flame ionization
detector were held at 200, 50 and 280 °C, respectively. The column oven temperature program
was set as follows: heated to 100 °C at the rate of 3 °C/min, heated to 280 °C at the rate of
20 °C/min, and held at 280 °C for 2 min. Retention times: anisole (6.9 min), 4-chloroanisole (13.7

min), n-hexadecane (22.8 min).



3. RESULTS AND DISOCUSSION

3.1. Size-Selective Preparation of AuPd:PVP and Structural Analyses. Although several
studies have reported the effects of alloy NP sizes, they have arguably not evaluated the actual size
effects in the true sense due to the presence of other factors, such as extreme differences in particle
sizes, different preparation methods, and differences in morphology, which are thought to
significantly affect the catalytic activity.e To eliminate such an uncertain factors to the greatest
possible extent, we decided to use NaBH4 as the sole reducing agent for the size-selective
preparation of AuPd:PVP. We began by reinvestigating the conventional liquid-phase reduction.
In our previous study on Ullmann coupling reaction, AuPd:PVP(K-30) was prepared using the
conventional liquid-phase reduction method with NaBHa4 in the presence of equimolar amounts of
HAuUCI4 and H2PdCl4 at 15 °C.2a Although monodispersed NPs of an average cluster size of 2.9 £
0.9 nm were obtained after centrifugal ultrafiltration, Scanning TEM-energy dispersive X-ray
spectroscope (STEM-EDX) analysis of the thus-prepared nanoalloy revealed a non-uniform
composition of Au and Pd atoms due to the difference in their ionization potentials (Au/Auz+ =
+1.50 V; Pd/Pd2+ = +0.987 V vs. SHE) (Figure S1). To increase the homogeneity of the Au/Pd
composition, the temperature of the NaBHa4 reduction was optimized to find that at 27 °C, a
monodispersed nanoalloy with the similar cluster size (2.8 + 1.2 nm) was generated reproducibly
(Figure 1 and S3). The details of the local structure of Au:Pd:PVP were determined by STEM-
EDX and TEM measurements. Judging from the EDX mapping on STEM images, the
homogeneity of the nanoalloy’s composition was improved compared with that prepared at a lower
temperature (Figure S2). High-magnified TEM images revealed that the prepared nanoalloy

showed a lattice fringe pattern characteristic of a cubeoctahedron-shaped crystal, with distances of



2.28-2.34 A, that is, values between those of single Au (2.35 A, fcc) and Pd NPs (2.25 A, fcc),
also suggesting the formation of a well-mixed nanoalloy (Figure S4).10,11

Since it was difficult to obtain the selected area electron diffraction (SAED) image from the
nanoalloy due to the weak diffraction intensity of small NPs, next we conducted a survey on the
global homogeneity of the nanoalloy using X-ray spectroscopy techniques. Powder X-ray
diffraction (PXRD) spectra of AuPd:PVP along with Au:PVP(K-30) and Pd:PVP(K-30) are shown
in Figure 2. Although the peaks derived from metal NPs were broadened because of the presence
of the polymer matrix surrounding the NPs, the 26 value of AuPd:PVP was 38-40°, which is the
value between those of the Au(111) and Pd(111) facets with fcc crystal structures. Additionally,
peaks that can be assigned to the (200) facet were also detected on the shoulder of (111) facet (26
=44°) in the case of AuPd:PVP, indicating the fcc crystal structure of the derived nanoalloys.2a2g,12
To obtain more information about the alloy structure, X-ray absorption spectroscopy (XAS)
measurements at Au Ls- and Pd K-edges were carried out, and the coordination number (CN) and
atomic distance of each metal species were analyzed through curve-fitting of r-space derived from
Fourier transformation of ks-weighted EXAFS oscillation. In both elements, the shape of the
spectra was apparently different from those of the bulk metals, suggesting the formation of an alloy
structure (Figure S7,8). Clearer evidence for the alloy structure was obtained from the curve-fitting
of the EXAFS spectra, showing the existence of Au-Pd bonding (Table 3). The bond length and
CN of Au-Pd, derived from both absorption edges, showed acceptable agreement with each other
(Au Ls edge: 2.78 A, CN: 3.0; Pd K-edge: 2.77 A, CN: 4.4), demonstrating the validity of the
fitting results. Collated with the CN of monometallic Au NPs with a diameter of 2.8 nm,7 the sum
of the mean CN around the Au atom (8.6) is considered a reasonable value. On the other hand, a

relatively small value was observed in the Pd atom (6.5), which indicates that the population of

10



the existing Pd species is to some extent biased toward the surface of the nanoalloy, reflecting the
thermodynamic stability of Au—Au bonding and the intrinsic difference in ionization potential. The
bond length of Au—Au was estimated to be 2.79 A, which is shorter than that of bulk Au (2.85 A).
An extension of the bond length of Pd—Pd (2.78 A; 2.74 A for Pd foil) was also observed. These
observations are consistent with the experimental results of TEM and PXRD described above.
Moreover, almost the same curve-fitting results were derived even with other methods of
fabricating AuPd:PVP which are described in the next paragraph (Table 3). Considering all the
results, we conclude that AuPd:PVP prepared by liquid-phase reduction using NaBH4 exhibits a

random alloy configuration, as revealed by spectroscopic analyses of local and global structures.

11
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Figure 1. TEM images of AuPd:PVP nanoalloys
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Figure 2. PXRD spectra of Au:PVP, Pd:PVP, and AuPd:PVP NPs

13



Table 3. Parameters obtained from curve-fitting of Fourier transformed ks-weighted EXAFS

spectra at r-spacea

Particle
) Shell CNb R (A) AEo (V) d 02 (103 A2)e yv2f R-factorg
size (nm)
Au-Au 5.6+051 2.77 £ 0.007 0.969 + 1.07 9.48 £ 0.500
18.2  0.0070
”1 Au-Pd  2.7+0.39 2.75 £ 0.007 6.17+£1.05 8.24 £ 0.772
' Pd-Pd 1.6+0.35 2.77 £ 0.009 -4.17 +1.49 6.69+1.20
11.9  0.0027
Pd-Au 4.4+0.51 2.77 £ 0.008 -4.32+1.33 8.00 £ 0.696
Au-Au  5.6+0.61 2.79 £ 0.008 3.14+£1.27 10.1 £ 0.631
13.7  0.0085
”g Au-Pd 3.0£0.45 2.78 £ 0.007 6.12+£1.12 8.56 £ 0.822
' Pd-Pd 2.1+043 2.78 +£0.010 -2.75+1.43 7.98+1.28
6.3 0.0030
Pd-Au 4.4+0.58 2.77 £ 0.008 -2.58+1.41 8.22+0.779
Au-Au  5.7+0.54 2.78 £ 0.007 253+ 1.11 9.27 £ 0.503
151  0.0076
31 Au-Pd 3.0+0.42 2.78 + 0.006 6.40 + 1.02 7.97 £0.746
' Pd-Pd 2.0+0.64 2.77+0.014 -3.25+2.20 7.22+181
120  0.0073
Pd-Au 4.7+0.90 2.77+0.012 -2.64+2.12 8.04 £1.09
Au-Au 551046 2.79 £ 0.006 2.78 £ 0.959 8.67 £ 0.402
18.3  0.0105
28 Au-Pd 3.2+0.38 2.79 £ 0.005 6.87 £ 0.859 7.71+£0.640
' Pd-Pd  2.0+0.47 2.77+0.010 -2.59+1.65 6.88+1.35
8.4 0.0038
Pd-Au 4.5+0.63 2.77 £ 0.008 -4.37+1.58 7.29 £ 0.762
Au foil Au-Au 12 (fix) 2.85+0.002 2.77+0.519 8.23 £ 0.202 23.6  0.0037
Pd foil Pd-Pd 12 (fix) 2.74 £ 0.003 -0.943+0.911 5.52+0.392 543 0.0043

aAu L3: k-range = 3-16 A 1, r-range = 1.5-3.3 A, So2 = 0.83 (Au foil); Pd K: k-range = 3-14 A 1, r-range: 1.7-3.2
A, So2 = 0.75 (Pd foil). sCoordination number. cBond length. sAbsorption edge energy shift. eDebye-Waller

factor. fReduced y-squared value. ¢Goodness-of-Fit index.

In the case of the conventional liquid-phase reduction method, the NP generated in situ was
immediately stabilized in the presence of an excess amount of PVP (metal ion/PVVP =1:100) before
nucleus growth to produce smaller NPs.ea To fabricate a larger nanoalloy without using other
reducing agents, we expected that an aggregation-induced size growth of nanoalloy would be

promoted with a very small amount of stabilizing agent, generating a less stable intermediate

14



intensively, and that size control could also be achieved by changing the time of the aggregation
phase. We began our investigation with these considerations in mind. A solution of NaBH4 (10
equiv) was added to a solution of HAuCls, H2PdCls, and PVP (3 equiv, as a monomer unit) in H20,
at 27 °C to generate the nanoalloy. After 300-s aging to promote the aggregation, an excess amount
of PVP (97 equiv) was added to stabilize the nanoalloy and cease the aggregation. After the
standard purification process, TEM was carried out to ascertain the generation of monodispersed
AUPd:PVP with a particle size of 3.8 + 1.3 nm (n = 3). Next, we investigated the different aging
times of the aggregation (<1, 20, 60, and 180 s) in order to control the particle size (Table 2).
Although no significant size change occurred until 20 and 60 s, AuPd:PVP with a cluster size of
3.3+ 1.2 nm was obtained after aging for 180 s. In the case of <1 s aging, a smaller nanoalloy was
formed, probably due to the lower initial concentration of PP, increasing the diffusion rate of the
aqueous NaBHa solution. These results clearly showed that the particle size of the nanoalloy is
controllable using the aggregation—stabilization technique. As the mechanism of nucleation is the
same as that of the conventional liquid-phase reduction method, the composition of the nanoalloy
must be determined at the stage of nucleation and not changed after aggregation. The PXRD
spectra and EXAFS analysis of these nanoalloys exhibited almost the same results as in the case
of the conventional method, indicating their global uniformity. TEM of the AuPd:PVP (3.1 £1.2
nm) was also performed to reveal the local structure. Although some NPs showed the same pattern
of lattice fringe as in the case of conventional reduction, a multiply-twinned particles with
dodecahedral or regular icosahedral crystal shapes were also observed.is A reason for the
contamination of crystals with different morphologies may be related to the preparation method of

utilizing the aggregation of NP seeds.
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In light of the successful experimental results illustrating the concept of aggregation—
stabilization, we anticipated that the size-swelling might be achieved by increasing the number of
contacts of the NPs, generating much larger nanoalloys. To verify this assumption, a microfluidic
reaction condition was applied in order to perform vigorous mixing before the aging phase,
facilitating size-growth (Table 2). A COMET X-01 micromixing unit (Techno Applications Co.,
Ltd.), which is composed of a T-shaped channel controlling unit connected to a double-lane PTFE
tube and micromixer,sc was chosen for this purpose. Maintaining a constant flow rate, the aging
time was controlled by changing the channel length to 6.62, 50.8, 180, and 300 cm, which
corresponded to 20, 60, 180, and 300 s, producing AuPd:PVPs with cluster sizes of 4.8 £ 2.1, 6.0
+2.6,7.1+3.3,and 8.2 £ 3.3 nm, respectively. TEM revealed the shape of the nanoalloy to be a
polycrystal consisting of cubeoctahedron-shaped crystals, which also reflected the preparation

method.

3.2. Catalytic Activity. We previously reported hydrodechlorination of aryl chloride at ambient
temperature in the presence of AuPd:PVP nanoalloy using 2-PrOH as a solvent and reducing
agent.ee With the different methods of size-selective preparation of AuPd:PVP in this study, a
survey on the size dependency of the catalytic effect on hydrodechlorination was conducted using
4-chloroanisole as a substrate. Nakajima et al. previously reported the preparation of ultra-small
AUPd:PVP (ca. 0.9 nm) using an ultrafine multichannel microfluidic mixer originally developed
by them.s For the sequential survey on the size-dependence of the catalytic activity and electronic
structure, their method was applied with minor modifications to fit our preparation conditions,
successfully giving AuPd:PVP(K-30) (1.2 + 0.4 nm). The reaction was performed at 35 °C in all

cases to afford anisole as the sole product, and the rate constant (k) and reaction order (n) of each

16



nanoalloys were derived from the curve-fitting of the time course plot of 1/[A]n-1 using an n- order
kinetic equation (Table 4, Figure S9-17). For the sake of comparison, the k values were normalized
by the surface areas of the corresponding nanoalloys by assuming the spherical shapes with the
diameters, and expressed as values divided by that of the smallest nanoalloy (1.2 nm). As a result,
the differences in catalytic activity and reaction profile were observed in relation to the particle
size. The normalized rate constant (knorm) revealed its maximum value when AuPd:PVP of 3.1 nm
was used, and exhibited the so-called “volcano” type of activity profile (Figure 3).s Although it
has been well recognized that smaller NPs tend to exert better catalytic activity due to the greater
number of catalytically reactive sites (i.e. corner and/or edge geometry), size-specific
characteristics were observed in this case, probably indicating a significant effect of the electronic
structure. Moreover, the reaction order became larger as the particle size increased, suggesting the
existence of multiple oxidative added species on the surface of the nanoalloy before the rate

determining step.
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Table 4. Size-dependent catalytic activity on hydrodechlorination of 4-chloroanisole

AuPd:PVP (2 atom%)

ci H
/©/ KOH (150 molo%) /O/
y
MeO 2-PrOH, 35 °C, Ar MeO

entry  cluster diameter (nm)  colloid size (nm)a k (h-1)b Knorme Nb
1 1.2 131+ 30 1.78 1 1.1
2 2.1+0.6 111+ 16 1.11 11 1.1
3 28+1.2 94 + 24 1.85 2.4 1.2
4 31+1.2 58+ 18 2.77 4.0 1.2
5 38+13 68+ 11 1.34 2.4 1.7
6 48+21 72+12 0.907 2.0 1.6
7 6.0+2.6 62+ 11 0.388 11 1.8
8 8.2+3.3 103 + 17 0.233 0.89 2.4

alnduced grating (IG) method (0.3 mmol/L for PVP). vDerived from the curve-fitting using the equation of

U[A]n1 = (n—1)kt + 1/[A]on-1 ([A]: concentration of 4-chloroanisole, t: time (h)); cknorm = (km X dm)/(k1 % d1), k1

=1.2,d1=1.78.

5 —
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¥
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Figure 3. Correlation between particle size and normalized rate constant
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3.3. Analyses of Electronic State and Interfacial Morphology. To elucidate the relationship
between particle size and the electronic state of the prepared AuPd:PVPs with several particle sizes,
precise XANES analyses were carried out. The shape of XANES spectra of AuPd:PVP are quite
resemble each other in both absorption edges, which indicated that these Au NPs possess similar
density of state.14-16 The Au Ls-edge XANES spectra showed a less intense white line signal,
suggesting the probability of electronic dipolar transition from the 2ps/2 to the 5d band, which was
attributed to charge transfer from Pd atoms and PVP.7a The lowest intensity was observed in the
case of AuPd:PVP with a diameter of 3.1 nm, which exhibited the highest catalytic activity (Figure
4). Pd K-edge XANES analysis also revealed that AuPd:PVP with a diameter of 3.1 nm showed
the highest absorption edge energy, indicating the formation of electron-deficient Pd species,
attributed to the electron-withdrawing effect of the electron-negative Au atoms. Regarding the
electronic state of these two metals, the results of XANES spectra at both edges correlated with
each other, indicating not only that the electron-rich Au and electron-deficient Pd species might
affect to the catalytic activity but also that the electronic state of the nanoalloy is perturbated only
by changing the cluster size. The colloid sizes in an aqueous solution were also estimated using
induced grating (1G) method to clarify the interfacial morphology between the surrounding PVP
and the core metal (Table 4).7b The smallest colloid size (58 + 18 nm) was observed in the case of
the 3.1 nm cluster size, indicating a strong interaction between the metal surface and the PVP
matrix. In our research into the “matrix effect of PVP”, we found that the electronic state on the
metal surface correlates with the colloid size, probably due to proximity-enhanced electron-
donation from carbonyl groups of PVP to the core metal.7 Although in this case, it is difficult to

clarify the role of PVP because of the additional electronical influence of the adjacent Au species,
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we assumed that electron-donation from PVP might facilitate the oxidative addition step. The
origin of the size-dependent catalytic activity remains unclear due to the multiple factors, such as
the quantum size effect, the composition of metal surface (so-called ensemble effect), and the
interfacial morphology, in addition to the issues described above. Therefore, more precise

experimental and theoretical investigations are required.
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Figure 4. Au Lz- and Pd K-edge XANES spectra of AuPd:PVP (2.1, 2.8, 3.1, and 3.8 nm) and

these magnifications at the absorption edge.
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4. CONCLUSION

We achieved a size-controlled preparation of AuPd nanoalloy protected by PVVP with a precision
of approximately 1-nm intervals based on the time-controlled aggregation—stabilization technique.
Thanks to the use of the same reducing agent, different sizes of AuPd:PVP with almost the same
morphology were furnished, allowing us to thoroughly investigate the size-dependent catalytic
activity. AuPd:PVP with a size of 3.1 nm showed the highest catalytic effect on
hydrodechlorination of 4-chloroanisol. The employed methods are quite practical because of the
easy preparation protocol, and enabled us to observe new phenomena. Furthermore, in
combination with the trans-deposition method developed by our group,17 it may possible to prepare
a size-determined AuPd nanoalloy deposited on solid support with retaining its cluster size, thus

broadening its range of applications.
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