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Direct Synthesis of In-situ Chirally Modified 

Palladium Nanocrystals without Capping Agents and 

Their Application in Heterogeneous Enantioselective 

Hydrogenations

Xiuyun Gao, Xueying Chen, Zhen Hua Li, and Heyong He

Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and Innovative 

Materials, Fudan University, Shanghai 200433, P. R. China

ABSTRACT: Shape-controlled metal nanocrystals possess the advantages of specific atomic 

arrangement on the surface and the uniform size, which can act as ideal model catalysts for 

heterogeneous enantioselective catalytic studies. Nevertheless, capping agents are commonly 

retained on the surface of the as-synthesized metal nanocrystals, which may hinder the necessary 

interaction between the substrate and the chiral modifiers co-adsorbed on the metal surface for 

chiral recognition. In this paper, we directly synthesized dendritic or cubic palladium 

nanocrystals in-situ modified by chiral modifiers such as cinchonidine (CD) or S-proline through 

a one-pot strategy by replacing the conventional capping agents with the chiral modifiers. The 

as-prepared CD-modified Pd nanodendrite catalyst is already to exhibit enantioselectivity in the 

asymmetric hydrogenation of (E)-α-phenylcinnamic acid without subsequent chiral modification 
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processes. The in-situ S-proline-modified Pd nanocube catalyst shows higher enantioselectivity 

than nanocubes synthesized with polyvinyl pyrrolidone (PVP) or cetyl trimethyl ammonium 

bromide (CTAB) as traditional capping agents in asymmetric hydrogenation of acetophenone. 

Chiral modifiers have dual functions (both shape-control agents and catalytic functional 

molecules), which can not only eliminate the adverse effect of traditional capping agents (such as 

PVP) on heterogeneous enantioselective hydrogenations, but also simplify the follow-up chiral 

modification step of metal catalysts, providing a simple and efficient synthetic protocol to 

directly prepare in-situ chirally modified metal nanocrystal catalysts. 

Key words: enantioselective hydrogenation, chiral modification, palladium nanocrystals, (E)-α-

phenylcinnamic acid, acetophenone

1. INTRODUCTION

The increasing demand of optically pure compounds in pharmaceutical, agrochemical and 

perfume industries has provided tremendous impetus for developing efficacious synthetic 

methods for the preparation of single-enantiomer chiral products.1 Heterogeneous asymmetric 

hydrogenation of prochiral chemicals with C=C or C=O bonds is an ideal way to synthesize 

important chiral products due to its significant economic and ecological advantages.2-8 Up till 

now, chirally modified supported metal catalysts are most extensively studied for heterogeneous 

enantioselective hydrogenations.3-8 However, the difference between the energy of S and R 

transition states in heterogeneous asymmetric catalysis is the same as the range of various weak 

interactions existed on the surface of the support (e.g. hydrogen bond, physical adsorption, and 

van der Waals force).9 Baiker and coworkers found that the chemoselectivity and the 

enantioselectivity are both greatly affected by adjusting the basicity and acidity of the support.10 
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3

Thus, the existence of support increases the complexity, which is disadvantageous for the in-

depth study of the chiral recognition nature of heterogeneous asymmetric hydrogenation on 

metal surface. Therefore, it is extraordinary desirable to prepare new and effective chirally 

modified metal catalysts without support.

As is known, the catalytic performance of metal catalysts intensively depends on the 

morphology and atomic arrangement at different facets.11-15 Thus, the preparation of metal 

nanocrystals exposing specific catalytically active facets has aroused great concern for 

decades.13-18 However, up to the present, the application of shape-controlled metal nanocrystals 

is mainly focused on electrochemical tests rather than heterogeneous catalysis, especially in 

heterogeneous asymmetric catalysis15. The main reason is that the surface cleanliness of the 

metal nanocrystals cannot meet the requirements of heterogeneous asymmetric catalysis. As we 

all know, for the synthesis of shape-controllable metal nanocrystals, capping agents such as cetyl 

trimethyl ammonium bromide (CTAB) and polyvinyl pyrrolidone (PVP) are commonly 

introduced to accurately manipulate the exposed facets of the nanocrystals and inhibit 

aggregation.16-19 As the capping agents have a strong adsorption on the surface of metals, they 

usually tend to be retained on the surface of the as-prepared metal nanocrystals and are difficult 

to be completely removed without changing the nanocrystal morphology, which have a major 

effect on the catalytic behavior of catalysts.19-25 Our previous study demonstrated that in the 

enantioselective hydrogenation of acetophenone, PVP molecules residued on Pd concave-

tetrahedron nanocrystals caused the enantioselectivity loss.25 The remained PVP can interact 

with S-proline and hinder the necessary interaction between acetophenone and S-proline co-

adsorbed on the Pd surface, inhibiting enantio-differentiation.25 Therefore, how to prepare 

chirally modified metal nanocrystals without capping agents is of great significance. 
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Chiral modifiers, such as cinchona alkaloids and chiral amino acids, also contain specific 

functional groups (e.g. amino or carboxyl groups), which could bind on metal surface like 

conventional capping agents.1-3, 26-27 Bönnemann and Braun applied dihydrocinchonidine to 

stabilize colloidal Pt nanoparticles and the nanoparticle size of Pt can be varied from 1.5 to 4 nm 

by changing the ratio between platinum and dihydrocinchonidine during the synthesis.26 This 

system showed remarkable enantioselectivity in C=O bond hydrogenation of ethyl pyruvate.26-27 

Therefore, the chiral modifiers are possible to be used as a new category of shape-control agents 

in the preparation of metal nanocrystals, which can not only stabilize the metal particles but also 

control the morphology and exposed facets of metal nanocrystals. As both shape-control agents 

and chiral modification molecules, the chiral modifiers could probably not only eliminate the 

adverse effects of traditional capping agents on heterogeneous asymmetric hydrogenation, but 

also simplify the follow-up chiral modification steps. 

In the present work, by replacing traditional capping agents with cinchonidine and S-proline, 

the two most commonly used chiral modifiers in the heterogeneous enantioselective 

hydrogenations, we successfully synthesized in-situ chirally modified palladium nanocrystals 

with different morphologies. The catalytic behaviors of the in-situ chirally modified palladium 

nanocrystals in the heterogeneous asymmetric hydrogenation of C=C or C=O bonds were studied. 

For comparison, Pd nanocrystals with similar morphology and particle size were synthesized by 

using conventional capping agents (PVP or CTAB) and their catalytic behaviors were also tested 

for evaluating the effect of chiral modifier instead of residual capping agents on the 

enantioselectivity. The work provides a new tactic to synthesize in-situ chirally modified metal 

nanocrystal catalysts with controllable shapes for heterogeneous enantioselective catalysis by 

eliminating the disadvantageous effect of conventional capping agents.
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2. EXPERIMENTAL SECTION

2.1 Chemical and materials

Cinchonidine (CD), cinchonine (CN), S-proline, polyvinyl pyrrolidone (PVP, Mw = 55000), 

sodium tetrachloropalladate (Na2PdCl4) and (E)--phenylcinnamic acid (PA) were bought from 

Aldrich. Palladium chloride (PdCl2) was obtained from J&K Scientific Ltd. Cetyl trimethyl 

ammonium bromide (CTAB), benzylamine (BA), ascorbic acid, hydrochloric acid, potassium 

bromide (KBr), 1,4-dioxane, and acetophenone were bought from Sinopharm Chemical Reagent 

Co., Ltd.

2.2 Catalysts synthesis

The reducing agent we used in all the synthesis is ascorbic acid. As reported in the literature28, 

the reduction power of ascorbic acid is strongly related to the pH values. With the increase of pH, 

ascorbic acid is progressively deprotonated and the higher the pH values, the faster the reduction 

rate.28 Thus, to accurately manipulate the morphology and size of Pd nanocrystals, choosing 

suitable Pd(II) precursors with appropriate pH values is necessary to obtain ideal reduction rates. 

Otherwise, Pd nanocrystals with mixed morphologies will be produced. Under acid conditions, 

the self-prepared H2PdCl4 solution with different pH values prepared by dissolving PdCl2 in 

hydrochloric acid solution was used. Under neutral conditions, the solubility of PdCl2 is low and 

thus commercial Na2PdCl4 with higher solubility is used.

Cinchonidine-modified Pd nanodendrite (Pd-dendrite-CD): 29 mg of CD was dissolved in 

distilled water (100 mL) at 50 C with stirring and nitrogen protection. Then 5 mL of the 

aqueous solution of H2PdCl4 (10 mM, pH = 0.9) was added. After 3 min, ascorbic acid aqueous 
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6

solution (0.1 M, 0.8 mL, freshly prepared) was supplemented. The synthesis proceeded for 20 

min at 50 C in nitrogen atmosphere with stirring. The resulting colloids were centrifuged, 

washed by water once and methanol twice, then kept in 1,4-dioxane for activity test. 

Cinchonine-modified Pd nanodendrite (Pd-dendrite-CN): The synthetic process is identical 

to the procedure described in the preparation of Pd-dendrite-CD, except using CN instead of CD.

S-Proline-modified Pd nanocube (Pd-cube-proline): 1.2 g of S-proline was added into 300 mL 

of deionized water under stirring and nitrogen protection at 95 C. Then, ascorbic acid aqueous 

solution (0.1 M, 2.4 mL, freshly prepared) was added and stirred for 5 min, and subsequently 15 

mL of H2PdCl4 aqueous solution (10 mM, pH = 0.9) was added. The synthesis proceeded for 20 

min in nitrogen atmosphere with stirring at 95 C. The resulting products were centrifuged, 

washed by water once and methanol twice, subsequently kept in methanol for activity test.

CTAB-capped Pd nanocube (Pd-cube-CTAB): The synthesis of CTAB-capped Pd nanocube 

was based on the previous report.29 At 95 °C under nitrogen protection and stirring, 15 mL of 

H2PdCl4 aqueous solution (10 mM, pH = 1.7) was mixed with aqueous solution of CTAB (12.5 

mM, 300 mL). 5 min later, aqueous solution of ascorbic acid (0.1 M, 2.4 mL, freshly prepared) 

was pipetted and the synthesis proceeded for additional 20 min. The resulting colloids were 

centrifuged, washed by water once and methanol twice, subsequently kept in methanol for 

activity test.

PVP-capped Pd nanocube (Pd-cube-PVP): The synthesis of PVP-capped Pd nanocube was 

based on the previous report.30 Ascorbic acid (60 mg), KBr (600 mg), and PVP (105 mg) were 

dissolved in water (8.0 mL) and stirred in air at 80 °C for 10 min. Then, Na2PdCl4 aqueous 

solution (65 mM, 3.0 mL) was pipetted. The synthesis proceeded for 3 h at 80 °C. The resulting 
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7

products were centrifuged and washed by water once and methanol twice, subsequently stored 

with methanol for activity test.

2.3 Catalysts characterization

A JEOL 2011 transmission electron microscope (200 kV) was utilized to obtain the 

transmission electron microscopic (TEM) images of the samples. A FEI Tecnai G2 F20 S-Twin 

field-emission transmission electron microscope (200 kV) was utilized to obtain the scanning 

transmission electron microscopic (STEM) images, the high-resolution TEM (HRTEM) images, 

the selected-area electron diffraction (SAED) patterns, and the EDX-mapping results. A Fourier 

transformation infrared spectrometer (FT-IR, Thermo Fisher Nicolet iS10) was used to record 

the spectra. The recording range is from 400 to 4000 cm-1 with transmission mode. The spectral 

resolution is 32 scans and 16 cm-1. A Bruker D8 Advanced X-ray diffractometer (40 kV, 40 mA, 

λ = 0.15418 nm, Cu-Kα radiation) was used to record the powder X-ray diffraction (XRD) 

patterns.

The adsorption geometries and energies of S-proline on Pd(100) and Pd(111) surfaces were 

optimized by density functional theory (DFT) methods. The SIESTA package was used for 

calculation by utilizing the Troullier-Martins norm-conserving pseudopotentials and numerical 

atomic orbital basis sets31-32. A four-atomic-layer periodic slab with a (33) surface unit cell was 

utilized to simulate the two surfaces and the top half of atoms were allowed to relax. A vacuum 

layer more than 15 Å vertical to the surface was utilized to separate the slabs from their periodic 

images. The Monkhorst-Pack k-point sampling we utilized was (3×3×1). For the exchange-

correlation functional, we applied a double-polarization basis set and the generalized gradient 

approximation PBE method33. An energy shift of 0.01 eV was applied to determine the orbital-
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confining cutoff radii. 150 Rydberg was the energy cutoff set for representing the density of the 

real space grid. To accelerate calculations, an iterative parallel diagonalization method was 

applied to solve the Kohn-Sham equations and the ScaLAPACK subroutine pdsygvx was utilized 

employing 2D block cyclically distributed matrix34. We used the Broyden method to relax the 

geometry until all the relaxation atom forces were lower than 0.05 eV Å-1. In all the 

optimizations, we consider spin polarization and fix the lattice constant of Pd to 3.95 Å35. The 

following is the formula for calculating the adsorption energies:

Eads = Eadsorbed - EPd - Eproline

where Eadsorbed: optimized energy of S-proline molecule adsorbed on Pd(111) or Pd(100) surface, 

EPd: energy of isolated Pd surface, Eproline: energy of vacuum S-proline molecule.

2.4 Activity test

Enantioselective hydrogenation of (E)--phenylcinnamic acid (PA)

The reaction was conducted in a three-necked flask in 1,4-dioxane (2.5 vol% H2O) under 

atmospheric pressure at ambient temperature and the H2 flow rate was kept at 60 mL min-1. 0.022 

mL of BA, 4 mg of Pd-dendrite catalyst, and 76 mg of reactant PA were dispersed in 6 mL of 

1,4-dioxane (2.5 vol% H2O). BA was used as an additive in the enantioselective hydrogenation 

of PA, which not only enhanced the reaction rate by restructuring of the surface acid−base 

adducts from substrate−chiral modifier adduct to product−amine adduct, but also increased the 

enantioselectivity by changing the adsorption configuration of the chiral modifier on the Pd 

surface from N-lone pair bonded CD to -bonded CD.36-37 A stirring rate of 1000 rpm was kept 

for excluding diffusion effects. The catalytic products were identified by a high performance 

liquid chromatography (Agilent-1260) equipped with a chiral column (Chiralpak IG-3, 4.6 mm × 
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250 mm). The retention time of the products were identified with standard chemicals. The 

enantioselectivity was calculated by e.e. % = |(S − R)|/(S + R) ×100.

Enantioselective hydrogenation of acetophenone

The reaction was conducted in methanol under atmospheric H2 pressure (60 mL min-1) at 273 K 

in a three-necked flask. Pd-cube catalyst (4 mg), S-proline (0.40 g) and acetophenone (20 L) 

were dispersed in methanol (17 mL). A stirring rate of 1000 rpm was kept for excluding 

diffusion effects. The catalytic products were analyzed by a gas chromatography (Agilent 

7820A) equipped with a chiral capillary column (CP-CHIRASIL-Dex CB, 0.25 μm × 0.32 mm × 

25 m) and a flame ionization detector (FID). The products were identified with standard samples.

3. RESULTS AND DISCUSSION

3.1 Cinchonidine-modified Pd nanodendrite catalyst

3.1.1 Catalyst characterization
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Figure 1. TEM (a), HRTEM (b), and elemental mapping results (c) of the Pd-dendrite-CD 

catalyst. The inset in (a) is a HAADF-STEM image of the nanodendrites. Bottom-left and top-

right insets in (b) are the enlarged HRTEM image of the squared area and the corresponding 

SAED pattern. TEM images of (d) Pd nanocrystals prepared using 58 mg of CD, (e) Pd 

nanocrystals synthesized in the absence of CD, and (f) Pd-dendrite-CN catalyst.

Figure 1 presents the typical TEM, STEM, HRTEM, EDX-mapping images and SAED pattern 

of the Pd-dendrite-CD catalyst. As shown in Figure 1a, nanodendrites with worm-like 

nanostructures were produced and the average size was ~35 nm. The dendritic nature of the 

nanoparticles was further verified by a high-angle annular dark-field STEM image (HAADF-

STEM, the inset in Figure 1a). Figure 1b shows the typical HRTEM image of a single 

nanodendrite. The nanodendrite was aggregated by tiny grains with the size of ~6.0 nm. SAED 

pattern (top-right inset in Figure 1b) reveals the polycrystalline nature of the nanodendrite. A d-

spacing of 0.23 nm is observed in Figure 1b, ascribable to (111) planes of face-centered cubic 

(fcc) Pd38. Elemental analysis of the Pd-dendrite-CD sample was performed to determine the 

amount of CD adsorbed on the catalyst. Figure 1c presents the typical elemental mapping images 

of the Pd-dendrite-CD sample. The atomic ratio of N/Pd is 0.036 and the amount of CD adsorbed 

on Pd-dendrite-CD sample is calculated to be ca. 0.20 mg, which is ca. 5.0 wt % of the Pd 

catalyst. To see if it is possible to increase the amount of CD adsorbed on the catalyst, we 

tentatively doubled the amount of CD added in the synthetic system. Experimental results show 

that the resulted Pd nanocrystals no longer retain nanodendrite morphology (Figure 1d), although 

the N/Pd atomic ratio in this sample is slightly increased from 0.036 to 0.047.

We also synthesized palladium nanocrystals under the same synthetic conditions except for not 

adding CD in the synthetic system. Without the addition of CD, large Pd nanoparticles with 
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12

irregular shapes were formed and the size varied in the range of 40~100 nm (Figure 1e). This 

indicates that the introduction of CD is a key element for producing dendritic Pd nanocrystals. 

With CD, the reduction of the Pd(II) precursor leads to the production of a great number of small 

Pd grains and they tend to agglomerate to lower the total surface energy and form 

nanodendrites.39-41

Figure 2. XRD pattern of Pd-dendrite-CD catalyst. Vertical lines represent fcc Pd (JCPDS 89-

4897).

The XRD pattern of Pd-dendrite-CD catalyst (Figure 2) exhibits characteristic reflection of the 

Pd black (JCPDS No. 89-4897) and the lattice parameter is calculated to be 0.389 nm. The ratio 

of the (200) to (111) peaks in the nanodendrite sample is similar to that of Pd black sample, 

indicating no observed preferred orientation of the Pd-dendrite-CD catalyst. 
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13

Figure 3. FT-IR spectra of Pd-dendrite-CD (a) and CD (b). Insets are enlarged spectra of the 
rectangular areas.

The FT-IR spectra of Pd-dendrite-CD catalyst and pure CD are shown in Figure 3. As for CD, 

the typical vibrational modes of vinyl ν(C=C) and the quinuclidine moieties are observed at 1636 

and 1454 cm-1, respectively.42-44 Three bands corresponding to the vibrational bands of quinoline 

ring are observed at 1590, 1567 and 1510 cm-1.42-44 In addition, two other bands ascribable to C-

H stretch modes of quinuclidine moiety from CD are also observed at 2934 and 2866 cm-1.44 As 

for the Pd-dendrite-CD catalyst, these vibrational bands can still be observed although there are 

some shifts, which is probably due to the interaction between palladium and CD.42-44 FT-IR 

spectra clearly indicate that there is CD adsorbed on the as-prepared Pd nanodendrite catalyst.

3.1.2 Enantioselective hydrogenation of (E)--phenylcinnamic acid (PA)

The CD-modified Pd catalyst is the most widely studied heterogeneous catalyst for 

enantioselective hydrogenation of ,-unsaturated carboxylic acids.7 Therefore, we tested the 
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14

catalytic property of the as-prepared Pd-dendrite-CD catalyst by using the enantioselective 

hydrogenation of PA as a probe. 

The yield of 2,3-diphenylpropionic acid and the enantioselectivity evolution (inset) with time 

on the as-synthesized Pd-dendrite-CD catalyst are plotted in Figure 4. With reaction time 

increasing, the yield of 2,3-diphenylpropionic acid exhibits a gradual increase. Interestingly, an 

average enantioselectivity of ~15% with the dominant S-enantiomer is obtained over the as-

prepared Pd-dendrite-CD catalyst without the introduction of additional CD chiral modifier in 

the reaction mixture. This result suggests that the CD remained on the as-prepared dendritic Pd 

nanocrystals is already sufficient to induce chiral recognition. When we introduce another 6 mg 

of CD in the reaction mixture, the enantioselectivity can be further increased to 33%, although 

the yield of 2,3-diphenylpropionic acid decreased from 49.8% to 17.6% (Table 1, entry 2). The 

phenomenon of reduction in activity is similar to the literature report7, which is probably due to 

that the Pd active sites are occupied by the adsorbed modifier CD45. After three successive runs, 

there was no decrease in the enantioselectivity, demonstrating the good enantioselective ability 

of the Pd-dendrite-CD catalyst (Table 1, entry 2-4). The decrease in the yield of 2,3-

diphenylpropionic acid over the recycled Pd-dendrite-CD catalyst probably concerns with the 

occupation of Pd active sites by the accumulated CD adsorbed on the recycled catalysts.7,45

As for the heterogeneous asymmetric hydrogenation of PA, literature studies focused on 

supported Pd catalysts and it was found that the enantioselectivity varied significantly associated 

with support materials, reaction conditions and preparation methods of Pd catalysts.36, 46-47 The 

highest ee reported so far is ~90% over a CD-modified Pd-TiO2 (40 wt %) catalyst at 15 C 

under optimized conditions.47 The difficulty in achieving high ee is considered to arise from the 

fact that the reaction rate on unmodified Pd sites is ca. ten times faster than that on CD-modified 
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Pd sites.36 Thus, the much lower ee on the Pd-dendrite-CD catalyst is probably related to the fact 

that only small amount of CD is adsorbed on the catalyst, as verified by the EDX-mapping 

analysis. The low surface coverage of adsorbed CD on the Pd-dendrite-CD catalyst is 

unfavorable to obtain high enantio-differentiation.

Figure 4. The yield of 2,3-diphenylpropionic acid and the enantioselectivity evolution (inset) 

with time on the as-synthesized Pd-dendrite-CD catalyst. Reaction conditions: ambient 

temperature, 76 mg reactant, 0.022 mL BA, 4 mg catalyst, 6 mL 1,4-dioxane (2.5 vol% H2O), H2 

(60 mL min-1).

Table 1. The catalytic property of as-prepared Pd-dendrite-CD and Pd-dendrite-CN samples in 

enantioselective hydrogenation of PA. 

Entry Catalyst Amount of 
additional CD/CN 

added
(mg)

Yield
(%)

ee
(%)

Dominant  
Enantiomer

1 Pd-dendrite-CD 0 49.8 17 S
2 Pd-dendrite-CD 6 17.6 33 S
3 Pd-dendrite-CD-2nd run 6 15.4 35 S
4 Pd-dendrite-CD-3rd run 6 12.8 34 S
5 Pd-dendrite-CN 0 48.4 9 R
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Reaction conditions: ambient temperature, 76 mg reactant, 0.022 mL BA, 4 mg catalyst, 6 mL 

1,4-dioxane (2.5 vol% H2O), H2 (60 mL min-1), reaction time 2 h.

To further verify that the chirality is induced by the chiral modifier CD adsorbed on the 

dendritic Pd nanocrystals, we tentatively replaced CD with CN (epimer of CD) in the shape-

controlled synthesis and obtained similar dendritic Pd nanocrystals (Figure 1f). The as-

synthesized Pd-dendrite-CN catalyst also exhibited enantioselectivity in the enantioselective 

hydrogenation of PA, except that R-enantiomer was dominant (Table 1, entry 5) in contrast to 

the S-enantiomer dominant for the Pd-dendrite-CD catalyst. The results clearly demonstrate that 

CD has the dual functions of both the shape-control agent and the chiral modification molecule 

in our shape-controlled synthetic process.

3.2 S-Proline-modified Pd nanocube catalyst

3.2.1 Catalyst characterization
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Figure 5. (a) TEM, (b) histograms of particle size distribution, (c) STEM, (d) HRTEM and (e) 

elemental mapping results of the Pd-cube-proline catalyst. Inset in (d) shows the Fourier 

diffractogram. (f) TEM image of Pd nanocrystals synthesized without adding S-proline.

Figure 5 shows the TEM, HRTEM and STEM results of the Pd-cube-proline catalyst. As shown 

in Figure 5a-5c, the dominant products are cubic nanocrystals and the average size is ~24 nm. 

The HRTEM image of a nanocube lying flat on the grid is shown in Figure 5d. Two 

dimensionally perpendicular lattice fringes are clearly observed. The d-spacing (0.20 nm) 

corresponds to {200} planes of fcc Pd. The Fourier diffractogram (inset in Figure 5d) exhibits 

regular square diffraction spot array, further confirming the enclosing of the Pd nanocubes with 

{100} facets and the zone axis is [001]. EDX-mapping results (Figure 5e) reveal that the atomic 

ratio of N/Pd is ca. 0.015 in the Pd-cube-proline sample. The amount of S-proline adsorbed on 

Pd-cube-proline sample is calculated to be ca. 0.06 mg, which is ca. 1.5 wt % of the Pd catalyst. 

Only a very small proportion (~0.005%) of S-proline added in the synthetic procedure can 

adsorb on the Pd-cube-proline catalyst. This fact indicates that it is unlikely to significantly 

increase the amount of S-proline adsorbed on the catalyst by simply increasing the quantity of S-

proline added in the synthesis. How to modify the preparation procedure to dramatically increase 

the amount of S-proline adsorbed on the Pd nanocrystals still requires further study.

A comparison experiment was also performed under similar synthetic conditions without 

adding S-proline in the synthetic system. As Figure 5f shows, without S-proline, Pd nanocrystals 

with mixed morphologies and variable sizes were formed and tended to aggregate together. This 

demonstrates that the formation of {100} facets in the Pd-cube-proline catalyst is correlated with 

S-proline.
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Figure 6. Adsorption of S-proline on (a, b) Pd(111) and (c, d) Pd(100) surface. (a, c) is the 

hydrogen-adsorption geometry and (b, d) is the oxygen-adsorption geometry.

For better understanding why S-proline can stabilize the {100} facets of fcc Pd, the adsorption 

of S-proline on the Pd(100) and Pd(111) surfaces was simulated using the DFT methods. S-

proline is an amino acid molecule and either carboxylic group or pyrrolidine ring in S-proline 

has the possibility to bind to the surface Pd atoms. XPS study revealed that S-proline adsorbed 

on Pd(111) as a zwitterion48. Thus, the adsorption through the nitrogen atom from pyrrolidine is 

excluded. Then, only two most likely adsorption structures of S-proline were optimized. The first 

starting geometry is the hydrogen-adsorption from pyrrolidine ring. The second one is the 

oxygen-adsorption from carboxylate group. Figure 6 shows the optimized geometries. The 

adsorption energies (Eads) for the hydrogen-adsorption geometry are -10.4 and -13.1 kcal mol-1 

on the Pd(111) and Pd(100) surfaces, respectively. As for the oxygen-adsorption geometry, the 

adsorption energies are -14.1 and -16.7 kcal mol-1 on the Pd(111) and Pd(100) surfaces, 
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respectively. Obviously, the adsorption energy of S-proline on Pd(100) surface is much lower 

than that on Pd(111) surface for both hydrogen- and oxygen-adsorption geometry, indicating that 

S-proline adsorbs stronger on Pd(100) surface. Thus, S-proline probably prefers to stabilize {100} 

facets than {111} facets in our synthetic process, leading to the production of Pd nanocubes.

Figure 7. FT-IR spectra of Pd-cube-proline (a) and S-proline (b).

FT-IR spectra of Pd-cube-proline and pure S-proline are shown in Figure 7. The vibration 

bands at 1622 and 1562 cm-1 in the Pd-cube-proline catalyst correspond to COO- asymmetric 

stretch vibrational mode and scissor bending vibration of NH2
+ in S-proline, respectively.49 The 

similar FT-IR spectra between Pd-cube-proline catalyst and pure S-proline indicate that there is 

S-proline binded to the surface of Pd-cube-proline catalyst.
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Figure 8. TEM images (a, c) and particle size distribution (b, d) of Pd-cube-CTAB (a, b) and Pd-

cube-PVP (c, d).

For comparison, we also synthesized Pd nanocubes with similar particle size by using CTAB or 

PVP as the capping agents. Figure 8 shows the typical TEM images and histograms of particle 

size distribution. All the nanocube samples have similar average particle size of ~23 nm.

Figure 9. XRD patterns of Pd-cube-proline (a), Pd-cube-CTAB (b), Pd-cube-PVP (c) catalysts. 

Vertical lines represent fcc Pd (JCPDS 89-4897).
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The XRD patterns of the Pd-cube-proline, Pd-cube-CTAB, and Pd-cube-PVP samples are 

shown in Figure 9. In all Pd nanocube samples, there are five diffraction peaks which are 

ascribable to reflections of fcc Pd. The Pd-cube-proline, Pd-cube-CTAB, and Pd-cube-PVP 

samples exhibit lattice parameter identical to that of fcc Pd (0.389 nm). The ratio of the (200) to 

(111) reflections in all Pd nanocube samples is similar and ~1.4 times that of JCPDS (0.60 versus 

0.44). As the Pd nanocubes are prone to lying flat on the XRD sample holder, its (200) preferred 

orientation indicates that the nanocubes are bounded by {100} facets, consistent with the TEM 

results.

Figure 10. FT-IR spectra of CTAB (a), Pd-cube-CTAB (b), PVP (c) and Pd-cube-PVP (d).

The infrared spectrum of CTAB (Figure 10a) shows three strong vibrational bands at 1478, 

2850 and 2920 cm-1, corresponding to C-H scissoring vibrational mode of -N-CH3 moiety in the 

CTAB, symmetric and asymmetric -CH2 stretch vibrational mode of the CTAB, respectively.50-51 

As for the Pd-cube-CTAB sample (Figure 10b), we can still observe the two characteristic 

vibrations at 2920 and 2850 cm-1, suggesting that CTAB is retained on the Pd nanocubes. As for 

pure PVP (Figure 10c), it gives the characteristic C=O stretching vibrational band at 1670 cm-
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1.52-54 Other characteristic bands, including the C-N stretching vibrational band of N-C=O (1494 

cm-1), C-H scissoring vibrational mode (1424 cm-1), C-H bending vibrational band (1373 cm-1), 

and C-N stretching vibrational mode of N-CH2 (1288 cm-1), are also observed.52-54 In the Pd-

cube-PVP sample (Figure 10d), although the relative intensity of the vibrational modes ranging 

from 1500 to 1300 cm-1 decreases dramatically, the stretching vibration of C=O (1655 cm-1) can 

still be clearly observed. The red shift and weakening of C=O stretching vibrational mode is 

probably related to the chemisorption of PVP on Pd surface.54 FT-IR result suggests that PVP is 

retained on the surface of Pd cubic nanocrystals. Washing and centrifugation cannot totally clear 

the PVP bonded on the nanocubes.

3.2.2 Enantioselective hydrogenation of acetophenone

As for the S-proline modified Pd catalyst, the literature results5 verify that it can work as an 

enantioselective catalyst for heterogeneous asymmetric hydrogenation of acetophenone. Thus, 

we tested the properties of Pd-cube-proline, Pd-cube-CTAB, and Pd-cube-PVP catalysts utilizing 

the acetophenone hydrogenation reaction as a probe. 
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Figure 11. The enantioselective behaviors of (a) Pd-cube-proline, (b) Pd-cube-CTAB, and (c) 

Pd-cube-PVP catalysts. Reaction conditions: 17 mL methanol, 273 K, 20 L acetophenone, 4 mg 

catalyst, 0.40 g S-proline, H2 (60 mL min-1).

Without the introduction of additional S-proline in the reaction mixture, no enantioselectivity 

was observed over all three nanocube catalysts. The reason of no enantioselectivity over the as-

prepared Pd-cube-proline catalyst is probably due to that the amount of S-proline adsorbed on 

the catalyst is relatively small and not sufficient to induce chirality in the asymmetric 

hydrogenation of acetophenone.

Table 2. The catalytic performance of Pd-cube-proline catalyst in asymmetric hydrogenation of 

acetophenone after three successive runs. 

Run Yield
(%)

ee
(%)

Dominant  
Enantiomer

1 30.9 15 R
2 28.3 15 R
3 26.2 15 R

Reaction conditions: 17 mL methanol, 273 K, 20 L acetophenone, 4 mg catalyst, 0.40 g S-

proline, H2 (60 mL min-1), reaction time 1 h.

With the introduction of additional S-proline in the hydrogenation reaction mixture, as shown in 

Figure 11, the activity sequence of the three nanocube catalysts is Pd-cube-CTAB > Pd-cube-

PVP > Pd-cube-proline. The Pd-cube-proline catalyst exhibits an average enantioselectivity of 

15% with the dominant R-enantiomer, which is 1.5 times that of Pd-cube-CTAB catalyst (10%) 

and 2.5 times that of Pd-cube-PVP catalyst (6%). The ee sequence reveals that the adverse effect 

of residual CTAB on the enantioselectivity is smaller than that of PVP in acetophenone 

hydrogenation. Table 2 shows the catalytic performance of the Pd-cube-proline catalyst after 1 
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h’s reaction for three successive runs. The invariable ee for three consecutive runs demonstrates 

that the Pd-cube-proline catalyst is highly stable, although a decrease in activity is observed. The 

decrease of activity after recycling is probably related to the fact that Pd nanocubes tend to 

aggregate in the recycled Pd-cube-proline catalyst, which is verified by TEM images of the 

recycled catalysts. The accumulation of S-proline adsorbed on the recycled catalyst during 

recovery may also lead to the decrease of activity. Despite the relative low enantioselectivity on 

the in-situ synthesized Pd-cube-proline catalyst, our work demonstrates that in-situ chirally 

modified Pd catalyst is more favorable to achieve higher enantioselectivity than CTAB or PVP-

capped Pd catalysts.

With respect to acetophenone asymmetric hydrogenation, the enantioselectivities reported so 

far over supported Pd and Pt catalysts are generally low.5-6, 55-56 The best result was reported by 

Tungler et al. over S-proline modified 10% Pd/C (Dutral), which gave 22.5% ee at 77.9% 

conversion.5 However, they also found that the origin of the commercial Pd/C catalysts strongly 

affected the ee, which was generally below 16.7% and could be as low as 7.9%.5 Previously, we 

found that by altering the confinement effect, the enantioselectivity in acetophenone 

hydrogenation on free-standing mesoporous Pd catalysts could be effectively tuned from 22% to 

42% and the mesoporous Pd catalyst with higher (111) preferred orientation exhibited increased 

enantioselectivity.57 Thus, the low enantioselectivity of the present Pd-cube-proline catalyst may 

derive from the fact that the Pd-cube-proline catalyst has large Pd particle size (small surface 

area) and exposes {100} facets. If someone could prepare in-situ chirally modified Pd 

nanocrystal catalyst with smaller particle size and with other specific facets, higher 

enantioselectivity is expected.

 

Page 25 of 31

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26

4. CONCLUSION

In summary, in-situ chirally modified palladium nanocrystals without capping agents were 

successfully prepared via a simple one-pot strategy by replacing the conventional capping agents 

with chiral modifiers such as CD and S-proline. Their applications in the asymmetric 

hydrogenation of C=O or C=C bond were studied. In the enantioselective hydrogenation of (E)-

α-phenylcinnamic acid, the as-prepared CD-modified Pd nanodendrite catalyst does not require 

follow-up chiral modification process and shows enantioselectivity, indicating that the CD 

remained on the as-prepared dendritic Pd nanocrystals is already sufficient to induce chiral 

recognition. In the asymmetric hydrogenation of acetophenone, the as-prepared S-proline-

modified Pd nanocube catalyst shows higher enantioselectivity than nanocubes synthesized with 

PVP or CTAB as capping agents. The direct synthesis of in-situ chirally modified palladium 

nanocrystals with controllable shapes by using chiral modifiers as shape-control agents offers a 

simple and effective method to prepare enantioselective metal nanocrystal catalysts, which may 

be promising in heterogeneous asymmetric catalytic reactions.
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