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Figure 1. Schematic potential energy diagram of model chemical reaction with catalyst (green 

line) and without catalyst (red line). 

 

1.2 Activation of Unreactive Bonds 

 Catalyst design for activation of unreactive bond is both fundamental and forefront issue in 

catalytic chemistry, which is explained here with the methane activation as an example. Methane 

is a main component of natural gas, and it is one of the abundant carbon resources. Conversion 

of methane to useful chemical compounds or fuels are highly desired. The dehydrogenative 

conversion of methane (DCM) is one of the straightforward process for the synthesis of higher 

hydrocarbons from methane. However, high reaction temperature (> 2000 K) is required for the 

C-H bond activation of methane due to the strong C(sp3)-H bond (bond energy = 438 kJ/mol)3. 

Therefore, the C(sp3)-H bond of methane can be considered as the unreactive bond. The 

activation of unreactive bond is achieved by using appropriate catalysts. For example, methane-

to-benzene transformation via DCM proceeds at 973 K by using the Mo/zeolite catalyst4. 

However, coke formation deactivates the catalyst due to the carbon deposition. This result 

indicated that too strong catalyst or reaction condition induce over activation of methane, and 

decomposition to C and H2 proceeds. Therefore, the moderately active catalytic system for the 
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selective C-H bond activation is important to enhance selectivity of products and reusability of 

the catalyst. Designing such moderately active catalytic system is a very challenging issue, and 

this arises from the difficulty of the activation of unreactive bonds. Recently, methane 

conversion to higher hydrocarbons without the carbon deposition were achieved by using single 

Fe catalyst in a silica matrix5 and liquid indium catalyst3. Investigation and understanding of the 

reaction mechanisms on these efficient catalysts are one of the effective way to obtain the 

guidelines for designing new catalytic systems6. 

 

1.3 Shape of Catalysts and Active Sites 

1.3.1 Homogeneous and Heterogeneous 

Catalysts are generally divided into two types: homogeneous catalysts and heterogeneous 

catalysts. These two types of catalysts are focused on in this section although bio catalysts are 

also reported recently. 

In homogeneous catalysts, reactants, products and catalysts are in same phase (e.g. liquid 

phase). One of the typical example of homogeneous catalysts is transition metal complex 

catalysts. In this class of catalysts, the active metal center is stabilized by ligands. The character 

of the catalyst can be modified precisely by controlling the bulkiness of the ligands or the 

electronic interaction between the metal center and the ligands. Therefore, the metal complex 

catalysts show high activity and selectivity for the target reactions through the ligand design. 

In heterogeneous catalysts, reaction occurs at interfaces. Reactants and catalysts are in 

different phases (e.g. gas phase and solid phase, respectively). Therefore, separation of the 

catalyst and the product is comparably easy in the heterogeneous catalytic system. In addition, 

cleaning and reuse of the catalyst are also readily due to the same reason. These are one of the 

great advantages of the heterogeneous catalyst from the perspective of running cost of the 
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catalytic system and environmental aspects. From these advantages, heterogeneous catalysts are 

widely used as industrial catalysts. However, improvement of the selectivity is one of the 

challenges in the heterogeneous catalyst development. 

Why the improvement of the selectivity is difficult in the heterogeneous catalyst? Because of 

the heterogeneity in the surface structure of the heterogeneous catalyst, there are a lot of regions 

or sites for the adsorption and the reaction in the catalyst. Therefore, it is difficult to know 

exactly where the reaction proceeds and what structure is optimal for the reaction. Such optimal 

sites where the reaction takes place are called active sites. In the heterogeneous catalyst, there are 

not only the active sites for the desired reaction but also those for the undesired reactions. In 

addition, the desired active sites are sometimes blocked by both products and byproducts, which 

causes the deactivation of the catalyst as written in Section 1.2. Therefore, the principles of the 

catalyst design should be developed by accumulating the knowledges of the active sites. 

 

1.3.2 Active Sites of Supported Metal Catalyst 

 In this subsection, more details for the active sites of the heterogeneous catalysts and its 

complexity are discussed. Supported metal catalysts are one of the widely used heterogeneous 

catalysts. For example, it is used as automobile catalysts for exhaust gas cleaning. In this type of 

catalysts, metal nanoparticles are highly dispersed on the supporting materials (e.g. metal oxide).  

As shown in Figure 2, there are several types of active sites in the supported metal catalysts. 

For example, perimeter region around the interface between the metal nanoparticle and the 

support material is known as one the typical and the unique active site of the supported metal 

catalyst7-11. Because the metal nanoparticle at the perimeter region is affected by the support, the 

situation (e.g. electronic structure) around the perimeter is different from the pure metallic 

surface where far from the support. Such interaction between the metal nanoparticle and the 
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support is known as the metal-support interaction. While broad meanings are contained in the 

metal-support interaction, electron transfer between the metal nanoparticle and the support 

material (electronic metal support interaction: EMSI)9, 12 is one of the important interaction. For 

example, charge transfer from Pt nanoparticle to cerium oxide was reported, and it enhances 

water dissociation on the Pt/CeO2 catalyst13. 

 

Figure 2. Schematic picture of the supported metal catalyst and its active sites. 

 

Aside from the effect of the metal-support interaction, the metal nanoparticle itself also has 

several active sites (Figure 2). One of the advantages of the nanostructured metal is large specific 

surface area compared with the bulk structure. The surface of the metal nanoparticle can be 

divided into terrace area and edge area. The terrace area is closed packed flat surface. The edge 

area is in the terminal of the flat surface, and it is constructed by low-coordinated atoms. Such 

low-coordinated atoms in the edge area are also divided into several types; step, kink, corner and 

so on. These atoms are also considered as important active sites because the reactants are 
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strongly adsorbed and activated by the unsaturated atoms. Another advantage of nanostructured 

metal is high edge area ratio due to the polyhedral structure. 

The polyhedral structure of the metal nanoparticle is constructed by the combination of 

different surface structures (facets) as shown in Figure 2. It was reported that there are some 

reactions which are affected by the surface structure14-16. Such reactions are called by structure 

sensitive reaction. For example, in the Fisher-Tropsch reaction on the ruthenium nanoparticle 

catalyst, the CO dissociation reaction proceeds on the specific step site16. In addition, several 

types of adsorption sites are contained in each facet. Examples of adsorption sites for single atom 

adsorption on the (100) facet of Pd nanoparticle were shown at bottom left in Figure 2 (a red ball 

indicates adsorption sites). In this case, there are three types of adsorption sites; ontop site (just 

above the Pd atom), bridge site (between two Pd atoms) and hollow site (hollow surrounded by 

four Pd atoms). Obviously, adsorption sites or adsorption modes vary by each facet, and the 

optimal adsorption site also varies depending on the combination of the adsorbate and metal. 

Because the adsorption is the first step of the catalytic reaction as shown in Section 1.1, 

investigating the adsorption mode (e.g. adsorption structure or energy) on each active site is also 

important step for understanding the catalytic reaction. 

 Furthermore, there are effects from other factors; solvents, ligands and so on. For example, it 

was reported that low temperature oxidation of CO on the Au/TiO2 catalyst is accelerated by the 

presence of water17, 18. In addition, defect sites may exist in the metal surface or the support 

material although very clean (ordered) structure was supposed in Figure 2. Actually, it was 

reported that electron transfer from the support to Au cluster is induced by oxygen vacancy of 

MgO support19. 
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 As written in above, there are a lot of active sites in the supported metal catalyst. Therefore, it 

is difficult to figure out which reaction proceeds at a particular active site. In other words, 

elucidation of the reaction mechanism on the heterogeneous catalyst is a difficult task. However, 

understanding the structure and reactivity of the active site is required for new catalyst design. 

Therefore, we have to tackle this task by using all the possible methods. 

 

1.4 Theoretical Chemistry for Catalytic Systems 

 As discussed in former sections, investigating and understanding the active sites of the catalyst 

is the important step to obtain the guides lines for the catalyst design. In other words, 

understanding the reaction mechanisms on the catalytic system is required for the development 

of the new catalyst. However, the actual catalytic system is very complicated system composed 

of several active sites and ingredients. Therefore, it is hard to figure out what is going on the 

catalyst, and what the nature of the catalytic activity is.  

Theoretical (computational) chemistry is one of the effective way to investigate the reaction 

mechanism of the catalyst. Because the chemical reaction is governed by electrons, the reaction 

mechanism can be described by electronic state theory calculation based on the Schrödinger 

equation. For example, geometries and energies of the intermediate states and transition states 

are obtained by theoretical calculations. Consequently, the potential energy surfaces (in which 

the intermediates and transition states are extreme values) for the catalytic reaction are formed. 

Based on these calculations, several reaction pathways on each active site can be investigated. 

Furthermore, the key character of the catalyst is detected by the electronic structures of the 

catalyst materials. Therefore, we can tackle the difficult subjects through theoretical chemistry; 

what is going on the catalyst, and what the nature of the catalytic activity is. 
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1.4.1 Density Functional Theory 

 The solution of the Schrödinger equation is the exact electronic energy and the related wave 

functions of the system. However, we cannot access the exact solution of the Schrödinger 

equation for many-body (electrons) systems because N-electron wave function is 3N 

dimensional function even if spin variable is ignored. Therefore, we have to solve the 

Schrödinger equation approximately. Density functional theory (DFT) is one of the widely used 

theory for theoretical studies of catalytic chemistry. In DFT, the electronic energy of the system 

is described as a functional of electron density. The original concept of DFT is not approximate 

theory but the theory for the exact electronic energy. However, in practical, we have to use DFT 

approximately because the exact form of the energy functional is still unknown as discussed 

below. 

 The basis of DFT is two theorems proved by Hohenberg and Kohn in 196420. The first 

Hohenberg-Kohn theorem proved that the ground state energy obtained from the Schrödinger 

equation is a unique functional of the ground state electron density. In brief, several properties of 

the ground state (e.g. energy) is determined by the ground state electron density. While N-

electron wave function is 3N dimensional function (here, spin variable is ignored), electron 

density is only depended on three spatial variables. Therefore, the ground state energy can be 

solved as three dimensional functional, and this is one of the big advantage of DFT. 

 A way for approaching the exact ground state electron density was given by the second 

Hohenberg-Kohn theorem; the lowest energy is obtained from the energy functional only if the 

exact ground state electron density is adopted. In other words, the exact ground state electron 

density can be obtained by minimizing the energy functional, and the obtained lowest energy is 

the exact ground state energy. From these theorems, we can approach the exact ground state 
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completely unknown. Therefore, we have to compare the result obtained by the approximate 

functional with experimental results carefully. 

 

1.4.2 Computational Modeling for Catalytic Systems 

 Based on DFT, we can calculate electronic structures of the catalyst. However, the catalytic 

system is still complicated even for DFT calculations. Of course, computational cost is a big 

problem of DFT calculations for the catalytic system. However, how to describe and incorporate 

the nature of the catalytic system from the complicated system are also important aspects of the 

theoretical study. From these points of view, efficient modeling of the catalytic system is 

required. For example, if all factors of the catalytic system are incorporated in the computational 

model, it is difficult to grasp the essential factor for the catalytic reaction.  

 By using DFT or other theoretical methods (e.g. post-Hartree-Fock methods, molecular 

mechanics and so on), atomic-scale modeling of active sites can be done. In this subsection, 

atomic-scale modeling for the supported metal catalyst was focused on. Cut off the active sites 

from the catalytic system is one of the straightforward way for the modeling. This simple method 

is called as cluster model (Figure 3a). In this model, high accurate calculation methods (e.g. 

hybrid DFT functional, post-Hartree-Fock methods with large basis set, and so on) can be 

adopted because computational cost can be kept lower. Therefore, several analysis based on 

molecular orbital interactions can be also adopted. In addition, handling of charged defects or 

spin multiplicity are relatively easy. However, terminal bonds have to be treated carefully. For 

example, dangling bonds of terminal oxygens cause strange electronic structure23. Therefore, 

terminal dangling bonds are usually saturated by hydrogen atoms as shown in Figure 3a. In 

addition, the accuracy of the model is directly affected by selection of the model size. 
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Figure 3. Atomic-scale modelling for the supported metal catalyst. (a) Cluster model, (b) 

QM/MM model, (c) Periodic slab model. 

 QM/MM model24, 25 (or ONIOM model26, 27) is another choice of the cluster model (Figure 3b). 

In this model, important region (e.g. around active site) is calculated by using high accurate 

theory (e.g. DFT or post-Hartree-Fock methods), and the other region is calculated by low-cost 

theory (e.g. molecular mechanics or semi-empirical methods). The former region is called as QM 

region, and the latter region is called as MM region. Therefore, larger model can be calculated 

without deteriorating the accuracy. While strengths and weaknesses are almost same as those of 

the cluster model, treatment of boundary region between QM region and MM region is important. 

Recently, embedded cluster model is reported as theoretical modeling for the heterogeneous 

catalyst23, 28. In this model, QM region is embedded in the point charge (MM region) which 

represents the bulk effect of the support or metal. 

 Periodic slab model is one of the widely used model for the heterogeneous catalyst (Figure 3c). 

In this model, the structure in the unit cell is periodically repeated in three-dimensional direction. 

By using this model, bulk structure or its effect of the support material or metal surface can be 

described. In addition, supported metal nanoparticle can be modeled as an infinite rod for one 









25 

 

References 

1. Haruta, M.;  Kobayashi, T.;  Sano, H.; Yamada, N., Novel Gold Catalysts for the 
Oxidation of Carbon Monoxide at a Temperature far Below 0 °C. Chem. Lett. 1987, 16 (2), 405-
408. 
2. Rothenberg, G., Catalysis: Concepts and Green Applications. Wiley-VCH, Weinheim: 
2008. 
3. Nishikawa, Y.;  Ogihara, H.; Yamanaka, I., Liquid-Metal Indium Catalysis for Direct 
Dehydrogenative Conversion of Methane to Higher Hydrocarbons. Chemistryselect 2017, 2 (16), 
4572-4576. 
4. Wang, L. S.;  Tao, L. X.;  Xie, M. S.;  Xu, G. F.;  Huang, J. S.; Xu, Y. D., 
Dehydrogenation and Aromatization of Methane under Nonoxidizing Conditions. Catal. Lett. 
1993, 21 (1-2), 35-41. 
5. Guo, X. G.;  Fang, G. Z.;  Li, G.;  Ma, H.;  Fan, H. J.;  Yu, L.;  Ma, C.;  Wu, X.;  Deng, D. 
H.;  Wei, M. M.;  Tan, D. L.;  Si, R.;  Zhang, S.;  Li, J. Q.;  Sun, L. T.;  Tang, Z. C.;  Pan, X. L.; 
Bao, X. H., Direct, Nonoxidative Conversion of Methane to Ethylene, Aromatics, and Hydrogen. 
Science 2014, 344 (6184), 616-619. 
6. Ohtsuka, Y.;  Nishikawa, Y.;  Ogihara, H.;  Yamanaka, I.;  Ratanasak, M.;  Nakayama, 
A.; Hasegawa, J., Theoretical Study on the C-H Activation of Methane by Liquid Metal Indium: 
Catalytic Activity of Small Indium Clusters. J. Phys. Chem. A 2019, 123 (41), 8907-8912. 
7. Fu, Q.; Wagner, T., Interaction of nanostructured metal overlayers with oxide surfaces. 
Surf. Sci. Rep. 2007, 62 (11), 431-498. 
8. Pacchioni, G., Electronic interactions and charge transfers of metal atoms and clusters on 
oxide surfaces. Phys. Chem. Chem. Phys. 2013, 15 (6), 1737-1757. 
9. Pacchioni, G.; Freund, H. J., Controlling the charge state of supported nanoparticles in 
catalysis: lessons from model systems. Chem. Soc. Rev. 2018, 47 (22), 8474-8502. 
10. Ro, I.;  Resasco, J.; Christopher, P., Approaches for Understanding and Controlling 
Interfacial Effects in Oxide-Supported Metal Catalysts. ACS Catal. 2018, 8 (8), 7368-7387. 
11. van Deelen, T. W.;  Mejia, C. H.; de Jong, K. P., Control of metal-support interactions in 
heterogeneous catalysts to enhance activity and selectivity. Nat. Catal. 2019, 2 (11), 955-970. 
12. Campbell, C. T., Catalyst-support interactions: Electronic perturbations. Nat Chem 2012, 
4 (8), 597-8. 
13. Bruix, A.;  Rodriguez, J. A.;  Ramirez, P. J.;  Senanayake, S. D.;  Evans, J.;  Park, J. B.;  
Stacchiola, D.;  Liu, P.;  Hrbek, J.; Illas, F., A New Type of Strong Metal-Support Interaction 
and the Production of H-2 through the Transformation of Water on Pt/CeO2(111) and 
Pt/CeOx/TiO2(110) Catalysts. J. Am. Chem. Soc. 2012, 134 (21), 8968-8974. 
14. Andersson, M. P.;  Abild-Pedersen, F.;  Remediakis, I. N.;  Bligaard, T.;  Jones, G.;  
Engbwk, J.;  Lytken, O.;  Horch, S.;  Nielsen, J. H.;  Sehested, J.;  Rostrup-Nielsen, J. R.;  
Norskov, J. K.; Chorkendorff, I., Structure sensitivity of the methanation reaction: H-2-induced 
CO dissociation on nickel surfaces. J. Catal. 2008, 255 (1), 6-19. 
15. Nørskov, J. K.;  Studt, F.;  Abild-Pedersen, F.; Bligaard, T., Fundamental Concepts in 
Heterogeneous Catalysis. John Wiley & Sons, Inc: Hoboken, NJ: 2014. 
16. van Santen, R. A.;  Ghouri, M. M.;  Shetty, S.; Hensen, E. M. H., Structure sensitivity of 
the Fischer-Tropsch reaction; molecular kinetics simulations. Catal. Sci. Technol. 2011, 1 (6), 
891-911. 



26 

 

17. Date, M.;  Okumura, M.;  Tsubota, S.; Haruta, M., Vital role of moisture in the catalytic 
activity of supported gold nanoparticles. Angew. Chem. Int. Ed. 2004, 43 (16), 2129-2132. 
18. Fujitani, T.; Nakamura, I., Mechanism and Active Sites of the Oxidation of CO over 
Au/TiO2. Angew. Chem. Int. Ed. 2011, 50 (43), 10144-10147. 
19. Harding, C.;  Habibpour, V.;  Kunz, S.;  Farnbacher, A. N. S.;  Heiz, U.;  Yoon, B.; 
Landman, U., Control and Manipulation of Gold Nanocatalysis: Effects of Metal Oxide Support 
Thickness and Composition. J. Am. Chem. Soc. 2009, 131 (2), 538-548. 
20. Hohenberg, P.; Kohn, W., Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864-
B871. 
21. Koch, W.; Holthausen, M. C., A Chemist's Guide to Density Functional Theory. 2 ed.; 
Wiley-VCH, Weinheim: 2001. 
22. Kohn, W.; Sham, L. J., Self-Consistent Equations Including Exchange and Correlation 
Effects. Phys. Rev. 1965, 140, A1133-A1138. 
23. Matsui, M.; Sakaki, S., Embedded Cluster Model for Al2O3 and AIPO(4) Surfaces Using 
Point Charges and Periodic Electrostatic Potential. J. Phys. Chem. C 2017, 121 (37), 20242-
20253. 
24. Warshel, A.; Karplus, M., Calculation of Ground and Excited-State Potential Surfaces of 
Conjugated Molecules .1. Formulation and Parametrization. J. Am. Chem. Soc. 1972, 94 (16), 
5612-5625. 
25. Warshel, A.; Levitt, M., Theoretical studies of enzymic reactions: dielectric, electrostatic 
and steric stabilization of the carbonium ion in the reaction of lysozyme. J. Mol. Biol. 1976, 103 
(2), 227-49. 
26. Maseras, F.; Morokuma, K., Imomm - a New Integrated Ab-Initio Plus Molecular 
Mechanics Geometry Optimization Scheme of Equilibrium Structures and Transition-States. J. 
Comput. Chem. 1995, 16 (9), 1170-1179. 
27. Dapprich, S.;  Komaromi, I.;  Byun, K. S.;  Morokuma, K.; Frisch, M. J., A new ONIOM 
implementation in Gaussian98. Part I. The calculation of energies, gradients, vibrational 
frequencies and electric field derivatives. Theochem-J. Mol. Struct. 1999, 461, 1-21. 
28. Berger, D.;  Logsdail, A. J.;  Oberhofer, H.;  Farrow, M. R.;  Catlow, C. R. A.;  Sherwood, 
P.;  Sokol, A. A.;  Blum, V.; Reuter, K., Embedded-cluster calculations in a numeric atomic 
orbital density-functional theory framework. J. Chem. Phys. 2014, 141 (2). 
29. Ishida, T.;  Koga, H.;  Okumura, M.; Haruta, M., Advances in Gold Catalysis and 
Understanding the Catalytic Mechanism. Chem. Rec. 2016, 16 (5), 2278-2293. 
30. Sabbe, M. K.;  Reyniers, M. F.; Reuter, K., First-principles kinetic modeling in 
heterogeneous catalysis: an industrial perspective on best-practice, gaps and needs. Catal. Sci. 
Technol. 2012, 2 (10), 2010-2024. 

  



27 

 

Chapter 2 

 

Elucidation for the Effect of Hydrogen Acceptor 

Molecule to the Selective Aniline Synthesis on the 

Supported Pd Catalyst: Theoretical Study  

 

 

 

 

 

 

 

 

 

  



28 

 

1. Introduction  

Primary anilines are important and widely used chemical compounds as intermediates of 

pharmaceuticals, agrochemicals, dyes, polymers, and electronic materials1, 2. One of an effective 

approach for primary aniline synthesis is dehydrogenative aromatization by Pd catalysts3-6. From 

the point of view of reaction step and atom economy, NH3 is a proper nitrogen source for 

chemical synthesis. However, selective synthesis of primary aniline from NH3 and 

cyclohexanone via the dehydrogenative aromatization was not achieved until the development of 

the supported Pd nanoparticle catalyst on hydroxyapatite (Ca10(PO4)6(OH)2: HAP) (Pd/HAP 

catalyst) with hydrogen acceptor (e.g. styrene)7. Because the desired primary anilines are 

typically more reactive than NH3 for the condensation with cyclohexanone substrates, the 

corresponding imines are also generated (Scheme 1a: step 2). The imines are reduced by 

adsorbed hydrogen to undesirable N-cyclohexylanilines (Scheme 1a: step 3). Therefore, selective 

synthesis of primary aniline from NH3 and cyclohexanone via the dehydrogenative aromatization 

was difficult in previous catalytic systems3-6, 8-14. On the other hand, if a good hydrogen acceptor 

(e.g. styrene) exists in the catalytic system, the undesirable reductive amination is suppressed by 

hydrogenation of the hydrogen acceptor (Scheme 1b). Therefore, the Pd/HAP catalyst with 

hydrogen acceptor is efficient catalytic system for primary aniline synthesis from NH3 and 

cyclohexanone via the dehydrogenative aromatization. 
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Scheme 1. Reaction scheme for primary aniline synthesis from NH3 and cyclohexanone via the 

dehydrogenative aromatization by Pd catalyst7. (a) Possible reaction route by Pd catalytic system 

without hydrogen acceptor. (b) Strategy for selective aniline synthesis with hydrogen acceptor. 

 

 

 Primary aniline synthesis from NH3 and cyclohexanone via the dehydrogenative aromatization 

was achieved by the Pd/HAP catalyst with hydrogen acceptor. The strength of adsorption is 

important factor for heterogeneously catalyzed hydrogenation because the hydrogenation 

proceeds according to Langmuir-Hinshelwood mechanism on heterogeneous catalyst15. Actually, 

it was expected that competitive adsorption of styrene and amine occurs in the Pd/HAP catalyst7. 

Therefore, if styrene acts as hydrogen acceptor in the catalytic system, adsorption energy of 

styrene on the Pd nanoparticle should be larger than that of imine. However, it is not clear 

whether adsorption energy of styrene on the Pd nanoparticle is larger than that of imine. 

Although theoretical studies for styrene adsorption on the Pd nanoparticle were reported16, 17, that 

for imine was not reported in the best of our knowledge. Therefore, adsorption energies of 

styrene and imine on the Pd nanoparticle were investigated by density functional theory (DFT) 

calculations in this study. In particular, we focused on difference of the adsorption energy 









33 

 

3. Results and Discussion 

In this section, adsorption energies of styrene and imine 6a were investigated by using the Pd13 

model, Pd(100) model and Pd(111) model. As discussed in below, adsorption energies of styrene 

on both (100) facet and (111) facet were lager than those of imine 6a in the Pd13 model. This 

tendency is in good agreement with experimental results. On the other hand, adsorption energy 

of 6a on the Pd(111) model is larger than that of styrene while adsorption energy of styrene on 

the Pd(100) model is larger than that of 6a. 

 

3.1 Adsorption on the Slab Model 

First, adsorption structures of styrene and imine 6a on the Pd(100) model and Pd(111) model 

were investigated. Theoretical study for imine adsorption on Pd surface was not reported in the 

best of our knowledge. However, 6a is adsorbed on Pd surface by nitrogen atom and benzene 

region, and several theoretical studies for benzene adsorption on Pd surface were reported31-33. In 

addition, styrene is adsorbed on Pd surface by benzene region and vinyl group. Therefore, most 

stable adsorption structure of benzene on Pd(111) facet and Pd(100) facet reported in previous 

theoretical studies31-33 were adopted for initial adsorption structures of benzene region of styrene 

and 6a for geometry optimization, respectively. Initial adsorption structure of vinyl group of 

styrene was also taken from previous theoretical studies for styrene adsorption on Pd(111) 

surface and Pd(100) surface16, 17. While these previous studies were only focused on adsorption 

structure of vinyl group, adsorption structure of both benzene region and vinyl group of styrene 

were considered in our present study.  

From these initial structures, adsorption structures of styrene and 6a on the Pd(100) model and 

Pd(111) model were investigated. As shown in Figure 3a and 3c, adsorption energy of styrene 

(Eads = -85.2 kcal/mol) is larger than that of 6a (Eads = -80.6 kcal/mol) on the Pd(100) model. On 
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the other hand, adsorption energy of styrene (Eads = -73.0 kcal/mol) is smaller than that of 6a 

(Eads = -76.6 kcal/mol) on the Pd(111) model as shown in Figure 3b and 3c. These results 

suggested that styrene adsorption is more favorable than 6a on Pd(100) facet while adsorption of 

6a is more favorable than styrene on Pd(111) facet. However, experimental result of the 

competitive hydrogenation of styrene and imine indicated that hydrogenation of imine occurs 

after hydrogenation of styrene on the Pd/HAP catalyst. This result suggested that styrene is 

adsorbed on the Pd/HAP catalyst stronger than imine, and adsorption of imine is blocked by such 

strong adsorption of styrene. Therefore, the tendency of calculated adsorption energies of styrene 

and 6a on the Pd(111) model is opposite to the experimental result. In particular, surface area of 

(111) facet is larger than (100) facet in the equilibrium Pd nanoparticle (cf. Figure 1b). 

 

Figure 3. Adsorption structures of styrene and 6a. (a) Styrene on the Pd(100) model, (b) styrene 

on the Pd(111) model, (c) 6a on the Pd(100) model, (d) 6a on the Pd(111) model. 
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3.2 Adsorption on the Pd13 Model 

In this subsection, adsorption structures of styrene and 6a on (100) facet and (111) facet of the 

Pd13 model (Figure 1a) were investigated. Initial adsorption structures for geometry optimization 

were determined by same process as discussed in Subsection 3.1. The adsorption energies of 

styrene on the (111) facet is larger than that of imine 6a by 3.5 kcal/mol as shown in Figure 4. In 

addition, the adsorption energy of styrene on (100) facet is also larger than that of imine 6a by 

3.2 kcal/mol (Figure 4). These results suggest that styrene is adsorbed on both facet of Pd 

nanoparticle more strongly than imine 6a, which is consistent with the experimental result of the 

competitive hydrogenation of styrene and imine. 

 

Figure 4. Adsorption structures and adsorption energies (Eads) of styrene and imine 6a on the 

Pd13 model. 
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Scheme 2. Energy decomposition analysis for the adsorption structure of styrene on (111) face 

of the Pd13 modela. 

 

aUnit is kcal/mol. 

 

 Results of energy decomposition analysis for each adsorption structure were shown in Table 1. 

First, deformation energy of Pd model (Edef_Pd) are lower than 10 kcal/mol in all structures even 

though geometry change of the Pd13 model is large in the adsorption structure of styrene on (111) 

facet (Figure 4). On the other hand, deformation energy of adsorbate (Edef_Mol) are higher than 15 

kcal/mol except for 6a on (111) facet of the Pd13 model. In particular, Edef_Mol of styrene on the 

Pd(111) model (Edef_Mol = +41.5 kcal/mol) is higher than those of other adsorption structures. 

Actually, Edef_Mol of styrene on (111) facet of the Pd13 model (Edef_Mol = +27.0 kcal/mol) is lower 

than that on the Pd(111) model by 14.5 kcal/mol. As a result, interaction energies (Eint) of styrene 

on the Pd(111) model is higher than that of 6a by 11.7 kcal/mol. In addition, difference of Eint of 

styrene between the Pd(111) model and Pd(100) model is only 0.8 kcal/mol. From these results, 
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it was suggested that adsorption energy of styrene on the Pd(111) model is decreased by the 

deformation of styrene due to the less flexibility of the slab model. On the other hand, 

deformation energy of styrene on (111) facet of the Pd13 model is reduced because the Pd13 

model can change its conformation with low deformation energy. The Pd13 model is rather 

simple computational model for the Pd nanoparticle, and there is a possibility of overestimation 

of the flexibility or the effect from edge structure between (111) facet and (100) facet. However, 

these results suggested that rigid and flat slab models could not represent the experimental result, 

and the flexibility and edge structure are important factors for preferential adsorption of styrene 

on the Pd nanoparticle. 

 

Table 1. Results of energy decomposition analysis for each adsorption structure.  

[kcal/mol]  Eads Edef_Pd Edef_Mol Eint 

Slab Model 

Styrene on (100) -85.2  4.2  29.3  -118.7  
Styrene on (111) -73.0  5.0  41.5  -119.5  

6a on (100) -80.6  3.3  24.1  -108.0  
6a on (111) -76.6  5.3  25.9  -107.8  

Cluster Model 

Styrene on (100) -46.8  3.9  29.6  -80.3  
Styrene on (111)  -62.2  8.0  27.0  -97.2  

6a on (100) -43.6  4.7  16.4  -64.7  
6a on (111) -58.7  0.7  5.8  -65.2  

 

4. Conclusions 

 The Pd/HAP catalyst with hydrogen acceptor (e.g. styrene) is an efficient catalytic system for 

the primary aniline synthesis from NH3 and cyclohexanone via the dehydrogenative 

aromatization. The undesirable reductive amination of imine formed via the condensation of 

cyclohexanone and aniline is suppressed by hydrogenation of the hydrogen acceptor. To 

investigate whether styrene acts as the hydrogen acceptor in the catalytic system, difference of 
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adsorption energy between styrene and imine on the Pd nanoparticle were investigated by DFT 

calculations in this study. Adsorption of styrene and imine on the Pd nanoparticle were 

calculated by using both the cluster model and slab model. In the slab model, adsorption energy 

of styrene on Pd(100) facet is larger than that of imine by 4.6 kcal/mol. However, adsorption 

energy of styrene on Pd(111) facet is lower than that of imine by 3.6 kcal/mol. This result is 

opposite to experimental result of competitive hydrogenation of styrene and imine on the 

Pd/HAP catalyst7; hydrogenation of imine occurs after hydrogenation of styrene on the Pd/HAP 

catalyst. On the other hand, in the cluster model, adsorption energies of styrene are higher than 

those of imine both on (100) facet and (111) facet by 3.2 kcal/mol and 3.5 kcal/mol, respectively. 

Therefore, results of the cluster model are in good agreement with the experimental result. 

Energy decomposition analysis for each adsorption structure indicated that deformation energy 

of styrene on the Pd(111) facet in the slab model is larger than that in the cluster model by 14.5 

kcal/mol. In addition, interaction energies of styrene on Pd(111) facet is larger than that of imine 

by 11.7 kcal/mol in the slab model. Furthermore, deformation energy of the Pd13 model is lower 

than 10 kcal/mol even though conformation change of the Pd13 model induced by adsorption of 

molecule is rather large. These results suggested that flexibility and edge structure of the Pd 

nanoparticle are important factor for the preferential adsorption of styrene. Therefore, the cluster 

model is suitable model for the Pd nanoparticle rather than the slab model without edge structure, 

and the result of cluster model suggested that styrene is adsorbed on the Pd nanoparticle stronger 

than imine. 
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Chapter 3. 

 

 

DFT Mechanistic Study on the Complete 

Oxidation of Ethylene by the Silica-Supported Pt 

Catalyst: C=C Activation via the Ethylene 

Dioxide Intermediate  
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Scheme 1. Proposed reaction mechanism of complete C2H4 oxidation on the Pt/MCM-41 

catalyst.4 

 

 

   As a next step, a mechanistic investigation with electronic structure calculations should be 

conducted for clarifying the complete ethylene oxidation mechanism based on the experimental 

results. Here, we report density functional theory (DFT) calculations on potential energy profiles 

for the complete oxidation of ethylene. In particular, the electronic structural effect of the metal-

support interaction on catalytic reactivity was investigated. The metal-support interaction has 

been widely studied for many years.10-12 Even though several studies on supported Pt catalysts 

have been reported with both experimental13, 14 and theoretical aspects,9, 15 the details of the 

metal-support interaction are not yet fully understood. 

The chaper is organized as follows. In the next section, the computational models and details 

of the DFT calculations are given. In section 3.1, the reaction pathway from ethylene to HCHO 

is discussed, and the activation energy of each reaction step is compared between the edge and 

terrace areas of Pt clusters (subsection 3.1.1) and between the computational model with and 
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Figure 1. Computational models of the activity of the Pt/MCM-41 catalyst. (a) Pt7 model, (b) Pt2 

model, (c) Pt2-SiO4 model, and (d) Pt2-Sisurf model. The atomic coordinates of the gray-colored 

atoms are fixed during the structure optimization. 

 

Because this work is a model study to investigate key factors of catalytic activity for the 

complicated oxidation reaction on supported metal catalyst, we focused on the specific parts of 

the Pt/MCM-41 catalyst with simple computational models. Therefore, there are possibilities of 

overestimation of the activity in our computational models while our models are based on both 

theoretical and experimental results as written in above. 
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2.2 DFT calculations 

Both geometry optimizations and energy calculations were performed using DFT at the 

B3LYP functional level.21, 22 We employed the Stuttgart/Dresden effective core potential 

(ECP60MWB)23 coupled with (611111/22111/411) basis sets24 for Pt atoms. The 6-31G(d) basis 

sets25 were used for the other atoms. All calculations were carried out using the Gaussian 09 

program package.26 All reactant, product, and transition state structures are connected by 

intrinsic reaction coordinate calculations. In addition, normal mode analysis was performed, and 

we confirmed that each of the equilibrium and transition states contained zero and one imaginary 

frequency, respectively.  

 

3. Results & Discussion 

3.1 Reaction pathway of the ethylene-to-formaldehyde conversion 

 First, we focused on the reaction pathway of the HCHO formation because the IR spectrum 

of the control experiment implies that HCHO is the intermediate state before ethylene is oxidized 

to CO.4 This part of the reaction involves C=C bond cleavage, which would be one of the most 

difficult steps in the course of the reaction. As described below, our model calculations showed 

that the silica-support effect is essential for reducing the activation energy for the decomposition 

of ethylene dioxide into HCHO. Scheme 2 shows the proposed reaction pathway, in which 

ethylene is sequentially oxidized to the alkoxide and ethylene dioxide intermediates.  
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Scheme 2. Reaction scheme of the HCHO generation. 

 

 

3.1.1 Potential energy profile of the reaction on Pt(0) cluster 

The reactivity at the edge area of the Pt(0) cluster was investigated with the Pt7 model. 

According to previous experimental studies of Pt(111) surface27-29, O2 is dissociatively adsorbed 

on the Pt cluster. In addition, possibility of dissociative adsorption of oxygen molecule was also 

investigated on the Pt7 model. First, adsorption structures of an oxygen molecule on the terrace 

area and on the edge area were calculated as reactant, respectively (Figure 2: R1S and R2S). 

These structures were also optimized as triplet state (Figure 2: R1T and R2T). Next, reaction 

pathways of O=O bond cleavage reaction from those reactant structures were calculated (Figure 

2: red line and blue line). From the results in Figure 2, it was suggested that dissociative 

adsorption of oxygen molecule easily occurs on the terrace area of Pt cluster because of low 

activation energies (+2.5 kcal/mol (in singlet state) and +8.9 kcal/mol (in triplet state)) and large 

reaction energies (-58.5 kcal/mol (in singlet state) and -53.7 kcal/mol (in triplet state)). In 

addition, there are more stable adsorption structures of two oxygen atoms both in singlet state 

and triplet state (Figure 2: P3S and P3T). Therefore, once O=O bond cleavage occurs, 

dissociative adsorption structure of oxygen molecule exists on Pt cluster stably even though O=O 

bond cleavage reaction on the edge area was calculated as endothermically. From these results, 
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Figure 3. Optimized structures of a reactant, intermediates, transition states and a product of 
HCHO generation on Pt7 model. (a) On the edge area, (b) on the terrace area. White ball: 
hydrogen, gray ball: carbon, red ball: oxygen, blue ball: platinum 
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cluster. However, the activation energy of the rate-determining step was still too high. A 

previous study of CO oxidation by a Pt/mesoporous silica catalyst17 showed that the active site is 

the Pt-support interface. Therefore, the effect of silica-support was introduced into the 

computational model. A minimal model, the Pt2 model, was adopted to check if this model can 

represent the edge part of the Pt cluster. The SiO2(OH)2 unit was introduced into the Pt2 model to 

investigate the silica support effect on the edge of the Pt cluster. 

 

3.1.2a Potential energy profiles with  the Pt2 model 

A potential energy profile for the HCHO formation were calculated with the Pt2 model as 

shown in Figure 5 (blue line). The optimized structures are shown in Figure 6. Ethylene is 

oxidized to HCHO through alkoxide intermediate (B2) and ethylene dioxide intermediate (B3) in 

the same pathway as the reaction at the edge area of the Pt7 model. The rate-determining step is 

also the ethylene dioxide generation step with an activation energy of 35.5 kcal/mol (Figure 5: 

EaB2). 

 

Figure 5. Potential energy diagram of the HCHO formation from C2H4. Energies of B0, C0, and 

D0 states are defined as sum of the energies of the isolated species: Pt2, O2, and C2H4 for B0; Pt2-

SiO4, O2, and C2H4 for C0; Pt2-Sisurf, O2, and C2H4 for D0. 
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B4 state is rather different from that of the C4 state. Two HCHO molecules in the B4 state repel 

each other, while those in the C4 state maintain their structure in the transition state. As 

explained above, the Pt-O(dioxide) anti-bonding orbital is not occupied due to the reservoir 

effect of the silica support, which stabilizes the Pt-O bond and keeps the two HCHO in a meta-

stable position. 

    

3.2 Possibility of other reaction pathways 

3.2.1 Reaction pathways through epoxide intermediate 

The possibility of a reaction pathway through an epoxide intermediate was also investigated 

with the Pt2-SiO4 model. The epoxide species can be formed via both Eley-Rideal (ER) and 

Langmuir-Hinshelwood (LH) pathways. In the ER mechanism, ethylene directly attacks 

adsorbed oxygen atoms. In the LH pathway, the alkoxide intermediate could isomerize to 

epoxide. 

As explained below, a reaction pathway through the epoxide intermediate is unfavorable in 

comparison with the pathway through alkoxide and ethylene dioxide intermediates. The results 

of the investigation are shown in Figure 13. In the ER mechanism, the energy of the epoxide 

intermediate (C19) is lower than that of the alkoxide species (C2) by 7.5 kcal/mol. However, the 

calculated activation energy of epoxide generation via the ER mechanism (22.6 kcal/mol) is 

higher than that of the alkoxide intermediate formation from ethylene (12.0 kcal/mol) by 10.6 

kcal/mol. In the LH mechanism, the energy of the epoxide intermediate (C20) is close to that in 

the ER mechanism. However, the activation energy of the isomerization to epoxide (30 kcal/mol) 

is higher than that of the ethylene dioxide formation from the alkoxide intermediate by 16.9 

kcal/mol. Therefore, both ER and LH pathways for the epoxide formation are unfavorable 
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 Next, reaction pathway of CO2 generation from formaldehyde was calculated on the Pt2 

model (Figure 17: green line). On the Pt2 model, CO2 generation pathway from formaldehyde is 

almost same as that on the Pt7 model and Pt2-SiO4 model (Figure 16). Activation energies of CO 

generation from formaldehyde and CO2 generation from CO on the Pt2 model were calculated as 

+26.5 kcal/mol (Figure 17: EaB4) and +28.0 kcal/mol (Figure 17: EaB6), respectively. Therefore, 

the complete oxidation pathway of ethylene on the Pt2 model was also investigated. The rate-

determining step of whole reaction cycle is ethylene dioxide generation reaction (Figure 5: EaB2) 

and the activation barrier is +35.5 kcal/mol. 

 

Figure 16. Optimized structures of a reactant, intermediates, transition states and a product of 
CO2 generation from HCHO on the Pt2 model. White ball: hydrogen, gray ball: carbon, red ball: 
oxygen, blue ball: platinum 

 

Note that relative potential energy between structures which contain different number of 

elements (i.e. between B8 and B9 of Figure 17 and Figure 16) was calculated by Eq. 2 to match 

the number of contained elements. 
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3.4 H2O formation pathway 

   The DRIFT measurement4 also suggested that the H atoms, which are generated from HCHO, 

react with the O atom at the Pt cluster to form H2O molecules. Since the experiment was 

performed under oxygen-rich conditions,4 we adopted a model with two co-adsorbed hydrogen 

atoms and an oxygen atom as the reactant state (C11 in Figure 19).  

 

Figure 19. Optimized structures of a reactant state, intermediate state, transition states, and a 

product state of the H2O generation on the Pt2-SiO4 model. White: hydrogen, red: oxygen, blue: 

platinum, grey: silicon. Numbers below the structure names are the potential energies relative to 

C11. 

 

At the C11 state, hydrogenation of atomic oxygen occurs via the TS_C7 state with an 

activation energy of 11.4 kcal/mol. The OH group at the on-top site (C12) moves to the bridge 

site (C13), which is more stable than the C12 state by 8.4 kcal/mol. The hydroxy group 

undergoes hydrogenation with an activation energy of 15.5 kcal/mol to generate H2O molecule 

(TS_C8). The barrier heights for the two hydrogenation steps are lower than that of the rate-

determining step of the CO oxidation (EaC6 = 21.5 kcal/mol with the Pt2-SiO4 model, see Figure 

17), which indicates that the H2O formation step is not a rate-determining step.  
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Furthermore, we investigated the possibility of H2O formation directly from HCHO, where 

the H atoms of HCHO are directly abstracted by the adsorbed O atom (see Figure 20). After the 

O atom attacks one of the H atoms, a C-OH bond is sequentially formed to produce a HCOOH, 

not a HCO + OH species, with an activation barrier of 21.3 kcal/mol. Although an intramolecular 

dehydration of formic acid might produce an H2O molecule, the possibility is safely ruled out by 

the calculated activation energy (65.9 kcal/mol) and endothermic reaction energy (14.3 kcal/mol). 

All these investigations suggested that the H2O formation pathway shown in Figure 19 is 

reasonable. 

 

Figure 20. Optimized structures of a reactant, intermediates, transition states and a product of 
direct dehydration of HCHO by the adsorbed O atom on the Pt2-SiO4 model. White ball for 
hydrogen, red ball for oxygen, blue ball for platinum, and green ball for silicon atom. Numbers 
below captions of structure names are relative potential energies of each structure in comparison 
with C15. 

 

We also checked the possibility of H2 production that could compete with the H2O formation. 

Although the activation barrier of the H2 formation from adsorbed H atoms was calculated to be 

only 6.8 kcal/mol with the Pt2-SiO4 model, the reaction is endothermic (reaction energy of 5.6 

kcal/mol), which is in clear contrast to the exothermicity in the H2O formation. The dissociative 

adsorption of H2 molecules proceeds with an activation energy of 1.2 kcal/mol, which is smaller 
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than the H2 formation. Therefore, the H2O formation from adsorbed H and O atoms is a 

favorable pathway. 

 

4. Conclusions 

   A mesoporous silica-supported Pt catalyst converts ethylene to CO2 at low temperatures. 

Increasing attention has been paid to this system for application to refrigerators and containers 

for food preservation. From a mechanistic point of view, the reaction mechanism of the C=C 

bond cleavage is an intriguing subject to be resolved for future catalysis development. In this 

study, the mechanism of complete oxidation of ethylene on the supported Pt catalyst was studied 

by DFT calculations. The overall elementary steps are summarized in Scheme 3. Particularly, we 

focused on the electronic mechanism of the C=C bond breaking in terms of the silica support 

effect.  
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activity of O2 adsorbed on the Au cluster, and the effect from charge state of the Au cluster for 

the O2 activation are discussed. In Section 3.4, reaction pathways at the 2nd step of the reaction 

(activation of the remaining C-H bond of 1-methyl-4-piperidone) are discussed. In Section 3.5, 

the effect from charge state of the Au cluster to reaction pathways at the 2nd step of the reaction 

is discussed. A concluding remark is given by Section 4. 

 

2. Computational Details 

2.1 Au10/OMS-2 Model 

To investigate the electronic structure of Au cluster on the OMS-2 support, Au10 cluster on the 

surface slab model of OMS-2 (Au10/OMS-2 model: Figure 1a) was constructed with periodic 

boundary condition.  

 

Figure 1. (a) Au10/OMS-2 model. (b) Au20 model. Red: oxygen, green: manganese, purple: 

potassium, yellow: gold. 
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3. Results and Discussion 

3.1 Electronic Structure of Au Cluster and Adsorbed O2 on the Au/OMS-2 Catalyst 

In this section, electronic structure of Au cluster on the OMS-2 support was investigated with 

the Au10/OMS-2 model. In addition, adsorption structure of O2 on the Au10/OMS-2 model was 

also investigated. As discussed below, Au cluster on the OMS-2 support was negatively charged 

due to charge transfer from OMS-2. Furthermore, adsorbed O2 was activated by charge transfer 

from the negatively charged Au cluster. 

 

3.1.1 Electronic Structure of Au Cluster on the OMS-2 Support 

In this subsection, electronic structure of Au cluster on the OMS-2 support was investigated 

by using the Au10/OMS-2 model (Figure 1a). First, Hirshfeld charge analysis44 was performed to 

analyze atomic charges of each Au atom (Table 1). As shown in Table 1, total Hirshfeld charge 

of the Au10 cluster in the Au10/OMS-2 model was calculated as -0.42. Especially, Au atoms at 

2nd and 3rd layers of the Au10 cluster (i.e. AuD ~ AuJ) are charged more negatively (except for 

AuE). From this result, it was suggested that Au cluster on the OMS-2 support is negatively 

charged. 

 

Table 1. Hirshfeld charge of each Au atoma 

AuA AuB AuC AuD AuE AuF AuG AuH AuI AuJ Au10 
0.00  0.13  0.02  -0.06  0.01  -0.06  -0.13  -0.09  -0.09  -0.15  -0.42  

aIndexes of each Au atom are same as shown in Figure 1a. 
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model. Combining with the result of electron density difference analysis, it was suggested that 

charge density around the OMS-2 surface was moved to the Au cluster through Au-Mn bonds. 

These results indicated that Au cluster supported on the OMS-2 support is negatively charged 

due to the charge transfer from the OMS-2 support through the interaction between Au and Mn. 

 

Figure 4. (a) Atom projected DOS of isolated OMS-2 model. (b) Atom projected DOS of the 

Au10/OMS-2 model. (c) Atom projected DOS of isolated Au10 model. Green line: Sum of the 

total DOS projected to Mn atoms bonded to Au atoms. Yellow line: Sum of the total DOS 

projected to Au atoms. Fermi energy (EF) was set to 0.0 eV. 

 


























































































































