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ZEOLITE NaY/ZEOLITE ZSM-5/COBALT/PALLADIUM/n-BUTANE 

HYDROGENOLYSIS/MANGANESE CARBONYL/MAGNESIUM OXIDE 

 

Zeolite NaY was synthesized by a hydrothermal method and used as a catalyst 

support. The optimum synthesis condition was 1-day aging time at room temperature 

and 1-day crystallization time at 100°C. By variation of the synthesis conditions, 

zeolite NaY transformed to zeolite NaP. The change in the zeolite phase was 

confirmed by powder X-ray diffraction. The aging time showed a slight effect on the 

transformation but the crystallization time, with a fixed aging time at 1 day, caused a 

significant transformation. The NaY phase was not observed after a crystallization 

time of 4 days and zeolite with NaP as a major phase was obtained after 

crystallization of 5 days. 

 The zeolite NaY was used as a support for cobalt catalysts (Co/NaY) in n-

butane hydrogenolysis and compared to that supported on zeolite ZSM-5 (Co/ZSM-

5). The conversion of n-butane from Co/NaY was lower than that from Co/ZSM-5, 

consequently, further study was done only over Co/ZSM-5. Because metallic cobalt is 

an active form in n-butane hydrogenolysis, the reducibility of cobalt catalysts was 

determined by X-ray absorption near edge structure. In monometallic catalysts (1, 4, 

7 and 10 wt% Co/ZSM-5), the reducibility and conversion of n-butane 
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hydrogenolysis increased with the cobalt content. Addition of 1 wt% Pd to the 

monometallic cobalt did not significantly enhance the reducibility and catalytic 

activity. Monometallic cobalt catalysts produced only methane whereas bimetallic 

ones produced trace amount of ethane and propane with methane as main product.  

Another part of this work focused on improvement of uniformity and 

dispersion of manganese supported on magnesium oxide (MgO) prepared from 

organometallic complexes as metal precursor by chemical vapor deposition. 

Mn2(CO)10, Mn(CO)5H and Mn(CO)5CH3 compounds were deposited on MgO and 

the resulting surface species were characterized by X-ray absorption, electron 

paramagnetic resonance, and infrared spectroscopies. Deposition of Mn2(CO)10, 

Mn(CO)5H on MgO resulted in mixed manganese carbonyl species. Treatment of 

sample prepared from Mn2(CO)10 and Mn(CO)5H on MgO in flowing O2 at room 

temperature resulted in formation of manganese tricarbonyl species with the oxidation 

state of manganese higher than +2. In contrast, chemical vapor deposition of 

Mn(CO)5CH3 on MgO led to the formation of only one surface species, manganese 

tetracarbonyl, in which the manganese was cationic. The oxidation state and number 

of carbonyl ligand of manganese remained unchanged after this sample was treated in 

O2. 
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CHAPTER I 

INTRODUCTION 

 

1.1    Introduction 

Many industrial reactions are operated under harsh conditions including high 

temperature and pressure in order to achieve the economic rates of production. These 

severe conditions are energy intensive, corrosive and could cause damage to 

equipment. Moreover, it could result in undesired side reactions and products 

(Farrauto and Batholomew, 1997). 

The use of catalysts provides an opportunity to run chemical reactions under 

less severe conditions and more selectively than without catalysts. There are two 

types of catalysts that have been used in the chemical reactions, solid and soluble 

catalysts. The solid catalysts play an important role in industrial applications, since 

approximately 90% of all chemical processes, including chemical, food, 

pharmaceutical, automobile and petrochemical industries, uses heterogeneous 

catalysts (J. M., Thomas and W. J., Thomas, 1997; Chorkendorff and 

Niemantsverdriet, 2003; and van Santen et al., 1997).  

 

1.2   Heterogeneous catalysis 

In a catalytic process, the reactants and products undergo several steps on 

solid catalysts
 
 (Dumesic et al., 2008), including (1) diffusion of the reactants 
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through a boundary layer surrounding the catalyst particle, (2) diffusion of the 

reactants into the catalysts pores to the active site, (3) adsorption of reactant onto 

reactive sites, (4) surface reactions involving formation or conversion of various 

adsorbed intermediates, possibly including surface diffusion steps, (5) desorption of 

products from catalytic sites, (6) diffusion of the products through the catalyst pores, 

and (7) diffusion of the products across the boundary layer surrounding the catalysts 

particles. 

The effective method to improve a performance of heterogeneous catalysts is 

to disperse an active metal over the surface of a support, which is typically a high 

surface area oxide such as Al2O3, SiO2, or zeolites. The supported metal materials are 

effective as catalysts because the active metallic phase is presented as extremely 

small particles and they are firmly anchored to the support and are separated from 

each other. Thus the active metal particles may not readily coalesce, or sinter, during 

the catalytic process (Bond, 1993).  

It has been reported that the use of active metal dispersed on support could 

enhance catalyst performance, and its catalytic activity also depends on the degree of 

metal dispersion. Zhang et al. (2008) prepared Ni-Co bimetallic catalysts supported 

on Al-Mg-oxide. They found that the catalyst with lower Ni-Co content has better 

metal dispersion and therefore, gave rise to better catalytic performance in CO2 

reforming of CH4 to produce syn gas. The report from Göhlich et al. (2011) also 

revealed that the hydrodearomatization of toluene to light alkanes over Pt/H-ZSM-5 

catalyst produced more CH4 when catalyst had a high Pt dispersion. Furthermore, a 

low Pt dispersion led to a faster deactivation at higher time on stream.  

 

 

 

 

 

 

 



    3 

Besides the metal dispersion, the performance of supported metal catalyst also 

depends on a variety of parameters including particle size and shape, catalyst surface 

structure, local composition and chemical bonding, interactions between the metal 

particle and support material and parameters during the catalyst synthesis and 

pretreatment (Zhou et al., 2011). For example, Lobo-Lapidus and Gates (2009)
 

reported that the activity for n-butane hydrogenolysis of rhenium clusters supported 

on  γ-Al 2O3 varied with the sizes of rhenium cluster, namely, Re10 > Re3 > 

mononuclear Re. Likewise, activity and selectivity for n-butane hydrogenolysis on 

Rh supported on Al2O3 catalysts depended on the size of metal particles; on large 

particles the activity for this reaction was slightly increased and the central cleavage 

of n-butane became favored (Maroto-Valiente, 2004). 

In this work, the hydrogenolysis of n-butane was used to probe the 

performance of catalysts. Hydrogenolysis can be defined as the breakage of carbon-

carbon bonds with the uptake of hydrogen. The hydrogenolysis reaction of simple 

alkanes on supported metal catalysts has been known for many years and has been 

investigated by many researchers (Caeiro et al., 2006; Bond and Hooper, 2006; 

Cortright et al., 1999; Scirè et al., 2006).  The direct use of n-butane provides less 

attractive alternative to the processes that are currently based on the economically 

industrial feedstock. Thus, transformation of n-butane into more interesting molecule 

is employed by hydrogenolysis. For example, n-butane can be converted to ethane, 

which is further transformed to ethylene, an important monomer in polymer 

industries. The n-butane can be transformed into i-butane (Guisnet and Gnep, 1996) 

which is widely used in alkylation units for the production of high octane C8 
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branched alkanes. Moreover, i-butane is dehydrogenated into isobutylene for the 

production of methyl tertiary butyl ether (MTBE) (Caeiro et al., 2006). 

Because catalyst performance is largely influenced by the structure of 

catalysts, chemical and structural characterization becomes an essential requirement   

to identify the structural-performance relationships. Uniformity of catalysts not only 

influences their selectivity but also allows precise characterization (Fierro-Gonzalez 

et al., 2006). A typical method to prepare highly uniform supported metal catalyst is 

to use an organometallic complex as a metal precursor. For example, the preparation 

of manganese oxide and cobalt oxide supported on zirconia by using metal-EDTA 

complexes as precursors resulted in a highly uniform active phase (Boot et al., 1996). 

In another example, the nearly uniform supported carbonyl cluster approximated as 

decaosmium was prepared by reductive carbonylation of adsorbed Os3(CO)12 on 

MgO at 275°C (Kulkarni et al., 2009). Complexes with carbonyl ligand are widely 

used as metal precursors because the carbonyl can be removed easily under mild 

conditions. Chotisuwan et al. (2006) prepared catalysts by adsorption of 

Pt3Ru6(CO)21-(µ3-H)(µ-H)3 on γ-Al 2O3 and decarbonylation by treatment in He at  

300°C. Characterization of samples after decarbonylation showed that the 

composition of that metal frame remained unchanged. The material was active for 

ethylene hydrogenation and n-butane hydrogenolysis under conditions mild enough to 

prevent the cluster disruption. 

The first part of this thesis focused on synthesis of zeolite NaY and zeolite 

ZSM-5 and their use as supports for cobalt catalysts. Transformation of zeolite NaY 

to NaP under various crystallization conditions was also investigated (Chapter Ш). 

The cobalt catalysts supported on zeolite NaY and ZSM-5 were characterized by 
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XRD, XANES, and BET techniques and their activities for n-butane hydrogenolysis 

was investigated (CHAPTER IV). Besides the supported cobalt catalysts, the 

preparation and characterization of highly uniform manganese carbonyl complexes 

supported on MgO was also studied. Binuclear manganese carbonyls (CHAPTER V) 

and mononuclear manganese carbonyls (CHAPTER VI) were deposited on MgO by a 

chemical vapor deposition (CVD) method. The manganese carbonyl complexes 

supported on MgO were investigated by using the complementary of IR, EPR and 

XAS spectroscopies. 

 

1.3 Research objectives 

1.3.1 To synthesize zeolite NaY and investigate the conditions that allow 

transformation of zeolite NaY to zeolite NaP, and its use as a support 

for supported cobalt catalysts for n-butane hydrogenolysis. 

1.3.2 To compare (a) the activity in n-butane hydrogenolysis of supported 

cobalt catalysts prepared from zeolite NaY and ZSM-5, (b) the effect 

of cobalt content, and (c) the influence of Pd on supported cobalt 

catalysts.  

1.3.3 To prepare and characterize highly uniform samples prepared from 

manganese carbonyl complexes including Mn2(CO)10, Mn(CO)5H, and 

Mn(CO)5CH3 on MgO. 
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1.4 Scope and limitations of study 

1.4.1 Zeolite NaY and NaZSM-5 were synthesized from rice husk silica. 

1.4.2 The transformation of zeolite NaY to NaP was investigated by 

changing the aging time and the crystallization time. 

1.4.3 Cobalt catalysts with zeolite NaY and zeolite NaZSM-5 as supports 

were prepared by the incipient wetness impregnation method by using 

Pd(CH3COO)2 and Co(NO3)2.6H2O as metal precursors. 

1.4.4 The supported cobalt catalysts were characterized by techniques and 

instruments available at Suranaree University of Technology, 

Synchrotron Light Research Institute (Public Organization). 

1.4.5 The activity for n-butane hydrogenolysis of the supported cobalt 

catalysts was investigated by using a plug flow reactor.  

1.4.6  The manganese carbonyl complexes Mn(CO)5H, Mn(CO)5D, and 

Mn(CO)5CH3 were synthesized from Mn(CO)5Br. 

1.4.7 Highly uniform samples were prepared by treatment of MgO-

supported manganese samples in flowing O2 at room temperature. 

1.4.8 The supported manganese samples were characterized by electron 

paramagnetic resonance, X-ray absorption and infrared spectroscopies. 
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CHAPTER II  

LITERATURE REVIEW 

 

2.1 Background of zeolite  

Zeolites are well-defined crystalline aluminosilicate materials with three-

dimentional structures arising from a framework of [SiO4]
4- and [AlO4]

5-. The 

frameworks are open and contain channels and cavities in which cations and water 

molecules are located. The cations often have a high degree of mobility giving rise to 

facile movement of the water molecules that are readily lost and regained; this 

property accounts for the well-known desiccant properties of zeolites. Because 

zeolites have porous structure with regular arrays of apertures, they have size 

selectively that take molecules with sizes smaller than pore diameter into their porous 

structures and reject molecules with sizes larger than pore diameter. This is the 

property of molecular sieving largely unique to zeolites and responsible for their first 

commercial success (Dyer, 1988).  

 The assembly of tetrahedral [SiO4]
4- and [AlO4]

5- through their oxygen atoms 

also creates the infinite lattice composed of identical building blocks or unit cells, 

with their symmetry related to  the classification of zeolite structure. In this work, 

zeolite NaY and zeolite NaZSM-5 were synthesized and used as supports for 

catalysts. 
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2.1.1 Zeolite Y 

Structure of zeolite Y is classified as a faujasite (FAU) type framework, which 

contains unit cells of double 6-rings consisting of a very large cavity with four 12- 

oxygen ring windows (Figure 2.1).  

 

Figure 2.1  Structure of FAU framework. 

 

Generally, zeolite Y is synthesized in a gelling process. Alumina and silica 

sources are mixed in alkaline aqueous solutions to give a gel. The gel is then usually 

heated to 70-300°C to crystallize the zeolite (Bhatia, 1990). The crystallization 

condition is an important factor to induce the transformation of zeolite Y into the 

other zeolites (Sang et al., 2006). Wittayakun et al. (2008) prepared zeolite NaY by 

hydrothermal processs by using rice husk as a silica source. Various aging and 

crystallization conditions led to the transformation of zeolite NaY to zeolite NaP. 

The most important use of zeolite Y is as a cracking catalyst. For example, 

Kuznetsov (2003) reported that Pt/HY zeolite is an effective catalyst for n-octane 

hydrocracking. The report from Hopkins et al. (1996) and Williams et al. (2000) 

showed that ultrastable zeolite Y (USY) was used as a catalyst for cracking of hexane 

without addition of active metal. The acid sites presented in USY was reported to be
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active for alkane cracking. Besides cracking, zeolite Y is also used in the 

hydrogenolysis reaction. Banu et al. (2011) reported that the conversion of sorbitol 

hydrogenolysis on 6% Ni/NaY catalyst was approximately 75%. In addition, 

Mériaudeau et al. (1997) reported that propane hydrogenolysis rate on Pt1.7/NaY was 

approximately 78  mmol h-1 g-1 catalyst at 450°C.  

The other applications of zeolite Y are to be used for a separation of carbon 

dioxide and nitrogen gases (White et al., 2010), used for
 
removal of heavy metal from 

the solution (Keane, 1998) or used in fuel cell application (Ahmad et al., 2006).    

2.1.2 Zeolite ZSM-5 

Zeolite ZSM-5, with an MFI type framework, consists of pentasil units linked 

together by oxygen bridges to form pentasil chains. Each pentasil unit composed of 

eight five-membered rings. The pentasil chains are interconnected by oxygen bridges 

to form corrugated sheets with 10-ring holes (Figure 2.2) (McCusker, 2005). 

 

       

10-Rings

 

 

 Figure 2.2  Structure of MFI framework. 
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Zeolite ZSM-5 is typically prepared from SiO2, NaAlO2 and a template, 

N(CH2CH2CH3)4Br, at high temperature and high pressure in a Teflon-coated 

autoclave (Lermer et al., 1985). In addition, ZSM-5 can be synthesized without using 

a template (Cheng et al., 2006), but the template-free method produced zeolites with 

lower structural stability. 

Zeolite ZSM-5 itself can be used as a catalyst, exemplified by the use of H-

ZSM-5 in the conversion of n-butane to i-butane, (Kumar et al., 2002). The catalytic 

activity of nanosize crystallites of ZSM-5 for cracking of 1,3,5-triisopropylbenzene 

increased 1.3 times from big (82.8 nm) to small (20.7 nm) crystallite (Marales-Pacheo 

et al., 2011). Zeolite ZSM-5 can be used as a support for active metals. For example, 

palladium was impregnated into ZSM-5 and used as a catalyst for the combustion of 

methane (Zhang et al., 2008). The Pt/HZSM-5 catalyst was reported to be used in 

hydroisomerization of meta-xylene (Aboul-Gheit et al., 2001) and Co/ZSM-5 was 

used for the reduction of NOx with iso-butane (Wang et al., 2000).  

Furthermore, ZSM-5 is also used as membrane due to its size selective 

property. It was incorporated with poly vinyl alcohol (PVA) and use as a membrane 

for pervaporation separation of methanol–benzene mixtures (Teli et al., 2011). Sun et 

al. (2009) prepared Sn-ZSM-5 zeolite supported on α-Al 2O3 tubes and used it as a 

membrane for separation of acetic acid/water mixtures. 
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2.1.3 Magnesium oxide 

Magnesium oxide consists of a lattice of Mg2+ ions and O2– ions held together 

by ionic bonds. The most conventional method for synthesis of MgO is the 

decomposition of various magnesium salts or magnesium hydroxide (Mg(OH)2)  

(Ding et al., 2001). The different Mg–O pairs exist at the surface of MgO, where 

Mg2+ and O2− ions have different coordination numbers depending on their location 

(terrace, corner, or edge). The basic sites are generally considered to be oxide ions of 

low coordination, denoted by −2OLC  (where LC = 3C, 4C, and 5C refer to tri-, tetra-, 

and penta-coordinated oxide ions, respectively). Treatment of MgO at increasing 

temperature led to the removal of contaminants and progressively led to stronger 

basic sites (Bailly et al., 2005).   

 

2.2  Supported metal catalyst 

Supported metal catalysts may be composed of three components: (1) an 

active phase (2) a promoter, which increases the activity, selectivity and/or stability, 

and (3) high surface area support that serves to facilitate the dispersion and stability 

of active phase.  

Active phase are usually dispersed on the surface of support in the form of 

microcrystallites of 1-50 nm diameter. The surface of these crystallites contain active 

sizes for catalyzing various reactions. Promoters are added in small amounts 

compared to that of active phase. The function of a promoter is to maintain catalytic 

surface and/or increase the activity (Farrauto and Batholomew, 1997).
 
For example, 

the addition of small quantities of Ca or Mg into Ni/α-Al 2O3 catalysts can improve 

the activity and selectivity for the steam reforming of hydrocarbon (Lisboa et al., 
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2005).  The supports refers to the high-surface-area carrier (typically oxides or 

carbons) that facilitate preparation of well dispersed active phases and improve the 

thermal stability of the active phase over long period of time. 

2.2.1 Preparation of supported metal catalysts 

The preparation of supported metal catalysts includes various steps including   

preparation of the support, deposition of active components onto a support and 

catalyst activation. There are several methods to apply the active components onto the 

support, for example, impregnation, adsorption, chemical vapor deposition, ion-

exchange and precipitation. In this work, the incipient wetness impregnation and 

chemical vapor deposition were used in the catalysts preparation.  

Incipient wetness impregnation  

Incipient wetness impregnation involves bringing the solution containing a 

salt of an active ion into the pores of support. The amount of solution used in this 

technique is low and the whole active component is expected to be retained on the 

support since there is no washing step involving in this technique. The mixing of 

active ion salt solution and support produces a paste with a distribution of active ion 

as homogeneous as possible. The paste is subsequently dried and heated to 

decompose the salt of active ion (Marceau et al., 2008).      

Chemical vapor deposition (CVD) method  

Chemical vapor deposition is a reaction that occurs by the adsorption of the 

gas phase (precursor) onto the support. No solvent is required. However, the choices 

of salt precursor are limited due to their characteristics including; (1) stability at room 

temperature, (2) sufficient volatility at room temperature, (3) capability of being 
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produced at a high purity, (4) an ability to react with support without sides reactions 

(Pierson, 1992).  

2.2.2 Characterization of supported metal catalysts 

Understanding structure of supported metal catalysts is necessary because of 

the relationship among the physical, chemical properties and catalytic activity. 

Besides, characterization of catalysts provides an opportunity to determine the cause 

of deactivation as well as monitor the changes in physical and chemical properties of 

catalysts during the preparation, activation and reaction testing. The characterization 

tools used in this work includes the following techniques. 

Fourier transform infrared spectroscopy (FTIR) is used to analyze the 

interaction between two atoms. The incident electromagnetic wave is adsorbed by a 

molecule upon excitation of molecular vibration modes. The frequency of these 

vibrations depend on the nature and binding of the molecules. This technique can be 

used to analyze the catalyst surface during the reaction (in situ conditions). 

X ray diffraction spectroscopy (XRD) is used to characterize bulk crystal 

structure and chemical phase composition by the diffraction of an X-ray beam as a 

function of the angle of the incident beam. Broadening of the diffraction peaks can be 

used to estimate crystallite diameter. 

Electron paramagnetic resonance (EPR) spectroscopy is a technique for 

investigating paramagnetic species by measuring the interaction of an external 

magnetic field with the unpaired electron(s) in paramagnetic species. 

X-ray absorption (XAS) spectroscopy is a technique that measures the 

absorption of X-rays as a function of their energy. The energy of the X- rays is varied 

in the range that the core electrons can be excited. When the energy of an X-ray is 
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equal to the binding energy of a core electron, the core electron will be ejected from 

atom and cause a sharp rise in the absorption spectrum. This region is known as       

the X-ray Absorption Near Edge Structure (XANES) region. The absorption at an 

energy 50 eV above the sharp rise is called the Extended X-ray Absorption Fine 

Structure (EXAFS) which corresponds to the scattering between ejected electrons and 

electrons of neighboring atoms. The spectrum in XANES region provides information 

about formal valence, coordination environment, (e.g. octahedral, tetrahedral 

coordination) and subtle geometrical distortions of it. The EXAFS region provides 

information including the bond distance and the number of atoms surrounding the 

atom that absorbs X-ray energy.  

 N2 adsorption-desorption analysis is a technique that represents the physical 

adsorption and desorption of gas molecules on a solid surface. Based on the Brunauer 

Emmett and Teller (BET) equation, data representing the adsorption desorption 

characteristics can be used to measure the surface area and porosity of material.  
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CHAPTER III 

TRANSFORMATION OF ZEOLITE SODIUM Y 

SYNTHESIZED FROM RICE HUSK SILICA TO  

SODIUM P DURING HYDROTHERMAL SYNTHESIS 

 

Abstract 

This chapter focuses on the synthesis of zeolite NaY and investigation of its 

transformation to NaP by variation the synthesized conditions. Rice husk silica 

powder with approximately 98% purity was used as a silica source for zeolite 

syntheses. The transformation of zeolite NaY to zeolite NaP was investigated during 

hydrothermal synthesis at 100°C by fixing the mass ratio of SiO2, Al2O3, and Na2O at 

10:1:4.6. The studied parameters included aging time (1, 2, and 3 days) and 

crystallization time (1, 2, 3, 4, and 5 days). The change in phase of zeolite was 

observed by powder X-ray diffraction. The aging time did not have much effect on 

the transformation. When the crystallization time was fixed at 1 day, the synthesis 

with 1-day aging produced pure phase NaY and that with 2- and 3-day produced only 

a small amount of NaP. In contrast, changes of the crystallization time, with a fixed 

aging time at 1 day, caused a significant transformation. The transformation of NaY 

to NaP was observed in the synthesis with crystallization of 2 days and the amount of 

NaP increased with the crystallization time. The NaY phase was not observed after a 

crystallization time of 4 days and high purity NaP was obtained after crystallization  
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of 5 days. Consequently, the synthesis condition with an aging time of 1 day and 

crystallization time of 5 days was the optimum condition for the transformation. 

Scanning electron micrographs at this optimum condition showed a narrow size 

distribution in the range of 7-14 µm. 

 

3.1 Introduction 

Zeolite P class includes a series of synthetic zeolite phases such as cubic 

configuration (also termed B or Pc) or tetragonal configuration (also termed P1). Its 

conformation depends on the extra-framework ion, the state of dehydration and the 

chemical composition (Nery et al., 2003). The zeolite P class has the typical oxide 

formula: M2/nO·Al 2O3·1.80-5.00SiO2·5H2O, where M is an n-valent cation, normally 

an alkali metal. Crystallites of zeolite P with Si/Al ratios from 0.9 to 1.33 are useful 

as molecular sieves and detergent builders (Huang et al., 2001). Zeolite P can be 

synthesized from various silica sources and methods, for example, from a natural 

clay, Kaolinite, and crystallization at 75-85°C (Sathupunya et al., 2002); from coal fly 

ash by agitation at 120°C (Murayama et al., 2002); or from sodium aluminate and 

sodium silicate solution by hydrothermal treatment in a microwave oven (Zubowa et 

al., 2008). 

Sang et al. (2006) synthesized small crystals of zeolite NaY by hydrothermal 

method and found that crystallization at 120°C caused the formation of zeolite NaP 

instead of zeolite NaY. Moreover, in the synthesis of zeolite NaY with rice husk silica 

(RHS), zeolite NaP was observed when the crystallization at 100°C was longer than 

48 h (Wittayakun et al., 2008). Thus the synthesis conditions such as aging and 
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crystallization time that facilitated the transformation of NaY to NaP were further 

investigated. 

This chapter includes the transformation of zeolite NaY, synthesized with the 

RHS as reported previously, to NaP at different aging times (1, 2, and 3 days) and 

crystallization times (1, 2, 3, 4, and 5 days). The product from each condition was 

characterized by X-ray diffraction (XRD). The sample with the highest degree of 

transformation was characterized further by fourier transform infrared spectroscopy 

(FTIR), scanning electron microscopy (SEM), laser diffraction particle size analyzer 

(DPSA) and thermal gravimetry analysis (TGA). 

 

3.2 Experimental 

3.2.1 Materials  

Chemicals for the preparation of the RHS and zeolite synthesis were 

hydrochloric acid (37% HCl, Carlo-Erba), sodium aluminate (~55-56% of NaAlO2, 

Riedel-de Haën), sodium hydroxide (97% NaOH, Carlo-Erba), and rice husk (from 

the local rice mill in Lampang, Thailand). The standard zeolites were NaY with a 

Si/Al molar ratio 5.7 (JRC with Tosoh Corp) and NaP (Fluka). 

The RHS was prepared by the acid-leaching method reported previously 

(Khemthong et al., 2007). Briefly, the rice husk was washed and dried at 100°C  

overnight; refluxed with 3 M HCl for 6 h; filtered and washed again with water until 

pH of the filtrate was neutral and dried at 100°C overnight before pyrolysis in a 

muffle furnace (Carbolite, CWF1200) at 550°C for 6 h to remove hydrocarbon and 

volatile organic compounds. The obtained RHS contains amorphous silica with 
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approximately 98 wt% purity. This RHS was dissolved in 3.5 M NaOH solution to 

produce Na2SiO3 for further zeolite synthesis. 

3.2.2 Synthesis of zeolite  

The transformation was investigated with the synthesis gel of zeolite NaY 

prepared similarly to that in a previous work by Wittayakun et al. (2008) by mixing a 

seed gel and feedstock gel. The seed gel was prepared by dissolving NaOH and 

NaAlO2 in deionized water followed by the addition of Na2SiO3 solution and kept at 

room temperature for 1 day. The feedstock gel was prepared in a similar method to 

that of the seed gel except that it was used immediately without aging. In the 

synthesis, both gels were mixed to form overall gel, aged (kept undisturbed) at room 

temperature, and crystallized at 100°C. After the crystallization step, the resulting 

white powder was separated by filtration, washed, and dried at 100°C.  

The transformation of zeolite NaY to NaP was investigated by changing the 

aging time or crystallization time. In the first set, the overall gel was aged at various 

times (1, 2, and 3 days) and crystallized for 1 day. These conditions were chosen 

because the aging time of 1 day and the crystallization of 1 day was the optimum 

condition for the synthesis of NaY (Wittayakun et al., 2008). Another set of the 

experiment, the effect of crystallization time was investigated by fixing the aging 

time at 1 day and varying the crystallization time to 1, 2, 3, 4, and 5 days. 

3.2.3 Characterization of the synthesized zeolites 

The product from each condition was characterized by XRD (Bruker) with 

nickel filtered Cu Kα radiation scanning from 4 to 50º. The XRD pattern was 

compared with that of standard NaY and NaP.  
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A product with the highest degree of transformation was characterized further 

by FTIR (Spectrum GX, Perkin-Elmer) using KBr as a medium. IR spectra were 

scanned in the range of 4,000 cm-1 to 400 cm-1 with a resolution of 4 cm-1.  

Morphology of the zeolite was investigated by SEM (JEOL JSM-6400) with 

applied potential 10 - 20 kV.  

Particle size distribution of zeolites was determined by DPSA (Malvern 

Instruments, Mastersizer 2000) with the sample dispersed in distilled water and 

analyzed by He-Ne laser. The standard volume percentiles at 10, 50, and 90, or 

denoted as d(0.1), d(0.5), and d(0.9), respectively, were recorded from the analysis 

and used to calculate the width of the distribution. The width was calculated from the 

equation below:        

d(0.5)
d(0.1)-d(0.9)

 

Thermal stabilities were investigated by TGA-DTA (TA Instrument/SDT 

2960) by heating from 0°C to 1,000°C with a heating rate of 10°C /min in nitrogen 

flow (100 ml/min).  

 

3.3 Results and discussion 

3.3.1 Effect of aging time on transformation of NaY to NaP 

The XRD patterns of the sample prepared at aging time of 1, 2, and 3 days 

were compared with that of NaY and NaP standards as shown in Figure 3.1. The 

spectrum of the 1-day aging sample was similar to that of standard zeolite Y without 

any other peaks, indicating that the pure phase of NaY was obtained. With increased 

aging time, the peaks at 2θ = 12.5, 21.6, and 28.1 degree with low intensity emerged 
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in the products from 2- and 3-day aging times. The positions of those extra peaks 

were the characteristic peaks of NaP, indicating that a longer aging time than 1 day 

causes the transformation of NaY to NaP. The transformation was not significant at 

these conditions. It was found in the next section that the transformation occurred 

faster at a higher temperature.  

Figure 3.1 Normalized XRD patterns of zeolite synthesized with different aging 

times compared with the patterns of standard zeolite Y and zeolite P. 

 

3.3.2 Effect of crystallization time on the transformation of NaY to NaP                                                                                                                

The effect of crystallization time on the transformation of NaY to NaP was 

investigated with the aging time of 1 day because it showed no effect on the 

transformation. The XRD patterns of the products with a crystallization time from 1  
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to 5 days are displayed in Figure 3.2 along with that of standard zeolites. Only the 

sample with the 1-day crystallization time showed the pure phase of NaY with the 3- 

strongest peaks at 2θ = 6.5, 15.6, and 23.7 degree. These 3 peaks had the same 

positions as those of zeolite Y reported in JCPDS files (International Centre for 

Diffraction Data, 1979).  
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Figure 3.2  Normalized XRD patterns of zeolite synthesized with different 

crystallization times compared with the patterns of standard zeolite Y and zeolite P. 

 

Characteristic peaks of NaP started to emerge in the sample with the 2-day 

crystallization time and the intensities of those peaks increased with a longer 

crystallization time. The main peak of NaY was not observed after crystallization for 

4 days and NaP became a major component. Because there was another phase along 

with NaP, this condition was not suitable for the synthesis of zeolite P. 
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The first peak of NaP (2θ = 12.5) from this study split into 2 peaks but the 

position was similar to that of the standard NaP and the peaks of zeolite P from 

JCPDS database (International Centre for Diffraction Data, 1979). It was possible that 

there were two types of NaP in this sample and this was confirmed by SEM in the 

next section. From the literature, the position of this peak of NaP with different 

morphology was slightly different (within 0.5 degree) (Sathupunya et al., 2002 and 

Zubowa et al., 2008). 

3.3.3 Characterization of product with 5-day crystallization 

The product obtained after the 5-day crystallization time contained NaP as a 

major component. It was further characterized by FTIR, SEM, DPSA, and TGA-

DTA.  

The FTIR spectrum in transmittance mode in Figure 3.3 shows peaks at 3487, 

1638, 1002, 773, 690, 571, and 465 cm-1. These peaks were similar to those of zeolite 

P reported by Flanigen et al. (1971). The peaks at 571-460 cm-1 and 1002 cm-1 were 

assigned to T-O (T = Si, Al) bending and Si-O, Al-O tetrahedral vibration, 

respectively. The appearance of the peaks at 690, 1638, and 3487 cm-1 was attributed 

to the double ring external linkage, vibration of water molecule, and OH stretching, 

respectively (Albert et al., 1998).  
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Figure 3.3  FTIR spectrum of product obtained from 1-day aging and 5-day 

crystallization time. 

 

The SEM micrograph in Figure 3.4 illustrates the morphology of the product 

from the crystallization of 5 days. There were two types of particles: spherical and 

multifaceted. The spherical shape was similar to that of NaP reported by Sathupunya 

et al. (2002) and the multifaceted shape was similar to that of NaP reported by 

Zubowa et al. (2008). The mixed morphology might be the reason that the XRD peak 

at 2θ = 12.5 degree (Figure 3.2) split into 2 peaks. 
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Figure 3.4  SEM image of product obtained from 1-day aging and 5-day 

crystallization time. 

 

Particle size distribution of the product with the 5-day crystallization time 

obtained from the DPSA is shown in Figure 3.5. The major population had a particle 

size in the range of 4-25 µm with a small population with a size in the range of 0.7-

3.0 µm. Note that the particle sizes from the DPSA were the size and distribution of 

bulk particles which might be composed of several small particles aggregated 

together, and thus were different from the results from the SEM which displayed 

images of isolate crystals. 
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Figure 3.5  Particle size distribution of product obtained from 1-day aging and 5-

day crystallization time.  

 

The thermal stability of the product with the 5-day crystallization time 

obtained from the TGA-DTA experiment is shown in Figure 3.6. The weight loss 

during heating was approximately 17% up to 400°C, accompanied by 3 endothermic 

peaks at about 60, 100, and 150°C which was attributed to the loss of water (Zubowa 

et al., 2008). Further weak endothermic peaks were observed at about 200, 300, and 

600°C. These 3 peaks resulted from a 3-step endothermic water loss and, at 900°C at 

which the zeolite P was irreversibly converted into nepheline, a dense NaAlSiO4 

phase (Albert et al., 1998). 
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Figure 3.6  TGA-DTA thermogram of product obtained from 1-day aging and 5-

day crystallization time.  

 

3.4 Conclusions 

Two parameters that affected the transformation of zeolite NaY to zeolite NaP 

were the aging time and crystallization time. When the crystallization time was fixed 

at 1 day, the aging time of 1 day was suitable to produce the pure phase of zeolite 

NaY whereas 2 and 3 days aging times produced a small amount of NaP. The 

crystallization time showed a more significant effect on the transformation. The phase 

of NaY was not observed after crystallization for 4 days and, after a crystallization 

time of 5 days, NaP was a major product. With the 5-day crystallization time, NaP 

was a major product with a trace amount of NaY. 
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CHAPTER IV 
 

n-BUTANE HYDROGENOLYSIS OVER SUPPORTED 

COBALT CATALYSTS  

 

Abstract 

 This chapter focuses on an investigation of the activity of cobalt catalysts 

supported on zeolite NaY and zeolite ZSM-5 in n-butane hydrogenolysis.  The 

conversion in this reaction over cobalt supported on NaY was lower than that of 

cobalt supported on ZSM-5. Thus monometallic Co/ZSM-5 and bimetallic 

CoPd/ZSM-5 were further prepared and investigated. Cobalt contents in both mono- 

and bimetallic catalysts were 1, 4, 7, and 10 wt%, and the amount of palladium was 

fixed at 1 wt%. The catalysts were characterized by X-ray diffraction, extended X-ray 

absorption near edge structure (XANES) spectroscopy and N2 adsorption-desorption; 

the catalysts with high cobalt content had low surface areas and high degrees of 

cobalt reduction. The presence of Pd in the bimetallic catalysts did not significantly 

increase the reducibility.  The catalytic testing results on n-butane hydrogenolysis 

showed that activity of monometallic catalysts increased with the cobalt content, 

except the catalysts with 10 wt% cobalt and the addition of palladium did not 

significantly enhance the activity of catalysts. The conversion of n-butane per cobalt 

atom demonstrated that 7Co1Pd/ZSM-5 has the highest activity among the catalysts 

studied in this work. 
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4.1 Introduction  

Oil refining processes produce large amounts of long-chain hydrocarbons 

(Leclercq et al., 1995) which are less economically interesting than small 

hydrocarbon molecules. Thus, reactions to convert long chain to small molecules are 

needed. Hydrogenolysis is a reaction which involves the breakage of carbon-carbon 

bonds with the uptake of hydrogen. It is also defined as a structure sensitive reaction 

because the selectivity and specific rate of alkane hydrogenolysis often depend on 

morphology and chemical properties of the catalysts (Boudart et al., 1969). 

In supported catalysts, the properties of the metals have a great influence on 

the activity and selectivity in the hydrogenolysis reaction. The selectivity aspect for 

hydrogenolysis is represented by the fragmentation factor, which, by definition, 

characterizes the depth of hydrogenolysis as the number of fragmented molecules per 

molecule of feed split up. In single hydrogenolysis, only one C–C bond is cleaved and 

the fragmentation factor is one. In multiple hydrogenolysis, more than one C–C bond 

is broken and the fragmentation factor is more than one (Jackson et al., 1998). 

Particle sizes of metal in supported catalysts can affect the activity and 

selectivity in alkane hydrogenolysis. For example, Yao et al. (1979) found that 

activity and selectivity for n–pentane hydrogenolysis on alumina-supported rhodium 

(Rh) was a function of particle size. The highly dispersed Rh catalysts produced 

ethane and propane selectively due to the selective cleavage of the C–C bond. In 

contrast, for the large particles, the cleavage of n-pentane became random. 

Furthermore, Maroto-Valiente et al. (2005) reported that the hydrogenolysis activity 

of n-butane on ruthenium supported on Al2O3 decreased with the metal particle size in 

the approximate range of 1-24 nm. 
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In this study, the activity of supported cobalt (Co) catalysts on n-butane 

hydrogenolysis was studied. Although Co has been reported to be a good catalyst for 

hydrogenolysis, only zerovalent cobalt (Co0) is an active form. Typically, the cobalt 

in supported catalysts is in oxide forms after the catalyst preparation is completed. 

Thus, the reduction process is required to transform the oxide to the zerovalent form.  

To enhance the reducibility of cobalt oxide, a noble metal can be added as a 

promoter. The improvement could be explained by H2 spillover effect in which 

dihydrogen molecules adsorb on the noble metal and diffuse to the adjacent cobalt 

oxide particle, and thus promote the reduction. A report from Xiong et al. (2009) 

demonstrated that the addition of ruthenium to Co/SBA-15 catalysts enhanced the 

reducibility of cobalt oxide. The ruthenium oxide was first reduced and subsequently 

catalyzed the reduction of cobalt oxide to the metallic form. Jacob et al. (2002) 

showed that the addition of 0.5 wt% Pt to 15 wt% Co supported on Al2O3 

significantly reduced the reduction temperature of surface cobalt oxide species. By 

comparing results from temperature programmed reduction (TPR) between Pt-

promoted Co/Al2O3 and unpromoted catalysts, it was shown that the addition of Pt 

caused the reduction peaks to shift markedly to lower temperatures, presumably due 

to spillover of H2 from the noble metal to reduce the cobalt oxide. According to Al-

Saleh et al. (2003), platinum and rhodium were also used to introduce H2 spillover on 

Co on highly porous saponite (HPS). TPR studies showed that Pt–Rh combination 

had more significant effects on the reducibility of Co species on HPS than the 

unpromoted one and single noble metal (Pt, Rh individually)-promoted catalysts. The 

Pt–Rh combination shifted the TPR peaks to lower temperatures. Moreover, a report 

from Khemthong et al. (2010) revealed that the addition of 1.0 wt% Pt to 1 wt%,        

 

 

 

 

 

 



 39 

6 wt% and 10 wt% Co supported on zeolite NaY enhanced the reducibility of cobalt 

oxide particle by the H2 spillover effect. 

In this chapter, supported cobalt catalysts were prepared by using zeolite NaY 

and NaZSM-5 as supports, because they were reported to be good cracking catalysts 

(Danuthai et al., 2009; Karge et al., 1991). A small amount of palladium was added to 

improve the cobalt reducibility. The activity of supported metal catalysts were tested 

for n-butane hydrogenolysis reaction. Moreover, the activity of cobalt catalysts 

supported on NaZSM-5 with various cobalt contents were investigated. 

 

4.2 Experimental  

4.2.1 Synthesis of zeolite NaY 

Zeolite NaY was synthesized from seed gel and feedstock gel by the 

procedure described in Chapter III. The seed gel was prepared by dissolving NaOH 

and NaAlO2 in deionized water followed by addition of Na2SiO3 solution and kept at 

room temperature for 1 day. The feedstock gel was prepared by a method similar to 

that of the seed gel except that it was used immediately. Both gels were mixed 

together to form overall gel, aged (kept undisturbed) at room temperature for 24 h and 

crystallized at 100°C for another 24 h. The zeolite product was separated by 

centrifugation and characterized by XRD.  

4.2.2 Synthesis of zeolite ZSM-5  

Zeolite NaZSM-5 was synthesized with a procedure adapted from literature 

(Panpa and Jinawath, 2009). About 6.00 g of rice husk SiO2, was dissolved in NaOH 

solution to become Na2SiO3 solution, while 1.5 g of tetrapropyl ammonium bromide 

(TPABr) and NaAlO3 were dissolved in deionized water and NaOH solution, 
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respectively. The TPABr solution and NaAlO3 solution were first mixed together and 

further mixed with the Na2SiO3 solution. The pH of the mixture was adjusted to 11 by 

1 M HNO3 and the mixture was crystallized in an autoclave at 150°C for 48 h. The 

solid product was separated by centrifugation, calcined at 550°C for 5 h to remove the 

template and characterized by XRD. 

4.2.3 Preparation of cobalt catalysts 

4.2.3.1 Monometallic cobalt catalysts 

The monometallic cobalt catalysts were prepared by incipient wetness 

impregnation of Co(NO3)2.6H2O aqueous solution to zeolite NaZSM-5. The samples 

were dried at room temperature for 24 h, and at 100°C for 3 h before calcination at 

300°C for 3 h with 2°C /min heating rate. The cobalt content in samples prepared from 

zeolite ZSM-5 were 1, 4, 7, and 10 wt%, and the samples were denoted as 1Co/ZSM-

5, 4Co/ZSM-5, 7Co/ZSM-5 and 10Co/ZSM-5, respectively.  

4.2.3.2  Bimetallic cobalt catalysts 

The bimetallic cobalt catalysts were synthesized by incipient wetness 

impregnation of Pd(CH3COO)2 (98%, Aldrich Chem) in NH3 solution (25% Fisher 

Chemicals) into the monometallic cobalt catalysts. The amount of Pd(CH3COO)2 was 

fixed to give 1.0 wt% Pd. The samples were dried at room temperature for 24 h, then 

3 h at 100°C before calcination in air at 400°C for 3 h with 2°C /min heating rate. The 

bimetallic samples with 1, 4, 7 and 10 wt% Co and 1 wt% Pd were denoted as 

1Co1Pd/ZSM-5, 4Co1Pd/ZSM-5, 7Co1Pd/ZSM-5, and 10Co1Pd/ZSM-5, 

respectively. The cobalt supported on zeolite NaY was also prepared in a similar 

method. The metal containing in this sample were 7 wt% cobalt and 1 wt% Pd and it 

was denoted as 7Co1Pd/NaY. 
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4.2.4 Catalyst characterization 

4.2.4.1 X-ray diffraction spectroscopy (XRD) 

The crystalline phase of NaZSM-5 and NaY were confirmed by X-ray 

diffraction using Cu Kα radiation. The scanning range is 5-50º for zeolites and 5-80° 

for supported cobalt catalysts with a step size of 0.02 degree and scan speed of 0.5 

degree/s.  

4.2.4.2 X-ray absorption near edge structure (XANES) 

XANES spectra of monometallic and bimetallic samples were 

recorded in a transmission mode at the Beamline 8 of the Synchrotron Light Research 

Institute, Thailand. The storage ring was operated with the electron energy of 1.2 

GeV and electron current between 90 and 140 mA. The beam was monochromatized 

using a Ge (220) double crystal, and the Co K-edge at 7709 eV was calibrated by 

using Co foil. The samples were prepared by treatment in He at 150°C for 1 h and 

reduced in H2 at 400°C for 5 h. The reduced samples were pressed to form a pellet 

with a hydraulic pressure of 10 tons for 30 seconds.  

The pellet was then sealed by using Kapton tape and attached to the 

sample holder. The spectra of samples and standard materials were collected in 

transmission mode at room temperature using an ionization chamber as a detector. 

Three scans of XANES spectra were acquired and averaged for each sample before 

the data analysis. Data reduction process and linear combination fitting were 

performed by using Athena program (Ravel and Neville, 2005). 

4.2.4.3 N2 adsorption-desorption 

The prepared catalysts were dried at 100°C overnight before analyzing 

by N2 adsorption-desorption method. The adsorption-desorption isotherm was 
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obtained by a Micromeritics ASAP 2010 Autosorb-1 series. Surface area of each 

sample was determined by using Brunauer-Emmett-Teller (BET) method. 

4.2.5 Catalytic testing 

The catalytic performance of all cobalt catalysts for n-butane 

hydrogenolysis was investigated in a fixed-bed flow reactor. The catalyst powder was 

pressed by a hydraulic press (Carver, Carver INC., USA) and sieved to the size of 

250-425 µm. Approximately, 0.05 g of catalyst was mixed with 0.3 g α-Al 2O3 and 

packed in a quartz wool bed in a 6 mm diameter quartz tube. The catalyst was treated 

in He (TSG, 99.995% purity) (50 ml/min) at 150°C for 1 h. The temperature was 

ramped up to 400°C (10°C /min) in H2 (TSG, 99.999%) and maintained at this 

temperature for 5 h. 

Once the reduction process was completed, the catalyst was cooled 

down to the reaction temperature in flowing He and the reactant gases He: H2: n-

butane in a mass ratio of 69.5: 30: 0.5 ml/min were fed through the reactor. The 

catalytic testing was conducted from 200 to 410°C. The gas outlet was analyzed every 

30°C by a gas chromatograph (SRI-GC-310C) equipped with a thermal conductivity 

detector (TCD). 
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4.3 Results and discussion  

4.3.1 Effect of support 

To compare effects of the support on the catalytic activity, catalysts 

containing 7 wt% Co and 1 wt% Pd supported on ZSM-5 and NaY were prepared, 

characterized and tested for n-butane hydrogenolysis.  

4.3.1.1 Characterization of 7Co1Pd/ZSM-5 and 7Co1Pd/NaY  

XRD spectroscopy   

 The XRD patterns of 7Co1Pd/NaY and 7Co1Pd/ZSM-5 are shown in 

Figure 4.1. The XRD pattern of 7Co1Pd/NaY shows characteristic peaks of NaY at 

2θ = 6.16, 10.08, 11.82, 15.54, 18.58, 20.14, 23.44, 26.78, and 31.12 degree 

(Wittayakun et al., 2008). The characteristic peaks of Co3O4 were observed at 2θ = 

36.76, 54.84, and 63.96 degree (Jiang et al., 2002). The XRD pattern of 

7Co1Pd/ZSM-5 shows peaks attributed to ZSM-5 at 2θ = 7.84, 8.72, 22.97, and 23.84 

degree (Panpa and Jinawath, 2009) and peaks correspond to Co3O4 at 2θ = 36.76, 

54.84, and 63.96 degree. The presence of the XRD peaks of zeolite in both samples 

indicated that addition of cobalt and palladium did not change the zeolite structure. 

The characteristic peaks of CoO were not observed in the diffraction pattern of either 

samples. However, the presence of peaks due to Co3O4 suggested that cobalt nitrate 

precursor decomposed during the calcinations and converted to Co3O4. The Co3O4 is 

the typical species observed in cobalt supported on metal oxide samples. For 

example, the XRD pattern of cobalt supported on ZrO2 after calcination, shows peaks 

due to Co3O4 as well as the peaks of support (Yung et al., 2007). 

 The XRD pattern of 7Co1Pd/NaY shows Co3O4 peaks with lower 

intensity than that of 7Co1Pd/ZSM-5. This result preliminarily suggests that cobalt 
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species in 7Co1Pd/NaY are better dispersed than in 7Co1Pd/ZSM-5. The peaks 

corresponding to PdO were not observed in either sample probably because both 

samples contain low Pd loadings which results in good dispersions. 

 

Figure 4.1 XRD patterns of 7Co1Pd/ZSM-5 and 7Co1Pd/NaY; ο, peaks 

corresponded to zeolite NaY, □, peaks corresponded to zeolite ZSM-5 and, *, peaks 

corresponded to Co3O4. 
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XANES of reduced samples 

The XANES spectra of both samples after reduction at 400°C for 5 h 

were compared to those of reference materials (Figure 4.2).  

 

Figure 4.2  Normalized XANES spectra of 7Co1Pd/NaY and 7Co1Pd/ZSM-5 

compared to the standard materials. 

 

The shift in cobalt edge of the sample from that of the standard 

metallic cobalt is related to its oxidation state. Namely, if cobalt oxide is reduced, the 

cobalt K-edge shifts to lower energy. A white line, sharp peak in XANES spectrum, is 

a characteristic of cobalt in cationic form as can be observed in the spectra of CoO 

and Co3O4 standards. The white line in spectrum of 7Co1Pd/ZSM-5 has lower 

intensity than that of 7Co1Pd/NaY. It is preliminarily suggested that the cobalt 
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species in 7Co1Pd/ZSM-5 was reduced more than that in 7Co1Pd/NaY. Another 

important feature of XANES spectra is the pre-edge, which is a small peak before the 

sharp rise of the edge. Pre-edge feature associated with the symmetry effects in the 

environment of cobalt and 1s →3d transition (Jacobs et al., 2007). As described by 

Moen et al. (1997), the transition is most intense when the first coordination shell 

lacks inversion symmetry. Therefore, the pre-edge feature is most intense for 

tetrahedral symmetry but should not be presented for octahedral symmetry. In 

practice, a very weak pre-edge feature could be observed in a distorted octahedral 

symmetry. For Co3O4, a spinal structure with one-third of the cobalt is +2 oxidation 

state and occupied tetrahedral site and two-thirds is +3 oxidation state and occupied 

octahedral site. Thus the pre-edge feature represents a combination of more intense 

tetrahedral and less intense octahedral peak. On the other hand, cobalt in CoO has 

octahedral symmetry; therefore the pre-edge feature is not permited. In Figure 4.2 the 

XANES spectrum of Co3O4 shows pre-edge feature at about 7709 eV and it was also 

observed in the spectrum of CoO, but much less intense. However, the pre-edge 

feature was not observed in the spectrum of metallic cobalt. The spectra of 

7Co1Pd/NaY and 7Co1Pd/ZSM-5 show features that lies between the pre-edge of 

cobalt oxide and metallic cobalt, suggesting that some fractions of cobalt in each 

sample were transformed to metallic cobalt. The fraction of metallic cobalt was 

further determined by linear combination fitting.            

  Linear combination fitting was performed by using XANES spectra of 

CoO, Co3O4, and metallic cobalt as references. The fraction of each reference in the 

samples was estimated, and the fitting results of both samples are shown in Figure 4.3 

and 4.4. The Co3O4 and CoO were used as reference materials in this fitting because 
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CoO is an intermediate species of the reduction process of Co3O4 to metallic cobalt as 

shown in the TPR of Co3O4 (Tang et al., 2008).  

 

Figure 4.3 Linear combination fit of 7Co1Pd/NaY after reduction at 400°C for     

5 h. 
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Figure 4.4  Linear combination fit of 7Co1Pd/ZSM-5 after reduction at 400°C for 

5 h. 

 

 Fraction of Co species from linear combination fitting are shown in Table 4.1.  

Both samples consisted of Co3O4, CoO, and metallic cobalt. The fraction of metallic 

cobalt observed in 7Co1Pd/ZSM-5 was higher than that of 7Co1Pd/NaY, 

demonstrating that the catalyst supported on ZSM-5 was reduced more easily than 

that supported on NaY.  
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Table 4.1 Fraction of cobalt species in samples after reduction in H2 at 400°C for 

5 h. 

Fraction 
Samples 

Co foil CoO Co3O4 
7Co1Pd/NaY 0.298 0.425 0.277 
7Co1Pd/ZSM-5 0.532 0.284 0.185 

 

According to the XRD patterns of both samples, the peaks attributed to Co3O4 

particles in the diffraction pattern of 7Co1Pd/ZSM-5 had higher intensity than that of 

7Co1Pd/NaY, suggesting that the Co3O4 particles in 7Co1Pd/ZSM-5 are larger than 

those of 7Co1Pd/NaY. The size of oxide particle plays a key role in the reducibility. 

Pârvulescu et al. (1998) reported that the big cobalt oxide particle was reduced more 

easily than the small particle due to its weaken metal surface interaction.  

4.3.2 Catalytic testing results  

The activities for n-butane hydrogenolysis of 7Co1Pd/NaY and 7Co1Pd/ZSM-

5 are shown in Figure 4.5. The conversion observed with each catalyst increased in 

accordance with temperature. For 7Co1Pd/ZSM-5, the conversion reached 100% at 

320°C and it tends to be stable until 400°C. For 7Co1Pd/NaY, the conversion was 

gradually increased with temperature and it was only 60% at 400°C. These results 

indicated that the catalyst supported on ZSM-5 had higher conversion than catalyst 

supported on NaY. Since only metallic cobalt is active for the hydrogenolysis reaction 

(Chu et al., 2007), the conversions of both samples agree with the fraction of metallic 

cobalt determined by linear combination fitting. The difference of metal dispersion 

over both supports might be explained by difference in acid sites of NaY and ZSM-5. 

Since NaY contains more acid sites than ZSM-5 (Morales-Pacheco et al., 2011), the 
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interaction between cobalt oxide and surface of NaY might be stronger than that on 

ZSM-5, as a result of stronger metal-support interaction and small oxide particle.     

 

Figure 4.5  Conversion of n-butane on 7Co1Pd/NaY and 7Co1Pd/ZSM-5. 

Reactant gases included He: H2: n-butane in a mass ratio of 69.5: 30: 0.5 ml/min. 

 

The activity of n-butane hydrogenolysis over 7Co1Pd/NaY was lower than 

that of 7Co1Pd/ZSM-5. The activity of supported cobalt catalysts with different metal 

loadings was further investigated by using ZSM-5 as a support. The catalysts studied 

in this work include mono- and bimetallic cobalt catalysts.  
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4.3.3 XRD spectroscopy characterizing supported cobalt catalysts on 

ZSM-5   

The XRD patterns of catalysts including mono- and bimetallic cobalt present 

2θ peaks of ZSM-5 at 7.84, 8.72, 22.97, and 23.84 degree as shown in Figure 4.6, 

indicating that the structure of zeolite did not change during the catalyst preparation.  

 

 

 

Figure 4.6 XRD patterns of mono- and bimetallic cobalt catalysts; �, peaks 

corresponded to ZSM-5 framework and, *, peaks corresponded to Co3O4. 
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The peaks of CoO were not observed in all samples. On the other hand, the 

catalysts with cobalt loading at least 7 wt% showed peaks of Co3O4 at 2θ = 36.76, 

54.84, and 63.96 degree, similar to the XRD patterns of 7Co1Pd/ZSM-5 and 

7Co1Pd/NaY previously mentioned. The absence of Co3O4 peaks for XRD pattern of 

catalysts with lower cobalt loading might be a result of smaller Co3O4 particles. 

4.3.4 N2 adsorption-desorption characterizing supported cobalt 

catalysts on ZSM-5 

The adsorption isotherms of mono- and bimetallic cobalt catalysts on ZSM-5 

are presented in Appendix B. All isotherms are type II which indicate that all samples 

are microporous materials. The adsorbed volume increased quickly at low pressure, 

illustrating that the samples contain narrow pore. The BET surface area and 

micropore volume of the as-prepared samples are shown in Table 4.2, Figure 4.7 and 

Figure 4.8. For monometallic cobalt catalysts, the surface area was remarkably 

decreased when the cobalt content increased from 1 wt% to 4 wt% but slightly 

decrease in 7Co/ZSM-5 and 10Co/ZSM-5. The decreasing in surface area was 

observed together with the decreasing in micropore volume. Thus, this phenomenon 

possibly occurred from partial blockage of zeolite pore by metal. 

Considering catalysts with the same cobalt content, addition of 1 wt% Pd to 

monometallic cobalt catalyst slightly increased its surface area (Table 4.2). However, 

the surface area of bimetallic cobalt catalyst was not significantly higher than that of 

monometallic catalyst. A small increasing in surface area could be a result from the 

higher cobalt dispersion when adding palladium into catalyst. This effect also found 

in the addition of Pd into Co/SiO2 sample reported by Sun et al. (2002). Moreover, 

there was a report indicated that addition of trace amount of Pd into Co-saponite 
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catalysts improved the cobalt dispersion (Hossain, 2006). The metal with high 

melting point and low surface mobility such as Rh, Pt and Pd should retain high 

dispersion over metal oxide because a strong metal-support interaction (Sault, 1995). 

Thus, the strong Pd-support interaction could be the reason for enhancing metal 

dispersion of cobalt in this work. 

 

Table 4.2 BET surface area of mono- and bimetallic cobalt supported on ZSM-5.  

Catalyst 
BET surface area 

(m2/g) 

Micropore volume 

(cm3/g) 

ZSM-5 332.03 0.1057 

1Co/ZSM-5 344.82 0.0964 

4Co/ZSM-5 287.24 0.0885 

7Co/ZSM-5 268.76 0.0829 

10Co/ZSM-5 266.65 0.0814 

1Co1Pd/ZSM-5 342.18 0.1057 

4Co1Pd/ZSM-5 326.71 0.1038 

7Co1Pd/ZSM-5 288.81 0.0854 

10Co1Pd/ZSM-5 271.19 0.0835 
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Figure 4.7  BET surface area of bimetallic and monometallic cobalt catalysts. 

 

Figure 4.8 Micropore volume of bimetallic and monometallic cobalt catalysts. 
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 The correlation between cobalt content and surface area of catalyst is in the 

same trend as the work of El-Shobaky et al. (2002). They prepared 0.05, 0.1 and 0.2 

Co3O4 supported on MgO (mol/mol). The particle sizes of Co3O4 determined by using 

Scherrer equation were 83, 90 and 136 Å for samples with 0.05, 0.1 and 0.2 mole 

Co3O4/mol MgO, respectively. The BET surface area of these three samples also 

decreased with the increasing size of Co3O4 from 64 to 54 and 44 m2/g, respectively. 

Thus, it can be implied from the result in this work that the size of cobalt oxide in the 

high cobalt content catalyst was larger than that in the sample with low cobalt 

content. 

4.3.5 XANES spectroscopy of reduced catalysts supported on ZSM-5 

 XANES spectra of the reduced monometallic cobalt catalysts were used to 

determine the degree of reducibility by using the linear combination fitting. The 

fitting results are shown in Figure 4.9-4.12 and Table 4.3. For catalyst with 1 wt% 

Co, the fraction of metallic cobalt was not observed, indicating that the cobalt oxide 

can not be reduced under this condition. For the other samples, the fraction of 

metallic cobalt increased with the increasing cobalt content.  

This result is consistent with the degree of reducibility of supported cobalt on 

NaY catalysts reported from Khemthong et al. (2010). Lapidus et al. (2007) also 

suggested that for catalysts with high cobalt content, there was more cationic cobalt 

phase that was not stabilized by interaction with support (large cobalt oxide particle). 

Thus, the catalyst with high amount of cobalt will be reduced easily. Moreover, other 

reports suggested that the reduction is strongly affected by the particle size of Co 

crystallite. The smaller particles are more difficult to reduce than the larger particle 

(Jacob et al., 2007; Saib et al., 2006). 
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The result from linear combination fitting of reduced bimetallic cobalt 

catalysts is shown in Table 4.3 and Figure 4.9-4.12. For catalysts with the same 

cobalt content, the addition of Pd to monometallic cobalt catalysts increased the 

reducibility. Especially the catalyst with 1 wt% Co, the addition of Pd increased the 

reducibility from 0 to 21.2%. However, Pd does not significantly affect the 

reducibility of catalyst with higher cobalt content. In contrast, cobalt oxide species in 

10Co1Pd/ZSM-5 are reduced less than those in 10Co/ZSM-5. Therefore, it can be 

inferred that the size of cobalt oxide particle, resulting from the variation in cobalt 

content, affects the reducibility more than the influence from Pd addition. 
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Figure 4.9 Linear combination fitting of 1Co/ZSM-5 (A) and 1Co1Pd/ZSM-5 (B) 

after reduction at 400°C for 5 h. 

 

(A) 

(B) 
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Figure 4.10 Linear combination fitting of 4Co/ZSM-5 (A) and 4Co1Pd/ZSM-5 (B) 

after reduction at 400°C for 5 h. 

(A) 

(B) 
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Figure 4.11 Linear combination fitting of 7Co/ZSM-5 (A) and 7Co1Pd/ZSM-5 (B) 

after reduction at 400°C for 5 h. 

 

(A) 

(B) 
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Figure 4.12 Linear combination fitting of 10Co/ZSM-5 (A) and 10Co1Pd/ZSM-5 

(B) after reduction at 400°C for 5 h. 

 

(A) 

(B) 
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Table 4.3 The fraction of cobalt species in mono- and bimetallic cobalt catalysts 

supported on ZSM-5 after reduction at 400°C for 5 h determined by linear 

combination fitting. 

 

Fraction of cobalt species 
Samples 

Metallic Co CoO Co3O4 

1Co/ZSM-5 0.000 0.624 0.376 

4Co/ZSM-5 0.456 0.415 0.129 

7Co/ZSM-5 0.540 0.355 0.105 

10Co/ZSM-5 0.853 0.168 0.000 

1Co1Pd/ZSM-5 0.212 0.602 0.187 

4Co1Pd/ZSM-5 0.491 0.380 0.125 

7Co1Pd/ZSM-5 0.532 0.283 0.185 

10Co1Pd/ZSM-5 0.582 0.230 0.188 

 

 

4.3.6 Catalytic testing of supported cobalt catalysts on ZSM-5  

4.3.6.1 Conversion 

The activities for n-butane hydrogenolysis of monometallic cobalt 

catalysts supported on ZSM-5 are presented in Figure 4.13. The conversion at 410°C 

increased with the increasing of cobalt content in catalysts. This effect could be a 

result from an increasing number of active sites. In contrast, the conversion of 

catalyst with 7Co/ZSM-5 was higher than that of 10Co/ZSM-5. According to the 

surface area of 7Co/ZSM-5 and 10Co/ZSM-5 (Table 4.2), it could be inferred that the
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cobalt particle in 10Co/ZSM-5 is larger than that of 7Co/ZSM-5. Even though the 

cobalt oxide in 10Co/ZSM-5 was reduced more than that in 7Co/ZSM-5, it might 

contain less surface cobalt active sites, which consequently exhibited less conversion.  

 

Figure 4.13  Conversion of n-butane on monometallic cobalt catalysts.   

Reactant gases included He: H2: n-butane in a mass ratio of 69.5: 30: 0.5 ml/min. 

 

The activity of n-butane hydrogenolysis over bimetallic cobalt 

catalysts are presented in Figure 4.14. Conversion of n-butane hydrogenolysis over 

bimetallic cobalt catalysts increased when the cobalt content increased. Comparing to 

the monometallic cobalt catalysts in the same amount of cobalt, addition of palladium 

did not significantly enhance the overall conversion. However, it resulted in 

decreasing the reaction temperature as can be seen in Figure 4.13 and Figure 4.14. 

The conversion at 320°C for all bimetallic cobalt catalysts was higher than that of 
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monometallic catalysts. This phenomenon can be explained by the effect of H2 

spillover. This result is in accordance with the result reported from Ali et al. (2002). 

They found that addition of 1 wt% noble metal to cobalt clay-based catalysts two 

times increased the conversion of crude oil hydrocracking. The authors suggested that 

improvement in conversion was a result from H2 spillover. 

 

Figure 4.14  Conversion of n-butane on bimetallic cobalt catalysts. 

Reactant gases included He: H2: n-butane in a mass ratio of 69.5: 30: 0.5 ml/min. 

 

 Figure 4.15-4.16 shows the n-butane conversion per millimole of 

cobalt in catalysts tested in this work. Among these catalysts, the 1Co/ZSM-5 clearly 

showed the highest conversion per millimole of cobalt; however, its activity was 

maximum only approximately 40% conversion. On the other hand, the 7Co1Pd/ZSM-

5 shows lower conversion per millimoles of cobalt but the reaction over this catalyst 
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occurred at lower temperature and its overall conversion was essentially high. Thus, it 

could be concluded that the 7Co1Pd/ZSM-5 had the highest activity among the 

catalysts in this work.  

 

Figure 4.15  Conversion of n-butane per mole cobalt of monometallic cobalt 

catalysts. Reactant gases included He: H2: n-butane in a mass ratio of 69.5: 30: 0.5 

ml/min. 
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Figure 4.16  n-butane conversion per mole cobalt of bimetallic cobalt catalysts. 

Reactant gases included He: H2: n-butane in a mass ratio of 69.5: 30: 0.5 ml/min. 

 

4.3.6.2 Selectivity   

  Methane was the only product observed in n-butane hydrogenolysis 

over monometallic cobalt catalysts (Figure 4.17-4.18), indicating that cobalt was very 

selective to the multiple hydrogenolysis. For bimetallic cobalt catalysts (Figure 4.19-

4.20), besides methane, small amount of ethane and propane is observed especially at 

high temperature. According to Jackson et al. (1998), the metals Pt and Pd have high 

selectivity for single hydrogenolysis. On the other hand, W, Ta, Fe and Co all have 

high tendency for total degradation to methane. Thus the product selectivity from this 
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work suggested that the presence of ethane and propane over the bimetallic cobalt 

catalyst could be a result from Pd in catalysts. 

 

 

Figure 4.17   Selectivity of product from n-butane hydrogenolysis on 1Co/ZSM-5 

(A) and 4Co/ZSM-5 (B). Reactant gases included He: H2: n-butane in a mass ratio of 

69.5: 30: 0.5 ml/min. 

(A) 

(B) 
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Figure 4.18  Selectivity of product from n-butane hydrogenolysis on 7Co/ZSM-5 

(A) and 10Co/ZSM-5 (B). Reactant gases included He: H2: n-butane in a mass ratio 

of 69.5: 30: 0.5 ml/min. 

 

 

(A) 

(B) 

 

 

 

 

 

 



 68 

 

 

Figure 4.19  Selectivity of n-butane hydrogenolysis on 1Co1Pd/ZSM-5 (A) and 

4Co1Pd/ZSM-5 (B). Reactant gases included He: H2: n-butane in a mass ratio of 

69.5: 30: 0.5 ml/min. 

 

(A) 

(B) 
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Figure 4.20  Selectivity of n-butane hydrogenolysis on 7Co1Pd/ZSM-5 (A) and 

10Co/ZSM-5 (B). Reactant gases included He: H2: n-butane in a mass ratio of 69.5: 

30: 0.5 ml/min. 

 

 

(A) 

(B) 
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4.4 Conclusions 

Types of support greatly influenced reducibility of supported cobalt species.   

In this study, the cobalt species supported on zeolite ZSM-5 were reduced easier than 

those on zeolite NaY. The activity for n-butane hydrogenolysis of 7Co1Pd/ZSM-5 

was consequently higher than that of 1Pd7Co/NaY. The reducibility of cobalt species 

supported on ZSM-5 also depended on cobalt content. In general, catalysts with low 

metal loading consisted of small cobalt oxide particles which are difficult to reduce to 

the metallic form. Thus, the catalyst with high cobalt loading had high degree of 

reduction relative to the low cobalt loading catalysts. 

Addition of 1 wt% Pd to Co/ZSM-5 catalyst promoted the reducibility only in 

1Co/ZSM-5. It showed non-significant effect on the samples with higher cobalt 

contents. Activity for n-butane hydrogenolysis on Co/ZSM-5 catalysts increased with 

cobalt loading up to 7 wt% Co. The 10Co/ZSM-5 showed lower activity than 

7Co/ZSM-5 even though it presented a high degree of reduction. This effect could be 

explained by the difference in active sites in the two catalysts.  
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CHAPTER V 

FORMATION OF MANGANESE TRICARBONYL ON 

THE MgO SURFACE FROM Mn 2(CO)10 : 

CHARACTERIZATION BY INFRARED,  ELECTRON 

PARAMAGNETIC RESONANCE, AND X-RAY 

ABSORPTION SPECTROSCOPIES 

 

Abstract 

This chapter focuses on preparation a structurally well-defined manganese 

complexes on high-area MgO powder by vapor deposition of Mn2(CO)10. The 

supported species were treated under O2 at 673 K and evacuated at the same 

temperature and then characterized by infrared (IR), electron paramagnetic resonance 

(EPR), and X-ray absorption spectroscopies. The results show that when the 

manganese loading of the sample was 3.0 wt%, most of the Mn2(CO)10 was 

physisorbed, but when the loadings were less, chemisorbed species predominated, 

being formed by reaction of Mn2(CO)10 with hydroxyl groups on the MgO surface. 

Treatment of samples containing 1.0 wt% Mn with O2 at room temperature resulted 

in oxidation of the manganese and the formation of surface species that are well 

represented as the d4 complex Mn(CO)3(Os)3 (where Os is surface oxygen of MgO), as 

indicated by IR and extended X-ray absorption fine structure (EXAFS) spectra. The 
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EXAFS data show Mn–C, C≡O, and Mn–Os bond lengths as 1.90, 1.43, and 1.98 Å, 

respectively.  

 

5.1 Introduction 

Oxide-supported metal complexes are widely investigated materials that find 

important applications as industrial catalysts (Giebeler et al., 2007; Niaei et al., 2010). 

They offer unique opportunities for fundamental investigations of organometallic 

compounds in the absence of solvents, because they may be understood as metal 

complexes incorporating extremely heavy ligands-the supports-allowing investigation 

of their chemistry in the presence of gas-phase reactants. 

The supports in supported metal complex catalysts are typically porous metal 

oxides (Yang et al., 2009), chosen because they provide high surface areas on which 

the metal complexes can be highly dispersed-giving high catalytic activities per unit 

volume of material. Some of the best-understood supported metal complexes are 

carbonyls of group-8 metals (Ishihara et al., 1994). The chemistry of carbonyls of 

group-7 metals has also been investigated, for example, that of rhenium carbonyls, 

including mono-, di-, and tri-nuclear species (Kirlin et al., 1990; Papile et al., 2000), 

but only little has been reported about supported complexes of manganese. 

 This chapter reports an investigation of samples prepared by the reaction of 

dimanganese decacarbonyl, Mn2(CO)10, with MgO and reactions of the supported 

species. Manganese was chosen because its complexes are important in homogeneous 

catalysis (Yang and Eckert, 1988; Vartzouma et al., 2007) and their supported 

analogues might be expected to be good candidate catalysts, being characterized by 

robustness and ease of separation from products combined with the uniformity and 
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selectivity of homogeneous catalysts. Mn2(CO)10 was chosen as the precursor because 

it is reactive with metal oxides and zeolites e.g., γ-Al 2O3 (Zecchina, 1998), MCM-41 

(Burch et al., 1996) and zeolite NaY (Dossi et al., 1997) and the infrared (IR) spectra 

of CO ligands on the resulting surface species provide valuable information about the 

structure and bonding of the metal complexes. The high vapor pressure of Mn2(CO)10 

allows sample preparation by chemical vapor deposition (CVD). 

MgO was chosen as a support because it is available as a powder with high 

surface area, facilitating the preparation of surface species in samples with high 

enough loadings of the metal complex per unit volume to give good signal-to-noise 

ratios in the spectra (Paganini et al., 1997; Rainer et al., 1998). Our specific goal was 

to elucidate the surface chemistry of relatively well-defined manganese carbonyls on 

MgO by taking advantage of a set of methods that are highly complementary and 

expected to provide insight into the structures of the surface species, namely, IR, 

electron paramagnetic resonance (EPR), extended X-ray absorption fine structure 

(EXAFS), and X-ray absorption near edge structure (XANES) spectroscopies. 

 

5.2 Experimental  

5.2.1 Treatment of MgO 

MgO powder (EMD Science, 98.0%) was calcined in flowing dry O2 (Airgas, 

99.9999%) as the temperature was ramped from room temperature to 400°C at a rate 

of 3°C /min, then held in flowing O2 at 400°C for 4 h, and subsequently treated under 

vacuum (pressure ≈ 1×10-3 mbar) at 400°C for an additional 16 h. The calcined MgO, 

which had been partially decarbonated and partially dehydroxylated, was kept under 

vacuum as it was cooled to room temperature, and then it was stored in an N2-filled  
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glovebox (Vacuum Atmospheres, with O2 and moisture contents each <1.0 

ppm) before being used for the preparation of the supported manganese complexes or 

subjected to characterization by IR and EPR spectroscopies (as described below). The 

BET surface area of the calcined MgO was approximately 70 m2/g. 

5.2.2 Synthesis of MgO-supported samples from Mn2(CO)10 

The MgO-supported samples were synthesized from Mn2(CO)10 (Strem, 

98.0%). The synthesis and handling were performed with exclusion of air and 

moisture on a double-manifold Schlenk line. Glassware was dried at 120°C overnight 

prior to use. In an N2-filled glovebox, a flask containing the highly volatile 

Mn2(CO)10 was quickly connected to another flask containing calcined MgO powder 

via a glass tube equipped with a Teflon valve separating the two flasks and ground-

glass joints. The apparatus was removed from the glovebox and connected to the 

Schlenk line via a line with a Teflon valve. The flask containing Mn2(CO)10 was 

placed in a dry-ice/isopropanol bath (temperature ≈ -25°C). The system was 

evacuated for 15 min and then warmed to room temperature in static vacuum to allow 

sublimation of the Mn2(CO)10. The masses of Mn2(CO)10 and MgO were chosen to 

give supported samples containing 0.10, 1.0, and 3.0 wt% Mn. Each sample was 

evacuated overnight and stored in the glovebox. 

5.2.3 Sample treatment 

5.2.3.1 Decarbonylation in the presence of H2 

The samples formed from Mn2(CO)10 on MgO were decarbonylated in 

the presence of flowing H2 in a once-through quartz tubular flow reactor. The powder 

sample (0.50 g) was loaded into the reactor in the glovebox. The sample was held by 

a frit mounted near the center of the tube, which was sealed on both ends with O-ring 

 

 

 

 

 

 



 

 

80 

compression fittings. The tube was removed from the glovebox and held in an 

electrically heated tube furnace, and then both ends of the reactor were connected to 

the flow system, all without exposure of the sample to air. The temperature in the 

reactor was measured below the frit with a K-type thermocouple. H2 (Airgas, 

99.9999%) flowed through the reactor at 70 mL(NTP)/min as the temperature was 

ramped to 700°C at a rate of 2°C /min. The temperature of the reactor was held at 

700°C for 2 h, and then it was cooled to room temperature while the H2 flow 

continued. The effluent gases from the reactor were analyzed by an online mass 

spectrometer (Pfeiffer Vacuum, OmniStar). The reactor was then flushed with helium 

(Praxair, 99.999%) before being transferred back to the glovebox. 

5.2.3.2 Treatment in O2 

Each sample was loaded into a once-through quartz tubular flow 

reactor and connected to the flow system as in the decarbonylation experiment. At 

room temperature, O2 (Airgas, 10% by volume in helium) was fed to the reactor at 60 

mL(NTP)/min for 6 h, then the sample was flushed with helium, and the reactor was 

sealed and returned to the glovebox. In some experiments, the effluent was analyzed 

with the online mass spectrometer. 

5.2.4 Sample characterization 

5.2.4.1 IR spectroscopy 

The MgO support and the supported samples were characterized by IR 

spectroscopy at room temperature with a Bruker IFS 66v Fourier transform 

spectrometer equipped with DTGS and HgCdTe detectors. In the glovebox, each 

sample was pressed between two KBr windows and placed in a gas-tight cell 

(International Crystal Laboratories). The cell was then loaded into an airtight 
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container as a precaution to minimize air exposure before transfer of the cell to the 

spectrometer. The sample chamber of the spectrometer was evacuated (pressure ≈ 1 

mbar), and the vacuum was maintained as spectra of the sample were recorded in 

transmission mode with a resolution of 4 cm-1. Each reported spectrum is the average 

of 128 scans. 

5.2.4.2 EPR spectroscopy 

The untreated and calcined MgO and the supported samples prepared 

from Mn2(CO)10 were characterized by EPR spectroscopy. Each sample in the N2-

filled glovebox was loaded into a 4-mm O.D. quartz EPR tube and sealed with an 

Ultra-torr fitting. The EPR tube was removed from the glovebox and evacuated 

(pressure ≈ 1×10-3 mbar) for 30 min and then flame sealed. EPR data were collected 

at the CalEPR center at the University of California, Davis. Each sample was scanned 

at room temperature in a Bruker ECS 106 X-band (≈ 9.5 GHz) spectrometer equipped 

with a Bruker ER4102ST cavity operating in the TE102 mode. Measurements were 

performed with a microwave power of 10 mW, a field modulation of 0.2 mT at 100 

kHz, and a sweep rate of 0.1 mT/s. For each spectrum, 10 scans were accumulated. 

5.2.4.3 EXAFS spectroscopy 

The sample formed from Mn2(CO)10 and MgO (1.0 wt% Mn) after 

treatment in O2 was characterized by X- ray absorption spectroscopy. Data collection 

was performed at beamline 9-BM at the Advanced Photon Source (APS) at Argonne 

National Laboratory. The beamline is equipped with a double-crystal Si(111) 

monochromator which was detuned by approximately 30% at the Mn K edge to 

minimize the presence of higher harmonics in the X-ray beam. The intensity of the X-

rays entering and exiting the sample was measured with two gas-filled ion chambers 
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(FMB-Oxford), and a third ion chamber was used to collect the spectrum of a 

manganese foil used as a reference for energy calibration. 

The sample was loaded into a stainless steel vacuum tube sealed with 

O-rings and transferred to the synchrotron, where it was handled in an N2-filled 

glovebox; the O2 and moisture contents of the glovebox were 0.10 and 1.3 ppm, 

respectively. The mass of the sample was calculated to provide an absorbance about 

2.5 and the optimized signal-to-noise ratio. The sample was weighed, mixed with 

inert boron nitride powder (Aldrich, 98.0%, particle diameter ≅ 1 µm), pressed into a 

self-supporting wafer, and loaded into the cell (Jentoft et al., 1996) which allowed 

scanning of the sample without exposure to air. The cell was transferred to the beam 

line and mounted between the first two ion chambers. The sample was scanned at 

room temperature in transmission mode at the Mn K edge (6539 eV) with a step size 

of 0.07 k (k is the wave vector) in the EXAFS region. The reported spectrum is the 

average of five spectra.  

5.2.5 EXAFS data analysis  

EXAFS data analysis was conducted by using the “difference file” technique 

(Koningsberger et al., 2000) with the software XDAP (Vaarkamp et al., 1995). First, 

the five scans were aligned and averaged. The functions used to construct the 

structural models and minimize the error are shown elsewhere (Koningsberger et al., 

2000). Reference backscattering amplitudes were calculated by using the FEFF7.0 

software (Rehr and Albers, 2000). Crystallographic data characterizing Mn2(CO)10 

(Dahl and Rundle, 1963) for the representation of Mn–C, Mn–O* (O* is carbonyl 

oxygen; the Mn–C–O moiety is characterized by collinear multiple scattering), and 

Mn–Mn contributions were included in the fitting. Crystallographic data 
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characterizing Mn2O3 and MnMg alloy (Pearson et al., 1985) were used for Mn–Os 

(Mn–Os refers to a relatively short Mn–O distance in supported samples incorporating 

oxygen of the support surface) and Mn–Mg contributions, respectively. 

The fitting was done in R-space (distance space) by using three k-weightings 

(k0, k1, and k2). In the fitting with a candidate model, the parameters characterizing 

each contribution, the coordination number N, the ∆σ2 value (Debye-Waller factor), 

the interatomic distance R, and the inner potential correction ∆E0 were varied until an 

optimized fit was obtained for all k-weightings. For a candidate model to be 

considered acceptable, it was required to fit satisfactorily with all the k-weightings.  

The EXAFS data were analyzed with 11 free parameters over the range 3.08 < k < 

9.50 Å-1. The number of parameters used in the fitting did not exceed the statistically 

justified number calculated with the Nyquist theorem (14.3) (Sayers et al., 1971).  

Two criteria were used to determine whether an EXAFS fit was satisfactory; 

first, analysis was done to determine whether the addition of each shell to the model 

decreased the value of (∆χ)2 (International XAFS Society, www, 2010) and, second, 

the parameters for each shell were checked to determine whether they were physically 

appropriate; specifically, the value of ∆E0 was considered to be appropriate in the 

range -10 to 10 eV, and the value of ∆σ2 was constrainted not to exceed 1.5×10-2 Å-2. 

5.2.6 XANES data analysis  

Data in XANES region were analyzed with the software Athena (Ravel and 

Newville, 2005). The edge position of the manganese in the sample was taken as the 

inflection point in the measured X-ray absorption spectrum. The energy scale of the 

XAFS spectrum was calibrated by setting the edge position of the manganese foil to 

the reported value. The reported XANES spectrum is the average of five spectra. 
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5.3 Results  

5.3.1 Spectroscopic characterization of MgO 

The EPR spectrum of MgO calcined at 400°C (Figure 5.1, spectrum b) lacks 

information that would identify the MgO, but the data provide evidence of impurities 

in the MgO. The spectrum includes signals at g = 2.0073 and 2.0180 which match 

reported signals of the carbonate radical, CO3- (Meguro and Ikeya, 1993; Shpak et al., 

2003). The signal at g = 1.9804, including a very weak quartet (coupling constant, A 

= 18 G) (Figure 5.1B), matches the g value of chromium, reported at g = 1.9804 

(Biasia and Grillob, 2004). The quartet corresponds to 53Cr (the natural abundance of 

this isotope is 9.3%), which has a nuclear spin I of 3/2. A weak sextet of hyperfine 

lines with a coupling constant of 82.11 G attributed to Mn2+ species (I = 5/2) was also 

observed in this sample. These impurities are common in commercial MgO samples 

(Lange, 1975). The signal corresponding to oxygen radicals was not observed in the 

spectrum of this sample. 

Evidence of the surface chemistry of the MgO is provided by the IR spectra. 

The spectrum of the calcined MgO (Figure 5.2, spectrum D) includes bands in the 

interval between 3730 and 3767 cm-1, which are assigned on the basis of results 

reported by Diwald et al. (2002). The high-frequency (3767 cm-1) component is 

assigned to OH groups in which the oxygen atom bonds to one surface cation (1-

coordinated OH group), whereas the low-frequency component is assigned to OH 

groups in which the oxygen atom is coordinated with 3 to 5 cations (3, 4, and 5-

coordinated OH group). 

The carbonate region of the IR spectrum characterizing the calcined MgO 

(Figure 5.3, spectrum A) shows the presence of peaks at 1482 and 1422 cm-1, which 
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are assigned to monodentate carbonate and carboxylate group, respectively 

(Hadjiivanov and Vayssilov, 2002).  

5.3.2 Reaction of Mn2(CO)10 with partially dehydroxylated MgO 

5.3.2.1 Observations during synthesis 

As the yellow-colored Mn2(CO)10 was deposited onto MgO powder 

from the vapor phase, the color of the powder changed from white to pale yellow, 

indicating that the precursor had been adsorbed. The sample remained pale yellow 

after subsequent overnight evacuation. 
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Figure 5.1  EPR spectra (A) of untreated MgO (a), MgO after treatment in O2 at 

400°C followed by evacuation at the same temperature (b), sample prepared from 

Mn2(CO)10 on MgO (0.10 wt% Mn) (c), and sample prepared from Mn2(CO)10 on 

MgO (1.0 wt% Mn) (d) and (B) magnification of Figure 5.1A, spectrum b, at g equal 

to approximately 1.9804. 
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Figure 5.2  Normalized IR spectra in the υOH region characterizing samples 

prepared from Mn2(CO)10 on MgO: the respective Mn contents (wt%) of the samples 

were 3.0 (A), 1.0 (B), 0.10 (C), and 0.0 (D). Spectra were normalized with respect to 

the carbonate band at 1264 cm-1.  

 

5.3.2.2 IR evidence of reactions of Mn2(CO)10 with surface OH 

groups of MgO 

When the manganese loading of the sample was only 0.10 wt%, the 

intensity of the band characteristic of the singly coordinated OH group (at 3767 cm-1) 

decreased after the Mn2(CO)10 had been adsorbed, but the intensity of the band at 

approximately 3741 cm-1 remained essentially unchanged (Figure 5.2, spectrum C). 

These results indicate that adsorption of Mn2(CO)10 on MgO took place initially on 

the singly coordinated OH groups. The spectrum shows that this low loading of 

manganese was not sufficient to convert all the surface hydroxyl groups. 
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When the loading of manganese on the MgO was increased to 1.0 and 

then to 3.0 wt%, the intensities of both hydroxyl bands decreased, and they finally 

became unobservable (Figure 5.2, spectra B and A, respectively). Thus, when the 

manganese loading was 3.0 wt%, all the hydroxyl groups had reacted, and some of 

the precursor might have interacted with sites other than OH groups on the MgO. 

5.3.2.3 IR evidence of reactions of Mn2(CO)10 with surface CO3
2- 

groups of MgO 

When Mn2(CO)10 was adsorbed on MgO, there was a decrease in 

intensity of the IR band at 1484 cm-1 (Figure 5.3, spectra A, B) assigned to 

monodentate carbonate (Hadjiivanov and Vayssilov, 2002) on MgO, and there was an 

increase in intensity of a band at 1393 cm-1, assigned to carboxylates, relative to those 

at 1484 and 1422 cm-1, which are not visible in the spectrum after adsorption 

(Hadjiivanov and Vayssilov, 2002). This result indicates that the Mn2(CO)10 interacts 

weakly with the carbonate groups on MgO upon adsorption. 
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Figure 5.3  Normalized IR spectra in the carbonate region characterizing MgO 

(A), sample prepared from Mn2(CO)10 on MgO (1.0 wt% Mn) (B), and after 

treatment in O2 (C). The spectra were normalized by setting the value of the intensity 

of the strongest band in each spectrum equal to 1.0. 

 

5.3.3 Characterization of sample containing 3.0 wt% Mn 

5.3.3.1 IR Spectra 

The interpretation of the IR spectra of the highly loaded sample is 

based on a comparison of the observed IR bands with those reported for a family of 

manganese carbonyl compounds, including Mn2(CO)10 (Table 5.1). The spectrum 

characterizing the sample containing 3.0 wt% Mn includes two broad, intense bands, 

at 2050(m) and 2011(s) cm-1 (Figure 5.4, spectrum C). These bands essentially match 

those characterizing Mn2(CO)10 in CH2Cl2 solution (Table 5.1 and Figure 5.4, 

(A) 

(B) 

(C) 
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spectrum D). Furthermore, the spectrum also includes a shoulder at approximately 

2029 cm-1 and a broad absorption extending from approximately 1889 to 1981 cm-1. 

The similarity of the two intense bands to those in the spectrum of the precursor 

indicates that some of the Mn2(CO)10 was adsorbed on MgO with its structure 

essentially intact; the data do not determine the degree of any aggregation of the 

Mn2(CO)10 on the surface (thus, they do not determine whether it was molecularly 

dispersed). The broad lower-frequency absorption suggests the presence of adsorbed 

species other than Mn2(CO)10, and our goal in investigating samples with lower 

loadings of Mn2(CO)10 was to characterize these latter adsorbed species. 

5.3.4 Characterization of sample containing 0.10 wt% Mn 

5.3.4.1 IR spectra 

 The IR spectrum of the sample with the lowest manganese loading 

(0.10 wt%) (Figure 5.4, spectrum A) was markedly different from that of the sample 

with the high loading (and different from that of Mn2(CO)10). The spectrum includes 

three intense bands, at 2029(m), 1934(s), and 1895(m) cm-1, which fall in the range 

reported for a number of manganese tricarbonyl compounds (Table 5.1). The data 

characterizing these manganese carbonyl compounds show that the positions of the 

carbonyl bands depend on the non-carbonyl ligands on the manganese. We therefore 

hypothesize that the adsorption of Mn2(CO)10 took place by a reaction with hydroxyl 

groups of MgO formed manganese tricarbonyls with the support as a ligand. 

Furthermore, the spectrum of the sample containing 0.10 wt% Mn 

(Figure 5.4, spectrum A) includes a weak shoulder at about 1869 cm-1. By 

comparison with the spectra of manganese pentacarbonyls (Table 5.1), the shoulder 

might indicate the presence of manganese pentacarbonyls on the MgO surface.  
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Figure 5.4 Normalized IR spectra in the υCO region characterizing a sample 

prepared from Mn2(CO)10 on MgO: the respective Mn contents (wt%) of the samples 

were 0.10 (A), 1.0 (B), and 3.0 (C). Spectra A–C were normalized with respect to the 

carbonate band at 1264 cm-1. Spectrum D corresponds to Mn2(CO)10 in CH2Cl2 

solution.  

 

Manganese pentacarbonyls typically are characterized by a band at 

about 1898 cm-1; however, any peaks with frequencies near this would likely overlap 

bands of the manganese tricarbonyl species, and therefore we are not able to draw a 

(B) 

(A) 

(C) 
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conclusion about the presence of manganese pentacarbonyls on the surface from this 

region of the spectra. 

5.3.4.2 EPR spectroscopy 

 The EPR spectrum of the sample containing 0.10 wt% Mn (Figure 5.1, 

spectrum c) includes a signal at g = 2.0015 and a sextet of hyperfine lines with a 

coupling constant 82.11 G, which is characteristic of isolated Mn2+ (Mariscal et al., 

1994). The spectrum of this sample also includes signals at g = 2.0180 and g = 

2.0073, which correspond to CO3- on MgO, which indicates that the decarbonation 

during the calcination was not completed. Furthermore, the signal characteristic of the 

chromium impurity in the MgO was still observed.  

 The presence of the Mn2+ signal demonstrates that the manganese was 

oxidized as it reacted with the MgO (the manganese in Mn2(CO)10 is formally Mn0), 

consistent with our IR evidence that Mn2(CO)10 reacted with the MgO. We 

emphasize that this evidence of Mn2+ does not rule out the presence of manganese in 

other oxidation states that are not EPR active. 

5.3.5 Characterization of sample containing 1.0 wt% Mn. 

5.3.5.1 IR spectroscopy 

 The IR spectrum characterizing the sample prepared from Mn2(CO)10 

on MgO containing 1.0 wt% Mn (Figure 5.4, spectrum B) includes bands in the νCO 

stretching region, at 1822, 1869, 1895, 1937, 1978, 2000, 2020, 2038, and 2050 cm-1. 

The locations of these bands differ from those of the bands characterizing Mn2(CO)10 

and the supported samples incorporating 0.10 and 3.0 wt% Mn. These IR bands are 

assigned to manganese carbonyl species, as follows: the bands at 2038(m), 1937(s), 

and 1895(s) cm-1 are in the range of those reported for manganese tricarbonyl 
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compounds, as summarized in Table 5.1. The band at 1869 cm-1 is characteristic of 

manganese pentacarbonyl compounds (Table 5.1). The small peak at about 1822 cm-1 

could also correspond to a manganese pentacarbonyl, and some of the bands (at 2050, 

2000, and 1978 cm-1) correspond to Mn2(CO)10 itself. Thus, we infer from the IR 

spectra that the sample prepared from Mn2(CO)10 that contained 1.0 wt% Mn 

included a mixture of at least these three manganese carbonyl species, including 

unreacted precursor. 

5.3.5.2 EPR spectroscopy 

 The EPR spectrum characterizing the sample containing 1.0 wt% Mn 

(Figure 5.1A, spectrum d) includes the sextet of hyperfine lines mentioned above 

(coupling constant = 82.11 G) that is characteristic of Mn2+ (Mariscal et al., 1994), 

along with signals at g = 2.0180 and g = 2.0073 corresponding to the CO3- radical and 

the signal at g = 1.9804 characterizing the chromium impurity. Moreover, a broad 

base line was observed, which results from dipolar intereactions (Mariscal et al., 

1994). The presence of the base line in the spectrum suggests that the distance 

between Mn atoms in the sample containing 1.0 wt% Mn was significantly less on 

average than that in the sample containing 0.1 wt% Mn. 
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Table 5.1  υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes. 

Sample 

Metal 

coor-

dina-

tion 

number 

Number 

of Mn 

valence 

electrons 

υCO band 

position 

(cm-1) 

Number  

of υCO 

bands 

 

Refs. 

 

 

 

Mn2(CO)10 in CH2Cl2 6 18 2046(m) 

2011(s) 

1979(w) 

3 This 

work 

Sample formed from 

Mn2(CO)10 on MgO and 

containing 0.1 wt% Mn 

(and represented as 

Mn(CO)3(Os)3) 

N.A. N.A. 2029(s) 

1934(s) 

1895(m) 

3 This 

work 

Sample formed from 

Mn2(CO)10 on MgO and 

containing 1.0 wt% Mn 

(represented as 

Mn(CO)3(Os)3) 

N.A. 

 

 

 

 

16 2038(m) 

1937(s) 

1895(s) 

 

 

3 This 

work 

 

 

 

 

 

 

 

 

 

 



 

 

95 

Table 5.1   υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes (continued). 

Sample 

Metal 

coor-

dina-

tion 

number 

Number 

of Mn 

valence 

electrons 

υCO band 

position 

(cm-1) 

Number  

of υCO 

bands 

Refs. 

Sample formed from 

Mn2(CO)10 on MgO and 

containing 1.0 wt% Mn 

after O2 treatment (and 

represented as 

Mn(CO)3(Os)3) 

3 16 2042(s), 

1947(s), 

1905(s) 

3 This 

work 

[Mn(CO)5]
- on MgO 

(inferred to be weakly 

interacting with surface)  

5 18 1891, 

1863 

2 Keyes 

et al., 

1989 

[Mn(CO)5]
- on MgO 

(inferred to be ion paired 

with Mg2+ sites)  

5 18 2035, 

1916, 

1898, 

1800 

4 Keyes 

et al., 

1989. 

Mn(CO)5H in 

tetrahydrofuran solution  

6 18 2118(vw), 

2016(vs), 

2007(s) 

3 Keyes 

et al., 

1989. 
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Table 5.1  υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes (continued). 

Sample 

Metal 

coordina-

tion   

number 

Number 

of Mn 

valence 

electrons 

υCO band 

position 

(cm-1) 

Number  

of υCO 

bands 

Refs. 

[Mn(CO)5]
- in 

tetrahydrofuran 

solution  

5 18 1898,  

1863 

2 Keyes 

et al., 

1989. 

CH3Mn(CO)5 

6 18 2045(sh), 

2024(vs), 

2002(s,sh), 

1961(w,sh) 

4 Bulter 

et al., 

1992. 

[Mn(CO)5{C(O)O(C7H15)}] 

6 18 2124(w), 

2031(s), 

2007(s) 

3 Yin et 

al., 

1998. 

[Mn(CO)3(tripod)]+b 

6 18 2030(s), 

1962(s), 

1902(ms), 

1860(s) 

4 Keyes 

et al., 

1989. 
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Table 5.1  υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes (continued). 

Sample 

Metal 

coordina-

tion 

number 

Number of 

Mn 

valence 

electrons 

υCO band 

position 

(cm-1) 

Number  

of υCO 

bands 

Refs. 

[Mn(CO)3(PEt3)3
+] 

[ClO4
-] in CH2Cl2 

solution  

 

6 18 2021(s), 

1943(s) 

2 Stiegman 

et al., 

1986 

Mn(CO)3(triphos)+c 

6 18 2026(s), 

1960(sh), 

1945(s) 

3 Stiegman 

et al., 

1986 

mer,trans-

[MnBr(CO)3 

{P(C6H4Cl-4)3} 2] 

6 18 2033(w), 

1951(vs), 

1901(s) 

3 Beckett 

et al., 

2003 

mer,trans-

[MnBr(CO)3P 

(CH2C6H4)3} 2] 

6 18 2031(w), 

1945(vs), 

1912(s) 

3 Beckett  

et al., 

2003 

mer,trans-

[MnBr(CO)3 

{P(C6H4O Me-4)3} 2] 

6 18 2031(w), 

1946(vs), 

1908(s) 

3 Beckett  

et al., 

2003 
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Table 5.1  υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes (continued). 

Sample 

Metal 

coor-

dination 

number 

Number 

of Mn 

valence 

electrons 

υCO 

band 

position 

(cm-1) 

Number  

of υCO 

bands 

Refs. 

fac,cis-

[MnBr(CO)3(dppb)]d 

6 18 2028(s), 

1962(s), 

1910(s) 

3 Beckett  

et al., 

2003 

[Mn(CO)3(3,5-DBCat)]-e 

in CH2Cl2 solution  

5 16 1998(s), 

1891(br) 

2 Harlt, 

1998 

[Mn(CO)3(3,5-DBCat)]-e 

in CH2Cl2 solution          

at 193 K  

5 16 1998(s), 

1894(s), 

1883(s) 

3 Harlt, 

1998 

[Mn(CO)3                

(3,5-DBCat)(py)]-f in 

pyridine solution  

6 18 1995(s), 

1885(s), 

1862(s) 

3 Harlt, 

1998 

[Mn(CO)3                     

(3,5-DBCat)(PPh3)]
-g  in 

CH2Cl2 solution    

6 18 2001(s), 

1904(s), 

1867(s) 

3 Harlt, 

1998 

[Mn(CO)3(S,S-C6H4)]
-  

in THF solution  

5 16 1996(s), 

1887(s) 

2 Lee et 

al., 1999 
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Table 5.1  υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes (continued). 

Sample 

Metal 

coor-

dina-

tion 

number 

Number 

of Mn 

valence 

electrons 

υCO 

band 

position 

(cm-1) 

Number  

of υCO 

bands 

Refs. 

[Mn(CO)3(S-C5H4-N)  

(S-C5H4N)]- in THF 

solution   

6 18 1994(s), 

1901(s), 

1801(s) 

3 Lee et 

al., 1999 

[Mn(CO)3(H2O)3]
+ 

6 18 2051, 

1944 

2 Prinz et 

al., 2004 

fac-MnBr(CO)3 

[H(pzAnMe)]h 

 

6 18 KBr: 

2029, 

1923, 

1902 

3 Liddle et 

al., 2010 

{ fac-Mn(CH3CN)(CO)3 

[H(pzAnMe)]} h (PF6)  

 

6 19 KBr: 

2052, 

1956, 

1919 

3 Liddle et 

al., 2010 
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Table 5.1  υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes (continued). 

Sample 

Metal 

coor-

dina-

tion 

number 

Number 

of Mn 

valence 

electrons 

υCO 

band 

position 

(cm-1) 

Number  

of υCO 

bands 

Refs. 

[fac-Mn(CO)3                         

(l-pzAnMe)]2 
h 

  

6 19 KBr: 

2002, 

1905, 

1884 

3 Liddle et 

al., 2010 

(n-Bu4N)2[Mn(CO)3(H2O) 

{Mo 5O13(OMe)4(NO)}] 

  

6 18 2029(s), 

1933(s), 

1916(s) 

3 Villannn

eau et 

al., 1982 

(n-Bu4N)3 [Na{Mo5O13 

(OMe)4(NO)}2 

{Mn(CO)3} 2] ⋅MeOH 

  

6 18 2036(s), 

1930(s), 

1920(s) 

3 Villannn

eau et 

al., 1982 
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Table 5.1  υCO IR bands characterizing isolated and supported manganese 

carbonyl complexes (continued). 

Sample 

Metal 

coor-

dina-

tion 

number 

Number 

of Mn 

valence 

electrons 

υCO 

band 

position 

(cm-1) 

Number  

of υCO 

bands 

Refs. 

Mn(CO)3(C5H5)            

Co{P(O)R2} 3  

6 N.A. 2033, 

1920 

2 Kläui et 

al., 1985 

Re2(CO)10 in 

cyclohexane solution  

 

6 18 2070, 

2014, 

1976 

 

3 Purnell 

et al., 

1994 

Re(CO)3{O-Mg}     

{OH-Mg} 2 

6 N.A. 2028, 

1905, 

1862 

3 Kirlin et 

al.,1986 

 aOs = Oxygen originating from the support. 

btripod = 1, 1, 1-tris((diphenylphosphino)methyl)ethane 

ctriphos = bis(2-(diphenylphosphino)ethyl)phenylphosphine 

ddppb = 1,4-bis(diphenylphosphino)butane 

e3,5-DBCat = 3,5-di-tert-butylcatecholate  

fPy = Pyridine 

gPPh3 = Triphenylphosphine 

hH(pzAnMe) = 2-(pyrazolyl)-4-toluidine ligand 
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5.3.6 Characterization of sample containing 1.0 wt% Mn following 

treatment in H2 

5.3.6.1 IR spectra 

 The IR spectrum of the sample after treatment in flowing H2 as the 

temperature was ramped to 700°C lacks bands in the νCO region (Figure 5.5, spectrum 

C), indicating that all the carbonyl ligands had been removed. 

5.3.6.2 EPR spectra 

  The EPR spectrum of this decarbonylated sample (Figure 5.6, 

spectrum C) is characterized by an intense sextet of hyperfine lines characteristic of 

Mn2+ species, with the intensity being greater than that characterizing the sample 

prior to treatment in H2; evidently the treatment that led to decarbonylation of the 

manganese species affected the EPR signals, but the data do not determine the ligands 

replacing CO on the manganese and, as discussed below, they do not simply indicate 

a change in the amount of Mn2+ in the sample. 

5.3.6.3 Mass spectra of effluent gas 

 As the sample was being treated in flowing H2, mass spectra of the 

effluent gas were recorded (Figure 5.7).  Consistent with the IR data demonstrating 

decarbonylation, the mass spectra of the effluent gas indicate the presence of CO in 

the effluent stream; furthermore, the effluent contained CO2, CH4, and CH3 fragments 

presumably formed from CO, H2, and possibly the support surface.  As the 

temperature was ramped up, CO signals appeared at 128, 323, and 513°C suggesting 

the presence of multiple surface manganese carbonyl species in the sample prior to 

treatment in H2.  The CO2 signals appeared at temperatures higher than those 

characteristic of the CO, namely, at 200, 336, and 514°C consistent with the 
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formation of CO2 by reaction of CO.  Furthermore, the signals representing CH4 and 

CH3 were observed at 205, 336, and 514°C suggesting that they were also formed in 

reactions of CO and H2.  

5.3.7 Characterization of sample containing 1.0 wt% Mn following 

treatment in O2 

5.3.7.1  IR spectra in the υυυυCO region 

 The sample containing 1.0 wt% Mn was treated in flowing O2 at room 

temperature. The sample color changed from pale yellow to light brown after the 

treatment. The IR spectrum changed as a result of the treatment (Figure 5.5, spectra A 

and B). The bands representing the untreated sample corresponding to Mn2(CO)10 on 

MgO (at 2050(sh), 2000(m), and 1978(sh) cm-1) and that corresponding to manganese 

pentacarbonyls (at 1869(m) cm-1) were no longer observed; It can be inferred that 

these species were removed in the oxidative treatment.  The resultant spectrum 

(Figure 5.5, spectrum B) includes only three bands in the νCO region (at 2042(s), 

1947(s), and 1905(s) cm-1), which are in agreement with νCO bands characteristic of 

manganese tricarbonyls (Table 5.1). These three bands shifted slightly to higher 

frequencies as a result of the O2 treatment.  The IR spectrum of this O2-treated sample 

was simpler than that of the initial sample, suggesting the presence of more nearly 

uniform surface species; consequently, this sample was characterized by EXAFS 

spectroscopy. 
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Figure 5.5   Normalized  IR spectra in the υCO region of sample prepared from 

Mn2(CO)10 and MgO (1.0 wt% Mn) (A), sample from spectrum A after treatment in 

flowing O2 (B), and sample from spectrum A after decarbonylation (C). 

(A) 

(B) 

(C) 
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Figure 5.6  EPR spectra of sample prepared from Mn2(CO)10 and MgO (1.0 wt% 

Mn) (A), sample from spectrum A after treatment in flowing O2 (B), and sample from 

spectrum A after decarbonylation (C). 

 

5.3.7.2 Mass spectra of effluent gas 

 The mass spectra characterizing the effluent gas during the O2 

treatment (Figure 5.7) indicate the presence of CO, demonstrating that carbonyl 

ligands in the sample were removed during the O2 treatment. 

5.3.7.3 IR spectra in carbonate region 

The IR spectrum in the carbonate region representing the sample after 

the O2 treatment (Figure 5.3, spectrum C) shows an increase in the intensity of the 

band associated with monodentate carbonate (at 1484 cm-1). This result suggests that 

the O2 treatment caused the formation of carbonate.  Because the CO ligands attached 

(A) 

(B) 

(C) 
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to the Mn atoms were the only carbon-containing species in the sample, it can be 

inferred that some of the CO was removed and reactred with O2 and form carbonate 

groups adsorbed on the MgO.  This inference is supported by the evidence of removal 

of CO during the treatment as observed by the mass spectra of the effluent. 

 

Figure 5.7  Mass spectra of the effluent gases formed by treatment of the sample 

prepared from Mn2(CO)10 on MgO (1.0 wt% Mn) in flowing H2.  The data were not 

normalized. 
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Figure 5.8  Mass spectrum: the CO+ signal characterizing the effluent gas formed 

by treatment of the sample prepared from Mn2(CO)10 on MgO (1.0 wt% Mn) in 

flowing O2  at room temperature. 

 

5.3.7.4 EPR spectra 

 The signal of sextet hyperfine lines corresponding to Mn2+ was still 

observed in the spectrum of the sample after the O2 treatment (Figure 5.6, spectrum 

B), but its intensity was greatly reduced relative to that of the untreated sample 

(Figure 5.6, spectrum A), indicating that almost all of the Mn2+ had been converted; 

we infer that the manganese had been oxidized.  Furthermore, the broad base line 

observed in the spectrum of the untreated sample was removed by the treatment, 

consistent with the inference that almost all the Mn2+ had been oxidized.  These data 

are consistent with the IR spectra showing that the Mn2(CO)10 and manganese 

pentacarbonyl species were converted by reaction with O2.  
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5.3.7.5 XANES spectra 

 The XANES spectrum characterizing the sample containing 1.0 wt% 

Mn after treatment in O2 is shown in Figure 5.9.  The spectrum shows a significant 

shift in the edge position (relative to that of metallic manganese) to higher energies, 

strongly suggesting that the manganese in the sample was cationic, in agreement with 

the EPR results and the treatment conditions.  The edge shift of 9.7 eV is compared 

with the literature values determined by XANES of various manganese compounds, 

shown in Figure 5.10.  The comparison provides a basis for estimating the oxidation 

state of manganese in the O2-treated sample, but the comparison is open to question 

because of the inconsistency of the literature values of the edge energies.  A 

comparison of our data with those of López et al. (2004) (Figure 5.10) indicates 

manganese in an oxidation state of approximately +5, whereas a comparison of our 

data with those of Stueben et al. (2004) indicates manganese in an oxidation state of 

approximately +3, and a comparison of our data with those of Campos et al. (2010) 

indicates manganese in an oxidation state of approximately +2 (Figure 5.10).  We 

discount the third of these possibilities on the basis of our EPR data indicating that 

almost all the Mn2+ had been removed in the oxidative treatment. 

5.3.7.6 EXAFS spectra 

EXAFS data characterizing the sample containing 1.0 wt% Mn after 

O2 treatment and the best-fit model are shown in Figure 5.11 (the plots for the other 

models are shown in appendix A).  Each of the models that led to satisfactory fits 

included Mn–C, Mn–O*, and Mn–Os, contributions, described below.  An attempt 

was made to fit the data by including a Mn–Mn contribution, but no such contribution 

was found.  The inclusion of a Mn–Mg contribution, although it gave a model with a 
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good fit, did not give an acceptable (∆χ)2 value.  Details are presented in Appendix A. 

The fitting demonstrated that the data quality was less than excellent, and the k-range 

for which meaningful analysis could be done was limited to 3.08 to 9.50 Å-1. 

 

 

 

 

Figure 5.9 XANES spectra characterizing the sample prepared from Mn2(CO)10 

on MgO (1.0 wt% Mn), after O2 treatment and manganese foil. 
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Figure 5.10  XANES calibration data and comparison with edge shift of supported 

manganese carbonyl species after treatment in O2.  Literature data characterizing 

standard samples (including manganese foil and manganese oxides) as shown:  �, 

López et al.; , Stueben et al.; �, Campos et al.; �, datum obtained in this work 

shown on each of the three lines to indicate the manganese oxidation state according 

to each of the three literature data sets.   

 

Thus, the EXAFS fits that were found to be most appropriate included 

Mn–C, Mn–O*, and Mn–Os contributions (Table 5.2).  For each of these models, the 

results indicate Mn–C and Mn–O* contributions with coordination numbers of 

approximately 3, indicating manganese tricarbonyls, consistent with the IR spectra.  

A Mn–Os contribution was consistently indicated, but, because the strong correlation 

between the coordination number and the Debye-Waller factor, it was not possible to 

discriminate between the models with Mn–Os coordination numbers of approximately 

1, 2, and 3 (for Models 1, 2, and 3, respectively (Table 5.2) The Mn–Os distances in 
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each case were found to be close to 2.0 Å (Table 5.2). All three of these models 

provide satisfactory overall fits, but model 3 is preferred because the number of 

ligands and total valence electrons of manganese (18-electron rules) is the most likely 

possible (see the discussion part). The lack of Mn–Mn contributions is consistent 

with the presence of mononuclear manganese complexes.   

In summary, the data indicate that the Mn–Mn bond in Mn2(CO)10 had 

been cleaved, resulting in mononuclear manganese species, and these cationic 

complexes are well approximated as manganese tricarbonyls. 

 

5.4 Discussion 

5.4.1 Reaction of Mn2(CO)10 with MgO 

The data clearly demonstrate that Mn2(CO)10 reacted with OH groups and 

CO3
2- on the MgO surface and thus that the deposition led to some chemisorption.  

The IR spectra characterizing the resultant supported manganese carbonyls can be 

compared with the results of Keyes et al. (1989), who also used vapor deposition of 

Mn2(CO)10 to prepare MgO-supported samples.  Their support was a pressed 0.3-mm-

thick wafer that was thin enough for transmission IR spectroscopy; it had been 

pretreated at 400°C, as had our MgO.  Keyes et al. (1989) observed νCO spectra as the 

Mn2(CO)10 deposition was taking place, presenting results that they interpreted as 

evidence of adsorption combined with breaking of Mn–Mn bonds and 

decarbonylation.  Specifically, they observed bands at 2052, 2000, and 1978 cm-1 

(among others), in good agreement with the bands in this work at 2050(sh), 2000(m), 

and 1978(sh) cm-1, for example. They inferred the presence of Mn2(CO)10 itself, of 

[Mn(CO)5]
-, and of Mn(CO)x(Os)6-x (x = 2–4), in broad agreement with data and 
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interpretation in this work. However, the manganese loadings in the samples of Keyes 

et al. (1989) were not reported, any role of surface hydroxyl groups was overlooked, 

and the surface species generally consisted of complicated mixtures, in contrast to 

what we observed after treatment of our sample in O2 or the samples made by adding 

only small amounts of Mn2(CO)10 to the MgO. 

The oxidative fragmentation of Mn2(CO)10 in our work is in line with the 

chemistry of Mn2(CO)10 in solutions of nitrogen- and oxygen-donor ligands reported 

by Stiegman and Tyler (1984).  They observed that disproportionation and 

decarbonylation of Mn2(CO)10 occured with 1,2-bis(dimethylphosphino)ethane (dppe) 

or bis-(2-(diphynylphosphino)ethyl)phenylphosphine (triphos), to give products 

including [Mn(CO)5]
- and [Mn(CO)xL6-x]

n+ where x = 0–4 and L is a ligand. 

The EPR evidence of Mn2+ in the initially prepared sample in this work 

indicates that manganese in the precursor Mn2(CO)10 was oxidized as a result of the 

chemisorption on MgO. It can be proposed that the surface hydroxyl groups on MgO, 

which the IR spectra show reacted with the Mn2(CO)10, were the oxidizing agents.  

There are other examples of the oxidation of metals on oxide supports by surface 

hydroxyl groups, exemplified by the oxidation of ruthenium-osmium clusters on γ-

Al 2O3  (Scott et al., 1981) and rhodium clusters on γ-Al 2O3 (van’t Blik et al., 1985). 
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Table 5.2 EXAFS parameters characterizing sample prepared from Mn2(CO)10 

supported on MgO (1.0 wt% Mn) after O2 treatmenta. 

Model  

Number 

Absorber–

backscatterer 

pair 

N R (Å) 
∆σ2

× 10-3 

(Å-2) 
∆E0 (eV) (∆χ)2 b 

1 Mn–C 

Mn–O* 

Mn–Os 

3.2 

3.0 

1.1 

1.93 

3.29 

2.05 

9.0 

12.1 

10.0 

6.3 

6.3 

2.7 

107 

2 Mn–C 

Mn–O* 

Mn–Os 

2.7 

3.0 

1.8 

1.92 

3.33 

2.00 

7.8 

11.9 

10.5 

3.9 

3.9 

8.9 

122 

 

3 Mn–C 

Mn–O* 

Mn–Os 

3.2 

3.2 

2.6 

1.90 

3.33 

1.98 

10.4 

12.6 

13.8 

3.4 

3.4 

9.9 

140 

 

 

 

aNotation:  N, coordination number; R, distance between absorber and backscatterer 

atoms; ∆σ2, sigma-squared value (disorder term); ∆E0 , inner potential correction; O*, 

oxygen of carbonyl group; Os, oxygen atom of MgO.  In the fitting, the ∆E0 values 

for Mn–C and Mn–O were constrained to be equal.  Typical errors:  N, ±20%; R, 

±0.04 Å; ∆σ2, ±20%; ∆E0, ±20%. 

b (∆χ)2 is a measure of the quality of the fit, as defined in elsewhere (International  

XAFS Society, www, 2010). 
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Figure 5.11  EXAFS data characterizing sample prepared from Mn2(CO)10 on MgO 

(1.0 wt% Mn) after O2 treatment (― ; data, ….. best-fit according to model 3):  k-

weighted EXAFS function in k-space (A); imaginary part and magnitude of EXAFS 

function in R-space with FT k0-weighting (B), FT k1-weighting (C), and FT k2- 

weighting (D).  

 

5.4.2 Oxidation of initially prepared supported manganese carbonyls 

The oxidative treatment at room temperature led to conversion of the surface 

manganese carbonyls, as shown by the change in the IR spectrum and by the 

formation of gas-phase products (such as CO and CH4) observed by mass 

spectrometry.  The EPR data show clearly that the divalent manganese was removed, 

evidently by oxidation. 

(A) (B) 

(C) (D) 
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The XANES data show that the manganese was in an oxidized state after the 

sample had been exposed to O2.  However, as a consequence of the inconsistency in 

the literature regarding the XANES edge position values (Figure 5.10), determination 

of the oxidation state(s) of Mn in our sample by XANES spectroscopy is not 

unequivocal. 

To elucidate the state of the manganese, examination of the likely forms of the 

manganese complexes that are expected on the basis of the known organomanganese 

chemistry was performed.  The most common (stable) complexes of manganese are 

18-electron and 16-electron complexes (Shriver et al., 1990). We infer from the EPR 

data (and the treatment conditions) that the oxidation state of manganese was greater 

than +2.  Thus, the number of bonding electrons supplied by the manganese must be 

less than 5, with the likely values being 2 or 4, corresponding to Mn5+ and Mn3+, 

respectively.  On the basis of the EXAFS and IR data, the manganese complex in the 

oxidized sample was a manganese tricarbonyl, and this result was used in the 

following electron counting; the key complication is that the EXAFS data do not 

distinguish the Mn–Os coordination numbers-the data are consistent with values of 

nearly 1, 2, and 3. 

To proceed with the electron counting, the contradictory XANES data of 

Figure 5.10 were used to estimate the candidate oxidation state of the manganese. The 

XANES data of Campos et al. (2010) were ruled out because they indicate that the 

manganese in the oxidized sample was nearly Mn2+ (Figure 5.10), contradicting the  

EPR data. 

If, instead, the data of López et al. (2004) were considered to be correct, then 

the comparison of XANES result in this work with their data would indicate that the 

 

 

 

 

 

 



 

 

116 

manganese had been oxidized to Mn5+.  Mn5+ complexes are d2 complexes, and if the 

tricarbonyl of Mn5+ were six-coordinate (the Mn–Os coordination number would be 3, 

which is consistent with the EXAFS data; each oxygen of the support is regarded as a 

two-electron donor), then the supported manganese complex would be a 14-electron 

complex.  Because these are rare, this possibility was discounted.  If the manganese 

tricarbonyl of Mn5+ were five-coordinate, it would be a 12-electron complex, which is 

even more unlikely and rejected.  

The remaining possibility is that the more reliable XANES standard data are 

those of Stueben et al. (2004).  According to this possibility, the manganese in the 

oxidized sample would be nearly Mn3+ (Figure 5.10).  Mn3+ complexes are common; 

these are d4 complexes.  If the tricarbonyl of Mn3+ were six-coordinate (the Mn–Os 

coordination number would be 3, which is consistent with the EXAFS data; again, 

each oxygen of the support is regarded as a two-electron donor), then the supported 

manganese complex would be a 16-electron complex.  Because these complex are 

common, this model is considered to be a highly likely possibility.  Examples of six-

coordinate d4 complexes of manganese include the following (Cotton and Wilkinson, 

1980):  Mn(acac)3 (acac = acetylacetonato) and [Mn(C2O4)3]
3-. 

If the manganese tricarbonyl of Mn3+ were five-coordinate, it would be a 14-

electron complex, which is highly unlikely and rejected.   

Thus, it can be inferred that the supported manganese complex in the oxidized 

sample is a d4 complex with three carbonyl ligands and bonded to MgO as a tridentate 

ligand.  The structure is inferred to be closely comparable to one incorporating an 

oxometallate ligand that can be regarded as a model of an oxide surface; the 

corresponding compounds are (n-Bu4N)2[Mn(CO)3(H2O){Mo5O13(OCH3)4(NO)}] 
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and (n-Bu4N)3[Na{Mo5O13(OMe)4(NO)}2{Mn(CO)3} 2]⋅MeOH (Villanneau et al., 

2003), which are formed by oxidation and decarbonylation of MnBr(CO)5 in solution 

by a route that is roughly similar to this work.  

Correspondingly, it can be inferred that the most likely Mn–Os coordination 

number is 3 and the probable structure of our supported manganese complex is as 

shown in Scheme 5.1, where the distances are those corresponding to the preferred 

EXAFS model 3.  

 

1.98 Å

 

 

Scheme 5.1 Proposed structure of surface manganese tricarbonyl species prepared 

from Mn2(CO)10 on MgO (1.0 wt% Mn) after O2 treatment; the distances are in Å, as 

determined by EXAFS spectroscopy for the preferred model 3. 

  

 The CO stretching frequencies of the sample that is inferred to be a 

manganese tricarbonyl appear at lower wavenumbers than those of Mn2(CO)10.  

Although the oxidation state of manganese in the manganese tricarbonyl species 

(Mn3+) is higher than that in Mn2(CO)10 (Mn0), the presence of the three surface 

oxygen atoms as ligands affects the stretching frequency of CO, which consequently 

shifts the CO bands to lower frequencies than those of Mn2(CO)10.  Correspondingly, 
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there are several examples of manganese tricarbonyl complexes with oxygen-

containing ligands for which the νCO bands are at lower wavenumbers than those of 

Mn2(CO)10 (Table 5.1).  Examples in Table 5.1 include complexes with strong and 

weak back-bonding tendencies. An example is Mn(CO)3(C5H5)Co{P(O)R2} 3 (Kläui 

et al., 1985), which is characterized by νCO bands at 2033 and 1920 cm-1.  Moreover, 

this behavior is also observed in the rhenium tricarbonyl complexes (Kirlin et al., 

1986; Purnell et al., 1994). 

 

5.5 Conclusions 

A sample prepared by vapor deposition of Mn2(CO)10 on MgO was treated in 

flowing O2 at room temperature to form a species shown by IR and EXAFS 

spectroscopies to be a manganese tricarbonyl and shown by EPR spectroscopy to 

incorporate manganese an oxidation state greater than +2.  The EXAFS data and 

electron counting lead to the inference that the species is a d4 complex bonded to 

three oxygen atoms of the MgO support as shown in Scheme 5.1.  
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CHAPTER VI 

ADSORPTION OF MANGANESE CARBONYLS 

Mn(CO)5H AND Mn(CO) 5CH3 ON PARTIALLY 

DEHYDROXYLATED MgO 

 

Abstract 

This chapter is a report of the preparation and characterization of manganese 

carbonyl complexes supported on MgO. A family of MgO-supported manganese 

carbonyl complexes was prepared by chemical vapor deposition of mononuclear 

manganese carbonyls, Mn(CO)5H and Mn(CO)5CH3, on partially dehydroxylated, 

high-area MgO powder. The resultant supported samples were treated in flowing O2 

to produce highly uniform surface species. Characterization of the samples by 

infrared, electron paramagnetic resonance, and X-ray absorption spectroscopies 

showed that the adsorption of Mn(CO)5H on MgO produced a mixture of manganese 

pentacarbonyl and manganese tricarbonyl species with manganese in a cationic form. 

Treatment of this sample in flowing O2 resulted in the disappearance of manganese 

pentacarbonyl species, allowing the formation of manganese tricarbonyl in high yield. 

In contrast, the adsorption of Mn(CO)5CH3 on MgO led to a surface-bound 

manganese tetracarbonyl, with manganese in a cationic form; this sample was stable 

in O2. 
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6.1 Introduction 

Supported transition metal complexes, a well-investigated and widely applied 

class of catalyst, consist of metal complexes dispersed on high-area porous supports 

that are usually metal oxides (Hlatky, 2000; Yoneda et al., 2001). The catalytic 

activity of a supported metal complex is affected by the metal, the ligands bonded to 

it, the support (which may also be a ligand) (Tai et al., 2009), and the oxidation state 

of the metal. Determinations of the properties of supported metal complexes are 

usually based on spectroscopic characterizations, but interpretation of the spectra is 

often challenging because of the nonuniformity of the support surface and the species 

bonded to it (Schneider et al., 1984). Combinations of complementary spectroscopic 

methods are usually required for a good structure determination, and interpretation of 

the spectra is facilitated when the synthesis of the surface species is precise and the 

surface species are as uniform as possible. 

To goal of synthesizing supported metal complexes that are nearly uniform 

motivates the choice of the precursor. It is helpful to use precursors with well-defined 

structures and reactive ligands—thus, organometallic complexes (Chotisuwan et al., 

2006; Psaro and Recchia, 1998). Metal complexes with carbonyl ligands are 

especially useful because the CO ligands allow tracking of the surface chemistry by 

infrared (IR) and complementary spectroscopies. For example, the adsorption of 

Fe(CO)5 on dehydroxylated MgO led to a mononuclear surface species represented as 

[(CO)4Fe(CO2)]
2-{Mg 2+} (where the brace represents groups on the support surface) 

(Guglielminotti and Zecchina, 1984). The chemisorption of H2Os(CO)4 on MgO 

produced species represented as {O2-} …H(CO)3OsHCO…{Mg 2+}(Lamb and Gates, 
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1986). The reaction between Re(CO)5H and MgO resulted in surface species 

represented as [Re(CO)5]
-…H+{MgO} (Kirlin et al., 1990). 

Beyond its value as a probe of structure of metal complexes, CO offers 

numerous other advantages in investigations of supported catalysts: (a) CO is a good 

electron-donor ligand that can stabilize metal centers while being small enough to 

allow coordinative saturation of the complexes, (b) CO is a reactive ligand that is an 

intermediate in a number of catalytic reactions and, (c) decarbonylation of supported 

metal complexes is often possible under mild conditions, so that metal carbonyls on 

supports may be precursors of metal complexes with a wide variety of ligands 

(Fierro-Gonzalez et al., 2006; Liang et al., 2009).  

The chemistry of reactions of metal carbonyl complexes with metal oxide 

surfaces includes chemisorptions that involve partial decarbonylation of the precursor 

(Hugues et al., 1982), cleavage of metal–metal bonds (Purnell et al., 1994), adduct 

formation via a bridging CO ligand (Youngs et al., 1983), and replacement of 

carbonyl ligands with other ligands (Kirlin et al., 1990; Kirlin et al., 1986; Lobo-

Lapidus and Gates, 2010) such as oxygen of the support surface. Furthermore, metal 

cluster formation (Kulkarni et al., 2009), and/or fragmentation of metal carbonyls 

(Bhirud et al., 2005) are also observed on metal oxide surfaces.  

 The supported metal carbonyl complexes that have been investigated most 

widely are those of Group-8 transition metals. Relatively little has been reported with 

complexes of transition metals in Group 7, most of that with rhenium (Kirlin et al., 

1986; Papile et al., 2000; Kirlin et al., 1990). There are various routes to prepare 

metal carbonyl on metal oxide. Papile et al. (2000) found that reaction of Re2(CO)10 

and partially dehydroxylated MgO produced [Re2(CO)9]
2- as surface species. 
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Treatment of these species either in vacuum, He, or air led to the formation of 

rhenium subcarbonyl containing; [Re(CO)3{OMg} x{HOMg} 3-x](Papile and Gates, 

1992). On the other hand, the adsorption of H3Re3(CO)10 and Re(CO)5H on MgO 

produced [H2Re3(CO)12][MgO] and {MgO}H+.....[Re(CO)5]
- , respectively. Treatment 

of both surface species under H2 or He produced Re(Co)3(O-Mg)(HOMg)2 (Kirlin et 

al., 1990). 

 Manganese has been relatively neglected, with only a few reports of supported 

complexes (Keyes et al., 1989; Khabuanchalad et al., 2010), although there are 

several attractive manganese carbonyl precursors available, including Mn2(CO)10 

(Ramallo-López et al., 2004; Dahl and Rundle, 1963), Mn(CO)5H (Edgell et al., 

1969), and Mn(CO)5Br (Huang et al., 2000). In contrast to surface chemistry of 

Re2(CO)10, the adsorption of Mn2(CO)10 on MgO produced more than  one  surface 

species, which are physisorbed Mn2(CO)10, manganese pentacarbonyl and manganese 

tricarbonyl. Treatment of these surface species in O2 resulted in only one surface 

species, which is manganese tricarbonyl (Khabuanchalad et al., 2010). Furthermore, a 

solution of manganese complexes is also used as catalyst, for example, in the 

oxidation reactions (Ishii et al., 1999; Tagliatesta et al., 2006). 

 In our previous work, we found that binuclear complex, Mn2(CO)10, 

oxidatively reacts on MgO to give mononuclear manganese carbonyl species, so we 

extend the investigation of supported manganese complexes prepared from 

mononuclear manganese carbonyls, Mn(CO)5CH3
 and Mn(CO)5H, to allow 

comparisons with the earlier work (Khabuanchalad et al., 2010). High-area MgO 

powder was chosen as the support because we  expect the oxidation of Mn(CO)5CH3
 

and Mn(CO)5H on MgO surface as observed in the reaction of Mn2(CO)10 and MgO. 
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 The Mn(CO)5CH3 and Mn(CO)5H are highly volatile compounds that provide 

the opportunity to prepare supported samples by chemical vapor deposition (CVD)-

thus, in the absence of any solvent and the complications resulting from solvent-

support interactions. 

 Our goal was to identify the surface species formed from these precursors on 

MgO and to investigate the stability of the supported species in O2 by using a set of 

complementary physical methods, including infrared (IR), electron paramagnetic 

resonance (EPR), and X- ray absorption spectroscopies (XAS).  

 

6.2 Experimental 

6.2.1 Synthesis of Mn(CO)5H  

Mn(CO)5H was synthesized by a method essentially matching that reported 

for the synthesis of Re(CO)5H (Urbancic and Shapley, 1989). The starting material 

was Mn(CO)5Br (Strem, 98%) (instead of Re(CO)5Br). Tetraglyme (Sigma-Aldrich, 

99%), phosphoric acid (EMD Science, 85%), zinc dust (Fisher Scientific, 99%), and 

phosphorus pentoxide (Sigma-Aldrich, 98%) were used as received. All handling 

during the syntheses was carried out in an N2-filled glovebox (AMO-2032, Vacuum 

Atmospheres, with O2 and moisture contents each <1.0 ppm). Standard Schlenk 

techniques were used to minimize exposure of the samples to air. The liquid 

Mn(CO)5H (clear solution) formed in the synthesis was stored in a refrigerated air-

tight flask with paraffin-sealed joints until it was used for the synthesis of the 

supported samples by CVD. 
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Mn(CO)5D was also prepared as described above, except that all the 

glassware was treated with D2O (Cambridge Isotope Laboratory, 99.9%) before use, 

and D3PO4 (Acros Organics, 85%) was used instead of H3PO4. 

The products Mn(CO)5H and Mn(CO)5D were authenticated by IR 

spectroscopy of the gas-phase compounds [υCO  = 2033(sh), 2028(s), 2023(sh) and 

2018(sh) cm-1 for Mn(CO)5H and υCO  = 2035(sh), 2029(s), 2024(sh) and 2020(sh) 

cm-1 for Mn(CO)5D], matching literature values (Edgell et al., 1969). 

6.2.2 Synthesis of Mn(CO)5CH3 

Mn(CO)5CH3 was synthesized by a route analogous to that reported for 

Re(CO)5CH3 (Zybill, 1997). The starting material was Mn2(CO)10 (Strem, 98.0%) 

(instead of Re2(CO)10). Mercury (Quicksilver Products Inc.), sodium (Aldrich, 99%), 

anhydrous tetrahydrofuran (Aldrich, 99.9%), and methyl iodide (Acros Organics, 

99%) were used without further purification. The synthesis and handling were 

performed with exclusion of air and moisture on a double-manifold Schlenk line. The 

C−H bonds and carbonyl groups of Mn(CO)5CH3 (white solid) was confirmed by 1H 

NMR (CD2Cl2) (δ = -0.09 ppm) (Zybill, 1997) and IR spectroscopy (υCO = 2111(w), 

2009(vs) and 1986(w) cm-1) (Mahmooda et al., 2006), respectively. 

6.2.3 Synthesis of MgO-supported sample from Mn(CO)5H 

MgO powder (EMD Science, 98.0%, BET surface area approximately 70 

m2/g) was calcined by using the method described in Chapter V. In the glovebox, a 

flask containing the highly volatile, air-sensitive clear liquid Mn(CO)5H was quickly 

connected to another flask containing calcined MgO powder via a glass tube 

equipped with a high vacuum valve and ground-glass joints. The section containing 

MgO was separated from the assembly containing Mn(CO)5H by a high vacuum 
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valve. The apparatus was removed from the glovebox and connected to the Schlenk 

line. The flask containing the Mn(CO)5H was placed in a dry-ice/acetone bath (T ≈ -

55°C). When the Mn(CO)5H was frozen, the system was evacuated for 15 min to 

remove N2, and then the high vacuum valve that was used to separate the MgO 

section from the Mn(CO)5H section was opened for 30 min to allow the Mn(CO)5H 

to sublime and deposit onto the MgO powder, which was being stirred in the 

adjoining flask. As the vaporized Mn(CO)5H was deposited, the color of the powder 

changed from white to yellow (any exposure of this sample to air caused it to turn 

brown). The sample was evacuated overnight to remove physisorbed Mn(CO)5H and 

stored in the glovebox. The amount of Mn(CO)5H deposited on MgO can not be 

controlled because the Mn(CO)5H precursor is highly volatile. 

 The MgO-supported Mn(CO)5D sample was prepared in the same way as 

MgO-supported Mn(CO)5H sample.  

6.2.4 Synthesis of MgO-supported sample prepared from Mn(CO)5CH3 

Because Mn(CO)5CH3, a white solid, is also highly volatile, it was deposited 

onto MgO by a procedure similar to that used for the deposition of Mn(CO)5H. After 

the apparatus had been assembled in the glovebox, it was taken out and connected to 

the Schlenk line; in this synthesis, the cold bath was dry-ice/isopropanol (T ≈ -25°C). 

Then the system was evacuated for 15 min and warmed to room temperature to allow 

sublimation of the Mn(CO)5CH3. The masses of Mn(CO)5CH3 and MgO were chosen 

to give a supported sample containing 1.0 wt% Mn. The sample was evacuated 

overnight and stored in the glovebox.  
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6.2.5 Treatments of supported samples 

It was reported in Chapter V that treatment in flowing O2 of MgO-supported 

samples prepared from Mn2(CO)10 resulted in nearly uniform surface manganese 

complexes. Hence, the MgO-supported samples prepared from Mn(CO)5H and from 

Mn(CO)5CH3 were treated in O2 in a once-through quartz tubular flow reactor. Each 

powder sample (1.0 g) was loaded into the reactor in the glovebox; the sample was 

held by a frit mounted near the center of the tube, which was sealed on both ends by 

O-ring compression fittings. The reactor was removed from the glovebox, and then 

both ends of the reactor were connected to the flow system—without exposure of the 

sample to air. At room temperature, O2 (0.1 bar) (Airgas, 10% by volume in helium) 

was fed to the reactor at a rate of 60 mL(NTP)/min for 6 h, and then the sample was 

flushed with flowing helium, and the reactor was sealed and returned to the glovebox. 

The effluent was analyzed with an online mass spectrometer. 

6.2.6 Spectroscopic characterization of samples 

6.2.6.1 IR spectroscopy 

The partially dehydroxylated MgO and the samples prepared from 

Mn(CO)5H and Mn(CO)5CH3 supported on MgO (before and after O2 treatment) 

were characterized with a Bruker IFS 66v IR spectrometer equipped with DTGS and 

HgCdTe detectors. In the glovebox, each sample was pressed between two KBr 

windows and placed in a gas-tight cell (International Crystal Laboratories, Garfield, 

NJ). The cell was then loaded into an airtight container. The container was removed 

from the glovebox and mounted in the spectrometer. Then the spectrometer sample 

chamber was evacuated immediately (pressure ≈ 1 mbar), and the vacuum was 

maintained as the spectra were recorded at room temperature, in transmission mode, 
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with a resolution of 4 cm-1. Each reported spectrum is the average of at least 128 

scans. 

6.2.6.2 EPR spectroscopy 

The calcined MgO and the supported samples before and after O2 

treatment were characterized by EPR spectroscopy. Each sample in the N2-filled 

glovebox was loaded into a 4-mm O.D. quartz EPR tube and sealed with an Ultra-

torr fitting. The EPR tube was removed from the glovebox and evacuated (pressure 

≈ 1×10-3 mbar) for 30 min and then flame sealed. EPR data were collected at the 

CalEPR Center at the University of California, Davis, CA. Each sample was scanned 

at -223°C on a Bruker ECS 106 X-band (≈ 9.5 GHz) spectrometer equipped with a 

Bruker ER4102ST cavity operating in the TE102 mode. Measurements were 

performed with a microwave power of 10 mW, a field modulation of 0.2 mT at 100 

kHz, and a sweep rate of 0.1 mT/s. Ten scans were accumulated for each reported 

spectrum. 

6.2.6.3 X-Ray absorption spectroscopy 

The supported samples before and after O2 treatment were 

characterized by XAS. Data collection was performed at beamline 9-BM of the 

Advanced Photon Source (APS) at Argonne National Laboratory, Argonne, IL, and at 

beamline X-18B at the National Synchrotron Light Source (NSLS), Upton, NY. Each 

of the beamlines was equipped with a Si(111) double-crystal monochromator which 

was detuned by approximately 25-30% at the Mn K edge to minimize the effects of 

higher harmonics in the X-ray beam. The intensity of the X-rays entering and exiting 

the sample was measured with two gas-filled ion chambers, and a third ion chamber
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was used to collect the spectrum of a manganese foil used as a reference for energy 

calibration. 

The samples were loaded into a stainless-steel Eppenlost tube sealed 

with O-rings and transferred to the synchrotron, where it was handled in an N2-filled 

glovebox. The O2 and moisture contents of the glovebox at APS were 0.10 and 1.3 

ppm, respectively, and the O2 and moisture contents of the glovebox at NSLS were 

less than 1.0 ppm. The mass of each sample was calculated to provide an absorbance 

of about 2.5 to give a nearly optimized signal-to-noise ratio in the data. 

The sample prepared from Mn(CO)5H on MgO and treated in O2 was 

weighed and pressed into a self-supporting wafer before it was loaded into the cell 

(Jentoft et al., 1996), which allowed scanning of the sample without exposure to air. 

The other samples were weighed, mixed with inert boron nitride powder (Aldrich, 

98.0%, particle size ≅ 1 µm), packed into a stainless-steel plate, and then sealed with 

Kapton tape. All the sample preparation steps were carried out in the glovebox to 

minimize the air exposure. The sample cell was transferred to the beam line and 

mounted between the first two ion chambers. Each sample was scanned at room 

temperature in transmission mode at the Mn K edge (6539 eV). Each reported 

spectrum is the average of at least four spectra.  

6.2.7 Data analysis  

6.2.7.1 EXAFS data analysis 

EXAFS data analysis was conducted with a “difference file” technique 

(Koningsberger et al., 2000) by use of the software XDAP (Vaarkamp et al., 1995). 

The functions used to construct the structural models and minimize the error are 

shown elsewhere (Koningsberger et al., 2000). In the first step of the data analysis, all 
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scans of a given sample were aligned and averaged. Reference backscattering 

amplitudes were calculated by using the FEFF7.0 software (Rehr and Albers, 2000) 

from crystallographic data characterizing Mn(CO)5H (Laplica et al., 1964) for 

representation of Mn–C and Mn–O* contributions (O* is carbonyl oxygen).           

The Mn–C–O moiety is characterized by collinear multiple scattering. Mn2(CO)10 

(Dahl and Rundle, 1963) was used as a reference for Mn–Mn contributions, and 

Mn2O3 (Pearson et al., 1985) and MnMg alloy (Pearson et al., 1985) were used as 

references for Mn–Os (Mn–Os refers to a relatively short Mn–O distance in supported 

samples incorporating oxygen of the support surface) and Mn–Mg contributions, 

respectively. 

The data fitting was done in R-space (distance space) by using three k-

weightings (k0, k1, and k2). For a candidate model to be considered appropriate, it was 

required to fit satisfactorily with all the k-weightings. In the fitting with a candidate 

model, the parameters characterizing each contribution, the coordination number N, 

the ∆σ2 value (disorder term), the interatomic distance R, and the inner potential 

correction ∆E0 were varied until an optimized fit was obtained for all k-weightings. 

The number of parameters used in the fitting did not exceed the statistically justified 

number calculated with the Nyquist theorem (Sayers et al., 1971). The multiple 

scattering in Mn2(CO)10 calculated with FEFF7.0 was used to identify and fit the 

colinear Mn–C–O contributions.  

Two criteria (International XAFS Society, www, 2010) were used to 

determine whether an EXAFS fit was satisfactory: first, analysis was done to 

determine whether the addition of each shell to the model improved the fit by 

decreasing the value of (∆χ)2, and, second, the parameters for each shell were 
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checked to determine whether they were physically appropriate. Specifically, the 

value of ∆E0 was constrained to be in the range -10 to 10 eV, and the value of ∆σ2 

was not to exceed 1.5×10-2 Å-2. 

6.2.7.2 XANES data analysis 

   Data in the X-ray absorption near edge structure (XANES) region 

were analyzed with the software package Athena (Ravel and Newville, 2005). The 

edge position of the manganese in each sample was taken as the inflection point in the 

measured X-ray absorption spectrum.  The energy scale of the XAFS spectrum was 

calibrated by setting the edge position of the manganese foil to the reported value.  

 

6.3 Results  

6.3.1 Adsorption of Mn(CO)5H and of Mn(CO)5CH3 on MgO 

6.3.1.1 Observations during synthesis 

When either Mn(CO)5H, a clear liquid, or Mn(CO)5CH3, a white solid, 

was deposited on MgO powder by CVD, the color of the powder changed from white 

to pale yellow, indicating that each of these complexes interacted with the MgO 

surface. 

6.3.2 Characterization of initially prepared samples 

6.3.2.1 IR spectroscopy 

  Spectra in υOH region 

   IR spectroscopy was used to characterize the OH groups on MgO. The 

spectrum of the MgO before deposition of a manganese complex (Figure 6.1a, 

spectrum A) includes an intense band at 3765 cm-1, attributed to singly coordinated 

OH groups (with the oxygen atom bonded to only one surface cation) (Diwald et al., 
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2002), as expected and consistent with the lack of complete dehydroxylation of the 

support. When Mn(CO)5H was deposited on the support, the intensity of this band 

decreased substantially, showing that the OH groups reacted with the precursor. 

 To track the reactivity of the hydride ligands on Mn(CO)5H, a supported 

sample was prepared from the labeled compound Mn(CO)5D, and again, IR 

spectroscopy was used to characterize the resultant sample. The spectrum in the OH 

region includes a very weak band at 2774 cm-1 (Figure 6.1b), which is assigned to 

surface OD groups (Datka et al., 2003). These results demonstrate that the adsorption 

of Mn(CO)5D on MgO involved not just its reaction with OH groups but also 

donation of a deuteron to surface oxygen atoms of the MgO, or replacement of OH 

groups by OD groups. 

 

 

Figure 6.1  (a) IR spectra in the υOH region characterizing MgO (A); the sample 

prepared by CVD of the precursor Mn(CO)5H on MgO (B); the sample prepared by 

treating the sample represented by spectrum B in O2 at 25°C and 
2OP = 0.1 bar (C); 

and (b) spectrum in the υOD region of characterizing the sample prepared from 

Mn(CO)5D and MgO. 
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The IR spectrum of the sample prepared from Mn(CO)5CH3 and MgO 

(Figure 6.2) shows a decrease in intensity of the band assigned to 1-coordinated OH 

groups on MgO, indicating a reaction of the precursor with these groups. The C−H 

stretching band observed for the precursor at 2984(w) and 2905(w) cm-1 (Mahmooda 

et al., 2006) was not observed in the spectrum of the supported species, suggesting 

that the CH3 had been removed as a result of chemisorption. 

 

Figure 6.2  IR spectra in the υOH region of characterizing MgO (A), the sample 

prepared by CVD of Mn(CO)5CH3 on MgO (1.0 wt% Mn) (B), and the sample 

prepared by treatment of the sample represented by spectrum (B) in O2 at 25°C and 

2OP  = 0.1 bar (C). 
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  Spectra in υCO region 

The υCO IR spectrum characterizing the sample prepared from 

Mn(CO)5H and MgO includes bands at 2039(s), 2020(m), 1939(s), 1910(m), and 

1870(w,sh) cm-1. These frequencies are different from those of the precursor 

Mn(CO)5H in the gas phase [2033(sh), 2028(s), 2023(sh), and 2018(sh) cm-1] (Edgell 

et al., 1969), indicating that the precursor reacted with MgO and formed manganese 

carbonyl species that were not simply physisorbed precursors. 

 

Figure 6.3  IR spectra in the υCO region characterizing Mn(CO)5H in the gas 

phase (A); sample prepared by chemisorption of Mn(CO)5H on MgO (B); and 

spectrum of sample represented by spectrum (B) after O2 treatment at 25°C and        

2OP  = 0.1 bar (C). 
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  The literature provides a basis for assigning the υCO bands of the 

supported manganese carbonyl species. The bands characterizing the supported 

sample made from Mn(CO)5H and MgO at 2039(m), 1939(s), and 1910(m) cm-1 are 

in the range of bands observed for the manganese tricarbonyls (a) mer,trans-

[MnBr(CO)3{P(C6H4Cl4)3}] 2, observed at 2033(w), 1951(vs), and 1901 cm-1, (Beckett 

et al., 2003) (b) fac,cis-[MnBr(CO)3(dppb)], at 2028(s), 1962(s), and 1910(s), 

(Beckett et al., 2003) and (c) fac-MnBr(CO)3[H(pzAnMe)], at 2029, 1923, and 1902 

cm-1 (Liddle et al., 2010). 

The bands at 2020(m) and 1870(sh) cm-1 almost match the most 

intense band of Mn(CO)5H in THF [(2118(vw), 2016(vs), and 2007(s) cm-1] 

(Muetterties and Dekker, 1971) and Mn(CO)5
- on MgO [1863, 1891 cm-1] (which is 

inferred to interact weakly with the surface) (Keyes et al., 1989), respectively. Thus, 

it can be inferred that there were at least two manganese carbonyl species in this 

sample. 

The IR spectrum of the sample prepared from Mn(CO)5CH3 and MgO 

is characterized by υCO bands in positions different from those of Mn(CO)5CH3 in 

CH2Cl2 solution (Figure 6.4, spectrum A) [υCO = 2012(vs) and 1987(m) cm-1], 

indicating that the Mn(CO)5CH3 reacted with MgO and was converted to other 

manganese carbonyl species. 
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Figure 6.4  IR spectra of Mn(CO)5CH3 in CH2Cl2 solution (A); of sample 

prepared by deposition of Mn(CO)5CH3 on MgO (1.0 wt% Mn) (B); and of sample 

represented by spectrum B after O2 treatment at 25°C and 
2OP = 0.1 bar (C). 

 

The spectrum of the sample prepared from Mn(CO)5CH3 and MgO 

(Figure 6.4, spectrum B) includes bands at 2055(w), 2038(w), 1981(w), and 1944(s) 

cm-1, which are in the same range as the bands characterizing the following 

manganese tetracarbonyl complexes: (a) [Mn(CO)4(S2PMe2), at 2015(vs), 1978(s), 

and 1936(s) cm-1 (Almond et al., 1995); (b) [Mn(CO)4Br]2,
 at 2056, 2023, 1982, and 

1954 cm-1 (Abel and Butler, 1964); (c) [Mn(CO)4I] 2,
 at 2048, 2022, and 1983 cm-1 

(Abel and Butler, 1964); and (d) Hg[Mn(CO)4P(OPh3)]2,
 at 2055.0, 2021.3, 1977.0, 

1964.7, and 1954.2 cm-1 (Parker, 1969). Because the IR bands at 2948(w) and 

2908(w) cm-1 (Mahmooda et al., 2006), corresponding to CH3 group were not 
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observed in the spectrum of the supported sample, we infer that the CH3 group was 

removed as a consequence of the adsorption. 

6.3.2.2 XANES spectroscopy  

Because the IR spectra show that the sample prepared from 

Mn(CO)5H and MgO consisted of a mixture of supported manganese carbonyl 

species, this sample was not characterized by XANES spectroscopy (as the data 

quality would not allow a satisfactory resolution of the components of the mixture). 

However, the XANES spectrum characterizing the sample prepared from 

Mn(CO)5CH3 and MgO shows the edge energy at 6549 eV which is 10 eV higher 

than that of manganese foil, indicating that the manganese in this supported sample 

was predominantly present as cationic species. 

6.3.2.3 EPR spectroscopy 

The EPR spectrum of the sample formed by adsorption of Mn(CO)5H 

on MgO (Figure 6.5, spectrum B) indicates a signal of sextet hyperfine splitting with 

a coupling constant of 82.11G, indicative of Mn2+ (Mariscal et al., 1994). However, 

this signal is very weak, and we recognize that it might have resulted from impurities 

in the MgO rather than Mn2+ from the precursor. Thus, we also measured the EPR 

spectrum of the pretreated MgO, as shown in Figure 6.5, spectrum A. The spectrum 

includes a weak signal characterized by sextet hyperfine splitting which confirms that 

there was some Mn2+ impurity initially present in the MgO. Thus, we conclude that 

the oxidation state of essentially all of the manganese in the supported sample 

prepared from Mn(CO)5H was not +2 and must have been either +1 (as in precursor 

the Mn(CO)5H) or greater than +1—as these species are EPR silent. 
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Figure 6.5  EPR spectra of pretreated MgO (A); sample prepared by 

chemisorption of Mn(CO)5H on MgO (B), and sample prepared by chemisorption of 

Mn(CO)5H on MgO after treatment in O2 (C). 

 

The EPR spectrum of the sample prepared from Mn(CO)5CH3 and 

MgO includes a very weak signal characteristic of Mn2+ (spectrum not shown). The 

spectrum is again similar to that of MgO, showing that this sample contained a very 

small amount of Mn2+, which again we identify as an impurity. Therefore, we 

conclude that the oxidation state of manganese in the supported species in this sample 

was not +2. 

 

 

 

 

 

 

 



 145 

6.3.2.4 EXAFS spectroscopy 

Because the IR results indicated that the supported species in sample 

prepared from Mn(CO)5CH3 and MgO were nearly uniform, we used EXAFS 

spectroscopy to characterize it. The EXAFS parameters representing this sample 

(Table 6.1) include Mn–C and Mn–O* contributions (O* is oxygen of carbonyl 

groups), each with a coordination number of approximately 4, showing that there 

were four carbonyl ligands per Mn atom, on average. 

  The EXAFS data also indicate another Mn–Os contribution (Os refers 

to an oxygen atom of MgO) and a Mn–Mg contribution, with coordination numbers 

of approximately 2 and 1, respectively. The presence of these two contributions 

indicates that the manganese carbonyl precursor reacted with the MgO support. 

Consistent with this inference, the Mn–Os distance of 2.12 Å is characteristic of 

bonding between manganese cations and oxygen in ligands. For example, the distance 

between Mn2+ and O2- in Mn/Co/TiO2 system characterized by EXAFS spectroscopy 

was reported to be 2.223 Å (Morales et al., 2006) which matches the Mn-O distance 

of MnO determined crystallographically (Kim and Park, 2003). The Mn–Os 

coordination number indicates that the MgO support was a bidentate ligand, as in 

presumably analogous samples such as that prepared from Ir4(CO)12 supported on 

MgO after decarbonylation in He followed by H2 at 300°C (Kawi et al., 1994) or 

MgO-supported gold complex synthesized by reaction of Au(CH3)2(acac) with highly 

dehydroxylated MgO (Uzun et al., 2009). The Mn–Mg contribution shows that the 

manganese complexes were bonded to the MgO surface near Mg cations, and the lack 

of Mn–Mn contributions confirms that the surface species remained mononuclear. 
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Table 6.1  The EXAFS parameters characterizing sample prepared from 

Mn(CO)5CH3  on MgOa. 

Absorber−backscatterer 

pair 
N ∆σ2 (Å-2) R (Å) E0 (eV) 

Mn–C 

Mn–O* 

Mn–Os 

Mn–Mg 

3.7 

3.8 

2.2 

1.2 

0.01031 

0.00710 

0.00937 

0.00205 

1.87 

2.96 

2.12 

3.48 

1.82 

1.82 

8.34 

9.71 

 

aNotation: N, coordination number; R, distance between absorber and backscatterer 

atoms; ∆σ2, sigma-squared value (disorder term); ∆E0, inner potential correction; O*, 

oxygen of carbonyl group; Os, oxygen atom of MgO.  In the fitting, the ∆E0 values for 

Mn–C and Mn–O contributions were constrained to be equal because the multiple 

scattering identified C and O atoms as present in linear Mn–C–O combinations 

(terminal manganese carbonyls). Typical errors: N, ±20%; R, ±0.04 Å; ∆σ2, ±20%; 

∆E0, ±20%. 
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Figure 6.6  EXAFS data characterizing sample prepared from Mn(CO)5CH3 on 

MgO (1.0 wt% Mn) after O2 treatment (― ; data, ….. ; best-fit):  k-weighted EXAFS 

function in k-space (A); imaginary part and magnitude of EXAFS function in R-space 

with FT k0-weighting (B), FT k1-weighting (C), and FT k2- weighting (D). (∆k = 3.08-

11.54 A-1). 

 

6.3.3 Characterization of samples after O2 treatment 

6.3.3.1 IR spectroscopy 

The IR spectra in the OH region of the samples prepared from 

Mn(CO)5H and from Mn(CO)5CH3 on MgO remained essentially unchanged after the 

samples were treated in O2 at room temperature. These results show that there was no 

change in the OH group on MgO as a result of the exposure to O2. 

(A) (B) 

(C) (D) 
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The υCO IR spectra of the sample prepared from Mn(CO)5H on MgO 

after treatment in O2 (Figure 6.3, spectrum C) includes three bands, at 2043(s), 

1945(s), and 1903(s) cm-1, essentially matching those of the supported manganese 

tricarbonyl, as assigned for the sample prepared from Mn(CO)5H and MgO. 

However, the band at 2020(w) and a shoulder at 1870 cm-1 that were evident in the 

spectrum of the untreated sample and assigned to manganese pentacarbonyls were no 

longer observed.  

In contrast, the IR spectrum of sample prepared from Mn(CO)5CH3 

and MgO did not show an significant change resulting from the O2 treatment. 

6.3.3.2 Mass spectra of effluent gas 

The mass spectrum characterizing the effluent gases during the O2 

treatment of the sample prepared from Mn(CO)5H and MgO (Figure 6.7) indicates the 

presence of CO signal, suggesting that carbonyl ligands were removed from the 

sample. The CO ligands that were removed during the O2 treatment were most likely 

the ligand from manganese pentacarbonyl species, as demonstrating by the absence of 

these species in the IR spectrum of the O2 treated sample (Figure 6.3, spectrum C).  

The mass spectrum characterizing the effluent gases formed during the 

O2 treatment of the sample prepared from Mn(CO)5CH3 and MgO does not show any 

evidence of CO removal, indicating that the CO ligands were not removed during the 

treatment. 
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Figure 6.7  Mass spectrometry data: the CO+ signal characterizing the effluent gas 

formed by treatment of the sample prepared from Mn(CO)5H on MgO in flowing O2 

(
2OP = 0.1 bar) at room temperature. 

 

6.3.3.3 XANES spectroscopy 

The edge energy of the sample prepared from Mn(CO)5H and MgO 

shifted as a result of the O2 treatment from a value of 6539 eV to to a value of 6549 

eV, which is 10 eV higher than that of manganese foil. This energy is sufficiently 

greater than the edge energy of manganese foil, to clearly show that manganese was 

cationic. 
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The lack of any change in the edge energy of sample prepared from 

Mn(CO)5CH3 and MgO after O2 treatment indicates the lack of change in electronic 

properties of the manganese in this sample during the O2 treatment. 

6.3.3.4 EPR spectroscopy 

The EPR spectra of the samples prepared from Mn(CO)5H and from 

Mn(CO)5CH3 on MgO also remained essentially unchanged after the O2 treatment. 

These results are consistent with the XANES result indicating essentially no changes 

in the electronic properties of the manganese as a result of exposure to O2; thus, it can 

be inferred that there were negligible changes in the oxidation states of manganese. 

6.3.3.5 EXAFS spectroscopy 

The IR spectra show that the sample prepared from Mn(CO)5H on 

MgO consisted of the mixture of manganese tricarbonyl and manganese 

pentacarbonyl. This sample was not characterized by EXAFS spectroscopy because 

of its complexity. However, treatment of this sample in O2 led to a more uniform 

structure that was characterized by EXAFS spectroscopy. The EXAFS parameters 

characterizing this sample after the O2 treatment include Mn–C, Mn–O*, Mn–Os, and 

Mn–Mg contributions (Table 6.2). The absence of Mn–Mn contributions confirms 

that the surface species remained mononuclear. The Mn–C and Mn–O* contributions 

with coordination numbers of approximately 3 point to manganese tricarbonyls, in 

agreement with the IR spectra. The Mn–Os contribution demonstrates that the 

manganese was bonded to the MgO support. The Mn−Os coordination number of 1, 

within error, indicats that each Mn atom was bonded to only one O atom of MgO. 

Because the Mn−Os interaction in sample prepared from Mn(CO)5H and MgO was 

not characterized by IR spectroscopy, the metal−support interactions in the as-
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prepared and O2-treated samples cannot be compared. However, the IR and EXAFS 

results characterizing the carbonyl ligands in the two samples suggest that the 

manganese pentacarbonyl species was either removed or converted during the O2 

treatment.  

 

Table 6.2 The EXAFS parameters characterizing sample prepared from 

Mn(CO)5H  on MgO after O2 treatment a. 

 

Model 

No. 

Absorber− 

backscatterer  

pair 

N ∆σ2(Å-2) R (Å) E0 (eV) 

1 

 

 

 

Mn–C 

Mn–O* 

Mn–Os 

Mn–Mg 

2.81 

2.72 

0.73 

0.36 

0.01132 

0.01464 

0.01207 

0.00012 

1.98 

3.30 

2.23 

3.60 

7.02 

7.02 

-9.69 

-9.97 

2 Mn-C 

Mn-O* 

Mn-Os 

Mn-Mg 

2.90 

2.84 

0.62 

0.36 

0.01107 

0.01450 

0.00767 

0.00025 

1.98 

3.30 

2.24 

3.59 

6.92 

6.92 

-10.42 

-8.88 

3 

 

Mn-C 

Mn-O* 

Mn-Os 

2.41 

2.30 

0.75 

0.01211 

0.01472 

0.01401 

1.981 

3.294 

2.216 

7.05 

7.05 

-9.54 

 

 aNotation:  N, coordination number; R, distance between absorber and backscatterer 

atoms; ∆σ2, sigma-squared value (disorder term); ∆E0, inner potential correction; O*, 
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oxygen of carbonyl group; Os, oxygen atom of MgO. In the fitting, the ∆E0 values for 

Mn–C and Mn–O* were constrained to be equal (see Table 6.2). Typical errors: N, 

±20%; R, ±0.04 Å; ∆σ2, ±20%; ∆E0, ±20%. 

 

 

Figure 6.8  EXAFS data characterizing sample prepared from Mn(CO)5H on MgO 

(1.0 wt% Mn) after O2 treatment (― ; data, …..; best-fit):  k-weighted EXAFS 

function in k-space (A); imaginary part and magnitude of EXAFS function in R-space 

with FT k0-weighting (B), FT k1-weighting (C), and FT k2- weighting (D)  (∆k = 3.06-

10.30 A-1). 

 

 

 

(C) (D) 

(A) (B) 
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6.4 Discussion 

6.4.1 Adsorption of Mn(CO)5H on MgO 

The complementary spectroscopic techniques clearly demonstrate that each of 

the two precursors reacted with the OH groups on the surface of MgO, leading to 

chemisorption of the manganese carbonyls. The IR spectra characterizing the sample 

prepared from Mn(CO)5H and MgO show the non-uniformity of the surface 

species—more than one supported manganese carbonyl formed. The deprotonation 

was observed in the adsorption of Mn(CO)5H on MgO and this reaction was also 

observed in the reaction of Re(CO)5H and MgO as reported by Kirlin et al. (1990). 

The supported samples prepared from Re(CO)5H were synthesized in the presence of 

hexane solvent; the IR spectrum characterizing the supported rhenium complex 

demonstrated the partial deprotonation of Re(CO)5H upon adsorption, resulting in 

only one surface species postulated to be MgOH+.....[Re(CO)5]
-. In contrast to the 

supported rhenium complex, the supported species formed from Mn(CO)5H in this 

work consisted of a mixture of supported manganese carbonyls (manganese 

tricarbonyl and manganese pentacarbonyl). Some of the differences between Kirlin’s 

rhenium chemistry and manganese chemistry in this work may have to do with 

different coverages of the MgO surfaces—neither Kirlin nor we could determine the 

exact surface coverage. 

 O2-treatment of the mixture of manganese carbonyls on MgO led to the 

removal of manganese pentacarbonyl species from MgO surface and resulted in more 

uniform surface species, inferred to be essentially manganese tricarbonyl. 

To further elucidate the chemistry of the decarbonylation of the manganese 

pentacarbonyl on MgO, we turned to EPR and XANES experiments; the EPR data 
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demonstrate that the oxidation state of manganese in this sample was not +2, but they 

do not rule out manganese in the other oxidation states. The XANES spectra offer the 

prospect of providing insight into the manganese oxidation states in the samples; a 

plot of XANES data characterizing known compounds with manganese in various 

oxidation states (Stueben et al., 2004) (Figure 6.9) indicates—by interpolation—that 

the manganese in this sample is in Mn3+ form. In this respect, the OH group of MgO 

is found to be an oxidizing agent in the adsorption process because the oxidation state 

of manganese changed from 0 to +3 after reacted with OH group.  Such role of OH 

group was reported in the adsorption of HRe(CO)5 and H3Re3(CO)12 on MgO, (Kirlin 

et al., 1990). The OH group of Al2O3 and SiO2  is also as an oxidixing agent in the 

adsorption of Rh crystallite (Rh0)  in the presence of CO to produce RhI(CO)2 (Basu 

et al., 1987). 
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Figure 6.9 XANES calibration data and comparison with edge shift of sample 

prepared from Mn(CO)5H and MgO after O2 treatment; ; and sample prepared from 

Mn(CO)5CH3 and MgO, �; Literature data characterizing standard samples including 

manganese foil and manganese oxides ,� (Stueben et al., 2004). 

 

The EXAFS fitting that were found to be most appropriate included Mn-C, 

Mn-O*, and Mn-Os contributions (Table 6.2). For model No. 1 and No.2, the results 

indicate Mn-C and Mn-O* contributions with coordination numbers of approximately 

3, indicating manganese tricarbonyls, consistent with the IR spectra. Whereas model 

No 3 shows the coordination number of Mn-C and Mn-O* which are not close to 

three and thus contrast to the IR results.  Consequently, this model was neglected.  

A Mn-Os contribution was observed for all models with coordination number 

about 1. However, Model No.2 was also neglected because the E0 of Mn-Os 

contribution is exceed the limit (10 to -10 eV). Thus the fitting result from model   
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No. 1 was chosen to represent surface species of this sample. If each carbonyl and 

surface oxygen ligand is a 2-electron donor, the Mn(III) tricarbonyl complex would 

be a 12-electron complex, which is highly unlikely because the most common (stable) 

complexes of manganese are 18-electron and 16-electron complexes (Shriver et al., 

1990). 

 Because, the only experimental information about Mn-Os coordination is the 

EXAFS data and the quality of several scans is not sufficient to determine it 

accurately, the number of Mn-Os contribution could alternatively be estimated by 

performing electron counting for the Mn(III) tricarbonyl complex. If the Mn3+ were 

five-coordinated with two Mn-Os contributions, it would be a 14-electron complex, 

which is uncommon. On the other hand, if Mn3+ were six-coordinated, three Mn-Os 

contribution, it would be a 16-electron complex, which is the most common complex 

of manganese. Other common manganese complexees are 18-electron complexes. 

However, the 18-electron complex of Mn3+ would be 7-coordinated, which is 

uncommon. Thus it can be inferred that the supported manganese complex after 

treatment in O2 stream is most likely Mn3+ bonded to 3 carbonyl ligands and 3 

oxygen atoms of the MgO. This model representing the surface species of the sample 

prepared from Mn(CO)5H and MgO after O2 treatment  is illustrated in Scheme 6.1.  

The model of surface species of the sample prepared from Mn(CO)5H and 

MgO in O2 stream is consistent with the surface species formed in the sample 

prepared from Mn2(CO)10 on MgO in O2 as described in Chapter V. The Mn2(CO)10 

was deposited onto MgO by CVD and treated in O2. The IR, EPR, and XANES 

results characterizing this sample demonstrate that the Mn−Mn bond in Mn2(CO)10 

was cleaved during the oxidative adsorption on MgO surface, resulting in the 
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mononuclear manganese species. In the present work, the surface species remained 

mononuclear as in the precursor, which is Mn(CO)5H. Proposed surface species is 

shown in scheme 6.1. Bond distance of  C≡O, Mn−C, and Mn−Os are close to the 

bond distance of C≡O (1.43 Å), Mn−C (1.90 Å), and Mn−Os (1.98 Å) reported for 

surface species of sample prepared from Mn2(CO)10 and MgO after O2  treatment 

(Khabuanchalad et al., 2010). 
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Scheme 6.1 Proposed structure of surface manganese tricarbonyl species prepared 

from Mn(CO)5H on MgO after O2 treatment. 

 

6.4.2 Adsorption of Mn(CO)5CH3 on MgO 

The spectra characterizing the samples prepared from Mn(CO)5CH3 and 

partially dehydroxylated MgO show that the chemisorption involved the reaction of 

the precursor with surface OH groups and the removal of CO and CH3 ligands from 

precursor. In the adsorption of Mn(CO)5CH3 on MgO, the reaction might be expect to 

form CH4, as suggested by the work of Becker et al., 1980. They investigated the 

amounts of gases liberated as helium flowed through samples made from 

Mn(CO)5CH3 and dehydroxylated alumina (DA) and partially dehydroxylated 

alumina (PDA). Their results suggested that the CO removal from the sample 
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prepared with PDA was significantly faster than when the support was DA. 

Moreover, the liberation of CH4 was observed in the sample made with PDA but not 

in the sample made with DA. This result is attributed to the low OH content in DA 

sample. The effect of OH group mentioned above illustrates that the protonolysis of 

the CH3 ligand occurred during the adsorption of the precursor, subsequently 

resulting in CH4 removal.  

 In this work, Mn(CO)5CH3 was chosen as a precursor because of the 

expectation that it might provide evidence of the reaction involving CH3 groups and 

support OH groups. Indeed, in adsorption of this precursor, the removal of OH group 

from MgO and CH3 groups from the precursor were both observed. The CH3 group 

might have reacted with OH group to form CH4 as in Becker’s work. However, it was 

not determined whether CH4 was formed.  

 To determine the oxidation state of manganese in the sample prepared from 

Mn(CO)5CH3 and MgO, XANES data were compared with those characterizing 

known compounds with manganese in various oxidation states (Figure 6.9). Similar 

to the characterization of sample prepared from Mn(CO)5H and MgO after O2 

treatment, the plot indicates that manganese in this sample is in +3 oxidation state. 

The electron counting, considering carbonyl and surface oxygen to be two-electron 

donor ligands, demonstrates that the surface species were 16-electron complexes.  

A model representing the surface species of this sample is presented in 

Scheme 6.2. The Mn−C and C−O* bond distances in this model are in agreement 

with the crystallographic data characterizing [Mn(CO)4(S2PMe2)]
 (Almond et al., 

1995), which show Mn―C and Mn―O* at 1.81 and 1.14 Å, respectively. 
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Scheme 6.2 Proposed structure of surface manganese tetracarbonyl species prepared 

from Mn(CO)5CH3  and MgO (1.0 wt% Mn). 

 

6.4.3 Comparison of the chemistry of manganese carbonyls and 

rhenium carbonyls on the surface of MgO 

The interaction of Mn(CO)5H  and Mn2(CO)10 with the surface of partially 

dehydroxylated MgO produced more surface species than that of rhenium carbonyls 

[Re2(CO)10, H3Re(CO)12 and HRe(CO)5]. This effect suggested that manganese 

complexes are more reactive than rhenium complexes. In contrast to Mn2(CO)10 and 

Mn(CO)5H, the reaction of Mn(CO)5CH3 and MgO produced only one surface 

species. In both rhenium and manganese carbonyl complexes, oxidative 

fragmentation of dinuclear to produce mononuclear tricarbonyl surface species was 

observed, but the reaction of manganese complexes (in O2 at room temperature) 

happened at lower temperature than the reaction of rhenium complexes (in air at 

200ºC). The proposed surface chemistry of manganese carbonyl and rhenium 

carbonyl with MgO were shown in scheme 6.3 and 6.4, respectively. 
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Scheme 6.3  Proposed chemistry of manganese carbonyls on the surface of MgO. 

 

 

 

 

Scheme 6.4  Proposed chemistry of rhenium carbonyls on the surface of MgO  

derived from Kirlin et al., 1990; Papile and Gates, 1992; Kirlin et al., 1990. 
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6.5 Conclusions 

The adsorption of Mn(CO)5H on partially dehydroxylated MgO produced a 

surface species inferred to be a mixture of manganese pentacarbonyls and manganese 

tricarbonyls, as shown by IR spectroscopy.  After treatment of this sample in flowing 

O2 at 298K, the only manganese species on the support was manganese tricarbonyl.  

XANES and EPR data show that the manganese in the originally prepared sample 

was cationic and that the manganese oxidation state did not change as a result of the 

O2 treatment.  In contrast, the reaction between Mn(CO)5CH3 and MgO led to the 

formation of supported manganese tetracarbonyl, and again the manganese was 

cationic.  O2 treatment of the sample prepared from Mn(CO)5CH3 on MgO did not 

change either the manganese oxidation state or the number of carbonyl ligand on the 

manganese in this sample. 
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CHAPTER VII 

CONCLUSIONS 

 

Dispersion of active metal on high surface area materials is an effective 

method to improve the performance of heterogeneous catalysts. In this thesis, zeolite 

NaY was synthesized and its transformation to NaP was investigated by variation of 

the synthesis conditions including aging and crystallization time. When the 

crystallization time was fixed at 1 day, the aging time of 1 day was suitable to 

produce the pure phase of zeolite NaY whereas 2 and 3 days aging times produced a 

small amount of NaP. The crystallization time showed a more significant effect on 

the transformation. The phase of NaY was not observed after crystallization for 4 

days and NaP was the major product after 5 days crystallization,.  

The zeolite NaY was used as a support for bimetallic catalysts containing 

palladium and cobalt (1Pd7Co/NaY) in n-butane hydrogenolysis. Its activity was 

compared to that of bimetallic catalysts supported on zeolite ZSM-5 (1Pd7Co/ZSM-

5). Reducibility of cobalt species supported on zeolite ZSM-5 after reduction, 

determined by XANES spectroscopy was higher than that supported on zeolite NaY. 

The results from catalytic testing on n-butane hydrogenolysis showed that activity 

over 7Co1Pd/ZSM-5 was higher than that over 1Pd7Co/NaY. Thus, the activity of 

cobalt catalysts with ZSM-5 as a support was further investigated. In monometallic 

cobalt catalysts (1, 4, and 7Co/ZSM-5), except 10Co/ZSM-5, the reducibility of 

cobalt and the conversion of n-butane hydrogenolysis increased with cobalt content. 
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The activity of 10Co/ZSM-5 was lower than 7Co ZSM-5 despite the higher degree of 

reduction because of the difference in surface active sites on both catalysts, namely, 

the 10Co/ZSM-5 had a poorer cobalt dispersion. Methane was the only product 

observed over the monometallic cobalt catalysts because cobalt favored multiple 

hydrogenolysis reaction. 

Addition of 1 wt%Pd to cobalt catalysts promoted the reducibility only in 

1Co/ZSM-5 whereas enhancement in the reducibility or catalytic activity were not 

significant on the catalysts with the higher cobalt loading. Besides methane, trace 

amount of ethane and propane was observed in the reaction over bimetallic catalysts 

suggesting that Pd inhibited the multiple hydrogenolysis. 

 A highly uniform manganese supported on high area MgO was prepared by 

chemical vapor deposition of manganese carbonyl complexes including Mn2(CO)10, 

Mn(CO)5H and Mn(CO)5CH3. The reaction of Mn2(CO)10 and MgO took place at -

OH groups of MgO. IR spectroscopy characterizing the supported samples indicated 

that the sample with 3.0 wt% Mn contained physisorbed Mn2(CO)10 as a dominant 

surface species whereas surface species of sample with 1.0 wt% Mn consisted of  a 

mixture of physisorbed Mn2(CO)10, manganese pentacarbonyl and manganese 

tricarbonyl. Treatment of sample prepared from 1.0 wt% Mn on MgO in O2 at room 

temperature resulted in a more uniform surface. EXAFS characterizing this sample 

showed that Mn-Mn bond in Mn2(CO)10 was cleaved and each manganese atom 

bonded to three oxygen atoms of MgO and three carbonyl ligands. EPR and XANES 

spectroscopy indicated that the oxidation state of manganese in the O2 treated sample 

was greater than +2.  
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The adsorption of Mn(CO)5H occurred on -OH groups of MgO. The IR 

spectroscopy characterizing sample prepared from Mn(CO)5D and MgO suggested 

that the adsorption also involved the donation of deuteron to surface oxygen of MgO. 

Reaction between Mn(CO)5H and MgO produced surface species including 

manganese tricarbonyl and manganese pentacarbonyl. Treatment of this sample in O2 

at room temperature resulted in a sample with only manganese tricarbonyl as surface 

species. XAS characterization of this sample indicated that each manganese atom 

bonded to three oxygen atom of MgO and three carbonyl ligands. EPR and XANES 

spectroscopy indicated that the oxidation state of manganese in this sample was +3.  

The adsorption of Mn(CO)5CH3 on MgO involved reaction of Mn(CO)5CH3 

and OH group as well as the removal of CO and CH3 in precursor. The adsorption led 

to the formation of only one surface species, manganese tetracarbonyl with 

manganese in +3 oxidation state. O2 treatment of the sample prepared from 

Mn(CO)5CH3 on MgO did not change either the manganese oxidation state or the 

number of carbonyl ligands on the manganese. 

 

Recommendation for further work  

The dispersion of cobalt oxide in mono- and bimetallic catalysts containing 

cobalt before and after reduction could be determined by using TEM, EXAFS or 

other techniques. The surface species could be suggested by EXAFS. 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

APPENDIX A 

 EXAFS FITTING CHARACTERIZING Mn 2(CO)10 

SUPPORTED ON MgO CONTAINING  1.0 wt% Mn 

AFTER O2 TREATMENT 
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Table A1   EXAFS parameters characterizing sample prepared from 

Mn 2(CO)10  supported on MgO containing 1.0 wt% Mn after O2 treatment for 

model including an Mn–Mg contributiona. 

 

 

aNotation: N, coordination number; R, distance between absorber and backscatterer 

atoms; ∆σ2, sigma-squared value (disorder term); ∆E0 , inner potential correction; O*, 

oxygen of carbonyl group; Os, oxygen atom of MgO.   Typical errors:  N, ±20%; R, 

±0.04 Å; ∆σ2, ±20%; ∆E0, ±20%. 

 

 

 

 

 

 

 

 

 

Absorber–backscatterer 

pair 
N R (Å) ∆σ2

× 10-3 (Å-2) ∆E0 (eV) (χ2) 

Mn–C 

Mn–O* 

Mn–Os 

Mn–Mg 

2.78 

2.48 

0.86 

0.59 

1.93 

3.28 

2.04 

3.56 

8.7 

12.6 

9.4 

0.2 

7.3 

7.3 

2.3 

-1.6 

260 
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Figure A1  EXAFS data and corresponding FT magnitudes and imaginary parts 

characterizing the sample prepared from Mn2(CO)10  supported on MgO containing 

1.0 wt% Mn after O2 treatment for a model including a Mn–Mg contribution :  k-

weighted EXAFS function in k-space (A); imaginary part and magnitude of EXAFS 

function in R-space with FT k0-weighting (B), FT k1-weighting (C), and FT k2- 

weighting (D). 
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Figure A2   EXAFS data and corresponding FT magnitudes and imaginary parts 

characterizing the sample prepared from Mn2(CO)10  supported on MgO containing 

1.0 wt% Mn after O2 treatment for model 1: contribution :  k-weighted EXAFS 

function in k-space (A); imaginary part and magnitude of EXAFS function in R-space 

with FT k0-weighting (B), FT k1-weighting (C), and FT k2- weighting (D). 
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Figure A3   EXAFS data and corresponding FT magnitudes and imaginary parts 

characterizing the sample prepared from Mn2(CO)10  supported on MgO containing 

1.0 wt% Mn after O2 treatment for model 2: contribution :  k-weighted EXAFS 

function in k-space (A); imaginary part and magnitude of EXAFS function in R-space 

with FT k0-weighting (B), FT k1-weighting (C), and FT k2-weighting (D). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

APPENDIX B 

 EXAFS FITTING CHARACTERIZING Mn(CO)5H AND 

Mn(CO)5CH3 ON PARTIALLY         

DEHYDROXYLATED MgO  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 180 

Table B1  EXAFS parameters characterizing sample prepared from 

Mn(CO)5H on MgO after O2 treatment Mn2(CO)10  for model No. 2a. 

   
aNotation: N, coordination number; R, distance between absorber and backscatterer 

atoms; ∆σ2, sigma-squared value (disorder term); ∆E0 , inner potential correction; O*, 

oxygen of carbonyl group; Os, oxygen atom of MgO.   Typical errors:  N, ±20%; R, 

±0.04 Å; ∆σ2, ±20%; ∆E0, ±20%. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Absorber–backscatterer pair N R (Å) ∆σ2 (Å-2) ∆E0 (eV) 

Mn–C 

Mn–O* 

Mn–Os 

Mn–Mg 

2.90 

2.84 

0.62 

0.36 

1.984 
 

3.299 
 

2.236 
 

3.588 

0.01107 
 

0.01450 
 

0.00767 
 

0.00025 

6.92 
 

6.92 
 

-10.42 
 

-8.88 
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Figure B1  EXAFS data characterizing sample prepared from Mn(CO)5H on 

MgO after O2 treatment for model No. 3. (A) k-weighted EXAFS function in k-space, 

(B) imaginary part and magnitude of EXAFS function in R-space with FT k0-

weighting. 
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Figure B2  EXAFS data characterizing sample prepared from Mn(CO)5H on 

MgO after O2 treatment for model No. 3 in imaginary part and magnitude of EXAFS 

function in R-space with FT  (A) k1-weighting and (B) k2-weighting. 
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Table B2   EXAFS parameters characterizing sample prepared from 

Mn(CO)5H on MgO after O2 treatment Mn2(CO)10  for model No. 3a. 

   

 
aNotation: N, coordination number; R, distance between absorber and backscatterer 

atoms; ∆σ2, sigma-squared value (disorder term); ∆E0 , inner potential correction; O*, 

oxygen of carbonyl group; Os, oxygen atom of MgO.   Typical errors:  N, ±20%; R, 

±0.04 Å; ∆σ2, ±20%; ∆E0, ±20%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Absorber–backscatterer pair N R (Å) ∆σ2(Å-2) ∆E0 (eV) 

Mn–C 

Mn–O* 

Mn–Os 

2.41 

2.30 

0.75 

1.981 
 

3.294 
 

2.216 

0.01211 
 

0.01472 
 

 0.01401 
  

7.05 
 

7.05 
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Figure B3  EXAFS data characterizing sample prepared from Mn(CO)5H on 

MgO after O2 treatment for model No. 3. (A) k-weighted EXAFS function in k-space, 

(B) imaginary part and magnitude of EXAFS function in R-space with FT k0-

weighting. 

A 

B 

 

 

 

 

 

 



 185 

 

 
 

F
T

 [k
×
χ

] (
Å

-1
)

R(Å)

…... best fit
 data 
−−−− −−−− −−−−data - fit

 
 
 
 
 

F
T

 [k
2
×
χ

] (
Å

-2
)

R(Å)

…... best fit
 data 
−−−− −−−− −−−−data - fit

 

Figure B4  EXAFS data characterizing sample prepared from Mn(CO)5H on 

MgO after O2 treatment for model No. 3 in imaginary part and magnitude of EXAFS 

function in R-space with FT  (A) k1-weighting and (B) k2-weighting. 
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APPENDIX C 

N2 ADSORPTION-DESORPTION ISOTHERMS OF 

MONO-AND BIMETALLIC COBALT SUPPORTED ON 

ZSM-5 
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Figure C1 N2 adsorption-desorption isotherm of 1Co/ZSM-5. 

 
 

Figure C2 N2 adsorption-desorption isotherm of 4Co/ZSM-5. 
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Figure C3 N2 adsorption-desorption isotherm of 7Co/ZSM-5. 

 

Figure C4 N2 adsorption-desorption isotherm of 10Co/ZSM-5. 
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Figure C5 N2 adsorption-desorption isotherm of 1Co1Pd/ZSM-5. 

 

Figure C6 N2 adsorption-desorption isotherm of 4Co1Pd/ZSM-5. 
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Figure C7 N2 adsorption-desorption isotherm of 10Co/ZSM-5. 

 

Figure C8 N2 adsorption-desorption isotherm of 10Co1Pd/ZSM-5. 
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