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Figure 98: TEM micrographs of a) 5 % AuCu alloy/CeO2 and b) 5 % AuCu physical 

mixture/CeO2 as prepared by the LVCC method. 
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Figure 99: Comparison between the catalytic activities of 5 % AuCu alloy/CeO2 and 5 % 

AuCu Physical mixture/CeO2 as prepared by the LVCC method (run 1). 
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Figure 100: Comparison between the catalytic activities of 5 % AuCu alloy/CeO2 and 5 % 

AuCu Physical mixture/CeO2 prepared by the LVCC method after heat 
treatment (run 2). 
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Table 39 summarizes the catalytic activities of 5 % AuCu alloy/CeO2 and 5 % AuCu 
Physical mixture/CeO2 prepared by the LVCC method before and after heat 
treatment (run 1 and run 2) 

 

Maximum Conversion 
(%) 

 

 
Sample 

5 % (Au, Cu mix.) 
/ CeO2 

 
3% 

Conversion
Light-off 

Temp. (o C) 

50 % 
Conversion

Temp.  
(o C) Temp. (o C) Conversion

AuCu Alloy 
 (Run 1) 

82.4 154.0 290.2 99.1 

AuCu Alloy 
(Run 2) 

65.6 126.1 243.8 99.7 

Alloy Phys. Mix. 
(Run 1) 

82.4 144.8 226.4 100.0 

Alloy Phys. Mix. 
(Run 2) 

51.9 110.1 215.1 100.0 
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Figure 101: Schematic of proposed reaction mechanism of CO oxidation on (a) AuCu 

alloy/CeO2 (b) AuCu physical mixture /CeO2. 
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6 : Gas phase reactions of Au+ and Cu+ with small molecules 

 
6.1 Introduction 

 The pressure gap between surface science and heterogeneous catalysis is a very 

important issue in catalysis. It is found that surface science experiments on well-defined 

surfaces in ultra-high vacuum (UHV) conditions yield results that are different from results 

obtained in high-pressure catalytic reactors. For example, catalytic CO oxidation on 

ruthenium at a total pressure > 10 torr, the rate of CO oxidation on Ru (001) is higher than 

on any other transition metal surface 151,152. It was found that the oxidation rate is highest 

for a combination of high surface coverage of oxygen and extremely low coverage of CO. 

In contrast, Ru (001) is found to be among the poorest catalysts for CO oxidation under 

UHV conditions153. 

 Gas phase reactions of metal ions with different molecules under typical reaction 

conditions can provide useful information about the intrinsic properties of metal ions and 

there reactivities. Valuable information such as reaction mechanisms, reaction rates, and 

thermochemestry can be obtained using this type of experiment. Understanding the crucial 

steps and characterizations of possible intermediates can improve the design of active 

catalyst systems 154. The advantages of the gas phase reactions in catalysis arise from the 

elucidation of basic properties of isolated molecules and probing reactions under well 

defined conditions since they are not hampered by different disturbing factors in solution 

such as association by ion pairing, solvent–shell interactions, intra–and intermolecular 
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processes that lead to distraction, and / or modification of the catalytically active species 

(e.g. cyclometalation) 155. There are many studies of the gas phase reactions of metal 

cations with molecules such as, H2O, CO, etc 156,157. Al+ reacts with polar molecules such 

as water or ammonia 158 and alcohols such as methanol 159 or isobutylene 160. Reactions of 

metal ions with methane, ethane, and linear Alkenes have been reported.  

 Although Au and Cu belong to the same group, and they have 1S electron outside a 

filled d shell, and they have similar oxidation states, the geometries of their complexes are 

different. This difference in the geometries is not explained well. One explanation is the 

difference in size where Cu+ is smaller than Au+ as a sequence; Cu having a higher 

coordination number, as shown in table 40 161. 

 The gas phase reactions of Au+ with small molecules, such as C2H4 and Propene, to 

form AuC3H6 and AuH 162, CO to form Au (CO)+163, Au (CO)2
+ 163-165, and Au (CO)3

+166, 

have been investigated. However, some of these species are stable at room temperature 163-

165. Ozin et al studied gas phase interactions of gold neutral atoms with a CO/O2 mixture 

using a matrix isolation experiment. He reported the formation of a Au (CO)2(O2) stable 

complex and at very low temperatures (40 K), this complex is converted to CO2 as shown 

in Figure 102 55. Hagen et al reported the formation of anionic complexes, such as 

Au2(CO)O2
-, Au3(CO)O2 

-, and Au3(CO)(O2)2
–, as intermediate in the catalytic CO 

oxidation over negatively charged Au clusters167. 

 Gas phase reactions of Cu+ with various molecules have been studied by many 

researchers168-175. Gas phase reactions of Cu+ with methanol and ethanethiol clusters using 
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the laser ablation mol. beam (LAMB) technique is reported by Nui and Wang 170,171. They 

reported the formation of Cu+(C2H5OH)n and protonated ethanol H+(C2H5OH)n and 

Cu+(CH3CH2SH)n clusters. Jarvis et al studied the gas phase reaction of Cu+ and Cu+ 

(pyrrole) 2 with CO and O2 using inductively coupled plasma/selected-ion flow tube (ICP-

SIFT) tandem mass spectrometer 168,172. He reported that Cu+ interacts with O2 and CO to 

form Cu+ (O2)2 and Cu+ (CO)2 and the presence of one pyrrole molecule dramatically 

increases the reaction rate except in the case of Cu+ reaction with O2. 

 Gas phase cationic polymerization is very important since the fundamental 

mechanism of this reaction can be probed. Metal cations act as initiator catalysts for 

cationic polymerization176-183. Catalytic polymerization in gas phase has been 

investigated. Fe+ was found to be catalytically active for a Diels-Alder reaction of dienes 

with alkenes and alkynes 184,185. Also Fe+ can activate the C-H and C-C bonds 186. 

 As reported earlier, the XPS data of Au/CeO2 of prepared by chemical and 

physical methods shows that the active species for CO oxidation are Au0 and Au+1. 

However, Au/CeO2
, prepared by a chemical method shows higher catalytic activity for CO 

oxidation compared to Au/CeO2 prepared by a physical method. The enhanced catalytic 

activity in the chemical method are attributed to the fact that it contains more of the Au+1 

species, as shown in XPS data.  

 To understand the reaction mechanism of CO oxidation on Au and Cu based 

catalysts, it is important to study the gas phase reaction Au+1 and Cu+1 with CO, O2, and 

their mixture. Furthermore, moisture and impurities such as hydrocarbons present on the 
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surface of a nanoparticle catalyst reduces the catalytic activity. Also, the catalytic activity 

of the Au/CeO2 catalyst decreases significantly in the presence volatile organic compounds 

(VOC), such as butadiene and isoprene.  

 Gas phase polymerization is important not only for probing the mechanism of the 

catalytic process and the exact nature of the catalyst-cocatalyst interaction, but also for the 

elimination of various harmful organic vapors such as butadiene and isoprene by 

converting them into non volatile polymers 181,187,188. Gas phase reactions of Au+ and Cu+ 

with butadiene and isoprene can provide valuable information on the reaction mechanism 

of the catalyst with these compounds and the possibility of cationic polymerization of 

VOC in the gas phase. 

 In this Chapter, Laser Vaporization ionization High Pressure Mass Spectrometry 

(LVI-HPMS), described in Figure 103, is used to study the interactions between singely 

charged metal ions and small molecules such as CO, O2, CO/O2 mixture, H2O, Butadiene, 

and isoprene. 
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Figure 102: Proposed mechanism of CO oxidation reaction on gold neutral atoms using 
matrix isolation experiments as reported by Ozin et a l 55. 
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6.2 Experimental 

The gas phase reactions of metal ions with several molecules have been studied 

using the Laser Vaporization Ionization High-Pressure Mass Spectrometry (LVI-HPMS) 

177,182,183. Metal cations are generated by focusing the output of the second harmonic of Nd: 

YAG laser (532 nm, energy of 22 mw pulsed at 10 Hz, laser spot 0.5 - 1 mm diameter and 

laser irradiance of ~ 7 × 107 W cm-2) on a metal rod placed in a high pressure cell. The 

high-pressure cell is a 2.5 cm × 2.5 cm aluminum cube mounted inside a high vacuum 

chamber as shown in Figure 103. The HPMS cell has two S1-UV windows where the laser 

beam enters and exits. The gas is introduced to the cell via a needle valve, and is flowed 

behind the entrance window of the cell to prevent any metal particle deposition over the 

window during the laser vaporization of the metal. When the laser beam strikes the metal 

rod, it vaporizes the metal and forms a plasma consisting of neutral metal atoms, metal 

ions, and electrons. The metal ions react with the neutral molecules forming excited 

complexes of metal ion-neutral molecules. The excited complexes can get rid of their 

excess energy by colliding with the carrier gas (He) or by undergoing fragmentation 

(breaking bonds). The products can be addition products or they can be new products 

resulting from the chemical reaction182,189. The reaction products exit the cell through a 

pinhole, are focused by electrostatic lenses, analyzed by the quadrupole mass filter (Extrel 

C-50), and detected by the electron multiplier. The quadrupole mass spectrometer is 

manually controlled using an Extrel C-50 Controller with a mass range of 10-550 mass 

unites (amu). The resolution of the quadrupole is better than 1 amu. The ion current from 
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the electron multiplier is amplified and recorded. To collect the mass spectrum, the ion 

arrival time signal is gated using a boxcar integrator, averaged 5 times, and then recorded. 

To collect the arrival time of different species, the signal is recorded and averaged 200 

times using a LeCroy 9450 oscilloscope. 

Under typical experimental conditions the metal ions undergo several thousand 

collisions with the monomer molecules in the gas phase, thus resulting in ion-molecule 

reactions with product ions that could initiate further reactions leading to polymerization. 

the early stages of cationic polymerization of isoprene and butadiene using the metal 

cations Au+ and Cu+ act as initiators will be presented. 
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Figure 103: Schematic diagram of Laser Vaporization Ionization High Pressure Mass 

Spectrometry (LVI-HPMS) and relevant components. 
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6.3  Experimental Results 

6.3.1 Gas phase reactions of Au+ with small molecules 

To understand the reaction mechanism of CO oxidation on gold, gas phase reaction 

of Au+ with CO, O2, (3.4 % CO, 20 % O2/ He) mixture and CO oxidation in the presence 

of other compounds such as butadiene and isoprene. Au+ interaction with these molecules 

has been studied as a function of pressure at room temperature using laser vaporization 

high pressure mass spectrometry. Au has one isotope at 197 amu. The gas phase reaction 

of Au with small molecules results in the addition of these molecules to Au+.  

6.3.1.1 Gas phase reactions of Au+ with CO, O2, and their mixtures 

 Collisional stabilization is a very important process in metal ion-molecule reactions. 

When the ion and molecules collide in the gas phase and attempt to combine chemically, 

the species formed in the excited state have excess vibrational energy. These species must 

loose this energy to stabilize. If no stabilization occurs, these species disassociate to the 

reactants. Low pressure stabilization is accomplished by collisions with another species, 

such as gases inside the cell or via a radiation process. However, at pressure collisional 

stabilization is dominant.  

Gas phase reaction of Au+ with pure CO 

 CO reaction of Au+ ions results on the formation of Au+ (CO), Au+ (CO) 2, and 

Au+ (CO) (O2) at low pressure. At high pressure, there is an addition of H2O to Au+ (CO) 
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(O2) and Au+ (CO) 2. The addition of H2O and O2 is due to the presence of impurities in the 

CO tank as shown in Figure 104. 

 The proposed reaction scheme for Au+ with CO is summarized as follow: 

At low pressures of pure CO, the reaction of the Au+ with CO is dominated by adduct 

formation where Au+ reacts with pure CO to form [Au+ (CO)]* excited complex which is 

stabilized by collision with CO to form Au+ (CO) as shown in equation (6.1). 

If no stabilization occurs, Au+ (CO) either vanishes or can be stabilized by further collision 

with CO to form Au+ (CO)2, as shown in equation (6.2). 

 At high pressure, [Au+ (CO)]* will be stabilized by either the reaction with CO to 

form Au+ (CO)2 or by the reaction with impurities such as O2 to form Au+ (CO)(O2), as 

shown in equation (6.3), which react with H2O to form Au+ (CO)(O2)(H2O), as shown in 

equation (6.4). Also Au+ (CO)2 further react with H2O to form Au+ (CO)(O2)(H2O) and 

Au+ (CO)2(H2O) as shown in (6.5). 

 

 

 *[ ( )] ( )Au CO Au CO Au CO+ + ++ ⎯⎯→  (6.1) 

 2( ) ( )Au CO CO Au CO+ ++  (6.2) 

 2 2( ) ( )( )Au CO O Au CO O+ ++  (6.3) 

 2 2 2 2( )( ) ( )( )( )Au CO O H O Au CO O H O+ ++  (6.4) 

 2 2 2 2( ) ( ) ( )Au CO H O Au CO H O+ ++  (6.5) 
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Gas phase reaction of Au+ with pure O2 

 The reaction of Au+ with O2 at low pressure results in the formation of a Au+ (O2) 

complex. As the pressure increases, Au+ (O2) disappears and H2O is adding to the Au+ to 

form Au+ (H2O)n , n = 1-5 cluster, as shown in Figure 105. 

 The reaction scheme can be summarized for Au+ with O2 as follow: At low 

pressures of pure O2, Au+ reacts with O2 to form [Au+ (O2)]* and excited complexes which 

are stabilized by collision with O2, as shown in equation (6.6). H2O impurities also react 

with Au+ to form Au+ (H2O). 

 At high pressure, Au+ (O2) vanishes and Au+ (H2O) reacts with H2O to form Au+ 

(H2O)n , n = 1-5 cluster, as shown in equation (6.7). 

 

 *
2 2 2[ ] ( )Au O Au O Au O+ + ++ + ⎯⎯→  (6.6) 

 2 2( ) , 1 5nAu nH O Au H O n+ ++ = −  (6.7) 

 

Gas phase reaction of Au+ with 3.4 % CO, 20 % O2 / He mixture 

 Mass spectrum of gas phase reaction of Au+ with 3.4 % CO, 20 % O2/ He mixture, 

shows the formation of Au+ (CO), Au+ (CO)2, Au+ (CO)(H2O), Au+ (CO) (H2O)2 and Au+ 

(CO)(H2O)3. However, the Au+ (CO)2(O2) complex is not observed as shown in Figure 

106. Time profiles for ions obtained from the Au+ reaction with CO/O2 mixture in He at 

298 K are shown in Figure 107. Time profiles of the products ions show that Au+ is formed 

and decay followed by the formation of Au+ (CO) and the addition of another CO molecule 
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to form Au+ (CO)2. At high pressures, H2O is added to the Au+ (CO) complex. However, 

Au+ (CO)2 remains, which suggest a high stability of this complex 

 Based on the mass spectra and the time profiles of reactions of Au+ with 3.4 % 

CO, 20 % O2/ He mixture at different pressures at 298 K, the reaction scheme of Au+ with 

CO/O2 in He mixture can be explained as follows: 

 At low pressures of CO/O2 in He mixture, the reaction of the Au+ with CO/O2 is 

dominated by adduct formation where Au+ reacts with CO/O2 to form [Au+ (CO/O2)]* 

excited complex which is stabilized by collision with CO, O2, and He dissociates to form 

Au+ (CO), as shown in equation (6.8). At high pressure, Au+ (CO) is stabilized by 

collisions with CO/O2 mixture to form a stable Au+ (CO)2 product according to the 

equation (6.9) or it reacts with H2O to form Au+ (CO)(H2O)n where n=1-3 as shown in 

equation (6.10). 

 *
2 2( / ) [ ( / )] ( )Au CO O Mixture Au CO O Au CO+ + ++ ⎯⎯→  (6.8) 

 2( ) ( )Au CO CO Au CO+ ++  (6.9) 

 2 2( ) ( )( ) , (1 3)Au CO H O Au CO H O n n+ ++ = −  (6.10) 

 
 To investigate the formation of CO2, electron impact of CO/O2 mixture after the 

reaction of Au+ with CO/O2 and the electron impact and laser vaporization of Au+ is 

performed at the same time. Figure 108 compares the mass spectra of CO/O2 using 

electron impact, laser ionization, and both electron impact and laser ionization at the same 

time. As indicated from the mass spectra, there is no evidence of CO2 formation. These 
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results can be explained based on the Ozin et al 55 results of CO oxidation on Au neutral 

atoms. According to Ozin et al, the precursor of CO oxidation reaction is the addition of 

two molecules of CO and one molecule of O2 to form Au+ (CO)2( O2) complex which 

results in the conversion of CO to CO2 at low temperatures (30-40 K). The presence of 

small traces of H2O added to the Au+ (CO)2 and the replacing of the oxygen and prevention 

of the formation of Au+ (CO)2(O2) and CO oxidation reaction. In order for the reaction to 

proceed, it must occur at temperatures less than 100 K, where H2O is frozen.  

 

Gas phase reaction of Au+ with Pure H2O 

 The presence of a small amount of H2O impurities prevents CO oxidation reaction 

where H2O replaces O2 and prevents CO oxidation reaction. Since the ionization potential 

of H2O is much higher than the ionization potential of Au, there is no possibility of charge 

transfer from the gold to H2O and the charge remains on the gold.  

 To investigate the water effect further, the reaction of Au+ with pure H2O is 

studied. Figure 109 shows the mass spectrum of Au+ produced in pure H2O at different 

pressures and at room temperature, Figure 110 shows the addition of seven H2O to Au at 

room temperature which indicates that there is a strong bond. Time profiles for ions 

obtained from the Au+ reaction with pure H2O at 298 K are consistent with the mass 

spectrum as shown in Figure 111. The time profiles suggest that this system reached an 

equilibrium state. This can be seen from the flat curve of the product ions after a certain 

arrival time. 
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 The proposed reaction scheme of Au+ with H2O molecules can be explained by the 

sequential addition of H2O to Au+. Au+ reacts with H2O to form [Au+(H2O)]*. At a low 

pressure, [Au+(H2O)]* is stabilized by the collisions with H2O molecules to produce 

Au+(H2O) as shown in equation (6.11). At high pressure, Au+(H2O) reacts with H2O 

molecules to form higher Au+(H2O)n clusters as shown in equation (6.12) 

 *
2 2 2[ ( )] ( )Au H O Au H O Au H O+ + ++ ⎯⎯→  (6.11) 

 2 2 2( ) ( ) , (1 5)nAu H O nH O Au H O n+ ++ = −  (6.12) 
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Figure 104: Mass spectrum of Gold (Au+) ions produced in Pure CO at different pressures. 
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Figure 105: Mass spectrum of Gold (Au+) ions produced in Pure O2 at different pressure 
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Figure 106: Mass spectrum of Gold (Au+) ions produced in CO/O2 mixture in He at 
different pressures. 
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Figure 107: Normalized time profiles of major ions produced following the interaction of 
Au+ ions with CO/O2 mixture in He at 2001 mtorr and 298 K. 
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Figure 108: Electron impact ionization, Laser Ionization, and Electron impact with Laser 
Ionization of CO/O2 mixture with 200 mTorr at 298 K. 
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Figure 109: Mass spectrum of Gold (Au+) ions produced in Pure H2O at different pressure 
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Figure 110: Mass spectrum of Gold (Au+) ions produced in Pure H2O at 150 mTorr and 
298 K. 
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Figure 111: Normalized time profiles of major ions produced following the interaction of 
Au+ ions with pure H2O at 150 mTorr and 298 K. 
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6.3.1.2 Gas phase reactions of Au+ with butadiene and isoprene 

Gas phase reactions of Au+ with butadiene 

 The gas phase reaction of Au+ with butadiene results in the addition of butadiene 

molecules to the gold ion. As the pressure increases, these species start to disappear and a 

hydrocarbon chain are formed where the length of this chain increases as the pressure 

increases, as shown in Figure 112. To investigate these results further, the reaction of Au+ 

with different concentration (1, 5, and 10 %) of butadiene at 50 mTorr cell pressure was 

studied. Figure 113 shows mass scans as a function of butadiene concentrations. As the 

concentration increases, the hydrocarbons chain increases. Additions of up to C24 were 

observed. The length of hydrocarbons is equivalent to 6 butadiene molecules, which is an 

indication of the early stages of butadiene polymerization. Au+ ions react with butadiene 

and form a complex of Au+ with butadiene which acts as a precursor to form a butadiene 

polymer. Au+ acts as an initiator, or a catalyst, for gas phase polymerization of butadiene. 

 The proposed scheme for this reaction can be summarized by the following 

reactions: At a low pressure and concentration of butadiene, the reaction of the Au+ with 

butadiene is dominated by adduct formation. Since adduct will be stabilized by releasing 

excess energy through collision with buffer gas.  

 There are different channels for this reaction to occur. The first channel involves 

the addition of C4H6 to Au+ where [Au+(C4H6)]* dissociates to Au+(C4H6) which reacts 

with C4H6 to form Au+(C4H6)2, as shown in equations (6.13) and (6.14). 
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 At a high pressure and higher concentration of butadiene, the excited complex, 

[Au+(C4H6)]*, dissociates instead of being stabilized to adduct Au+(C4H6). 

 *
4 6 4 6 4 6[ ( )] ( )Au C H Au C H Au C H+ + ++ ⎯⎯→  (6.13) 

 4 6 4 6 4 6 2( ) ( )Au C H C H Au C H+ ++  (6.14) 

 

 The dissociation gives the hydrocarbon fragments that can be seen at higher 

pressures and concentrations of butadiene. The formation of these fragments can also be 

coming from the reaction of fast electrons (from plasma) with butadiene molecules which 

result in the ionization of butadiene to produce C4H6
+ ion.  

 Since the ionization potential of butadiene (9.07 eV) is less than the ionization 

potential of Au (9.22 eV), there is a possibility for direct charge transfer from Au to the 

butadiene molecules to produce C4H6
+. The presence of fast electrons associated with 

plasma ionizes isoprene molecules to produce C4H6
+. The reaction of the C4H6

+ ion with 

butadiene molecules to produce [C4H6
+(C4H6)]* excited complex as shown in equation 

(6.15). [C4H6
+(C4H6)]* dissociates instead of being stabilized to adduct C4H6

+(C4H6). This 

dissociation gives the hydrocarbon fragments that can be seen in the electron impact of 

C4H6. These hydrocarbon fragments react with C4H6 molecules to produce higher 

hydrocarbon fragments via addition and elimination of H, CH3, C3H3, and C4H5, as shown 

in equations (6.16) and (6.17).  
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 *
4 6 4 6 4 6 4 6[ ( )]C H C H C H C H+ ++  (6.15) 
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 (6.16) 
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(6.17) 

 

Gas phase reactions of Au+ with isoprene 

 The gas phase interaction of Au+ with isoprene shows a different behavior than 

Au+ with butadiene, as shown in Figure 114. The interaction Au+ with isoprene results in 

the addition of isoprene molecules to the gold ion and the formation of Au+ isoprene 

complexes and two isoprene units simultaneously. However, at high pressure, the Au+ 

(C5H8) complex disappears while Au+ (C5H8)2 remains and a hydrocarbon chain is formed, 

where the length of this chain increases as the pressure increases. At 500 mTorr, addition 

up to C15 was observed. This length of hydrocarbons is the equivalent of 3 isoprene 

molecules, which is an indication of the early stages of isoprene polymerization.  

 The proposed reaction mechanism can be explained as follows: At a low pressure 

of the isoprene/He mixture, the reaction of the Au+ with butadiene is dominated by adduct 
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formation. These adducts will be stabilized by releasing excess energy through collisions 

with He.  

 There are different channels for Au+ with C5H8 reaction to occur. The first channel 

involves the addition of C5H8 to Au+ where [Au+(C5H8)]* dissociates to Au+( C5H8) as 

shown in equation (6.18). However, at high pressures of isoprene, the excited complex, 

[Au+(C5H8)]*, dissociates instead of being stabilized to adduct Au+(C5H8) which reacts 

with C5H8 to form which reacts with C5H8 to form Au+( C5H8)n, n=1-2 clusters as shown 

equation (6.19). 

 *
5 8 5 8 5 8[ ( )] ( )Au C H Au C H Au C H+ + ++ ⎯⎯→  (6.18) 

 5 6 5 8 5 8 2( ) ( )Au C H C H Au C H+ ++  (6.19) 

 Since the ionization potential of isoprene (8.86 eV) is less than the ionization 

potential of Au (9.22 eV), there is a possibility of direct charge transfer from Au to the 

isoprene which results in the formation of C5H8
+. The C5H8

+is also can be formed as a 

result of the presence of fast electrons associated with plasma ionizes isoprene molecules 

to produce C5H8
+ which reacts with isoprene molecules to produce [C5H8

+( C5H8)]* excited 

complex as indicated in equation (6.20). 

 This excited complex disassociates at high pressures to produce hydrocarbons 

fragments which are similar to fragments of isoprene ion-molecule products that are 

observed in electron impact ionization, as shown in equation (6.21). Several channels for 

this reaction can be distinguished. The first channel involves the reaction of the C5H8
+ and 

C10H16
+ with isoprene neutral molecules and the elimination of H as shown in equation 
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(6.22). Second channel is the condensation channel, where isoprene molecules are added to 

the hydrocarbon fragments to produce higher fragments as shown in equation (6.23). 

 *
5 8 5 8 5 8 5 8[ ( )]C H C H C H C H+ ++  (6.20) 
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 (6.21) 
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 (6.23) 

 

 When comparing the gas phase interaction of Au+ with butadiene and isoprene, it 

is clear that butadiene polymerization starts with small hydrocarbon chains and the length 

of the chain increases, as the pressure increases while in the case of isoprene the 

polymerization starts with one unit of isoprene and at high pressures fragments of 

hydrocarbons starts to appear. Au+ and butadiene complexes disappears totally at high 

pressures, which results in an increase in the hydrocarbon chain length to form up to 6 

butadiene units while in the case of isoprene, Au+ and isoprene complexes remain and the 

hydrocarbon chain length increases to form up to 3 isoprene units. These results suggest 
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that the butadiene polymerization is faster than the isoprene polymerization due to a larger 

number of C-H bonds in the isoprene molecules.  
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Figure 112: Mass spectrum of Gold (Au+) ions produced in 1% butadiene in He at different 
pressures and at 298 K. 
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Figure 113: Mass spectrum of Gold (Au+) ions produced in 1, 5, 10 % butadiene in He at 
150 mTorr and 298 K. 
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Figure 114: Mass spectrum of Gold (Au+) ions produced in 5% butadiene in He at different 
pressures and at 298 K. 
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6.3.2 Gas phase reactions of Cu+ with small molecules 

Unlike Au, Cu has two isotopes. One isotope has a mass of 63 amu with high 

abundance and the second isotope has a mass of 65 amu. In the gas phase reaction of Cu+ 

with small molecules, these molecules addition to both isotopes is expected.  

6.3.2.1 Gas phase reactions of Cu+ with CO, O2, and their mixtures 

Gas phase reactions of Cu+ with CO 

 Gas phase reactions of Cu+ with CO at low pressures and 298 K result in the 

addition of CO molecules to the copper ions, and the formation of Cu+ (CO), and the 

addition of O2 to form Cu+ (O2) and Cu+ (O2)2 complexes. At moderate pressures, CO 

starts adding to form Cu+ (CO) and Cu+ (CO)2 complexes. On the other hand, H2O starts 

adding to Cu+ (CO) and Cu+ (CO)2 to form Cu+ (CO)( H2O), Cu+ (CO)2( H2O), and Cu+ 

(CO)2( H2O)2 complexes. However, at high pressures, these complexes disappear and only 

Cu+ (CO)n with n = 1-4 are observed as shown in Figure 115. The addition of H2O and O2 

at low pressures is due to the presence of impurities in the CO tank as mentioned earlier. 

 The proposed reaction scheme for Cu+ with CO is summarized as follow: 

At low pressure of pure CO, the reaction of the Cu+ with CO is dominated by adduct 

formation, where Cu+ reacts with pure CO to form [Cu+ (CO)]* excited complex, which is 

stabilized by collisions with CO to form Cu+ (CO), as shown in equation (6.24). 

If no stabilization occurs, Cu+ (CO) either vanishes or stabilizes by further collisions with 

CO. 
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 At high pressure, [Au+ (CO)]* stabilizes by the reaction with CO to form Cu+ 

(CO)n, n=1-4 as shown in equation (6.25). 

 *[ ( )] ( )Cu CO Cu CO Cu CO+ + ++ ⎯⎯→  (6.24) 

 2 3 4( ) ( ) ( ) ( )CO COCu CO CO Cu CO Cu CO Cu CO+ + + ++  (6.25) 

 

Gas phase reactions of Cu+ with O2 

 O2 reaction of Cu+ ions results on the formation of Cu+ (O2) 2, Cu+ (N2), and Cu+ 

(H2O) at low pressures. As the pressure increases, Cu+ (O2) disappears and Cu+ (O) is 

formed. Also, H2O and N2 is added to Cu+ (H2O) and Cu+ (N2) to form Cu+ (H2O)2, and 

Cu+ (N2)2, as shown in Figure 116. 

The reaction scheme of Cu+ with pure O2 is different than that of Au+ with O2, 

where in the case of Au+; H2O replaces O2 at high pressure. Cu+ reacts with O2 to form the 

excited complex [Cu+(O2)]* which dissociate to form Cu+ (O2) as shown in equation (6.26). 

Cu+ (O2) stabilizes by further collision with O2, were Cu+ (O2) dissociates to form Cu+(O) 

and O, as shown in equation (6.27). 

 *
2 2 2[ ( )] ( )Cu O Cu O Cu O+ + ++ ⎯⎯→  (6.26) 

 2 2( ) ( )Cu O O Cu O O+ ++ +  (6.27) 

 

Gas phase reactions of Cu+ with CO/O2 

 After the gas phase reaction of Cu+ with the individual components (i.e. CO and 

O2) were studied, the reaction of Cu+ with CO/O2 mixture in He at 298 K could be studied. 
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Figure 117 shows the reaction products after Cu+ interacts with the CO/O2 mixture in He. 

At a low pressures, both atomic oxygen and molecular oxygen are added to Cu+ to form 

Cu+ (O) and Cu+ (O)2. Also, CO is added to Cu+ (O)2 to form Cu+ (O)2(CO). As the 

pressure increases, Cu+ (O), Cu+ (O)2, Cu+ (O)2(CO), and CO is added to Cu+ to form Cu+ 

(CO), Cu+ (CO)2, and Cu+ (CO)3. Furthermore, H2O is added to Cu+ to form Cu+ (H2O) 

and to Cu+ (CO), Cu+ (CO)2, and Cu+ (CO)3 to form Cu+ (CO) (H2O)2, Cu+ (CO) (H2O)3, 

Cu+ (CO)2 (H2O), Cu+ (CO)2 (H2O)2, and Cu+ (CO)3 (H2O). At high pressure, Cu+ (CO) 

(H2O)2, Cu+ (CO) (H2O)3 are observed with high intensities.  

The proposed reaction scheme of Cu+ with CO/O2 mixture in He at 298 K is can be 

explained based on the mass spectrum as follows: At low pressures, Cu+ reacts with CO/O2 

mixture to form [Cu+(CO/O2)]*, which is stabilized by the collisions with CO/O2 mixture 

and He. As result, [Cu+(CO/O2)]* dissociates to form Cu+(O), Cu+(O2), and Cu+(CO), as 

shown in equation (6.28).  

At high pressures, these products react with CO/O2 mixture which result in the 

formation of Cu+(CO)3 (6.30)  and impurities that present in the cell to form products as 

shown in equations(6.30-6.33) . 
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 2 3( ) ( ) ( )COCu CO CO Cu CO Cu CO+ + ++  (6.29) 

 2 2( ) ( )( )Cu CO O Cu CO O+ ++  (6.30) 

 2
2 2 2 2 2 2 2( ) ( ) ( ) ( ) ( )H OCu CO H O Cu CO H O Cu CO H O+ + ++  (6.31) 
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 (6.33) 

6.3.2.2 Gas phase reactions of Cu+ with butadiene and isoprene 

Gas phase reactions of Cu+ with butadiene 

As mentioned in the previous sections, the gas phase reaction of Au+ with 

butadiene and isoprene result in the addition of butadiene and isoprene molecules to the 

Au+. As the pressure increases, these species start to disappear and a hydrocarbon chain are 

formed where the length of this chain increases. These results indicate that Au+ acts like an 

initiator for the early stages of polymerization of these molecules. 

 The same behavior is observed for the gas phase reactions of Cu+ with butadiene 

and isoprene. Figure 118 shows the mass spectra of the gas phase reaction of Cu+ with 1 % 

butadiene at 298 K as a function of pressures. At low pressure, Cu+ reacts with butadiene 

to form Cu+ (C4H6), Cu+ (C4H6)2, and Cu+ (C4H6) (H2O) complex which results from the 
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presence of small impurities of H2O, which is typical in any vacuum system. Also, C2H3
+ 

hydrocarbon is observed. However, at high pressure Cu+ (C4H6)2, and Cu+ (C4H6) (H2O) 

disappear, while Cu+ (C4H6)2 along with a long chain (up to C11) of hydrocarbons are 

observed. 

 The proposed scheme for this reaction can be summarized as follows: At low 

pressures of butadiene, the reaction of the Cu+ with butadiene is dominated by [Cu+ 

(C4H6)]* adduct formation. Since adduct will be stabilized by releasing excess energy 

through collisions with He. There different channels for this reaction to occur. First 

channel involves the addition of C4H6 to Cu+ at low pressures, where [Cu+(C4H6)]* 

dissociates to Cu+ (C4H6), which reacts with C4H6 to form Cu+(C4H6)2, as shown in 

equation (6.34). However, at high pressures and concentrations, the [Cu+(C4H6)]*, 

dissociates instead of being stabilized to adduct Cu+.(C4H6). 

 Since the ionization potential of the butadiene (9.07 eV), which is less than that of 

Cu (7.8 eV), there is no possibility for direct charge transfer from Cu to the butadiene 

molecules to produce C4H6
+. The presence of fast electrons associated with plasma could 

be responsible for ionizing the isoprene molecules to produce the C4H6
+. The C4H6

+ reacts 

with C4H6 molecules to produce [C4H6
+(C4H6)]* excited complex, as shown in equation 

(6.35). This complex dissociates instead of being stabilized to adduct C4H6
+(C4H6).as a 

result,  hydrocarbon fragments are formed as result of the addition of C4H6
+. Addition of 

C4H6 and elimination of H, CH2, C3 H3 and C4H5 can produce higher hydrocarbons 

fragments, as shown in equations (6.35-6.38). 
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 + + * +
4 6 4 6 4 6Cu +C [Cu (C )] Cu (C )H H H⎯⎯→  (6.34) 

 4 6C+ + +
4 6 4 6 8 12 12 18Cu (C ) C Cu (C ) (C )HH H H Cu H+  (6.35) 
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 (6.38) 

 

Gas phase reactions of Cu+ with Isoprene 

The gas phase reaction of Cu+ with isoprene at low pressures result in the addition 

of isoprene and H2O to the Cu+ ions in a similar fashion as the reaction with butadiene. The 

formation of Cu+ (C5H8), Cu+ (C5H8)2, and Cu+ (C5H8) (H2O) at low pressures was 

observed. As the pressure increases, Cu+ (C5H8) and Cu+ (C5H8) (H2O) disappear while 

Cu+ (C5H8)2 remains. Also, a long chain (up to C11) of hydrocarbons is observed, as shown 

in Figure 119.  

The proposed reaction scheme of Cu+ with C5H8 can be summarized as follow: 

At low pressures, Cu+ reacts with C5H8 to form [Cu+ (C5H8)]* excited complex. This exited 

complex stabilizes by collisions with C5H8 and He. If no stabilization occur, [Cu+ (C5H8)]* 

disassociates to Cu+ (C5H8) adduct as explained in equation (6.39). At high pressures, Cu+ 

(C5H8) reacts with C5H8 to form Cu+ (C5H8)2, as shown in equation (6.40).  
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Since ionization potential of butadiene (8.86 eV) is less than the ionization 

potential of Cu (7.8 eV), there is no possibility for direct charge transfer from Cu+ to the 

C5H8 molecules to produce C5H8
+. The presence of fast electrons associated with plasma 

for the C5H8 being ionized. The C4H6
+ reacts with C5H8 to form [C5H8

+(C5H8)]* excited 

complex, as shown in equation (6.41). This complex dissociates at high pressures to 

produce hydrocarbon fragments, which react with C5H8 and by elimination of CH2 and 

CH3 groups to form higher fragments, as expressed in equation (6.42). 

 + + * +
5 8 5 8 5 8Cu +C [Cu (C )] Cu (C )H H H⎯⎯→  (6.39) 

 + +
5 8 5 8 10 16 2Cu (C ) C Cu (C )H H H+  (6.40) 

 + + *
5 8 5 8 5 8 5 8C +(C ) [C (C )]H H H H  (6.41) 
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⎪ ⎯⎯⎯→ + ⎯⎯⎯→ +⎩

 (6.42) 

 
These results suggest that Cu+ acts as an initiator for the early stages of gas phase 

cationic butadiene and isoprene polymerization, as observed for Au+ with these molecules. 
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Figure 115: Mass spectrum of copper (Cu+) ions produced in pure CO at different pressure 
and at 298 K. 
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Figure 116: Mass spectrum of copper (Cu+) ions produced in pure O2 at different pressures 
and at 298 K. 
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Figure 117: Mass spectrum of copper (Cu+) ions produced in CO/O2 mixture in He at 
different pressures and at 298 K. 
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Figure 118: Mass spectrum of copper (Cu+) ions produced in pure butadiene at different 
pressures and at 298 K (B = Butadiene). 
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Figure 119: Mass spectrum of copper (Cu+) ions produced in 1% isoprene at different 
pressures and at 298 K (I = Isoprene). 
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7 : Summary and Conclusions  

 
 
 Vapor phase method was used to synthesize supported and unsupported 

nanoparticle catalysts for CO oxidation. The Laser Vaporization/Controlled Condensation 

(LVCC) technique combines the features of pulsed laser vaporization and the controlled 

condensation process from the vapor phase, where vapor phase synthesis yields 

contamination-free products (as compared to Chemical reductions in solutions), the 

elimination of chemical precursors and solvents, and in most cases, the production of 

highly crystalline nanoparticles.  

 Gold nanoparticles supported on a variety of oxide supports such as CeO2, TiO2, 

CuO and MgO were synthesize using the LVCC method. Au nanoparticles supported on 

CeO2 exhibit higher catalytic activity than Au supported on other oxides. Characterizations 

of these particles confirm that the resulting Au nanoparticles are highly dispersed on the 

surface of the large support CeO2 nanoparticles. The high activity of the Au/CeO2 catalyst 

is attributed to the strong interaction of Au with CeO2, where Au can promote the 

reduction of Ce+4 to Ce+3 and thus facilitate the charge transfer from Au to Ce, which 

results in a higher oxidation state of Au and hence increases the oxygen storage capacity of 

CeO2. Our results indicate that 5 % Au loading on CeO2 has higher activity than 2% Au or 

10% Au. When comparing the catalytic activity of Au/CeO2 prepared by physical (LVCC) 

and chemical (Deposition-precipitation) methods, it was found that the catalytic activity is 

higher for Au/CeO2 prepared by Deposition-precipitation method. This was attributed 

these results to the small particle size and the strong metal-support interaction (SMSI).  
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 The effect of alloying Au and Cu nanoparticles on the catalytic activity for low 

temperature CO oxidation was also investigated. The first vapor phase synthesis of 

unsupported bimetallic Au/Cu alloy nanoparticles was demonstrated. The unsupported Au-

Cu alloy nanoparticle catalyst exhibits higher catalytic activity than the activities of the 

individual components and their physical mixtures. Another important finding was 

obtained from the XRD data taken after the catalysis test which indicates the formation of 

CuO within the bimetallic nanoparticles. Therefore, the improved conversion efficiencies 

of these nanoparticles after the catalysis test are attributed to the formation of CuO, which 

is known to have a higher catalytic activity than Cu for CO oxidation 177,190,191 

 The high activity and stability of the nanoparticle catalysts prepared using the 

LVCC method are remarkable and imply that a variety of efficient catalysts can be 

designed and tested using this approach. The significance of the current method lies mainly 

in its simplicity, flexibility, and the control of the different factors that determine the 

activity of the nanoparticle catalysts. For example, control exerted on the composition of 

the active metal (Pd, Au, and Cu) and the oxide support (CeO2, ZrO2, TiO2, Al2O3, and 

SiO2) can be achieved by controlling the compositions of the initial targets. 

Nonstoichiometric oxide supports can be prepared by using metal powders such as Ce, Zr, 

Ti, Al, CuO, MgO and Si in the selected targets and carrying out the LVCC process in the 

presence of varying concentrations of oxygen/helium carrier gas mixtures. Control of the 

size distribution of the nanoparticle catalysts can be accomplished by controlling the 

pressure of the carrier gas and the temperature gradients during the LVCC synthesis.  
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 The gas phase reactions of Au+ and Cu+ with CO, O2 and H2O molecules using the 

Laser Vaporization ionization, High-Pressure Mass Spectrometry (LVI-HPMS) technique 

were investigated. The gas phase reactions resulting from the interactions of Au+ with CO 

and O2 molecules were also investigated. Although, multiple additions of CO and O2 

molecules have been observed on Au+ at room temperature, no evidence was found of the 

production of CO2. This is attributed to the presence of water molecules which effectively 

replace the oxygen molecules on Au+ at room temperature. The results show, for the first 

time, that extensive numbers of water molecules (up to 8) can be added on the Au+ at room 

temperature. The experimental observation of the unusual stability of the Au+(H2O)n 

clusters is confirmed by theoretical calculations. 

Finally, the role of the metal cations Au+ and Cu+ in initiating the gas phase 

polymerization of butadiene and isoprene vapors was investigated. Under typical 

experimental conditions the metal ions undergo several thousand collisions with the 

monomer molecules in the gas phase thus resulting in ion-molecule reactions with product 

ions that could initiate further reactions leading to polymerization. Gas phase 

polymerization is important not only for probing the mechanism of the catalytic process 

and the exact nature of the catalyst-cocatalyst interaction, but also for the elimination of 

various harmful organic vapors, such as butadiene and isoprene, by converting them into 

non volatile polymers. The early stages of cationic polymerization of isoprene and 

butadiene using the metal cations Au+ and Cu+ act as initiators is presented.  

It is worth noting that the laser vaporization/polymerization method provides the 

ability to encapsulate several different metals or metal oxides which will undoubtedly play 



 271

a significant role in tuning the various properties of the polymer composites. Systematic 

experimentation on a range of important monomers that can be polymerized by laser 

plasma mechanisms and matched metal nanoparticles would make available a base of 

results upon which the properties of future nanocomposite materials could be reliably 

assessed. 
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APPENDIX A 

 The initial results of Au nanoparticle catalyst obtained using flow reactor mass 
spectrometry system. 
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Figure A 1: Comparison between the catalytic activities of both Au micron-sized powder 

and fresh Au nanoparticle prepared by the LVCC method (run 1). 
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Figure A 2: Catalytic activities of both Au micron-sized powder and fresh Au nanoparticle 

prepared by the LVCC method (run 2). 
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Figure A 3: Comparison between the catalytic activities of Au micron size and Au 

nanoparticle catalyst (run 1 and run 2). 
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Table A 1 Comparison between the catalytic activities of Au micron size and Au 
nanoparticle catalyst (run 1 and run 2). 

 

Maximum Conversion 
(%) 

 

 
Sample 

Au 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

Bulk-Run 1 592.4 - 600.3 4.0 

Bulk-Run 2 503.5 - 600.0 22.4 

Nano-Run 1 226.4 394.6 535.6 84.7 

Nano-Run 2 331.3 458.2 600.0 89.8 
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Figure A 4: Catalytic activities of nanoparticle catalysts containing 5% Au on the 
nanoparticle supports (run 1) by the LVCC method in 200 Torr Ar using the 
flow reactor mass spectrometry system. 
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Table A 2: Summary of catalytic activities of the nanoparticle catalysts consisting of 5% 
Au on different supports as prepared by LVCC (run 1) using the flow reactor 
mass spectrometry system. 

 

Maximum Conversion 
(%) 

 

 
Sample 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

Au/CeO2 159.1 247.3 351.4 87.3 

Au/ZrO2 221.2 307.6 492.1 86.5 

Au/Al2O3 314.4 470.9 600.0 79.6 

Au/SiO2 360.2 490.8 600.0 73.6 
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Figure A 5: Catalytic activities of nanoparticle catalysts containing 5% Au on different 

metal oxide supports (run 2) prepared by the LVCC method in 200 Torr Ar 
using the flow reactor mass spectrometry system. 
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Table A 3 summary of catalytic activities of nanoparticle catalysts containing 5% Au on 
different metal oxide supports (run 2) prepared by the LVCC method in 200 Torr 
Ar using the flow reactor mass spectrometry system. 

 

 
 

Maximum Conversion 
(%) 

 

 
Sample 

 
3% 

Conversion 
Light-off 

Temp.(o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

Au/CeO2 72.2 120.3 183.3 97.2 

Au/ZrO2 124.6 255.5 431.0 85.1 

Au/Al2O3 339.1 531.5 600.0 65.7 

Au/SiO2 302.5 - 600.0 49.0 
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Figure A 6: Comparison between catalytic activities of 5 % Au in different oxide support 

obtained using a) Flow reactor mass spectroscopy. b) Flow reactor IR 
spectrometry system. 
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Table A 4 compares the catalytic activities of 5 % Au on metal oxide support using both 
flow reactor mass spectroscopy and flow reactor IR spectroscopy. 

 

Maximum Conversion 
(%) 

 

 
Sample 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

Au/CeO2 
(Mass spec) 

72.2 120.3 183.3 97.2 

Au/CeO2 
(IR) 

33.5 76.4 330.2 99.8 

Au/ZrO2 
(Mass spec) 

124.6 255.5 431.0 85.1 

Au/ZrO2 
(IR) 

249.0 416.4 561.2 66.5 

Au/Al2O3 
(Mass spec) 

339.1 531.5 600.0 65.7 

Au/Al2O3 
(IR) 

256.8 - 565.9 40.3 

Au/SiO2 
(Mass spec) 

302.5 - 600.0 49.0 

Au/SiO2 
(IR) 

298.4 - 494.9 25.6 
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Figure A 7: Comparison of activities of different loadings of Au on CeO2 support as 
prepared by the LVCC method (run 1) using flow reactor mass spectrometry. 
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Table A 5 summarizes the catalytic activities of Au/CeO2 system with 2, 5, and 10 % Au 
loading supported on CeO2 as prepared by the LVCC method (run 1) using 
flow reactor mass spectrometry. 

 

Maximum Conversion 
(%) 

 

 
Sample 

Au/CeO2 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

2% Au 178.8 251.0 340.5 93.0 

5% Au 159.1 247.3 351.4 87.3 

10% Au 168.9 286.5 364.4 84.4 
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Figure A 8: Comparison between the activities of Au/CeO2 system with 2, 5, and 10 % Au 
loading supported on CeO2 as prepared by the LVCC method (run 2) using 
flow reactor mass spectrometry . 
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Table A 6 summarizes the catalytic activities of Au/CeO2 system with 2, 5, and 10 % Au 
loading supported on CeO2 as prepared by the LVCC method (run 1) using 
flow reactor mass spectrometry. 

 

Maximum Conversion 
(%) 

 

 
Sample 

Au/CeO2 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

2% Au 81.7 170.1 341.1 96.9 

5% Au 72.2 120.3 183.3 97.2 

10% Au 133.7 233.4 400.0 94.6 
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Figure A 9: Comparison between the catalytic activities of Au/CeO2 system with 2, 5, and 
10 % Au loading supported on CeO2 as prepared by the LVCC method (run 2) 
using flow reactor mass spectroscopy and flow reactor IR spectroscopy. 
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Table A 7 summarizes the catalytic activities of Au/CeO2 system with 2, 5, and 10 % Au 
loading supported on CeO2 as prepared by the LVCC method (run 2) using 
flow reactor mass spectroscopy and flow reactor IR spectroscopy. 

 

Maximum Conversion 
(%) 

 

 
Sample 

Au/CeO2 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

2 % Au 
(Mass spec) 

81.7 170.1 341.1 96.9 

2 % Au 
(IR) 

53.2 107.5 258.2 99.9 

5 % Au 
(Mass spec) 

72.2 120.3 183.3 97.2 

5 % Au 
(IR) 

33.5 76.4 330.2 99.8 

10 % Au 
(Mass spec) 

133.7 233.4 400.0 94.6 

10 % Au 
(IR) 

117.6 260.1 361.0 94.1 
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Figure A 10: Comparison between the catalytic activity of the supported Au/CeO2 
nanoparticles prepared by the LVCC method (run 2) with the activities of 
individual Au nanoparticles, CeO2 nanoparticles, and the 5% Au nanoparticles 
in a 95 % CeO2 nanoparticles mixture. 
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Figure A 11: Comparison between the catalytic activities of 5 % Au/CeO2 with and 
without the presence of 1000 ppm butadiene and 1000 ppm isoprene. 
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Table A 8 summarizes the catalytic activities of Au/CeO2 system with 2, 5, and 10 % Au 
loading supported on CeO2 as prepared by the LVCC method (run 2) using flow 
reactor mass spectroscopy and flow reactor IR spectroscopy. 

 

Maximum Conversion 
(%) 

 

 
Sample 

Au/CeO2 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

Au/CeO2 72.2 120.3 183.3 97.2 

With 
butadiene 

206.0 255.0 334.0 99.0 

With 
isoprene 

170.0 327.0 466 88.0 
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Figure A 12: Catalytic activities of 5 % Au/CeO2 prepared by LVCC in 200 Torr Ar (run 
2) by using flow reactor mass spectroscopy and flow reactor IR spectroscopy. 
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Table A 9 summarizes the catalytic activities of 5 % Au/CeO2 prepared by LVCC in 200 
Torr Ar (run 2) by using flow reactor mass spectroscopy and flow reactor IR 
spectroscopy. 

 

Maximum Conversion 
(%) 

 

 
Sample 

5%Au/CeO2 
(Run 2) 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o 

C) 
Conversion

Mass spec 72.2 120.3 183.3 97.2 

IR 33.5 76.4 330.2 99.8 



 308

 

Table A 10 compares the catalytic activity of the supported Au/CeO2 nanoparticles 
prepared by the LVCC method (run 2) with the activities of individual Au 
nanoparticles, CeO2 nanoparticles, and the 5% Au nanoparticles in a 95 % 
CeO2 nanoparticles mixture. 

 

Maximum Conversion 
(%) 

 

 
Sample 

 

 
3% 

Conversion 
Light-off 

Temp. (o C) 

50 % 
Conversion 
Temp. (o C) 

Temp. (o C) Conversion

Au (Nano) 331.3 458.2 600.0 89.8 

CeO2 
(Nano) 

264.6 415.2 600.0 88.7 

Physical 
Mixture 

212.6 448.5 600.0 91.8 

Au/CeO2 
(LVCC) 

72.2 120.3 183.3 97.2 
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