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The design and synthesis of organometallic precursors has proven very useful in 

the chemical vapor deposition (CVD) field. By taking a mechanistic approach the 

deposition temperatures have been lowered and cleaner deposits have been formed. A 

similar approach will be key in improving three additional fields: heterogeneous 

catalysis, photoactivated chemical vapor deposition (PACVD), and electron beam 

induced deposition (EBID).  

Precursors were designed and synthesized with hydroxyl containing ligands to 

direct the precursor to the undercoordinated sites of the oxide surface for a model study 

on heterogeneous catalysis. Unfortunately the hydroxyl containing precursors 

decomposed before sublimation and thus were not able to be delivered to the surface. A 

volatile precursor that did not contain the desired functional group was synthesized and 

deposited in a largely random manner. 

Designed precursors for PACVD on self-assembled monolayers yielded selective 

deposition of ruthenium; however the cyclopentadienyl and allyl ligands proved difficult 
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to remove under these conditions. The acidity of the terminal groups of the substrate 

proved important to the deposition process. 

The use of designed ruthenium precursors has given insight into the mechanism 

of EBID. Allyl ligands contribute to carbon contamination in the deposit while carbonyl 

ligands dissociate cleanly under electron irradiation. Halogens were not removed during 

deposition but have been easily removed by post-deposition processing. These 

contributions will help the design of better precursors for all three applications in the 

future.  
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CHAPTER 1 
INTRODUCTION 

The research in this dissertation involves the design of precursors for three 

applications: heterogeneous catalysis, photoactivated chemical vapor deposition, and 

electron beam induced deposition. Because very little work has been done in the design 

of precursors for these applications, precursor design for chemical vapor deposition 

(CVD), which has seen extensive work, will be used as a starting point. First the CVD 

process will be introduced and then a brief overview of the precursor design will be 

discussed. These design rules will then be adapted to the precursors for heterogeneous 

catalysis, photoactivated chemical vapor deposition, and electron beam induced 

deposition. 

Chemical Vapor Deposition 

The CVD process has four steps:1 

1. The precursor is carried in the gas phase to the substrate, during which time it can 
react with one or more of the carrier gases 

2. The precursor is adsorbed onto the substrate 

3. Energy is directed to the precursor on the substrate (usually thermal, but plasma and 
light are known as well) which facilitates the decomposition of the precursor and the 
formation of the thin film 

4. The byproducts are desorbed and removed in the gas phase 

CVD offers a significant advantage over physical deposition processes such as 

sputtering due to its conformal coverage.2 Physical deposition methods generally 

involve line-of-sight deposition, which can cause poor conformality on high aspect ratio 

features in devices. Because of this, CVD has become an attractive alternative to 

physical methods for the electronic industry.  
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CVD precursors need to be highly volatile to reach the substrate in significant 

quantities in the gas phase.1,2 An alternative to this is liquid injection CVD and aerosol 

assisted CVD (AACVD), in which the precursor solution is dispersed and carried to the 

substrate in droplets. For these methods, the precursor must be soluble in inert solvents 

and stable to the dispersion conditions.  

The other primary requirement for CVD precursors is that they should react in a 

clean and selective manner to deposit the desired compound (sometimes the pure 

metal and sometimes an oxide or similar compound) on the substrate (and later, the 

already deposited film) and not the reactor walls. Predicting the decomposition pathway 

for specific precursors can be difficult due to the difference between the deposition 

conditions (>300 °C) and the conditions generally studied for decomposition (near room 

temperature).2  

Ligands Affecting Volatility 

The volatility of the precursor can be tuned by changing the ligands attached to 

the metal. Hubert-Pfalzgraf and Guillon report common ligands used to increase the 

vapor pressure of precursors for CVD of metal oxides (Figure 1-1).3 The β-diketonate 

ligands (1-1) are very common due to the volatility of their complexes.4 This ligand 

provides Group 2 and 3 metals with nearly the only known volatile species. For alkali 

earth metal β-diketonates, the volatility generally decreases with increased mass and 

ionic radius. Fluorinated derivatives (such as hfac and tfac) have shown increased 

volatility, however, there is the possibility of including fluorine in the deposited film. The 

β-ketoesterate ligand (1-2) is a less commonly used derivative of β-diketonate that can 

be used in precursors for metal oxides.5 These are known to sublime at low 

temperatures and are used to deposit hafnium and iron oxides.6 The β-ketoiminate 
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ligand (1-3) is another well-known derivative that provides volatile compounds useful for 

CVD.7 

 
Figure 1-1.  Common ligands for CVD of metal oxides. Adapted from Scheme 1 on page 

223 of Reference 3. 

The N-O-N and N-O donors (1-4 through 1-7) have also provided relatively 

stable, volatile precursors (Figure 1-1).3 The added steric bulk in these and the β-

diketonates and derivatives can protect the metal from attack by saturating the 

coordination sphere, which prevents oligomer formation and raises volatility.  

One strategy for increasing the volatility of a precursor is to break up the crystal 

packing by adding long chain alkyls and heteroleptic ligands.2,3 The problem with adding 

long or bulky alkyl chains is this also increases the molecular weight, which increases 
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the dispersion forces. Thus, sometimes adding increased bulk can result in less volatile 

species.  

Siddiqi et al. reported volatility studies on common ruthenocenes that can be 

used for CVD (Figure 1-2); this study illustrates some design rules for improving 

volatility.8 Isothermal thermogravimetry was conducted on these complexes and all but 

compounds 1-15, 1-17, and 1-18 sublimed cleanly, leaving little to no residue. 

Compounds 1-15, 1-17, and 1-18 decomposed before sublimation, most likely due to 

their strong intermolecular forces from the carboxylic acid for 1-17 and 1-18 and the 

asymmetric ketone for 1-15. Compounds 1-11 and 1-13 sublimed cleanly at 95 °C with 

1-13 taking more time, as would be expected with the stronger intermolecular forces 

from the amine group. Compound 1-16 required a temperature of 144 °C and took 

considerably longer than any of the previous compounds. This is due to its high 

symmetry and strong intermolecular forces from the ketones. Compounds 1-19 and 1-

20 required 143 °C to sublime with 1-19 taking longer than 1-20; both compounds have 

broken the symmetry from 1-16 and added a bulky alkyl group to further break up the 

crystal packing. However, the added mass seemed to balance out the effect, resulting in 

very similar volatility to 1-16. Compound 1-19 is less volatile than 1-20 due to the added 

mass. Compound 1-21 sublimed at 90 °C and at a faster rate than 1-19 or 1-20. 
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Figure 1-2.  Common ruthenocenes used to test for volatility. Adapted from Figure 1 on 

page 1173 of Reference 8. 

Based on the high volatility of the silyl containing complex, more silylated 

ruthenocenes have been synthesized and tested in CVD.9 In general, more silyls 

increase the volatility and thus lower the sublimation temperature. 

Adding fluorine to the ligands is another method to increase the volatility of an 

organometallic complex due to the low polarizability of the fluorine. Samuels et al. report 

a study on the effect of structure on volatility of zirconium and sodium fluoroalkoxides 

(Figure 1-3), which provides a good case study for the effect of fluorine on volatility.10 

The volatility was determined by TGA and the sodium compounds were found to have 

relative volatilities of 1-22b<1-22c<1-22a<1-22d. This shows that with increased 

fluorination there is increased volatility. The zirconium complexes have a slightly 

different trend; their order of volatility was 1-23b<1-23c<1-23d<1-23a. This illustrates 
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that generally, fluorinating ligands can lead to higher volatility, but there can be 

exceptions to the rule. 

 
Figure 1-3.  Sodium and zirconium fluoroalkoxides used to determine volatility in 

Reference 10.  

Ligands Affecting Decomposition Temperature and Pathway 

For many years, the emphasis was simply on making more volatile precursors; 

however there is another very important factor: the decomposition temperature and 

pathway. If the temperature can be lowered, thermally sensitive substrates can be 

employed. If the pathway can be understood better, the deposition composition can be 

tuned appropriately to deposit the desired compound. Some selected case studies will 

be examined to observe the evolution of precursor design based on a mechanistic 

understanding. 

The precursor that was commonly used to deposit ZrO2 was Zr(OR)4 (R = iPr, 

tBu), compound 1-24, due to its volatility from the sterically bulky alkyl groups forcing the 

complex to be monomeric. The drawback to this precursor is that it reacts with the trace 

oxygen and water present in the CVD reactor due to the unfilled coordination sphere.11 

This precursor can be stabilized to contact with water and air by adding one or more 

bidentate ligands, such as a β-diketonate, to combine the stability to ambient water of 

metal β-diketonates with the lower thermal stability and high vapor pressure of the 
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alkoxides. The complexes of Zr(OR)2(thd)2 (thd = 2,2,6,6-tetramethylheptane-3,5-

dionate) showed increased stability to water, but also an increased thermal stability and 

decreased volatility.12 Another method to fill the coordination sphere is to tether a weak 

electron donor to the alkoxide group. An example of this is Zr(OtBu)2(mmp)2 (mmp = 1-

methoxy-2-methyl-2-propanolate) which has proven be more stable to moisture and 

have comparable volatility and decomposition temperature to the alkoxide.  

Thermolysis studies can give an increased understanding of the decomposition 

pathway of potential CVD precursors and thus help design better precursors. Zechman 

et al. reports a potential zirconium CVD precursor and its thermolysis studies (Figure 1-

4).13 The decomposition likely followed a similar pathway to the pinacol rearrangement 

in organic chemistry. The organic form begins with proton transfer and then loss of the 

hydroxyl, but in this form, the two zirconium atoms bonded to the bridging oxygen take 

the place of proton transfer. Thus the carbon-oxygen bond is broken, followed by a 

methyl shift to eventually form compound 1-27. Compound 1-28 is formed by β-hydride 

elimination, with compound 1-29 acting as the base. This precursor turned out to not be 

useful due to its low volatility, yet it illustrates how known organic reactions can be used 

to design precursors that selectively decompose to the desired compound, in this case 

ZrO2. 
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Figure 1-4.  Thermolysis of zirconium containing compound 1-26.13 Adapted from 

Scheme 1 on page 5329 of Reference 2. 

The CVD of metal nitrides provides some good examples of the mechanistic 

approach to precursor design. Tungsten nitride and tungsten carbonitride are attractive 

diffusion barriers in the electronic industry and thus much work has been done to 

deposit these via CVD.14 Bchir et al. report the deposition of Cl4(RCN)W(NR') (R = Me, 

Ph, R' = allyl, iPr, Ph), compound 1-30, to form tungsten nitride and tungsten 

carbonitride.15 There was a direct relationship between the bond dissociation energy of 

the C-N bond and the activation energy of the deposition, which indicates that the rate 

limiting step of the deposition is breaking the C-N bond. This provides design rules for 

further precursors to either weaken this bond or to remove it entirely.  
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The McElwee-White group has used this information to design CVD precursors 

that decompose at lower temperatures. Compound 1-31 was synthesized as a 

precursor for CVD due to the weaker N-N bond replacing the C-N bond of 1-30.16 

Decomposition and computational studies revealed the decomposition pathway (Figure 

1-5). 

 
Figure 1-5.  Decomposition pathway of tungsten nitride precursor 1-33. 

The decomposition could take two pathways, either breaking the C-N bond or the 

N-N bond. The products from the C-N bond breaking were not observed during in situ 

Raman spectroscopy experiments and DFT calculations showed this pathway to be 

higher in energy. This precursor was found to deposit films of WNxCy at 300 °C, while 1-

30 deposited material at 450 °C.14 

The deposition temperature was lowered significantly by weakening the bond; 

the next step was to remove the bond entirely. Compound 1-37, which has no N-C 

(imido) or N-N (hydrazido) bond to break, was synthesized from WCl6 (Figure 1-6).17 

This precursor was found to deposit films at 125 °C.18 
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Figure 1-6.  Synthesis of CVD precursor 1-37. 

Based on these results, the same type of mechanistic based precursor design 

could be applied to other deposition techniques. Much work has been done on 

precursor design for conventional CVD but very little has been done on similar 

techniques. First, the techniques will be introduced and then the design of precursors 

for that technique will be discussed. 

Precursors for Heterogeneous Catalysis 

The formation of an oxide supported heterogeneous catalyst has four steps:19 

1. The oxide surface is pretreated to remove unwanted species adsorbed on the 
surface 

2. The precursor is exposed and anchored to the support 

3. The unanchored precursors are removed 

4. The ligands still attached to the precursor are removed 

The precursor and the support must be chosen with particular care to make sure 

that upon exposure to the support the precursor can react with it. For example, if metal 

chlorides are used, the surface can have hydroxyls.20 The hydroxyls react with the 

chlorides to form hydrogen chloride and the oxygen now binds with the metal in the 
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empty coordination site left by the chloride. Metal alkoxides also require a protonated 

surface to remove the alkoxide and anchor the precursor to the support.21 The 

remaining alkoxides can be removed by heat via dehydrogenation reactions.  

The research discussed in this dissertation involves reversing the conventional 

roles of the support and the precursor. The standard route involves the attack of a 

hydroxyl from the oxide support at the metal of the precursor, while the route discussed 

here involves a hydroxyl on the precursor attacking an exposed metal of the oxide 

support. The exposed metals of the oxide support occur at undercoordinated sites such 

as step and kink sites. The step and kink sites are much more active for catalysis22 and 

this method would theoretically make more well-defined and active heterogeneous 

catalysts. 

Precursors for conventional synthesis of heterogeneous catalysts need to be 

volatile and possess ligands that can be removed by heat and/or reaction with surface 

hydroxyls.19 These precursors can be treated with various gases upon anchoring to help 

facilitate the loss of the ligand. In many ways, the requirements for these precursors are 

very similar to the CVD precursor requirements: both need to be volatile and the ligands 

can be removed in similar manners. 

The precursors for the research described in this dissertation (Chapter 2) have 

different requirements than conventional synthesis of heterogeneous catalysts. These 

precursors still need to be volatile, but they also need to contain a hydroxyl functional 

group. The other ligands would ideally be relatively unreactive to facilitate the reaction 

of the hydroxyl with the surface.  



 

27 

Precursors for Photoactivated Chemical Vapor Deposition 

Photoactivated chemical vapor deposition, as the name implies, is similar to 

conventional CVD except the precursor is activated by light rather than heat. 

Conventional CVD involves the precursor reaching the substrate in the gas phase and 

then decomposing on the substrate via thermal means to form the desired deposit. For 

photoactivated chemical vapor deposition, the decomposition is initiated by photolysis in 

the gas phase rather than by heat. 

Photoactivated chemical vapor deposition (PACVD) falls into two categories: 

pyrolytic and photolytic deposition.23 The method that is of interest for this research is 

the photolytic deposition of organometallic precursors on self-assembled monolayers. 

This is a four step process (Figure 1-7): 

1. The precursor is volatilized and exposed to UV light which removes one ligand 
2. The SAM interacts with the empty coordination site of the precursor 
3. Possible removal of other ligands by the terminal groups 
4. The remaining ligands are removed under mild thermal conditions 
 

Based on this process, the precursors have several requirements: volatility, one 

or more photolabile ligand, protically sensitive ligands, and thermally labile ligands. 

Therefore these precursors have some properties in common with conventional CVD 

precursors, namely, volatility and thermally labile ligands. However, these ligands must 

be much more sensitive to heat because the temperatures attained will be far less than 

conventional CVD.23 One or more ligands need to be photolabile to form an empty 

coordination site upon UV irradiation. For this to occur in any significant amount, the 

quantum yield for the loss must be high. Common ligands that fit this criteria are 

carbonyls and nitrogen donors. It could be useful, though not necessarily required, for 

some of the ligands to be removed by interaction with the protic SAM. Many ligands are 
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known to do this, though the most likely ones are hydrides and alkyls. Halides are 

known to be removed by hydroxyls as discussed above, but usually require high 

temperatures or more acidic groups.  

 
Figure 1-7.  Stepwise mechanism of PACVD on SAMs. 1) Ligand is removed in gas 

phase by UV light, 2) the SAM binds to the empty coordination site of the 
precursor, 3) the protic terminal groups remove one or more ligands, and 4) 
the remaining ligands are removed via mild thermal conditions. 

For designing these precursors, several things need to be considered. First the 

precursor needs to be volatile, but many of the ligands discussed above that facilitate 

volatility are not easily removed. These ligands can be removed under standard CVD 

conditions which include high temperature and reactive gases, but those conditions are 

not compatible with SAMs. The ligands need to help volatility while still being easily 

removed. The oxidation state of the metal is also important. The precursor should have 

the metal at the (0) oxidation state or a clear pathway to reduce the metal through 

reductive elimination of certain ligands or reaction with the SAM. 
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Precursors for Electron Beam Induced Deposition 

Electron beam induced deposition (EBID) is the process of depositing metal by 

electron bombardment of a gas phase precursor molecule.24 The precursor is volatilized 

under vacuum and directed to the substrate via a gas nozzle. The electron beam is 

directed through the flux of precursor to deposit the metal on the substrate with size and 

shape control at the nanoscale. This process has extensive application in lithographic 

mask repair.25 

The precursors used for this process have very different requirements than CVD 

precursors, however, CVD precursors are currently being used for EBID.26 The use of 

CVD precursors has led to significant contamination in the deposit because CVD 

precursors decompose through thermal processes rather than electronic flux.  

Some selected precursors and their results in CVD and EBID show the difference 

in mechanism (Table 1-1). While EBID precursors do need to be volatile, like CVD 

precursors, their reactivity needs to be different. Au(acac)Me2 is a well-known gold CVD 

precursor that gives nearly pure gold films. However, when it is used for EBID, the 

atomic percent of metal in the deposit is less than 20%. Very similar results are found 

for MeCpPtMe3. Deposits are nearly pure metal for CVD and less than 20% Pt for EBID. 

Ruthenium and tungsten precursors, Ru(EtCp)2 and W(CO)6, respectively, give even 

worse results for EBID at 10% metal in the deposits. This illustrates that using CVD 

precursors for EBID is not ideal. 

By examining precursors that have given promising results, design parameters 

for EBID precursors can be determined. Tungsten hexafluoride has given 80-100% 

metal deposits,27 which indicates that fluoride, and perhaps other halides, can be 
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acceptable ligands for EBID precursors. These can be removed by the EBID process or 

by post-deposition irradiation.  

Table 1-1.  Selected precursors and the comparison of materials deposited by EBID and 
CVD. 

Precursor Percentage of metal 
in deposit for CVD 

Percentage of metal 
in deposit for EBID 

References 

Au(acac)Me2 100% <20% 26 
MeCpPtMe3 100% <20% 26 
Ru(EtCp)2 100% 10% 28,29 
W(CO)6 >95% 10% 24,30 

 
Another ligand that has shown promising results is carbonyl.31 Tungsten 

hexacarbonyl gives poor deposits, but on closer inspection, more than two of the 

carbonyls are volatilized upon irradiation, with the remaining carbonyl incorporated into 

the deposit. This shows that a small number of carbonyl ligands can be good, but too 

many can cause contamination.  

Alkyl groups can be useful in EBID precursors.32 The MeCpPtMe3 precursor 

loses one of the methyl groups prior to deposition. The other two methyl groups and the 

cyclopentadienyl group are incorporated into the deposit. This illustrates that alkyl 

groups can be acceptable ligands in EBID precursors.  

Several considerations must be taken into account when designing EBID 

precursors. First, the precursors need to be volatile. However, many of the groups that 

commonly cause volatility in CVD precursors are not suitable due to their incorporation 

into the deposit in EBID. Ligands must be chosen that will decompose into volatile 

species upon electron bombardment.  

In addition, these precursors would ideally be simple monodentate ligands. Many 

precursors are volatilized by adding bulky groups but this is not viable for these 

precursors. The ligands need to be given the optimal ability to leave and therefore 
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should not be polydentate. The metal’s oxidation state is not important due to the high 

flux of electrons and their ability to reduce the metal. 

Summary of Precursor Design Parameters 

Common procedure in all three fields is to use precursors that are commercially 

available. In the few cases where they are not, the precursor is known from the CVD 

literature. This gives a good starting point, considering volatile compounds are needed. 

However, the decomposition mechanism in all three cases is not the same as 

conventional CVD. To gain a better understanding of this mechanism, researchers must 

move away from the current mentality of commercially available and CVD precursors 

and move toward precursors designed specifically for these respective uses. Once a 

better understanding of the mechanism is achieved, even better precursors can be 

designed that will give much better results than the currently used ones. 

Each of these uses requires different properties of the organometallic complex 

(Table 1-2). For the heterogeneous catalyst precursor, the complex must be volatile. 

The ligands must be removable under mild thermal conditions or reaction with the 

surface oxides. And preferably one or more of these ligands would include a hydroxyl or 

amine functional group. Metals should also be employed that would yield useful 

catalysts. 

For PACVD, the complexes would need to be volatile as well. One or more of the 

ligands should be removable under UV light. For use in patterning, the metal should 

ideally show a preference for hydroxyl or carboxyl terminated SAMs and have little to no 

reactivity with methyl terminated SAMs, which could be achieved by having a ligand that 

reacts with the protic surface.  
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For EBID, the complex needs to be volatile. The ligands need to be removable by 

electron beam and form volatile components. These ligands are typically simple 

monodentate ligands such as alkyls and carbonyls. 

Table 1-2.  The design parameters for the desired uses of the precursors. 

Application Volatile Ligands Removable 
by: 

Other 
Features 

Heterogeneous Catalyst Yes Mild thermal 
conditions 

Hydroxyl 
or amine 

PACVD Yes UV light and protic 
surface followed by 
mild thermal 
conditions 

 

EBID Yes Electron beam  
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CHAPTER 2 
DESIGN, SYNTHESIS, AND APPLICATION OF ORGANOMETALLIC PRECURSORS 

FOR HETEROGENEOUS CATALYSTS1 

Heterogeneous Catalysis 

Catalysis is a very important process for the manufacturing of goods, due to its 

economic, environmental, and synthetic advantages over non-catalyzed reactions. Each 

year, the value of goods produced that used a catalytic process during their formation is 

$2.4 trillion.33 Approximately 20% of all the goods manufactured in the United States of 

America are produced using a catalytic process. In the year 2000, it was estimated that 

the value of the heterogeneous catalysts on the market was $6.5 billion. 

Heterogeneous catalysis occurs when the catalyst is in a different phase from the 

reaction mixture. This typically involves the reaction in the liquid or vapor phase with the 

catalyst in the solid phase. Homogeneous catalysis has the catalyst in the same phase 

as the reaction. Heterogeneous catalysts offer five advantages over homogeneous 

catalysts:34 

1. Separation and recovery of the catalyst are easy. 
2. Heterogeneous catalysts are extremely durable. 
3. Heterogeneous catalysts are generally more active than homogeneous catalysts. 
4. The catalyst is stable to a wide range of temperatures, which can be especially 

useful for high temperature industrial reactions. 
5. They can be easily handled for large scale operations. 
 
Heterogeneous Catalysts Used in Industry 

Because of these advantages, heterogeneous catalysis is used widely in 

industry. Some of the common industrial processes that use heterogeneous catalysis 

are: the Haber-Bosch process, the Ostwald process, and the Contact process. 

                                            
1
 Surface science work conducted by Juhee Choi under supervision of Jason Weaver in the University of 

Florida Chemical Engineering Department. 
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The Haber-Bosch process is incredibly important because it transforms 

essentially inert dinitrogen into chemically useful ammonia. There is an abundance of 

nitrogen available in the atmosphere, but very little that is reactive, because the triple 

bond of dinitrogen is extremely stable.35 Due to the large quantities of nitrogen needed, 

this process uses approximately 2% of the global energy supply.36,37 This process 

occurs at approximately 400 °C and 100 atm. The catalyst used is generally an iron 

based heterogeneous catalyst.38 

The Ostwald process is the manufacturing of nitric acid from ammonia. First, the 

NH3 is oxidized to NO and NO2, which then react with water to form nitric acid. In 1988, 

this process produced about 20 million metric tons of nitric acid. This reaction generally 

occurs at 1100 K and atmospheric pressure over a catalyst of Pt-10% Rh gauze.39 

Originally, this was achieved with a pure platinum catalyst, but the catalyst was found to 

have improved reactivity when rhodium was combined with it. At atmospheric pressure, 

the catalyst lasts up to 1 year before being replaced.40 

The Contact process is the synthesis of sulfuric acid by oxidizing sulfur dioxide. 

The annual production of sulfuric acid by this process was 145 million tons in 1992 of 

which more than half was used in the production of phosphoric acid for fertilizer. The 

process generally occurs at 970-1170 K. Originally, platinum was used as the catalyst 

but was discontinued in favor of vanadium(V) oxide.33,40 

Process of Forming Heterogeneous Catalysts 

Many heterogeneous catalysts are the result of grafting or anchoring a transition 

metal to an oxide surface. The purpose of this is to combine the advantages of 

homogeneous catalysis (versatility and selectivity) with the durability and ease of 

separation of the heterogeneous catalyst.19 Anchoring generally occurs through a 
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covalent bond from a functional group on the substrate to an inorganic or organometallic 

precursor.41 

The general process of preparing an oxide supported heterogeneous catalyst 

has four steps.19 First, the support is pretreated, in a process generally involving heat, to 

remove any physisorbed water. This water, or other unwanted species, can cause side 

reactions to occur with the precursor. In some cases, this step also involves the 

dehydroxylation of the surface. Second, the metal complex is anchored to the substrate. 

This occurs immediately upon contacting the surface. The metal complex reacts with 

the hydroxyl on the surface via oxidative addition or nucleophilic substitution. This step 

typically takes place in anhydrous solvents or in the vapor phase. Complexes are known 

to form one, two, or three bonds with the surface. Third, not all of the precursor reacts 

with the substrate and the unanchored metal complexes must be removed. These are 

removed by inert gas flushing, in the case of vapor phase reactions, or by washing with 

pure solvent for liquid phase reactions. Finally, the ligands on the complex must be 

removed either by hydrolysis, with the water in the liquid or vapor phase, or thermal 

decomposition. 

Precursors for Heterogeneous Catalysts 

The metal complexes used as precursors are of three general types: metal 

chlorides, metal alkoxides, and organometallics.19 For metal chlorides, the chlorides 

must be removed for the catalyst to be active. The binding mode of the metal can 

generally be determined by the amount of HCl evolved during the reaction.20 The 

binding mode can be affected by the pretreatment temperature as well as the reaction 

temperature.42,43 One of the drawbacks to using metal chlorides is the resulting 

structure has a low quantity of grafted metal. This could be the result of low reactivity 
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with the substrate, chlorination of the substrate, or hydrolysis of the metal-substrate 

bond.19 

Metal alkoxides are another class of precursor which gives very good dispersion 

of the metal on the surface. The most prevalent ligands used are the ethoxy and 

acetylacetonate ligands. Inumaru et al. reported the deposition of VO(OEt)3 on silica at 

423 K.21 The grafting and desorption of unreacted precursor occurred at 723 K. This 

was used to catalyze the oxidative dehydrogenation of ethanol to acetaldehyde. This 

grafted complex was three to four times more active than the analogue prepared by the 

impregnation technique, a process in which the complex is dissolved in a solvent and 

exposed to a porous surface.19 

Organometallic complexes used to synthesize heterogeneous catalysts fall into 

two sub-categories: metal allyls and metal carbonyls.19 The metal allyls have been used 

frequently for many years. Iwasawa has compiled a table of common metal allyl 

precursors and their uses in catalysis, showing mostly early transition metal allyls being 

used for all major types of polymerization.34 Typically, they are anchored by a metal allyl 

reacting with the hydroxyl of the substrate. The metals chromium, molybdenum, and 

tungsten typically form two bonds with the surface, while nickel, palladium, and platinum 

typically form one bond. Both one and two bonds are known with titanium, zirconium, 

and rhodium.19 

Metal carbonyls have three main differences from other metal complexes, 

including metal allyls. First, the binding of metal carbonyls to the surface is much more 

complex, which can lead to various bonding modes, including Van der Waals, ionic, and 

covalent. Second, the metal carbonyl is zerovalent, making the reaction with the surface 
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generally an oxidative addition. Third, the complexes can be mononuclear, polynuclear, 

or heteronuclear.  

There are three primary reasons for the prevalence of the use of these 

complexes for heterogeneous catalysis.19 First, metal carbonyls are frequently used in 

homogeneous catalysis, and by combining the well-known reactions with the 

advantages of heterogeneous catalysis, the desired effect can be achieved. Second, 

grafted mononuclear and polynuclear complexes can be formed on the decomposition 

of the metal carbonyls. Third, small particles of the metal can be achieved from these 

complexes, giving a high surface area and therefore, a more active catalyst.  

Drawbacks to Heterogeneous Catalysts and How to Deal with Them 

Although heterogeneous catalysts are very prevalent and have advantages, 

there are still four disadvantages to them:34 

1. They usually contain more than one type of active site 
2. The surface is generally not well defined 
3. Heterogeneous catalysts are usually less selective due to the variation in active 

sites 
4. Only the metal atoms on the surface can be used in catalysis 

 
Three of the four disadvantages can be linked back to a lack of uniformity in the 

surface structure. The metal has considerable interaction with the surface and if the 

local structure changes, that affects the available interactions.44 A strong metal-support 

interaction was found with anatase titania-supported palladium when exposed to carbon 

monoxide and hydrogen gas. However, when rutile titania was used instead, there was 

little to no interaction. 

Thus, the local structure surrounding the metal centers on the surface can have a 

significant effect on the efficiency of the catalysis.45 Copper on the surface of zirconia 

was used to catalyze the reaction of carbon dioxide or carbon monoxide with hydrogen 
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gas to form methanol. Two different phases of zirconia were used, monoclinic and 

tetragonal. Using the same percentage of copper and the same surface area ratio, the 

monoclinic phase was shown to be far more active toward both carbon monoxide and 

carbon dioxide. 

If a catalyst could be designed that contained the metal centers in a well-defined, 

uniform distribution, the activity of the catalyst would be greatly improved. The question 

remains whether there is a way to bind the metal centers to specific sites and if so, can 

they be bound to areas that are more active for catalysis. 

A brief survey of the literature suggests that the hydroxyl or amine groups do 

provide selective binding at undercoordinated surface sites. One particular experiment 

involving ethanol is of considerable interest.46 A relatively defect-free surface of titanium 

oxide was prepared while other surfaces were prepared in a similar manner, but then 

exposed to electron bombardment for various lengths of time to remove oxygen atoms, 

leaving the undercoordinated titanium behind. Each of the surfaces was exposed to 

ethanol and the binding and reactivity of the ethanol was measured by temperature 

programmed reaction spectroscopy (TPRS). The reactivity of the adsorbed ethanol 

showed significant changes based on the number of defects. Not only did the reactivity 

change, the total amount adsorbed changed as well; the surfaces with defects had more 

ethanol bound to the surface than those that did not. This indicates that ethanol was 

preferentially binding to the undercoordinated sites. This fits with a mechanistic 

understanding because the undercoordinated sites have exposed metals while the 

terraces have terminal oxides. A hydroxyl functional group is unlikely to react with an 
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oxide or hydroxyl, but is far more likely to react with the exposed metal centers on the 

undercoordinated sites. 

Further studies have been conducted to determine if amine functionalities have 

similar reactivity as predicted based on their similar acid-base chemistry to hydroxyl 

functional groups. Ammonia and simple alkyl amines bind selectively at point defect 

sites; this, in turn, seems to block the neighboring sites, thus lowering the total amount 

bound as compared to a defect-free surface.47,48 This binding appears to occur from the 

nitrogen atom directly to the Ti4+ in the TiO2 surface. Pyridine, on the other hand, was 

found to interact with the surface primarily by π-facial coordination.49 

One of the fundamental scientific questions regarding heterogeneous catalysis is 

whether the reaction occurs on the flat surface or on the defects.50 Carbon-carbon bond 

breaking occurs three-to-five times faster on a kinked platinum surface. Kinked 

palladium surface offers the fastest rate for methane decomposition.22 The synthesis of 

ammonia on iron and ruthenium occurs nine orders of magnitude faster at the steps 

than on the terrace.51 Based on density functional theory (DFT) calculations, Li et al. 

concluded that defects are always favored for dissociative reactions, while associative 

reactions may or may not be favored.22 Thus the active sites for many reactions occur at 

defect sites, such as the kink or step sites.  

If an organometallic complex could be tethered vicinal to an undercoordinated 

site by the linking hydroxyl or amine group, the metal from the precursor could have 

favorable interactions with the metal of the substrate. This would be achieved 

essentially by reversing the roles of the substrate and the precursor from standard 
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heterogeneous catalyst synthesis. The precursor would have the hydroxyl functional 

group that reacts with the metal of the oxide support.  

Design 

As outlined above, the first criteria for heterogeneous catalyst precursors in this 

study is the inclusion of functional groups that direct the binding to low coordination step 

and kink sites. This is achieved by tethering a hydroxyl or an amine moiety to a ligand. 

As discussed above, these functional groups cause selective binding at the low-

coordination sites.  

Another feature of the desired complexes is low reactivity of the ligands so that 

reaction occurs only at the hydroxyl or amine groups. This will increase the selectivity by 

having only one group directing the binding site. The ligands must also be removable 

via mild thermal means. Some of the ligands that fit these criteria would be bipyridines, 

cyclopentadienyl systems, carbonyls, halogens, and alkyls.52  

The final feature required is the volatility of the complex that allows it to reach the 

surface. This presents a problem because the design features outlined above, 

specifically the hydroxyl or amine moiety, decrease the volatility of the complex. For 

small organic molecules, e.g. methanol, this is not a problem, however larger 

organometallic complexes containing hydroxyl functional groups may or may not prove 

volatile enough. This will need to be tested.  

Thus complexes (Figure 2-1) have been proposed that combine the needed 

functional groups with the unreactive and easily removed ligands. Compound 2-1 has 

the hydroxyl functional group tethered to a bipyridine in a position where elimination to 

leave the hydroxyl attached to the surface, is impossible. It also has the easily 

removable methyl ligands or the less easily removed but less reactive chlorides 
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attached to the palladium. The methyls would provide easier removal, but could affect 

the reactivity and direction of the precursor on the surface. The chlorides would be less 

reactive though still likely to be removable. The bipyridine ligand is a known compound 

and the position of the tethered hydroxyl will hold the palladium in close proximity to the 

undercoordinated sites; however, it could make the formation of the complex more 

difficult due to the steric bulk surrounding the binding sites. The volatility of both 2-1a 

and 2-1b is unknown. 

 
Figure 2-1.  Complexes proposed for use in preparing heterogeneous catalysts. 

Compound 2-2 is a known volatile compound that contains the desired 

unreactive ligands and volatility. Two of the ligands, carbonyl and methyl, should be 

removable. The cyclopentadienyl (Cp) ligand should be unreactive, however it usually 

forms strong bonds with the metal and might be difficult to remove. This complex does 

not, however, include the hydroxyl or amine functional groups. This complex provides a 

model compound to help understand the reactivity with the surface without the hydroxyl 

functional groups. 

Compound 2-3 provides an attractive compromise by combining the features of 

compounds 2-1 and 2-2. It has a similar overall structure to compound 2-2 but includes 

the hydroxyl moiety from compound 2-1. It has also replaced the methyl of 2-2 with a 

less reactive chloride. This compound will be less volatile than compound 2-2; however 
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its volatility will need to be tested to determine if it is volatile enough to be dosed to the 

surface. 

Palladium is a well-known catalyst in both homogeneous catalysis and 

heterogeneous catalysis and was thus chosen for this model system. It is known to 

catalyze many common reactions including the Heck reaction,53 the Suzuki reaction,54 

and hydrogenation reactions.55 These and other reactions catalyzed by palladium are 

important for the pharmaceutical and fine chemical industries. 

Ruthenium was chosen for its versatile applicability in heterogeneous catalysis. 

Ruthenium on alumina is very active in alkane hydrogenolysis,56 olefin hydrogenation, 

and isomerization.57,58 The most important catalytic use for ruthenium is Fischer-

Tropsch chemistry,59 the process of turning carbon monoxide and hydrogen gas into 

hydrocarbon chains. Ruthenium is the most active and produces the highest weight 

chains of the commonly used heterogeneous catalysts.  

Synthesis of Organometallic Precursors 

The ligand 2-8 was synthesized as reported in the literature (Figure 2-2).60 First, 

a nitrogen of 2-4 was oxidized using meta-chloroperoxybenzoic acid to produce 

compound 2-5. Next, TMSCN was used to add the nitrile group to the ring to form 2-6. 

The cyanide was converted to the ester using acid and methanol to reach compound 2-

7, which was then reduced using sodium borohydride to obtain compound 2-8. Next, the 

hydroxyl group was protected using t-butyldimethylsilyl to form compound 2-9. This 

group was chosen due to its reported stability to column chromatography and its 

removal via fluoride ion treatment.61  
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Figure 2-2.  Synthesis and protection of the ligand. 

Synthesis of the palladium complex is based on the synthesis reported in the 

literature for (bpy)PdMe2.
62 This same method was employed using model compound 2-

13 to test the feasibility without wasting the more synthetically challenging compound 2-

9 (Figure 2-3). First, N,N,N',N'-tetramethylethylenediamine (TMEDA) was added to 

palladium(II) chloride to form compound 2-10. Next the chlorides were replaced with 

methyl groups using methyl lithium to reach compound 2-11, which proved less 

thermally stable than was reported in the literature63 and was stored at 0 ˚C to avoid 

decomposition. Finally, compound 2-13 was added to obtain compound 2-12. This 

reaction did not work as well as reported for 2,2'-bipyridine, however the crude product 

was confirmed via 1H NMR. 
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Figure 2-3.  Synthesis of the model complex. 

The desired ligand, compound 2-9, was used in a similar reaction based on these 

promising results (Figure 2-4); however the reaction did not prove successful. One 

possible reason for this is the added steric bulk raises the activation energy for the 

reaction, thus slowing down the process and allowing the thermally sensitive starting 

material to decompose. The reaction was attempted at both -78 ˚C and 0 ˚C and the 

result was simply a mixture of the two starting materials. If they were subsequently 

allowed to warm to room temperature, decomposition occurred. 

An alternate synthetic route involving reversing the steps of the reaction was 

attempted. Compound 2-9 was added first and then the chlorides were replaced by 

methyls. However, a new method of substitution for the chlorides was employed 

because the very basic methyl lithium would most likely deprotonate the benzyl position 

after deprotonating the hydroxyl. Therefore, boron based transmetallation reagents 

were investigated. 
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Figure 2-4.  Attempted synthesis of 2-14. 

Compound 2-15 was synthesized from 2-13 and palladium(II) chloride and used 

to study the reactivity of boron based transmetallating agents (Figure 2-5). By using 

phenylboronic acid and potassium carbonate as base, compound 2-16 was obtained; 

however, a significant amount of 2-13 was produced as well. Very similar results were 

obtained with the methyl and ethyl derivatives. The solvent was changed as well as the 

time of reaction, yet the results remained the same; one of the chlorides had been 

replaced with an alkyl or aryl group, yet this product was only obtained in a ~1:3 ratio 

with the ligand removed from the metal center. When base optimization was performed, 

it was discovered that cesium carbonate caused the formation of the symmetric product, 

compound 2-12.  However, the ratio of desired product, 2-12, to undesired product, 2-

13, was not improved. Further optimization studies were performed for concentration 

and solvent, yet no significant improvement on the ratio was observed. 



 

46 

 
Figure 2-5.  Transmetallation investigations conducted using boron based reagents. 

The desired ligand 2-9 was used with the plan to recover the unattached ligand 

and reuse it. Compound 2-9 was added to the palladium to form 2-18 in nearly 

quantitative yields (Figure 2-6). In a surprising result, the replacement of the chlorides 

was achieved successfully to form 2-14 with no sign of the ligand being removed from 

the metal center. This could possibly be due to a solubility issue as this compound was 

far more soluble than the model system. 

 
Figure 2-6.  The synthesis of protected complex 2-14. 

With the complex now synthesized, the only step remaining was the deprotection 

of the hydroxyl group, which proved to be far more difficult than anticipated. The 

treatment with fluoride ions in the form of tetrabutylammonium fluoride decomposed the 

complex rather than yielding the deprotected product. While attempting to isolate the 
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ligand, it had been discovered that using silica column chromatography resulted in 

removal of the protecting group. This was attempted with the complex yet it remained 

protected through the column.  

Because deprotection was proving difficult, the unprotected ligand was added to 

palladium(II) chloride (Figure 2-7). This reaction failed, forming a wide mixture of 

products. A similar reaction was attempted by adding 2-8 to Pd(cod)Cl2, attempting to 

replace the cyclooctadiene with the bipyridine to form 2-1a. 1H NMR indicated that the 

bipyridine had bound to the palladium, however, the cyclooctadiene appeared to be 

bound as well. The mass spectrum of the compound revealed the absence of any 

chlorine atoms in the compound, suggesting the replacement of the chlorides rather 

than the cyclooctadiene to form compound 2-19. Another method involved reacting 2-8 

with PdCl2 in refluxing methanol.64 This produced the desired product, 2-1a.  

 
Figure 2-7.  Alternate synthesis of unprotected complex 2-1a. 

Next, the synthesis of the ruthenium based complexes was attempted (Figure 2-

8). First, triruthenium dodecacarbonyl was refluxed with freshly cracked 

cyclopentadiene in heptane to afford the dimer 2-20. A sodium-mercury amalgam was 
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generated by adding mercury to molten sodium in refluxing toluene. The toluene was 

then removed and 2-20 was added in THF to stir overnight at room temperature. The 

reduced complex was then reacted with methyl iodide to form the desired complex 2-2, 

which was then purified by sublimation. A similar synthesis was reported in the literature 

using K(BHEt3) as a reductant to afford a 30% yield.65 The method employed in this 

dissertation achieved a 43% yield while using a reagent that is currently cheaper. 

 
Figure 2-8.  The synthesis of volatile complex 2-2. 

Next, the hydroxyl containing complex 2-3 was synthesized (Figure 2-9). First 

ruthenium(III) chloride hydrate was refluxed with 1,2,3,4,5-pentamethylcyclopentadiene 

in ethanol to yield dimer 2-22. This was exposed to air, which allowed one oxygen atom 

to be inserted between the ruthenium atoms. The complex was then dehydrated by 

losing a single hydrogen from a methyl group on each cyclopentadienyl ligand and the 

bridging oxygen. Carbon monoxide was then bubbled through the solution of the 

compound in dichloromethane, which caused the transfer of one chloride to the methyl 

on the cyclopentadienyl ligand to form complex 2-23 (Figure 2-10).66 This was then 

reacted with collidine in water and THF to form the desired complex 2-3, which was 

purified by alumina column chromatography.67 
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Figure 2-9.  The synthesis of the hydroxyl derivative 2-3. 

 
Figure 2-10.  The mechanism of the formation of complex 2-23. Adapted from 

Reference 66. 

Application 

If the compound is non-volatile, no matter the other properties, it is useless for 

this method of synthesizing heterogeneous catalysts, as discussed previously, because 

it cannot be delivered to the surface. Compound 2-1a was first tested for volatility by 

taking the melting point and it was found to decompose at about 200 °C. Sublimation of 
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the compound was attempted under vacuum and decomposition still occurred at about 

the same temperature. Thermogravimetric analysis (TGA) showed decomposition 

beginning at about 200 °C and continuing stepwise to 600 °C with no plateau (Figure 2-

11). These data show that, although the complex contains many of the features desired 

in a precursor, it is not useful for the current purpose due to its lack of volatility. 

 
Figure 2-11.  TGA of compound 2-1a. 

Compound 2-2 was found to sublime at 59 °C at atmospheric pressure, while at 

reduced pressure, 100 mTorr, the complex sublimed at room temperature. This is 

comparable to what is reported in the literature. Davison et al. report the sublimation of 

this complex at 100 mTorr and 40 °C.68  
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Figure 2-12.  The TPD measurements of compound 2-2 after dosing for 5 minutes. 

Complex 2-2 was then used as a precursor in the model study by depositing it on 

strontium titanate (STO). The strontium titanate was cut across a high-Miller index face 

to give a surface with many step and kink sites. Compound 2-2 was dosed on the 

prepared surface under ultra-high vacuum (UHV) conditions at -100 °C for 5 minutes at 

a pressure of 2.0 nanoTorr. The surface was then slowly warmed and the desorbed 

species were measured by mass spectrometry in a process known as temperature 

programmed desorption (TPD) (Figure 2-12). 

The desorbed compounds show signs of decomposition, as well as desorption of 

the unreacted precursor (Table 2-1). Water is a known contaminant, explaining its 

presence. The presence of carbonyl shows the decomposition of the precursor. Peaks 
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are also present for methoxy, a possible product from the methyl reacting with a surface 

oxygen. The peaks at 43 and 44 could be an acetyl group, perhaps from ethanol 

contamination or reaction between carbonyl and methyl. The peak at 63 possibly 

corresponds to a methyl reacting with a surface titanium. The largest peak, at 167, most 

likely corresponds to cyclopentadienyl ruthenium after the loss of carbonyls and methyl. 

The peak at 182 likely corresponds to the precursor after loss of the carbonyls.  

Table 2-1.  Possible identities of the desorbed species from Figure 2-12. 

Mass (amu) Possible Identity 

18 H2O
+ 

28 CO+ 
31 CH3O

+ 
43 CH3CO+ 
44 CH3COH+ 
59 ? 
63 CH3Ti+ 
72 ? 
161 ? 
167 CpRu+ 
182 CpRuCH3

+ 
281 ? 

 
Desorption of the compound of m/z 167 was measured under different adsorption 

conditions (Figure 2-13). These were dosed at 2.0 nanoTorr with the surface cooled to -

100 °C. The time of exposure varied from 15 seconds to 5 minutes. Predictably, as the 

time of exposure increased, so did the amount of complex desorbing from the surface. 

The tall peak corresponds to a multilayer while the wide low shoulder that reaches 

nearly to 350 K corresponds to a monolayer slowly desorbing, indicating positive 

interactions between the surface and the precursor. 
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Figure 2-13.  TPD of compound 2-2 after being exposed to the STO surface for 15 

seconds to 5 minutes. 

An X-ray photoelectron spectrum (XPS) was taken of the surface under three 

conditions: clean, exposed to precursor, exposed to precursor and heated to 700 °C 

(Figure 2-14). The surface was exposed to the precursor by repeated adsorption and 

desorption. Ruthenium remains even after heating the surface to 700 °C. A high 

resolution XPS of the ruthenium 3d region (Figure 2-15) shows the peaks shift upon 

heating, indicating the reduction of the ruthenium(II). This is more pronounced in the 

700 °C heating, but is noticeable in the lower temperatures as well. A high resolution 

XPS was taken of the ruthenium 3p and titanium 2p region (Figure 2-16), which shows a 

similar effect, the peaks are shifted as the surface is heated. This indicates that the 

ruthenium complex is being affected by the heat, perhaps losing its ligands. 
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Figure 2-14.  XPS of clean STO, dosed with precursor, and heated to 700 °C. 

 
Figure 2-15.  XPS of the Ru 3d and Sr 3p region for dosed and heated 2-2 on STO. 
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Figure 2-16.  High resolution XPS of Ru 3p and Ti 2p region of 2-2 on STO. 

Next, ion-scattering spectroscopy (ISS) was conducted on the sample (Figure 2-

17). There is no ruthenium present on the clean STO surface, while the dosed surface 

does contain ruthenium. The surface that had been dosed and then heated to 700 °C 

lost the ruthenium peak which seems to contradict the XPS data. However, this 

technique only probes one or two monolayers. The lack of ruthenium peaks for the 

heated surface, combined with the presence of ruthenium peaks in XPS for the same 

surface, indicate that the surface is likely reformed on exposure to heat, causing the 

ruthenium to be encapsulated by the strontium and/or titanium. 
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Figure 2-17.  ISS of compound 2-2 deposited on STO and heated to 700 °C. 

Compound 2-2 appears to decompose in small quantities to form some 

ruthenium containing compound. Compound 2-2 was then dosed in smaller quantities at 

near room temperature to discover if this would decompose to form metallic ruthenium 

on the kink sites. Scanning tunneling microscopy was conducted on the clean, kinked 

substrate (Figure 2-18), showing the steps and kinks on the surface. Compound 2-2 

was dosed to the surface for 45 seconds at 1.1 x 10-9 Torr and STM was taken again 

(Figure 2-19). This shows significantly rougher features than the clean surface. It is 

unclear whether the ruthenium was deposited in a random manner or if the surface 

structure was reformed in some manner due to exposure to the precursor. 
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Figure 2-18.  STM image (500Å x 500Å) of clean STO(12 2 1) annealed at 1275 K for 

30 minutes.  

 
Figure 2-19.  STM image (1000Å x 1000Å) of STO(12 2 1) dosed with 2-2 for 45 

seconds at 1.1 x 10-9 Torr. 
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Compound 2-3 was tested for volatility by heating the sample and found to melt 

at approximately 190 °C, but seemed to decompose just above that temperature as the 

liquid changed color. Sublimation was attempted under vacuum, yet it seemed to 

decompose rather than sublime under standard vacuum conditions. This was tried 

under UHV conditions to determine if the reduced pressure would allow this compound 

to volatilize rather than decompose; however, decomposition was still observed. Based 

on the non-volatile nature of the compound, it was determined to not be useful for this 

study. It seems that hydroxyl containing organometallic complexes generally 

decompose rather than sublime. This is due to the strong hydrogen-bonding occurring 

between molecules which makes it more difficult to break these bonds than to break the 

covalent bonds in the complex. 

Summary of Results 

As has been outlined above, a plan was devised to synthesize more well-defined 

and active heterogeneous catalysts. The plan required reaction of organometallic 

complexes containing hydroxyl or amine moieties with an oxide surface, in this case 

strontium titanate (STO). When initially proposed, the volatility of the organometallic 

precursor was not known. Low volatility became apparent as the experiments were 

conducted. 

This led to an interesting dilemma: complexes with the directing groups were not 

volatile and volatile complexes did not contain the desired directing groups. Compounds 

2-1 and 2-3 contained the desired directing group but were unable to be delivered to the 

surface due to their nonvolatile nature. Compound 2-2, on the other hand, was volatile 

and was transported to the surface, however, it did not contain the desired directing 

groups and seemed to deposit in a largely random manner. 
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Another unforeseen consequence of the reaction was the surface did not seem 

to be static. The proposal involved removing the ligands via non-thermal plasma to 

leave the “naked” metal center affixed to the surface at the desired locations. However, 

when the surface was heated to 700 °C, it seemed to restructure, encapsulating the 

ruthenium under strontium and/or titanium.  

Although selective placement of ruthenium on the surface was not achieved, 

important information was obtained. It was discovered that carbonyl and methyl ligands 

would react with the surface without significant heating. Ruthenium could form fairly 

stable bonds with the surface, enough to stay present after heating to 700 °C. However, 

the structure appeared to restructure at those temperatures encapsulating the 

ruthenium. 
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CHAPTER 3 
DESIGN, SYNTHESIS, AND APPLICATION OF ORGANOMETALLIC PRECURSORS 
FOR PHOTOACTIVATED CHEMICAL VAPOR DEPOSITION ON SELF-ASSEMBLED 

MONOLAYERS2  

Photoactivated Chemical Vapor Deposition 

Metallized organic thin films have received increased interest because of 

potential device applications. These can be used in flexible electronics, solar cells, and 

bio-sensors,69 and  in miniaturization of devices.70 

Organic Thin Films 

Self-assembled monolayers (SAMs) have been of great interest to the scientific 

community since the early 1980s.71 The first reported instance of a SAM in 1946 

garnered very little interest and for many years this field went largely uninvestigated.72 

Eventually, interest was aroused and many different systems have been investigated, of 

which the most prevalent are alkane-thiolates on gold.71 

There has been an increase in interest in SAMs for two reasons. First, self-

assembly is known in nature, which leads to supermolecular organizations that result in 

complex systems and there is an academic interest in understanding this mechanism. 

Second, there is a shift in focus from pure chemistry to interdisciplinary sciences due to 

its use in technology. Much research interest has been generated on the interface of 

chemistry with physics, biology, and engineering. 

SAMs have been of particular interest due to their relevance to technology. The 

advantage of SAMs over molecular beam epitaxy and chemical vapor deposition (CVD) 

is the highly ordered nature of the films generated by self-assembly. SAMs can 

                                            
2
 PACVD conducted by Zhiwei Shi (compound 3-1) and Jing Yang (compound 3-2) under supervision of 

Amy Walker at University of Texas – Dallas. 
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incorporate a range of functional groups, giving control over a large variety of surfaces 

and interactions.73  

 
Figure 3-1.  The process of forming SAMs and the structure and interactions once 

formed. Adapted from Figure 1 on page 1534 of Reference 71. 

 SAMs are formed by first immersing the substrate in a solution of surfactant 

(Figure 3-1). The surface active material in the solution spontaneously bonds with the 

surface and has positive interactions with other surfactants. Because of the simplicity of 

this process, SAMs are generally low cost and synthetically flexible.23 SAMs are 

generally bound to the substrate through a thiol functional group and are differentiated 

based on their functionality on the terminal end. 

Metallization Processes 

For SAMS to be used in devices, a robust metallic contact must be added which 

will provide electrical contact and prevent the degradation of the monolayer. Several 

methods have been developed to add this metallic contact. Chen et al. reported the 

fabrication of a molecular electronic device using 2'-amino-4-ethynylphenyl-4'-

ethynylphenyl-5'-nitro-1-benzenethiolate as the SAM.74 Gold was then slowly 

evaporated onto the SAM (Figure 3-2). 
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Figure 3-2.  Molecular electronic device structure. Overall structure (top) and detailed 

view of monolayer (bottom). Adapted from Figure 1 on page 1550 in 
Reference 74. 

Physical Vapor Deposition 

When the metal is evaporated onto the SAM by physical vapor deposition (PVD), 

the metal is known to react with the surface, penetrate to the substrate, and degrade the 

monolayer.75 In 2003 Walker et al. reported the deposition of copper, aluminum, and 

silver onto methoxy terminated SAMs on gold. In all three cases there was a 

competition between reaction with the surface and penetration to the substrate.76  

In 2004 the same group reported studies involving copper, aluminum, silver and 

gold deposited on methoxy terminated SAMs.77 Aluminum penetrated to the substrate 

until a 1:1 aluminum:gold ratio was reached, at which point no further penetration 

occurred. For silver and copper, both penetration and overlayer nucleation occurs, with 

the ratio of silver and copper to gold having no effect. Gold has no interaction with the 
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terminal methoxy, it simply penetrates to deposit a new layer of gold on the existing gold 

substrate, leaving the intact SAM floating on the new layer of gold. 

Walker et al. reported the deposition of gold and titanium on a SAM composed of  

4-[4’-(phenylethynyl)-phenylethynyl]-benzenethiol in 2004.78 The gold behaved the 

same as with the methoxy terminated SAMs, penetrating and forming a floating SAM. 

The titanium, a much more reactive metal, reacted aggressively with the SAM, 

transforming it into titanium carbide. It was concluded that, under these conditions, gold 

and titanium would not be useful for devices if PVD was used. 

In 2005 Walker et al. reported the PVD of calcium and titanium on methoxy 

terminated SAMs.79 The titanium reacted with the terminal methoxy and the alkyl chains 

simultaneously to form carbides, hydrides, and oxides until enough had built up to form 

a metallic overlayer which stopped further degradation. The calcium immediately 

degraded the terminal groups and only when that was complete did the alkyl begin 

degrading. Both metals degraded the SAM significantly, though titanium did so at a 

much faster rate. 

Reactivity of PVD on SAMs generally falls into two categories: unreactive/less 

reactive metals and reactive metals. For less reactive metals, like copper, silver, gold, or 

aluminum, there is a competition between nucleation of islands at the interface, reaction 

with the terminal groups, and penetration to the substrate. More reactive metals, such 

as titanium, degrade the SAM to form oxides or carbides.75  

Another factor that affects the metal-organic interaction is the sticking probability, 

(Equation 3-1) 

𝑆 =
𝑁𝑎
𝑁0

 
(3-1) 
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where Nα is the number of adsorbed metal atoms while N0 is the number of incident 

metal atoms. Thran et al. reported the deposition of silver on various polymers, which 

resulted in quite a variation of sticking probability (called in the article ‘condensation 

coefficient’) depending on the polymer.80 For polyimides, the sticking probability was 

close to unity, while for Teflon AF the sticking probability is 0.002. Zaporojtchenko et al. 

reported the sticking probabilities of copper and gold in comparison to the already 

reported silver.81 All three exhibited the same trend; with the polyimides all had near 

unity (0.95) sticking probability, while for Teflon AF all were very small (0.02-0.002). 

It would be expected that the more reactive metals would have a higher sticking 

probability in general; this is not always the case. Tighe et al. reported the PVD of 

titanium onto a methyl terminated SAM in which the sticking probability started out very 

low, approximately 0.1, and slowly increased as the total number of titanium atoms 

increased.82 Titanium is a more reactive metal yet its sticking probability is initially quite 

low. Collaud et al. investigated the sticking probability of magnesium on polypropylene 

and discovered that for untreated polypropylene the sticking probability was essentially 

zero.83 By treating the surface with plasma, the sticking probability was raised to 0.3. 

This is still small, showing that more reactive metals do not necessarily have a higher 

sticking probability.  

Haick and Cahen summarize the drawbacks of PVD for deposition of metals on 

SAMs as follows:70  

1. It is difficult to control the thickness and growth of the deposit  
2. The metal could degrade the monolayer rather than deposit on it 
3. It is likely to penetrate to the surface or form nucleation islands 
4. If the metal leaves channels to the substrate, devices made from them would short 
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Lift-Off Method 

Vilan and Cahen report an alternate method (Figure 3-3) for depositing the metal 

on the SAM.84 First the metal film is evaporated using standard PVD onto a solid 

support that binds weakly to the metal. Next the metal film is detached from the surface 

by wetting with one or more solvents and floated on a liquid. A monolayer can then be 

adsorbed onto the metal film, the target substrate, or both. Finally the metal film is 

“floated-on” the target substrate and the liquid is removed. 

While this is an attractive alternative, there are still significant drawbacks and 

difficulties. The thickness of the film needed to optimize detachment is not known and 

might not correspond to the thickness needed for the device. The film is also known to 

wrinkle if the solvent is not removed in a quick and uniform manner. The wetting of the 

film can also cause repulsion from the target substrate. Due to these factors this method 

is difficult to reproduce. 

Chemical Vapor Deposition 

Chemical vapor deposition (CVD) provides an attractive alternative to PVD and 

the lift-off method just described, due to its control over the thickness, its chemical 

selectivity, and the wide variety of metals that are available. In this process a precursor 

containing the desired metal is volatilized and comes in contact with the hot substrate. 

The precursor molecule decomposes to, ideally, the desired deposit on the substrate.85 
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Figure 3-3.  The lift-off process illustrated. Adapted from Figure 1 on page 797 of 
Reference 84. 
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A drawback for CVD on SAMs is that it generally requires temperatures of 200 °C 

or greater.23 Bensebaa et al. report the thermal behavior of alkylthiolate SAMs on gold: 

at ~350 K (75 °C) the SAM undergoes an irreversible transformation to a liquid and at 

~400 K (125 °C) the SAM begins significant desorption.86 Therefore the temperature 

needed for conventional CVD would not allow the SAMs to remain intact during 

deposition. 

CVD on SAMs at lower deposition temperatures has been reported, though the 

results are not ideal. Wohlfart et al. were able to deposit gold from 

methyltrimethylphosphine gold(I) on thiol terminated SAMs.87 The precursor was heated 

to 70 °C under vacuum and exposed to the SAM on gold. The gold formed 

nanoparticles on the surface which, after repeated exposure, coalesced into a rough 

deposition. This occurred exclusively on the thiol terminated SAMs which could be used 

to pattern the gold onto a surface. 

Weckenman et al. reported the deposition of palladium from 

(cyclopentadienyl)(allyl)palladium onto thiol and methyl terminated SAMs.88 First a 

monolayer of palladium was deposited selectively on the thiol terminated SAM without 

any deposition on the methyl terminated SAM. This palladium remained Pd(II) bound to 

the SAM by a Pd-S bond and still bound to the allyl. Upon further exposure Pd(0) was 

deposited unselectively across methyl terminated SAM and on top of the already 

deposited Pd(II). To deposit Pd(0) in a selective manner, another method was devised. 

Trimethylamine alane was deposited selectively on hydroxyl terminated SAMs. The 

palladium precursor was then exposed to this surface and Pd(0) was immediately 

deposited on the aluminum activated surface. 
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In 2008 Lu et al. reported the deposition of aluminum and alumina on hydroxyl, 

carboxyl, and methyl terminated SAMs.89 Under an inert atmosphere, trimethylaluminum 

was found to deposit alumina on all three SAMs. Under ultra-high vacuum (UHV) 

conditions, the alumina was not found on the methyl terminated SAMs, indicating the 

reaction with residual water and oxygen in the reaction vessel as its source. By rinsing 

with organic solvents the alumina could be removed from the methyl terminated SAM. 

Under vacuum the precursor deposited metallic aluminum on the hydroxyl and carboxyl 

terminated SAMs with no deposition on the methyl terminated SAM. These properties 

were then used to pattern aluminum onto a substrate. 

An alternative to the thermal activation is the photoactivation of the precursor. As 

has already been discussed, thermal activation is generally unfavorable for deposition 

on SAMs due to the thermal instability of the SAMs. Photoactivation can occur by two 

different processes. The first method is laser-pyrolytic deposition which involves heating 

the substrate via laser irradiation for the precursor to deposit onto it. This method for 

deposition has been around since the 1970s, at which time CO2 based lasers were 

used for deposition on SiO2.
90 Tsao and Ehlrich reported the deposition of aluminum 

from triisobutylaluminum by using a CO2 laser to heat a quartz substrate.91 

The other process by which deposition can occur is photolytic deposition which is 

preferable for the metallization of SAMs because it offers a lower temperature that is 

less likely to disturb the SAM. Photolysis can occur in the gas phase or after adsorption 

onto the surface.23 Calloway et al. were able to photochemically deposit aluminum from 

trimethylaluminum vapor on quartz, silicon, and sapphire using ultraviolet light to initiate 

the decomposition.92 A mask was used to pattern the aluminum onto the substrate.  
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In 2012 Shi et al. reported the application of this method for deposition of 

aluminum on SAMs.23 First the gold substrate was soaked in a solution of the relevant 

alkanethiol to form the SAMs. The SAMs used were methyl, hydroxyl, and carboxyl 

terminated. After the SAMs were formed, trimethylaluminum vapor was introduced into 

the chamber with and without UV light. It was discovered that the samples that had 

been exposed to UV light contained approximately twice the amount of aluminum on the 

hydroxyl and carboxyl terminated SAMs. No aluminum was deposited on the methyl 

terminated SAMs with or without radiation. The UV light was introduced parallel to the 

surface to limit the interactions with the SAM. To determine if the SAM was disturbed 

during the deposition, a control experiment was run without the trimethylaluminum 

present. Based on time-of-flight secondary-ion-mass-spectrometry (TOF SIMS) 

approximately 1% of the hydroxyl and carboxyl terminal groups were photooxidized, 

while 4% of the methyl terminal groups underwent photooxidation. 

Next Shi et al. implemented a process to pattern the aluminum deposition by 

combining methyl and carboxyl terminated SAMs on the surface. First the carboxyl 

terminated SAM was applied to the surface. Next, a mask was used to cover part of it 

before exposing it to direct UV light to photooxidize the uncovered SAM. The mask was 

removed and the substrate exposed to a solution of hexadecanethiol to form the methyl 

terminated SAM. Then PACVD was used to deposit aluminum on the SAMs. Deposition 

occurred selectively on the carboxyl terminated SAMs (Figure 3-4). 
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Figure 3-4.  TOF SIMS of patterned SAMs after PACVD. Detection of Al+, AlO-, and 
Au2HDT- recorded.23 

This is a promising new technique of placing metal contacts on SAMs that needs 

to be better understood. New precursors need to be studied to gain a better 

understanding of the mechanism of deposition as well as to expand the metals available 

to deposit in this manner. The properties required for these precursors are as follows: 

1. Volatile 
2. Ligands are labile to: 

i) Protic surfaces and/or 
ii) UV light 

Design 

Conventional CVD precursors have generally been used for the current research 

application. Shi et al., using similar conditions as employed here for PACVD used 

trimethylaluminum (TMA) which is a simple, volatile, commercially available, 

organometallic precursor that is used for conventional CVD. 23 To gain a better 

understanding of the reactivity, and to help design new precursors, less common 

precursors must be tried to determine which ligands are appropriate and which are not.  

Compounds 3-1 and 3-2 have been proposed to have the desired properties 

(Figure 3-5). Compound 3-1 contains the methyl ligand that proved successful in the 

aluminum compound because it could be lost via reaction with the protic surface or UV 
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light. It also contains carbonyl ligands that have a quantum yield of 0.4 for their 

photolability.93 It also contains the cyclopentadienyl ligand (Cp), a common ligand in the 

CVD literature. This experiment was designed to determine if Cp could be labilized by a 

mild thermal secondary reaction. This complex, as discussed in Chapter 2, is volatile, a 

necessary feature for this technique. 

Compound 3-2 is similar, but contains some key differences. Rather than a Cp, 

an allyl ligand is chosen. This ligand will give a good model to determine if η3 organic 

ligands are appropriate for PACVD precursors. The cyclopentadienyl ligand is known to 

be lost upon ligand association via shift from η5 to η3 to κ1 and then to labilize. An 

example of this was reported by Casey and O’Connor, in which the loss of Cp from a 

rhenium complex was achieved by adding excess phosphine ligand and heating (Figure 

3-6).94 The allyl ligand will therefore give a good model to help determine the process of 

Cp loss in this system. 

Compound 3-2 contains carbonyl and halide ligands. The carbonyl has a 

reported quantum yield of 0.7 for its loss, somewhat higher than for 3-1.95 The halide 

has not been tested under these conditions and thus will provide new information 

regarding appropriate ligands and complexes. It could be removed by the protic surface, 

but it is unclear if the surface will be acidic enough to do that. There is no reported 

sublimation temperature in the literature on this complex; this will need to be tested and 

evaluated.  

 

Figure 3-5.  Proposed precursors for PACVD on SAMs. 
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Figure 3-6.  The mechanism of loss of Cp as reported by Casey and O’Connor.94 

Synthesis of Organometallic Precursors for PACVD on SAMs 

Compound 3-1 was synthesized as reported in Chapter 2 (referred to there as 2-

2) and shown in Figure 3-7. This compound was then used as reported below. 

 
Figure 3-7.  Synthesis of volatile compound 3-1. 
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Compound 3-2 was synthesized using a modified literature procedure (Figure 3-

8).96 The reported procedure did not specify the precise amount of time required to form 

3-2; this was discovered to be a crucial detail. Upon refluxing triruthenium 

dodecacarbonyl with allyl bromide in isooctane, several color changes were observed. 

The reaction mixture started as an orange solution with solid triruthenium 

dodecacarbonyl on the bottom. As the solution was heated, the color changed to a deep 

red/orange color as the triruthenium dodecacarbonyl dissolved and then slowly changed 

to a bright yellow color. If the solution was left refluxing a dull yellow solid would form. 

This solid was found to be insoluble in nearly all solvents and it was never 

characterized. However, if the reflux was stopped at the bright yellow solution, the 

desired product was obtained. The average time for this to occur was 20 minutes. The 

solution was removed under vacuum and the resulting yellow solid was sublimed at 

reduced pressure to form a white solid. Although the literature reported the color of the 

product as yellow, all other spectroscopic data fit with the data in the literature. It was 

concluded that there was a minor impurity in the compound prepared by Sbrana et al. 

that led to the yellow color.96  

 

Figure 3-8.  The synthesis of compound 3-2. 

Next, it was attempted to replace the bromide with a methyl group to form a 

closer analogue to 3-1 (Figure 3-9). Multiple reagents were tested including: methyl 

lithium, methyl magnesium bromide, methyl magnesium iodide, methyl boronic acid, 

and trimethyl aluminum. In all cases the desired product, 3-5, was not obtained. The 
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color of the solution generally changed to a dark brown/black color. This could be 

caused by nucleophilic attack on the allyl group, or by reductive elimination.97,98 

 
Figure 3-9.  Attempted replacement of bromide on 3-2 to form compound 3-5. 

To determine if this was the case, compound 3-6, which has two important 

properties, was synthesized (Figure 3-10). First, the allyl group of 3-6 is larger, making 

the product of attack or elimination a liquid rather than a gas which can be detected via 

1H NMR studies. Second, the allyl is asymmetric and if the reductive elimination favors 

primary over secondary a compound could be designed with only secondary positions 

available in which the bromide could be replaced without affecting the allyl group. If 

reductive elimination occurs from the secondary κ1-allyl, then compound 3-7 is 

produced, while compound 3-8 is produced if reductive elimination occurs from the 

primary κ1-allyl (Figure 3-11). 1H NMR studies of 3-6 reacting with methyl lithium 

revealed the presence of 3-8 without the presence of 3-7.  

 
Figure 3-10.  Synthesis of compound 3-6. 
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Figure 3-11.  Possible reductive elimination products from 3-6. 

Due to these results, it was hypothesized that a compound containing only 

secondary allylic positions would create a more stable complex. The ligand was 

synthesized using a literature procedure (Figure 3-12). First, crotonaldehyde was 

reacted with methyl lithium to form the alcohol 3-10.99 The hydroxyl was replaced with a 

bromide by reaction with phosphorus tribromide to form 3-11.100 This was then reacted 

with triruthenium dodecacarbonyl, but rather than form 3-12, the compound appeared to 

decompose, most likely due to the added steric bulk surrounding the ligand. 

 
Figure 3-12.  Attempted synthesis of compound 3-12. 
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Application of Volatile Ruthenium Compounds for PACVD on SAMs 

After testing the volatility of compound 3-1, as reported in Chapter 2, the complex 

was used to deposit ruthenium on SAMs (Figure 3-13). The precursor was placed in a 

vial attached to the dosing chamber via a vacuum line. The SAMs were formed on a 

gold substrate and placed in the dosing chamber. The dosing chamber was exposed to 

UV light while the precursor was heated by a water bath to 40 °C. The SAMs used were 

16-mercaptohexadecanoic acid (MHA) and 16-mercaptohexadecanol (MHL). 

 
Figure 3-13.  The experimental set-up for the deposition of the ruthenium precursor. 

The clean SAMs were characterized by XPS (Figure 3-14) before exposing the 

MHA to the ruthenium precursor. This was done by heating the precursor to 40 °C and 

exposing to a reduced pressure of 10-4 Torr. The resulting gas was exposed to the SAM 

on gold for five minutes before recharacterizing the surface using XPS (Figure 3-15). 

The gold showed no change, indicating the lack of interaction with the gold substrate, 

while the carbon peaks shifted slightly, showing the SAM’s interaction with the 



 

77 

ruthenium. The ruthenium 3d and 3p peaks were present indicating that the ruthenium 

is deposited on the SAMs and not penetrating through to the substrate. 

 

Figure 3-14.  XPS of bare MHA SAM: a) gold 4f, b) carbon 1s and ruthenium 3d, c) 
oxygen 1s, and d) ruthenium 3p. 

Based on the binding energies, it appears that ruthenium(0) (BE = 280.7eV) is 

not present.101 The other issue to be determined is if the ruthenium is actually bound to 

the surface or if it is simply resting on it. The surface was then rinsed with water and 

ethanol consecutively and XPS was retaken (Figure 3-16) which showed ruthenium still 

present which indicates that the ruthenium is bound to the SAM.  
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Figure 3-15.  XPS of MHA after dosing with compound 3-1: a) gold 4f, b) carbon 1s, c) 

ruthenium 3d, and d) ruthenium 3p regions. Binding energy: Ru 3d5/2: 282.4 
eV; Ru 3p3/2: 464.2 eV. 

 

Figure 3-16.  XPS of MHA after dosing with 3-1 and rinsing with water and ethanol.  
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Next, the same procedure was carried out on a MHL SAM on gold substrate. The 

clean SAM was characterized by XPS (Figure 3-17) before the MHL was exposed to the 

ruthenium precursor using the same conditions as for the MHA. The surface was then 

recharacterized using XPS (Figure 3-18), showing similar results to the MHA. The 

ruthenium deposited on the SAM without showing interaction with the gold substrate, 

indicating a lack of penetration. 

 

Figure 3-17.  XPS of clean MHL SAM on gold substrate: a) gold 4f, b) carbon 1s, c) 
oxygen 1s, and d) ruthenium 3p regions. 

Based on the binding energies, it appears that, just as with the carboxyl 

terminated SAMs, it is not ruthenium(0) (BE = 280.7 eV) present.101 The ruthenium on 

MHL has essentially the same binding energy of ruthenium on MHA SAMs. The surface 

was then rinsed with water and ethanol consecutively and XPS was taken (Figure 3-19) 

to determine if the ruthenium was bound or simply resting on the SAM. There is still 
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clearly ruthenium present, the amount appears to have decreased, as was the case with 

MHA. 

 

Figure 3-18.  XPS of MHL SAM after dosing with ruthenium precursor for 5 minutes: a) 
gold 4f, b) carbon 1s, c) ruthenium 3d, and d) ruthenium 3p regions. Binding 
energy: Ru 3d5/2: 282.4 eV; Ru 3p3/2: 464.1 eV. 

 
Figure 3-19.  XPS of MHL SAM after dosing by ruthenium precursor and rinsing with 

ethanol and water: a) gold 4f, b) carbon 1s, c) ruthenium 3d, and d) ruthenium 
3p regions. 
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Figure 3-20.  SIMS of ruthenium precursor dosed on MHA: a) ruthenium ion region and 

b) ruthenium cyclopentadienyl ion region. 

Secondary ion mass spectrometry (SIMS) was performed on clean, dosed, and 

rinsed MHA (Figure 3-20), showing evidence of ruthenium ions and organoruthenium 

ions in the rinsed SAMs (Table 3-1). The most prominent peaks corresponded to the 

ruthenium cyclopentadienyl fragment. This fragment, along with others containing this 

fragment, show that cyclopentadienyl ligand forms very strong bonds that are not easily 

broken. These are similar results to what was obtained in Chapter 2. The hydroxyl 

terminated SAM, HML, showed very similar results (Figure 3-21). 
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Table 3-1.  m/z values for ruthenium containing ions from SIMS of 3-1 on MHA. 

Mass Peaks (amu) Possible Ruthenium Compounds 

128, 130, 127, 126, 125, 122 C2H2Ru+ 
141, 143, 140, 139, 138, 135 C3H3Ru+ 
154, 156, 153, 152, 151, 148 C4H4Ru+ 
167, 169, 166, 165, 164, 161 C5H5Ru+ 
180, 182, 179, 178, 177, 176 C6H6Ru+ 
195, 197, 194, 193, 192, 189 C5H5CORu+ 
199, 201, 198, 197, 196, 193 C5H5O2Ru+ 
232, 234, 231, 230, 229, 226 C10H10Ru+ 

 
Figure 3-21.  SIMS of 3-1 dosed on MHL: a) ruthenium ions and b) ruthenium 

cyclopentadienyl ions. 
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Figure 3-22.  XPS of 3-2 deposited on MHA (carboxyl terminated) SAM. High resolution 

XPS of a) carbon 1s and ruthenium 3d and b) ruthenium 3p regions.  

Next, compound 3-2 was dosed to SAMs using a method similar to the one used 

for 3-1. The compound was exposed to the MHA SAM for 32 minutes by reducing the 
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pressure to 4.5 x 10-4 Torr and heating the sample to 90 °C. The sample was irradiated 

with a 30 W D2 arc lamp. Compound 3-2 required higher temperatures and more time 

than 3-1, most likely due to the lower vapor pressure. The surface was then 

characterized by XPS (Figure 3-22). The carbon 1s binding energies increased, 

showing interaction of the metal/precursor with the SAM. The ruthenium 3d peak was 

present, indicating the presence of a ruthenium species. Its binding energy was 281.5 

eV, which indicates that the ruthenium is still oxidized. The ruthenium 3p peak, 

however, could not be distinguished from noise.  

Time-of-flight secondary ion mass spectrometry (TOF SIMS) of the surface 

clearly indicated the presence of ruthenium and ruthenium containing species (Figure 3-

23). The allyl is still present in the deposit, indicating incomplete decomposition. 

The same procedure was employed for the MHL and HDT SAMs; however little 

to no ruthenium containing species were deposited. The XPS showed no sign of 

ruthenium 3d or 3p (Figure 3-24). This was expected from the HDT SAMs; however the 

lack of deposition on MHL was a surprising result. This shows a clear distinction 

between the reactivity of 3-1 and 3-2.  
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Figure 3-23.  TOF SIMS of 3-2 deposited on MHA: a) ruthenium ion region and b) 

ruthenium allyl ion region. 
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Figure 3-24.  XPS of 3-2 deposited on a) MHL and b) HDT. 

In contrast, bromide was observed on all three SAMs, as indicated by TOF SIMS 

(Figure 3-25). The peaks were larger and more intense for the carboxyl terminated SAM 

than for the methyl or hydroxyl terminated SAMs.  
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Figure 3-25.  TOF SIMS of the bromide region of 3-2 deposited on a) MHA and b) MHL. 

Summary of Results from PACVD on SAMs 

These results provide an interesting insight into the reactivity of precursors for 

PACVD on SAMs. Compound 3-1 demonstrates that the methyl group is easily 

removable, either due to the UV radiation or more likely the protic surface. This shows 
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that methyl groups, and possibly other alkyls, are suitable ligands for PACVD on SAMs. 

The carbonyl ligands were easily removed, most likely due to the UV radiation, showing 

them to be ideal ligands for this purpose. Although the observation of Ru+ ions were 

evidence of some Cp loss, the Cp ligand was largely unaffected by the reaction, 

showing this ligand is not suitable for PACVD.  

While it is clear that η5 organic ligands are not appropriate for PACVD, η1 organic 

ligands, such as methyl, have shown to be useful. The associative ligand induced loss 

of Cp involves ring slip to η3 and then to κ1, and finally loss of ligand. So the question 

remains whether the limiting factor is the η5 to η3 or the η3 to κ1 transition. For this 

reason compound 3-2 was tested to determine the reactivity of the allyl ligand. 

The results from 3-2 showed that the allyl does not leave under these conditions. 

The results also showed a different reactivity with the SAMs than seen with 3-1. 

Compound 3-2 only deposited material on carboxyl terminated SAMs while 3-1 

deposited material on carboxyl and hydroxyl terminated SAMs. This change in reactivity 

is likely due to the bromide rather than the allyl (Figure 3-26). In both cases the carbonyl 

is lost via irradiation, and the ruthenium binds to the SAM using the now open 

coordination site. For 3-1 the methyl is removed presumably via the acidic hydroxyl or 

carboxyl groups. For 3-2 the bromide will be harder to remove via acid and likely only 

the carboxylic acid is strong enough to remove it. Synthesis of a methyl derivative of 3-2 

would help determine if it was in fact the bromide causing the change in reactivity. 
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Figure 3-26.  Proposed mechanism for PACVD of 3-1. 
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CHAPTER 4 
DESIGN, SYNTHESIS, AND APPLICATION OF ORGANOMETALLIC PRECURSORS 

FOR ELECTRON BEAM INDUCED DEPOSITION3 

Electron Beam Induced Deposition 

Electron beam induced deposition (EBID) is a deposition technique in which an 

electron beam is passed through a precursor in the gas phase to deposit metal on a 

substrate.24 First the precursor is adsorbed onto the surface of the substrate. When the 

molecules are irradiated by the electron beam, the precursor breaks apart into volatile 

and non-volatile components. The volatile compounds are removed while the non-

volatile compounds adhere to the surface. Ideally this deposition only occurs in the 

immediate area surrounding the electron beam. It is generally performed in electron 

microscopes, making the observation of the patterned deposit uncomplicated.  

This lithographic technique was first reported in 1934 by Steward as an 

unwanted growth from contamination gases in the system.102 Steward concluded that 

these deposits were a “very insidious and prevalent source of error.” Very little work was 

done on this for the next 25 years. It wasn’t until the early 1960s that researchers began 

to see this technique as anything other than “insidious.” Christy found that an insulating 

film could be deposited by electron bombardment in the presence of silicon oil vapor.103 

Shortly afterward Baker and Morris reported the deposition of metallic films via electron 

impact in the presence of organometallic complexes containing tin and lead.104 This field 

has been growing steadily ever since, with a surge of developments in the late 1980s.  

                                            
3
 Surface science performed by Julie Spencer under supervision of Howard Fairbrother at Johns Hopkins 

University. Gas-phase studies conducted by Rachel Thorman under supervision of Oddur Ingólfsson at 
Iceland University. 
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This technique is very useful for two industrial applications: mask repair25 and 

circuit edit.105 Photomasks are used extensively in the microelectronics industry to 

transfer a pattern to the substrate. These masks can be damaged in use or in 

production and EBID has proven to be a useful technique in repairing the damages. 

Circuits are fabricated in large quantities and sometimes errors can be included in the 

fabrication. EBID allows the individual edit of circuits to repair or change them as 

needed. There has also been academic interest in its use for the following: diodes,106 

photonic crystals,107 probes,108 electron sources,109 conducting wires,110 micro 

superconducting quantum interference devices,111 nanotweezers,112 seeds for nanotube 

growth,113 and conducting or nonconducting joining technique.114,115  

One of the major problems still associated with EBID is the composition of the 

deposit. Ideally the metal would be 100% of the deposit, yet in many cases it is less 

than 20%. The composition can be affected by current density, electron energy, scan 

pattern, writing direction, extra irradiation, annealing, gas pressure, reactive gases, and 

precursor identity.24 Each of these factors will be examined in turn, in the context of the 

precursor.  

Current Density 

The metal content of the deposit of has been demonstrated to increase with 

increasing current density. Koops has shown that using Me2Au(tfac), Mo(CO)6, and 

CpPtMe3 with an increased beam current increases metal content.116 However, the gold 

compound was the only one that was found to be very effective. The percentage of 

molybdenum increased yet still stayed below 10%. The platinum content increased as 

well, yet stayed below 15%.  
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It has been hypothesized that this effect is due to two parallel processes, one 

due to charge and the other due to heating of the substrate.24 With a higher current 

density, the time during which the deposit is exposed to charge decreases. This leads to 

a shift from an electron limited regime to a precursor limited regime. As the higher 

charge flux is hitting the precursor over a shorter time, more of the volatile components 

are desorbed from the surface leaving a higher concentration of the non-volatile 

components (including the metal). The other process involves electron beam induced 

heating. A higher temperature can also help the desorption of the volatile components. 

This raises the percentage of the non-volatile components, which include the metal.  

Electron Energy 

The literature contains conflicting reports on the effect of electron energy on 

composition of the deposits. According to Weber, the metal content increases with 

decreased electron energy.117 This result was found for Me2Au(tfac), Me2Au(hfac), 

Me2Au(acac), and Mo(CO)6, most likely as a result of longer exposure to accumulated 

charge.24 The effect was postulated to result from a larger number of secondary 

electrons due to the lower energy of the primary electrons. Not all researchers have 

found the same correlation. Hoyle fabricated 50 nm thick film deposits from W(CO)6 that 

showed no difference in composition with different electron energies.118 Cicoria reported 

the deposition of rectangles from (RhCl(PF3)2)2 to have no correlation with the electron 

energy.119  

Scan Pattern 

In some cases the scan pattern can have an effect on the composition of the 

deposit. Utke et al. patterned (hfac)Cu(VMTS) onto a copper surface in vacuum.120 Self-

standing horizontal rods were formed with all of the precursor elements present. On the 
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end of one of the self-standing rods, a vertical tip was grown. The tip and surrounding 

area was composed mostly of Cu, with F, O, and Si not detected and the C content 

greatly reduced. This was due to longer time under the beam for the tip than the thin 

rods. This causes a greater heat transfer from the beam, thus reaching higher 

temperatures which are more likely to decompose the precursor into volatile and non-

volatile components. However, Cicoria119 found no correlation between scan pattern 

and composition for the previously discussed rhodium rectangle deposits. 

Writing Direction 

The position of the gas nozzle can have an effect on the composition of the 

deposit. Utke et al. found that when depositing a tip from Co2(CO)8, a cobalt free area 

was found directly in front of the gas nozzle.121 This effect was due to the cooling by the 

precursor gas. As the deposit cools it is less likely to desorb the volatile components, 

leaving a lower percentage of metal in that area. 

Post-Deposition Processing 

Another class of methods to change the composition of the deposit is to treat the 

material after it has been deposited. These post-deposition processes are of three 

general categories: annealing, extra irradiation, and extra irradiation while exposed to a 

reactive gas. 

Extra Irradiation 

For Fe3(CO)12 deposits, it was found that upon extra irradiation, the conductivity 

increases greatly.122 With W(CO)6, the effect was similar: there was a 20-fold decrease 

in resistivity.118 A free standing wire of 10 nm width was grown from tetraethyl 

orthosilicate,123 and then exposed to extra irradiation. The silicon content increased, 

while the wire narrowed to 1 nm thickness and finally broke. This is an unwanted side 
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effect that would have to be compensated for by forming larger deposits prior to the post 

deposition process.  

Extra irradiation improves the composition for the same reason that a higher 

current density gives improved composition.24 The extra irradiation can cause further 

decomposition of the precursor as well as the formation of new volatile components 

from residual gas in the background. An additional effect is due to the electron beam 

induced heating, as discussed above.  

Extra Irradiation with Reactive Gas 

Another post-deposition process that can improve the composition of the deposit 

involves further electron beam irradiation while exposing the deposit to a reactive gas. 

Noh et al. report the deposition of ruthenium from bis(ethylcyclopentadienyl)-

ruthenium(II).29 The initial deposit was found to have 9 carbon atoms per ruthenium 

atom. This was then exposed to an electron beam and oxygen gas to convert the 

deposited carbon into carbon dioxide (Figure 4-1). The carbon was removed, however 

the remaining ruthenium was found to be ruthenium(II) oxide rather than pure ruthenium 

metal. The deposit was also found by scanning electron micrographs to be porous if the 

processing occurred at a higher temperature. 
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Figure 4-1.  Treatment of ruthenium carbide deposition with electron beam and oxygen 

gas. Adapted from Figure 2 of Reference 29. 

Annealing 

Annealing, the process of heating the deposit after deposition, can lead to 

improved composition. Fe(CO)5 was used to deposit amorphous freestanding rods, 

which were annealed at 600 °C, after which the carbon and oxygen were barely 

detected while the shape remained largely unchanged.124 In some cases, the deposit is 

known to incorporate some of the substrate, which increases levels of contaminants.125 

It has also been known to completely destroy some nanostructures. When a pattern of 

platinum dots of a few nanometers in diameter was annealed at 800 °C, the pattern was 

deformed.24 
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Reactive Gases 

Addition of another gas to the precursor during deposition can convert non-

volatile contaminants into volatile components and thus improve the percentage of the 

desired component (usually the metal) in the deposit. Matsui and Mori were able to 

improve the tungsten percentage from 95% to 100% by including H2 along with the 

WCl6 precursor.126 Folch et al. reported deposition of gold from Me2Au(hfac), yielding a 

deposit of 2-3% gold.127 When 130 mTorr of Me2Au(hfac) was combined with 3 Torr of 

water, gold content increased to 20%. When 2 Torr of oxygen and 8 Torr of argon were 

added, the percentage of Au went up to 50%. It was hypothesized that the water and 

oxygen are ionized by the beam and react with the carbon to form CO and CO2. 

The inclusion of oxygen or other reactive gases sometimes has no effect. Wang 

et al. deposited platinum from Pt(PF3)4 with and without oxygen present.128 The oxygen 

had a negligible effect, increasing the platinum from 17% to 22%. Tseng found that 

mixing water with Me3PtCp had no effect on the composition of the deposit.129  

Precursor Identity 

The precursor identity is the most important factor determining the composition of 

the deposit. Nearly all of the precursors used for EBID are commercially available 

(Table 4-1). van Dorp and Hagen reported the ten most popular precursors used in 

EBID up to 2008.24 The most common metal-containing precursors are W(CO)6, 

Fe(CO)5, and CpPtMe3. The only purely inorganic precursor in the top ten is WF6. All of 

these are known from the CVD literature and many are commercially available. 
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Table 4-1.  Commonly used EBID precursors. Adapted from Table 1 on pages 30-31 of 
Reference 130. 

Deposit Precursor Formula Vapor 
Pressure at 
Room 
Temperature 

Commercially 
Available 

Reference 

Al AlCl3  Yes 130 
 Al(CH3)3  Yes 130 
Au AuCl3  Yes 130 
 Me2Au(hfac) 700 mTorr Yes 130 
 Me2Au(acac) 8 mTorr Yes 130 
 Me2Au(tfac) 40 mTorr Yes 130 
 PF3AuCl  No 130 
 (CO)AuCl  Yes 131 
C C8H8 10-25 Torr Yes 130 
 C12H26 to C18H38  Yes 130 
 C16H10  Yes 130 
 C3H4O2  Yes 130 
 C3H6O2  Yes 130 
 C2H4O2  Yes 130 
 CH2O2  Yes 130 
 C8H8  Yes 130 
 C2H4  Yes 130 
Co Co2(CO)8  Yes 130 
 Co(CO)3NO  Yes 132 
Cr Cr(CO)6 10 Torr Yes 130 
Cu Cu(hfac)2 0.004 mbar Yes 130 
 Cu(hfac)(VTMS) 420 Torr Yes 130 
 Cu(hfac)(MHY) 0.2 mbar No 130 
 Cu(hfac)(DMB) 1.3 mbar No 130 
Fe Fe(CO)5 3 Torr Yes 130 
 Fe(C5H5)2  Yes 130 
Ga Ga(CH3)/AsH3  Yes 130 
 D2GaN3  No 130 
Mo Mo(CO)6 78 mTorr Yes 130 
Ni Ni(CO)4 10 Torr Yes 130 
 Ni(C5H5)2 17 mTorr Yes 130 
Os Os3(CO)12  Yes 130 
Pd Pd(OOCCH3)2  Yes 130 
 Pd(C3H5)(C5H5)  No 130 
Pt CpPtMe3 54 mTorr Yes 130 
 (MeCp)PtMe3 54 mTorr Yes 130 
 Pt(PF3)4  No 130 
Re Re2(CO)10  Yes 130 
Rh [RhCl(PF3)2]2 55 mTorr No 130 
 [RhCl(CO)2]2 0.25 Pa Yes 130 
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Table 4-1.  Continued 

Deposit Precursor Formula Vapor 
Pressure at 
Room 
Temperature 

Commercially 
Available 

Reference 

Ru Ru3(CO)12  Yes 130 
 Ru(CH3CH2C5H4)2  Yes 29 
Si SiH2Cl2  Yes 130 
SiO2 Si(C2H5O)4 1.5 Torr Yes 130 
SiOx Si(OCH3)4 420 Torr Yes 130 
W W(CO)6 17 mTorr Yes 130 
 WF6  Yes 130 
 WCl6  Yes 130 

 
A precursor for EBID needs the following properties:24,133 

1. Volatile at room temperature 
2. Evaporates completely without leaving residue 
3. Decomposes in a fast, clean, and selective manner 
4. Stable to vacuum 
5. Stable during storage and supply 
6. Stable to small concentrations of water and air 
7. Non-toxic 
8. Inexpensive 
 

No currently used precursor fits all of these requirements. W(CO)6 and PtCpMe3 

give deposits that are frequently around 10% metal.24 The commonly used inorganic 

precursor, WF6, is stable and deposits 80%-100% metal, but is highly corrosive.134 The 

precursors AuCl(PF3) and D2GaN3 yield pure deposits and do not corrode the 

equipment, yet are highly unstable and can be hazardous.24 Both AuCl3 and AlCl3 are 

known to form rods that contain only the carbon and silicon substrate.135  

The vast majority of the precursors used for EBID are commercially available. 

Synthesis of novel complexes could expand the range of precursors and potentially 

develop precursors that are ideal for EBID. But, very little work has been done to 

determine what type of precursor is most favorable. A few studies regarding the 
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mechanism of decomposition have been done that can help guide the design of future 

precursors.  

 Luiser et al. reported a comparative study on four copper precursors: Cu(hfac)2, 

(hfac)Cu(MHY), (hfac)Cu(VTMS), and (hfac)Cu(DMB).136 Cu(hfac)2 and (hfac)Cu(MHY) 

both formed deposits of 13%-14% copper and 75%-80% carbon. For (hfac)Cu(VTMS) 

and (hfac)Cu(DMB), the copper content was 15%-20%, while the carbon content was 

60%-70%. None of the deposits showed the presence of fluorine. This shows that the 

deposit composition is not entirely dependent on the stoichiometry of the precursor and 

that fluoride is not generally incorporated into deposits. 

The current models, relying largely on CVD, are inadequate to understand and 

predict the decomposition under EBID. Density functional theory calculations showed 

the most favorable pathway for the thermal decomposition of (RhCl(PF3)2)2 involves the 

loss of the PF3 ligands.137 However, when the precursor was deposited it was found to 

have 60% rhodium, 12%-25% phosphorus, 2%-13% chlorine, 3%-20% oxygen and 

nitrogen, and no fluorine. If all PF3 is lost as the intact ligand, there should be either no 

phosphorus or both phosphorus and fluorine present in the deposit if the ligand 

remained. The e- beam induced decomposition must break the P-F bond prior to 

breaking at least some of the Rh-P bonds. Similar results were obtained with 

(RhCl(CO)2)2 with carbon being deposited but not oxygen.119 This indicates the breaking 

of the carbon-oxygen bond during decomposition. 

Fairbrother et al. have done more extensive research on the decomposition of 

carbonyl containing complexes using Co(CO)3NO as a model.132 The first step involved 

the ejection of one or more carbonyls and the cleavage of the nitrogen-oxygen triple 
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bond. This left the partially decarbonylated cobalt intermediate that contained some 

nitride. If the temperature is low, further decomposition leads to a carbon-containing 

deposit. If the temperature is high, thermal desorption of carbonyl happens prior to the 

decomposition, lowering the carbon content and thus raising the cobalt percentage. 

Another study compared the composition of deposits from Me2Au(acac), 

Me2Au(tfac), and Me2Au(hfac).117 The composition of the deposit for all precursors was 

10% Au, 20% O, and 70% C. No fluorine was found in any of the deposits. This again 

shows that the deposit composition is not dependent on the stoichiometric composition 

of the precursor.24 The decomposition in the presence of the electron beam does not 

necessarily follow the thermal decomposition pathway. More work is needed to 

understand the decomposition under these conditions.  

According to van Dorp and Hagen24 “the main factor limiting the application of 

beam induced deposition in devices is the lack of control over the composition of the 

deposits.” This problem is currently being treated as an engineering problem, by 

adjusting the beam parameters and post processing the deposit. “The choice of 

precursor is mostly determined by the fact whether it is used often and whether it is 

readily available. Nearly all of the precursors used for deposition stem from the CVD 

world and there has been hardly any search for precursors dedicated to FEBIP.” 

Design of Precursors for Electron Beam Induced Deposition 

The field of EBID has proven very useful, but still has some factors that are 

limiting its use; the primary factor is the amount of organic contamination in the 

deposition. One commonly used precursor is Me2Au(acac), which generally yields <20% 

gold in the deposit.138 The other >80% usually is composed of carbon and oxygen. The 

problem with this high level of contamination is the resulting deposition has an 
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increased resistivity. Platinum wires deposited from MeCpPtMe3 by EBID generally 

have a resistivity greater than 2Ω cm, which greatly limits their use for nanoelectrodes 

or nanowires.26,139 

 The primary reason for the residual organic contamination is the use of 

organometallic precursors designed for CVD, which is not a good model because the 

deposition pathway is likely much different.26 There has been a limited amount of work 

on designing precursors specifically for EBID. In one experiment, 

chloro(trifluorophosphine)gold(I) was designed and used to deposit gold on carbon 

nanotubes, which afforded pure gold deposition.140 However this precursor was 

unstable with a shelf life of only a few days, making this an unsuitable precursor for 

industrial application. Nevertheless this result shows that precursors designed for the 

purpose of EBID can be effective and that more work is required in this field. 

In a typical EBID experiment a gas nozzle directs the precursor to the surface, 

where a focused electron beam induces deposition (Figure 4-2). Fairbrother is using a 

surface science approach to gain a better understanding of the reaction mechanism, by 

allowing more characterization techniques to be used (Figure 4-3). 

 
Figure 4-2.  The typical EBID experiment. Graphic prepared by Fairbrother and used 

with permission. 
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In Fairbrother’s experiments a thin film of precursor is deposited on the cooled 

substrate in UHV. The precursor is then irradiated with a broad electron beam to induce 

deposition. The reaction and deposit can then be analyzed by XPS, RAIRS (reflection 

absorption infrared spectroscopy), and mass spectrometry. This technique allows an in-

depth look at the process as it is occurring. 

 
Figure 4-3.  The surface science approach to understanding the EBID decomposition 

pathway. Graphic prepared by Fairbrother and used with permission. 

This method has been used to determine the decomposition pathway of the very 

common precursor, trimethyl(methylcyclopentadienyl)platinum(IV) (4-2), used for 

making nanostructures and nanowires.141 Compound 4-2 is used frequently in CVD 

where pure platinum metal is deposited. When 4-2 is used for EBID, less than 20% of 

the deposition is platinum, with the remainder largely being carbon.26 

Compound 4-2 was adsorbed onto a gold surface in a study conducted by 

Fairbrother et al..32 XPS was conducted before and after the electron beam irradiation. 

Upon irradiation, the carbon content was lowered to 89%, with platinum making up the 

other 11%. The change corresponds to a loss of exactly one carbon atom for every 

precursor molecule (Figure 4-4). This correlates well with the results from mass 
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spectrometry that show the evolution of methane upon electron irradiation (Figure 4-5). 

Essentially the same results were observed for CpPtMe3, showing that the carbon lost is 

most likely one attached directly to the platinum. 

 
Figure 4-4.  The carbon:platinum ratio of MeCpPtMe3 deposited by EBID as a function 

of electron radiation determined by XPS. 

 
Figure 4-5.  Mass spectrometry results from a) gas phase compound 4-2, b) irradiated 

with electron beam, c) on the surface being radiated with electron beam, and 
d) reference spectrum of methane.  
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These data indicate that one methyl group is lost, while the cyclopentadienyl 

ligand and the other methyl groups are trapped and the carbon is deposited along with 

the platinum. This shows that, at least in some cases, the methyl ligand can be an 

acceptable ligand for EBID. The cyclopentadienyl ligand, however, is not useful for 

EBID. 

Under standard laboratory conditions in solution, the cyclopentadienyl ligand is 

known to be lost via shift from η5 to η3 to κ1 and then to labilize upon addition of ligand. 

An example of this was reported by Casey and O’Connor in which Cp was removed 

from a rhenium complex by adding excess phosphine ligand and heating (Figure 4-6).94 

 
Figure 4-6.  The mechanism of loss of Cp as reported by Casey and O’Connor.94 

The question remains which step is limiting the process in EBID. Is it the η5 to η3 

transition or the η3 to κ1 transition that stops the reaction from occurring under these 
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conditions? A very close model of the η3 form of Cp is the η3-allyl ligand. Allyl has been 

chosen as the ligand of choice to further understand the decomposition mechanism of 

EBID. 

For this experiment to be effective, the other ligands would ideally be ligands with 

known reactivity in EBID. In 2013, Fairbrother used the surface science approach to 

determine the reactivity of tungsten hexacarbonyl in EBID.31 It was determined by mass 

spectrometry that upon electron beam irradiation carbonyls were lost (Figure 4-7). 

However, upon completion, the deposit was found to contain carbon and oxygen. This 

shows that some carbonyls are ejected, but some still remain on the surface. Upon 

analysis, it was determined that 2.0-2.6 equivalents of carbonyl were ejected per 

tungsten atom (Figure 4-8). This shows that, at least for this complex, more than two or 

three carbonyls can prove problematic. Therefore, the designed precursor should have 

three or less carbonyls present. 

 
Figure 4-7.  Mass spectrum of volatile species from electron beam irradiation of 

tungsten hexacarbonyl. 
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Figure 4-8.  Effect of electron beam on adsorbed tungsten hexacarbonyl. 

Some ligands remain but can be removed in post-deposition processing. In 2011, 

Fairbrother conducted an investigation on the mechanism of deposition from 

tetrakis(trifluorophosphine)platinum (4-3).142 Upon electron beam irradiation, one 

phosphine per platinum was lost. However, upon further radiation, the remaining 

phosphines decomposed and the fluoride ions were lost. The final composition of the 

deposit is platinum, phosphorus, and oxygen incorporated from water in the system 

(Figure 4-9). However, when an actual EBID experiment was conducted, it was found 

that no post-deposition processing was needed to remove the fluoride ions, and there 

was no oxygen. This shows that fluoride, and probably other halides, are acceptable 

ligands for the EBID precursors.  

 
Figure 4-9.  The deposition and post-deposition processing of platinum deposits from 4-

3. 

To summarize, an investigation of the decomposition pathway of an allyl metal 

complex could provide useful information on the scope of useful ligands for EBID. Other 

acceptable ligands for this complex include carbonyls and halides. The complex is 

required to be volatile to be delivered to the surface. For this study, compound 4-1 

(Figure 4-10) was proposed. 
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Figure 4-10.  Proposed EBID precursors. 

This complex fits the design parameters: its ligands are allyl, carbonyl and halide. 

There are three carbonyls present, which will need to be tested to determine whether 

there is still carbonyl contamination in the deposit. There is a halide ligand present 

which should be easily removed during deposition or post-deposition processing. The 

volatility of this compound is not reported in the literature and must be tested. The 

halogen can be varied to determine if this causes any effect in the deposition pathway.  

Ruthenium has not been used extensively in EBID experiments, however it does 

have some key applications. A thin layer of ruthenium has been known to shield a 

molybdenum-silicon extreme ultraviolet reflective mirror. This can be useful for extreme-

ultraviolet lithography, which is used for forming >70 nm features on silicon wafers.143 

This mask would be essentially transparent to extreme-ultraviolet, yet would provide 

good mechanical and chemical protection. EBID provides an attractive method of 

repairing this mask.  

Triruthenium dodecacarbonyl has been used for EBID, though no quantitative 

compositional analysis has been conducted.144 In 2014, Noh et al. conducted an EBID 

experiment using bis(ethylcyclopentadienyl)ruthenium(II) as a precursor.29 As expected, 

the resulting deposit had large amounts of carbon contamination, with an average 

composition of RuC9. After extensive treatment with oxygen gas and further electron 

irradiation, the carbon content was removed; however the deposition thickness was 

greater than it should be for pure ruthenium. The XPS thickness was consistent with a 
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RuO2 layer, not the desired layer of pure ruthenium metal. There is clearly considerable 

room for improvement of ruthenium EBID precursors. 

Synthesis of Precursors for Electron Beam Induced Deposition 

Compounds 4-1a through 4-1h (Figure 4-11 and Table 4-2) were synthesized 

using a modified prep from Sbrana et al. as reported in Chapter 3.96 Compounds 4-1b 

through 4-1e were synthesized as reported from the allyl halide and triruthenium 

dodecacarbonyl except sublimation resulted in higher purity (Figure 4-12).  

 
Figure 4-11.  Precursors synthesized for EBID. 

Table 4-2.  Precursors synthesized for EBID and their volatility. 

R1 R2 X Compound Sublimation Temperature 
(°C) 

Sublimation Pressure 
(mTorr) 

H H F 4-1a ND4 ND 
H H Cl 4-1b 27-30 90 
H H Br 4-1c 30-32 80 
H H I 4-1d 28-30 85 
Me H Cl 4-1e 32-35 85 
Me H Br 4-1f 32-35 95 
H Me Cl 4-1g 24 110 
H Me Br 4-1h 25-30 100 

 
Figure 4-12.  Synthesis of compounds 4-1b through 4-1e. 

Compound 4-1a was synthesized by first synthesizing the allyl fluoride from allyl 

bromide and potassium fluoride as reported in the literature (Figure 4-13).145 The allyl 

                                            
4
 ND = not determined 
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fluoride was collected in a pressure flask containing triruthenium dodecacarbonyl under 

liquid nitrogen, before capping and slowly warming to 60 °C to react for 6 hours. The 

reaction afforded a small amount of the desired product. The reason for the lower yield 

is likely due to the gaseous nature of allyl fluoride as opposed to the liquid allyl chloride, 

bromide, and iodide. This limited the interaction with the ruthenium and thus thermal 

decomposition occurred faster. The product was clearly identifiable by 1H and 13C NMR, 

but the elemental analysis showed significantly higher carbon content than should be 

present. 

 
Figure 4-13.  Synthesis of 4-1a from allyl bromide and triruthenium dodecacarbonyl. 

 
Figure 4-14.  Synthesis of 4-1f. 

Compound 4-1f was synthesized in the same manner as 4-1a-e (Figure 4-14). 

Compound 4-1g was synthesized in a similar manner to form the asymmetric allyl 

(Figure 4-15). Complex 4-1g has been reported in the literature where it was 

synthesized from a butadiene complex and hydrogen chloride (Figure 4-16).146 The 

synthesis reported in this dissertation is superior because it is a one-step synthesis from 

commercially available starting materials.  
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Figure 4-15.  Synthesis of compound 4-1g. 

 
Figure 4-16.  Literature synthesis of 4-1g. 

Compound 4-1h was synthesized from the 1-halo-2-butene as opposed to the 3-

halo-1-butene used in the synthesis of 4-1g (Figure 4-17). This shows that either 

starting material can form the same product. Complex 4-1h showed similar properties to 

4-1g.  

 
Figure 4-17.  Synthesis of compound 4-1h. 

Compounds 4-1b and 4-1c were chosen for the EBID mechanistic studies. These 

complexes sufficiently volatile to be useful while containing fewer carbons than the 

methylallyl derivatives and are thus likely to produce less carbon contamination in the 

deposit. These complexes are representative of the precursors containing other 

halogens and should provide enough information to determine if the identity of the 

halogen is important. If the identity of the halogen does prove important other 

compounds will be tested.  

Surface Science Studies of Precursors 

Compound 4-1c was placed in the dosing vial and exposed to UHV conditions 

(10-9 Torr) while heating slowly to 40 °C. This was then exposed to the surface of highly 
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ordered pyrolytic graphite (HOPG) that had been cooled by liquid nitrogen to -168 °C, 

allowing the precursor to adsorb onto the carbon surface. The mass spectrum was then 

taken of the compound desorbing from the surface (Figure 4-18), which shows some 

bromide, allyl, carbonyl, and smaller fragments.  

The surface was then irradiated with an electron beam (9.36 x 1016 e-/cm2) and 

the mass spectrum was taken of the species volatilized during this process (Figure 4-

19). The major fragment observed is carbonyl. Some of the other fragments (CO2 and 

H2) are attributed to the system. 

The precursor adsorbed onto the surface was analyzed by XPS, showing the 

unreacted precursor. The surface was then irradiated with increasing number of 

electrons (Figure 4-20). The non-irradiated surface showed at least two different forms 

of carbon (carbonyl and HOPG/allyl). The carbonyl peak disappears quickly upon 

irradiation while the other peak remains unchanged. This indicates that the carbonyl is 

ejected upon irradiation while the allyl remains. This agrees with the mass spectrometry, 

which showed carbonyl upon electron beam irradiation but no allyl fragments. However, 

this is not conclusive due to the large presence of carbon in the substrate, making 

detection of carbon deposits difficult.  
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Figure 4-18.  Mass spectrum of gas phase 4-1c. 

 

Figure 4-19.  The mass spectrum of volatilized species from electron beam irradiation of 
4-1c on HOPG surface. 
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Figure 4-20.  XPS data of 4-1c on HOPG with increasing electron irradiation dosage. 

Close-ups of carbon 1s and ruthenium 3d (left), oxygen 1s (middle), and 
bromine 3d (right) regions. 

The ruthenium very clearly shifts toward lower binding energies upon electron 

irradiation, ending at 280.9 eV compared to metallic ruthenium at 280.1 eV. The oxygen 

peak from carbonyl shrinks upon irradiation and nearly disappears upon higher dosage, 

all while shifting its binding energy. The bromine peak, however, seems to remain 

largely unchanged upon further irradiation. This leads to the conclusion that the 

carbonyl leaves upon irradiation. This data indicates that nearly all of it has 

disassociated as opposed to only 2.0-2.6 equivalents previously reported for tungsten 

hexacarbonyl. It is possible that the bromide-ruthenium bonds are breaking upon 

irradiation, but it is clear that the bromine is remaining on the surface.  
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Figure 4-21 shows the changes in area of the O(1s) and Br(3d) regions as a 

function of electron dose, as well as the peak position from the Ru(3d) peak. The 

oxygen peak decreases at the same rate the ruthenium peak shifts, indicating the same 

process that removes the oxygen is making the ruthenium more metallic. However, it 

also shows that the bromine is not removed at this point in the irradiation. These results 

are consistent with the electron dose fully decomposing the precursor to a 

decarbonylated matrix containing ruthenium, carbon, and bromine. 

 

Figure 4-21.  Changes in the fractional coverage of adsorbed oxygen and bromine 
atoms and changes in Ru 3d5/2 peak position for 1–2 nm 4-1c films plotted as 
a function of electron dose. Each relative concentration (O/Ot=0, Br/Brt=0) and 
peak position was determined by XPS. The initial Ot=0 and Brt=0 values were 
measured prior to electron irradiation. Films were adsorbed onto HOPG at      
-168 °C and exposed to 500 eV electrons. 

Next, extra irradiation was applied in a post deposition process. With enough 

electron radiation, the bromine was removed. This was observed by XPS as the peak 

area decreased. The peak position for ruthenium 3d shifted at the same rate as the 
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bromine peak decreased, showing the same process that removes the bromide is 

converting the ruthenium to be more metallic (Figure 4-22). 

 
Figure 4-22.  Post deposition removal of bromine via extra irradiation as determined by 

XPS peak height. 

 
Figure 4-23.  Mass spectrum of irradiated 4-1b on HOPG. 
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The chloride complex, 4-1b, was used for the same experiments. The precursor 

was first adsorbed onto the surface under the same conditions as 4-1c and then 

irradiated with an electron beam (7.49 x 1016 e-/cm2). Mass spectra of the volatilized 

species were then obtained (Figure 4-23). 

 
Figure 4-24.  Ruthenium peak position and oxygen peak area measured by XPS as a 

function of irradiation time. 

The XPS was taken of the deposit on the surface after increased irradiation 

times. The peak position of ruthenium was observed to move toward a more metallic 

binding energy upon further irradiation. The carbon and the oxygen from the carbonyl 

were observed to disappear. The chlorine peak decreased in size at first, but then 

remained unchanged, demonstrating that the oxygen loss is happening at the same rate 

as the ruthenium changes. This indicates the same process is involved in both carbonyl 

loss and conversion of ruthenium. Figure 4-25 shows the plot of chlorine peak area as a 
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function of irradiation time, showing initial loss of some chlorine, but not at the same 

rate as the loss of carbonyl. These results indicate that the process involving loss of 

chlorine is different than the process involving loss of carbonyl and conversion of 

ruthenium. Upon further irradiation the chlorine was loss in a similar manner to the 

bromine from 4-1b (Figure 4-26). 

 
Figure 4-25.  Chlorine peak area for XPS of 4-1b deposited on HOPG as a function of 

irradiation time. 

 
Figure 4-26.  Chlorine area from XPS of 4-1b deposited on HOPG plotted as a function 

of electron dose, indicating loss of chlorine upon post-deposition irradiation. 



 

118 

To summarize, the data indicate that the electron-stimulated reactions for both 

precursors are essentially the same. The first stage is electron-stimulated carbonyl 

desorption and allyl decomposition. The XPS data indicate that approximately 80% of 

the oxygen is removed; the remaining oxygen could originate from the precursor or 

could be from residual water in the chamber. The mass spectrum showed the evolution 

of CO during irradiation, again showing desorption of the carbonyl. In contrast, there 

was no sign of allyl desorption during the irradiation. The halogen content in both cases 

remains largely unchanged during this stage. The ruthenium at this time is reduced 

nearly to metallic ruthenium, based on the binding energy in the XPS. 

The next stage of the experiment is electron stimulated desorption of halogens. 

Upon post deposition processing, both the bromine and the chlorine were removed 

upon increased electron flux. This was evident from the decreased peak area in the 

XPS of the halogen peak. The ruthenium binding energy was shifted during loss of 

halogen from 280.9 eV to 280.5 eV after 80% of the halogen was lost. This is nearly the 

binding energy of metallic ruthenium (280.1 eV).  

Summary of EBID Results 

The results from this study can be used in the design of future EBID precursors. 

First, several previously reported results have been confirmed. The carbonyl has been 

shown to volatilize upon irradiation. The compounds tested have three carbonyls and 

all, or nearly all, of the carbonyls were lost upon irradiation. The halogens, in this case 

bromine and chlorine, were found to remain on the surface upon initial irradiation. 

However, upon further post-deposition irradiation, the halogens were removed and the 

ruthenium was reduced. The decomposition could be step-wise, the carbonyl must 

leave before the halogen, or the loss of halogen could simply be a slower process. More 
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studies will need to be performed to determine which of these pathways is appropriate. 

These results do confirm that carbonyls and halogens can be good ligands for EBID 

precursors. 

Previous results have shown that Cp ligands are inappropriate for use in EBID. 

These results indicate that the allyl ligand, a model of η3 Cp, is also not appropriate. 

There is no evidence of its loss upon irradiation and the deposit appears to be a matrix 

containing carbon and ruthenium. However, this precursor shows significant 

improvement over the most recently reported ruthenium precursor, (EtCp)2Ru, which 

formed a layer of RuC9;
29 if all of the allyl were retained the product would be a layer of 

RuC3. These results illustrate the advantage of designing precursors for EBID. The next 

logical step would be to synthesize a precursor containing only the proven ligands, 

carbonyl and halides. This precursor should give pure ruthenium deposition. 
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CHAPTER 5 
EXPERIMENTAL 

General Procedures 

Unless specified otherwise, all manipulations were performed under an inert 

atmosphere (N2) using standard Schlenk or glovebox techniques. All reaction solvents 

were purified using an MBraun MB-SP solvent purification system prior to use. 1H and 

13C NMR spectra were recorded on Gemini 300, Mercury 300, or VXR 300 

spectrometers using residual protons of deuterated solvents for reference. All chemicals 

were used as received without further purification.  

Synthesis 

Synthesis of 2,2'-bipyridine-N-oxide (2-5) 

A solution of 2,2'-bipyridine (7.00 g, 44.8 mmol) in CH2Cl2 (50 mL) was prepared 

in a 250 mL round bottom flask. In a 100 mL round bottom flask, a solution of m-

chloroperbenzoic acid (11.02 g, 77%, 49.18 mmol) in CH2Cl2 (80 mL) was prepared. 

This was transferred to an addition funnel and added dropwise to the bipyridine solution 

at 0 °C. Upon completion of the addition the solution was slightly yellow. The solution 

was left to warm to room temperature and to stir overnight, at which time the solution 

had become a milky white color. The solution was cooled in an ice bath and 100 mL of 

2M NaOH was added. The organics were separated, extracted twice more, and dried 

with anhydrous Na2CO3. The solvent was removed by rotary evaporation. Off-white 

solid was obtained and recrystallized by dissolving in hot ether and adding hexanes. 

The solution was cooled overnight in the freezer and filtered to obtain 4.21 g (55%) of 

white product. The product was characterized by comparison to literature data.60 
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Synthesis of 6-cyano-2,2'-bipyridine (2-6) 

A solution of 2,2'-bipyridine-N-oxide (1.0366 g, 6.0204 mmol) in CH2Cl2 (12 mL) 

was stirred at room temperature. A syringe of Me3SiCN (0.83 mL, 6.6 mmol) was added 

very carefully to the solution. After 5-10 minutes, dimethyl carbamoyl chloride (0.61 mL, 

6.6 mmol) was added via syringe. The orange solution was left to stir under N2 in the 

hood for 7 days. After 2-3 days the solution had become darker. At the end of the 7 

days, ether (80 mL) was added. The solution bubbled and a white solid precipitated. 

The solution was transferred to a separatory funnel and washed with 5% NaHCO3 (2 x 

50 mL) and brine (2 x 50 mL). The solution was dried using anhydrous Na2CO3 and 

solvent was evaporated using the rotary evaporator. The crude solid was recrystallized 

using methylene chloride/hexanes to obtain 0.9805 g (90%) of pure product. The 

product was characterized by comparison to literature data.60 

Synthesis of 6-methoxycarbonyl-2,2'-bipyridine (2-7) 

A solution of 6-cyano-2,2'-bipyridine (0.5990 g, 3.306 mmol) in methanol (50 mL) 

was stirred in a 250 mL round bottom flask. Hydrochloric acid (10 mL, 12 M) was added 

and solution became warm. The solution was refluxed for 24 hours under N2. After 24 

hours, the solution was cooled to room temperature, and the solution was concentrated 

to 10 mL. The solution was cooled in an ice bath and 30 mL of H2O was added. Sodium 

carbonate was added until the pH reached 7. The solution was then extracted with 

methylene chloride (4 x 50 mL) and evaporated to yield an off-white solid (0.6713 g, 

94% crude yield), which was purified by sublimation at 90˚C under ~ 1 Torr pressure 

and cooled using a dry ice/acetone bath. Yield: 61% of a pure white solid. The product 

was characterized by comparison to literature data.60 
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Synthesis of 6-hydroxymethyl-2,2'-bipyridine (2-8) 

A solution of 6-methoxycarbonyl-2,2'-bipyridine (0.4578 g, 2.137 mmol) in ethanol 

(15 mL) was stirred at room temperature while NaBH4 (0.2565 g, 6.780 mmol) was 

added. This solution was then refluxed for 14 hours. The solution was allowed to cool, 

then water (1.4 mL) and sulfuric acid (0.4 mL) were added. The solution was then 

stirred at room temperature for 12 hours, and 2 M NaOH solution was added until the 

pH reached 9-10. Addition of NaOH caused a white solid to precipitate. This solution 

was stirred for 2 more hours and then filtered, and concentrated to a minimum on the 

rotatory evaporator. The remaining solution was extracted using 1% MeOH in CH2Cl2 (3 

x 10 mL). The organics were combined and evaporated to afford a dark oil (0.3310 g, 

83% yield) behind. The product was characterized by comparison to literature data.60 

Synthesis of 2-9 

6-hydroxymethyl-2,2'-bipyridine (2-8) (0.3310 g, 1.778 mmol), t-butyldimethylsilyl 

chloride (0.2963 g, 1.966 mmol) and a catalytic amount of DMAP were dissolved in 

CH2Cl2 (40 mL). Triethylamine (0.30 mL, 2.1 mmol) was added. The solution was then 

stirred and the solution was stirred at room temperature overnight. The solution was 

then transferred to a separatory funnel and washed with DI water (20 mL). The aqueous 

layer was extracted with methylene chloride (2 x 20 mL). The organics were combined 

and washed with saturated ammonium chloride solution (15 mL) and dried with MgSO4. 

The solvent was then removed on the rotary evaporator to afford a light brown oil, which 

was chromatographed on alumina with methylene chloride as the eluent. The product 

was obtained as a white/clear oil (0.2256 g, 44 %). 1H NMR (300 MHz, CDCl3) δ 8.69 

(ddd, J = 0.9, 1.7, 4.8 Hz, 1H), 8.37 (dt, J = 1.1, 7.9 Hz, 1H), 8.23 (d, J = 7.8 Hz, 1H), 

7.84 (t, J = 7.8 Hz, 1H), 7.81 (dd, J = 2.0, 4.1 Hz, 1H), 7.54 (dd, J = 1.1, 7.7 Hz, 1H), 
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7.30 (ddd, J = 1.2, 4.8, 7.5 Hz, 1H), 4.93 (s, 2 H), 0.99 (s, 9H), 0.16 (s, 6H). 13C NMR 

(75 MHz, CDCl3) δ160.8, 156.2, 155.0, 149.0, 137.3, 136.6, 123.4, 121.0, 119.9, 119.1, 

66.2, 25.9, 18.3, -5.4. 

Synthesis of 2-10 

To a dry, flushed Schlenk flask, 10 mL of dry acetonitrile was added. 

Palladium(II) chloride (0.3020 g, 1.703 mmol) was added while stirring before refluxing 

for 1 hour. Much of the solid dissolved and what remained was an orange color as 

opposed to the dark brown color of the starting material. The solution was cooled to 

room temperature and N,N,N',N'-tetramethylethanediamine (0.39 mL, 2.6 mmol) was 

added. Immediately, a yellow-green precipitate formed. The solution was filtered and 

the solid washed with ether and air dried. The yellow-green solid (0.4593 g, 92%) was 

insoluble in most organic solvents. A melting point of the product was obtained, then the 

compound was used without purification.62 

Synthesis of 2-11 

Compound 2-10 (0.222 g, 0.756 mmol) was placed in a dried and flushed 

Schlenk flask and dry ether (5 mL) was added. The mixture was cooled to -40 ˚C using 

an acetonitrile/dry ice bath. At this point, a 1.5 M solution of methyl lithium in ether (1.09 

mL, 1.6 mmol) was added. The solution was stirred for approximately 5 minutes and 

then the acetonitrile/dry ice bath was replaced by an ice-water bath. The reaction 

mixture slowly changed from a yellow to a gray. A small amount of ice cold water was 

added after the mixture had stirred for approximately 1 hour. The solution was then 

transferred to a separatory funnel. The aqueous layer was extracted with ether (2 x 10 

mL) and the organics were combined and washed with brine (15 mL). The organics 
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were evaporated using the rotary evaporator to obtain a white solid (0.141 g, 74%). The 

product was characterized by comparison to literature data.62  

Synthesis of 2-14 

A Schlenk flask was prepared containing compound 2-18 (0.0611 g, 0.128 

mmol), methylboronic acid (0.0303 g, 0.506 mmol) and cesium carbonate (0.1729 g, 

0.5307 mmol). Dry THF (12 mL) was added and the solution was stirred for 2 hours.  

The solvent was removed under vacuum. The orange solid was then redissolved in 

methylene chloride and filtered. Solvent was removed under vacuum to obtain the 

product as an orange solid (0.0412 g, 74 %). 1H NMR (300 MHz, CDCl3) δ 9.16 (d, J = 

3.9 Hz, 1H), 7.82 - 8.07 (m, 5H), 7.57 (ddd, J = 1.1, 5.9, 7.3 Hz, 1H), 5.50 (s, 2H), 0.98 

(s, 9H), 0.37 (s, 3H), 0.33 (s, 3H), 0.20 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 169.3, 

156.7, 155.7, 151.0, 140.1, 140.4, 125.7, 122.6, 121.4, 66.6, 25.9, 18.2, -5.3, -5.8, -6.2. 

Synthesis of 2-15 

Dry acetonitrile (30 mL) was added to a dried Schlenk flask under nitrogen. 

Palladium(II) chloride (0.3168 g, 1.787 mmol) was added while stirring. The dark brown 

solution was refluxed until it became a lighter orange color. The solution was then 

cooled to room temperature and 2-13 (0.4923 g, 2.672 mmol) was added. After stirring 

for approximately ten minutes, the solution was filtered to obtain a light yellow powder 

(0.6240 g, 97 %). The product was characterized by comparison to literature data.147 

Synthesis of 2-18 

Dry acetonitrile (10 mL) was added to a dried Schlenk flask under nitrogen.  

Palladium(II) chloride (0.0284 g, 0.160 mmol) was added while stirring. The dark brown 

solution was refluxed until it became a lighter orange color. The solution was then 

cooled to room temperature and a solution of 2-9 in CH2Cl2 (1.02 mL, 0.16 M, 0.16 
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mmol) was added. After stirring for approximately 10 minutes, the solvent was removed 

under vacuum. Chloroform was added to the orange solid and the solution was then 

filtered. The solvent was removed by rotary evaporation to obtain the product (0.0750 g, 

98% yield) as an orange solid. 1H NMR (300 MHz, CDCl3) δ 9.28 (d, J = 5.7 Hz, 1H), 

8.07 - 8.17 (m, 4H), 7.87 (dd, J = 2.2, 7.2 Hz, 1H), 7.45 (ddd, J = 1.5, 5.7, 7.2 Hz, 1H), 

5.44 (s, 2H), 0.95 (s, 9H), 0.16 (s, 6H).  13C NMR (75 MHz, CDCl3) δ 169.4, 156.9, 

155.5, 151.2, 140.3, 140.0, 125.8, 122.9, 121.0, 66.7, 25.9, 18.2, -5.3. 

Synthesis of 2-1a 

Palladium(II) chloride (0.1080 g, 0.6091 mmol) was combined with 2-8 (0.0519 g, 

0.279 mmol) in 7 mL of methanol. The solution was refluxed for 15 hours and then 

allowed to cool to room temperature. The solvent was removed via reduced pressure to 

afford an orange solid. 1H NMR (300 MHz, DMSO-d6) δ 8.88 (br s, 1H), 8.52 (d, J = 8.2 

Hz, 1H), 8.45 (d, J = 6.5 Hz, 1H), 8.29 - 8.37 (m, 2H), 7.84 (d, J = 8.2 Hz, 1H), 7.74 (dd, 

J = 6.5 Hz, 1H), 5.20 (br s, 2H). 13C NMR (75 MHz, DMSO-d6) δ 169.2, 156.8, 155.1, 

151.5, 140.1, 140.0, 125.9, 123.0, 121.1, 66.7. Anal. Calcd for C11H10Cl2N2OPd: C, 

36.34; H, 2.77; N, 7.71. Found: C, 34.36; H, 2.86; N, 7.01. 

Synthesis of [RuCp(CO)2]2 (2-20) 

Ru3(CO)12 (1.5122 g, 2.3652 mmol) was added to 50 mL of dry heptane in the 

glovebox. Freshly cracked cyclopentadiene (2.4 mL, 28 mmol) was added to the stirred 

suspension. The suspension was refluxed for 1 hour. The reaction mixture was then 

opened to the atmosphere and the solution was concentrated to a minimum. More “wet” 

heptane (50 mL) was added, the solution was refluxed for 2 hours. The solution was 

allowed to cool, then filtered. The precipitate was washed with hexanes to obtain the 
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product as a brown powder (1.2907 g, 82 % yield). The product was characterized by 

comparison to literature data.148 

Synthesis of CpRu(CO)2Me (2-2) 

Sodium (0.3914 g, 17.02 mmol) was added to a three-necked round bottom flask 

and dry toluene (10 mL) was added to the flask. Toluene was refluxed to obtain molten 

sodium. Mercury (0.96 mL) was very slowly and carefully added to the molten sodium. 

The toluene was removed by heating and transferring to a Dean-Stark trap. The 

sodium-mercury amalgam was then allowed to cool to room temperature. At room 

temperature it became solid. A THF solution of [CpRu(CO)2]2 (1.2184 g, 2.7419 mmol) 

was then transferred from a dry Schlenk flask to the amalgam. The solution was stirred 

overnight. The organic layer was then transferred to another dry flask and methyl iodide 

(0.85 mL, 14 mmol) was added. The solution was left to stir for 1 hour. The solvent was 

then carefully removed via trap-to-trap distillation to obtain a dark brown solid. The solid 

was sublimed beginning at 100 mTorr and room temperature and warming up to 40 °C 

to yield pure 2-2 as a white solid (0.5665 g, 43% yield). The product was characterized 

by comparison to literature data.65 

Synthesis of [Cp*RuCl2]2 (2-22) 

Ruthenium(III) chloride hydrate (0.4916 g, 2.370 mmol) was added to ethanol (10 

mL). Pentamethylcyclopentadiene (0.85 mL, 5.4 mmol) was then added to the solution 

and refluxed for 3 hours. The solution was allowed to cool to room temperature and 

stirred overnight. The dark powder was filtered and washed by ethanol and diethyl ether 

to obtain pure 2-22 (0.4304 g, 59 % yield). The product was characterized by 

comparison to literature data.149,150 
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Synthesis of (C5Me4CH2Cl)Ru(CO)2Cl (2-23) 

[(C5Me5)RuCl2]2 (0.8154 g, 1.327 mmol) was dissolved in methylene chloride 

while open to the atmosphere. Carbon monoxide gas was bubbled through the solution 

for 30 minutes before the solution was stirred for 2 hours. The solvent was then 

removed under vacuum to obtain a dark solid. This was then dissolved in diethyl ether, 

filtered and the filtrate was concentrated under reduced pressure. Product was then 

purified via column chromatography using Florisil and diethyl ether as an eluent. The 

solvent was removed to obtain the product as a yellow solid (0.1284 g, 13% yield). The 

product was characterized by comparison to literature data.66 

Synthesis of (C5Me4CH2OH)Ru(CO)2Cl (2-3) 

(C5Me4CH2Cl)Ru(CO)2Cl (0.3092 g, 0.8536 mmol) was dissolved in THF (11 mL) 

and deionized water (1.4 mL). Collidine (0.12 mL, 0.91 mmol) was added and the 

solution was refluxed for 2 hours. The solution was concentrated to a minimum under 

vacuum. The solution was extracted with ether (3 x 10 mL) and the solvent was 

removed under vacuum. The product was chromatographed on silica with ether as the 

eluent. The product dried under vacuum to obtain 2-3 as a yellow solid (0.1570 g, 53%). 

The product was characterized by comparison to literature data.151 

Synthesis of η3-C3H5Ru(CO)3Br (4-1c) 

The precursor was synthesized using a modified literature procedure.96 

Ru3(CO)12 (1.0073 g, 1.5756 mmol) was added to 20 mL of 2,2,4-trimethylpentane 

under nitrogen. Allyl bromide (5.0 mL, 58 mmol) was added and the mixture was 

immediately refluxed. Upon heating, the Ru3(CO)12 dissolved turning the solution deep 

red. After 20 minutes of refluxing, the solution turned yellow and the solvent was 

removed in vacuo. The yellow crude product was sublimed at 30 °C and 80 mTorr to 
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obtain 4-1c as a white solid (1.2907 g, 89%). 1H NMR (CDCl3, 300 MHz): δ 3.14 (dt, 2H, 

J = 13.1, 1.0 Hz), 4.11 (dt, 2H, J = 7.8, 1.1 Hz), 5.17 (tt, 1H, J = 13.1, 7.8 Hz). The 

compound was identified by comparison to literature data.96 

Synthesis of η3-C3H5Ru(CO)3Cl (4-1b) 

The precursor was synthesized using a modified literature procedure.96 

Ru3(CO)12 (0.9799 g, 1.533 mmol) was added to 20 mL of 2,2,4-trimethylpentane under 

nitrogen. Allyl chloride (4.6 mL, 56 mmol) was added and the mixture was immediately 

refluxed. Upon heating, the Ru3(CO)12 dissolved turning the solution deep red. After 50 

minutes of refluxing, the solution turned yellow and the solvent was removed in vacuo. 

The yellow crude product was sublimed at 30 °C and 90 mTorr to obtain 4-1b as a white 

solid (0.7967 g, 66%). 1H NMR (CDCl3, 300 MHz): δ 2.96 (dd, 2H, J = 13.3, 1.5 Hz), 

4.19 (dd, 2H, J = 7.9, 1.5 Hz), 5.30 (ttd, 1H, J = 13.3, 7.9, 1.5 Hz). The compound was 

identified by comparison to literature data.96 

Synthesis of η3-C3H5Ru(CO)3I (4-1d) 

The precursor was synthesized using a modified literature procedure.96 

Ru3(CO)12 (0.1137 g, 0.1178 mmol) was added to 20 mL of 2,2,4-trimethylpentane 

under nitrogen. Allyl iodide (0.60 mL, 3.0 mmol) was added and the mixture was 

immediately refluxed. Upon heating, the Ru3(CO)12 dissolved turning the solution deep 

red. After 20 minutes of refluxing, the solution turned orange and the solvent was 

removed in vacuo. The orange crude product was sublimed at 28 °C and 85 mTorr to 

obtain 4-1d as a pale orange solid (0.1337 g, 71%). 1H NMR (CDCl3, 300 MHz): δ 3.48 

(d, 2H, J = 13.0 Hz), 3.96 (d, 2H, J = 7.9 Hz), 4.93 (tt, 1H, J = 13.0, 7.9 Hz). The 

compound was identified by comparison to literature data.96 
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Synthesis of η3-C4H7Ru(CO)3Cl (4-1e) 

The precursor was synthesized using a modified literature procedure.96 

Ru3(CO)12 (0.1024 g, 0.1602 mmol) was added to 20 mL of 2,2,4-trimethylpentane 

under nitrogen. 3-Chloro-2-methyl-1-propene (0.58 mL, 5.9 mmol) was added and the 

mixture was immediately refluxed. Upon heating, the Ru3(CO)12 dissolved turning the 

solution deep red. After 50 minutes of refluxing, the solution turned yellow and the 

solvent was removed in vacuo. The yellow crude product was sublimed at 32 °C and 85 

mTorr to obtain 4-1e as a white solid (0.0901 g, 68%). 1H NMR (CDCl3, 300 MHz): δ 

2.14 (s, 3H), 2.92 (s, 2H), 4.06 (s, 2H). The compound was identified by comparison to 

literature data.96 

Synthesis of η3-C4H7Ru(CO)3Br (4-1f) 

Ru3(CO)12 (0.0864 g, 0.135 mmol) was added to 20 mL of 2,2,4-trimethylpentane 

under nitrogen. 3-Bromo-2-methyl-1-propene (0.50 mL, 5.0 mmol) was added and the 

mixture was immediately refluxed. Upon heating, the Ru3(CO)12 dissolved turning the 

solution deep red. After 20 minutes of refluxing, the solution turned yellow and the 

solvent was removed in vacuo. The yellow crude product was sublimed at 32-35 °C and 

95 mTorr to obtain 4-1f as a white solid (0.0612 g, 47%). 1H NMR (CDCl3, 300 MHz): δ 

2.15 (s, 3H), 3.13 (s, 2H), 4.00 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 25.6, 59.2, 188.9. 

Anal. Calcd for C7H7BrO3Ru: C, 26.26; H, 2.20; N, 0.00. Found: C, 26.83; H, 2.20; N, 

0.01. 

Synthesis of η3-C4H7Ru(CO)3Cl (4-1g) 

Ru3(CO)12 (0.1579 g, 0.2470 mmol) was added to 20 mL of 2,2,4-

trimethylpentane under nitrogen. 3-Chloro-1-butene (0.92 mL, 9.1 mmol) was added 

and the mixture was immediately refluxed. Upon heating, the Ru3(CO)12 dissolved 
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turning the solution deep red. After 50 minutes of refluxing, the solution turned yellow 

and the solvent was removed in vacuo. The yellow crude product was sublimed at 25 °C 

and 110 mTorr to obtain 4-1g as a white solid (0.0687 g, 34%). 1H NMR (CDCl3, 300 

MHz): δ 2.05 (d, 3H, J = 6.2 Hz), 2.63 (d, 1H, J = 12.5 Hz), 3.90 (d, 1H, J = 7.9 Hz), 

4.00 (dq, 1H, J = 12.5, 6.1 Hz), 5.22 (td, 1H, J = 12.5, 7.9 Hz) ppm. 13C NMR (75 MHz, 

CDCl3) δ 20.5, 55.8, 83.7, 108.3 ppm. Anal. Calcd for C7H7ClO3Ru: C, 26.26; H, 2.20; 

N, 0.00. Found: C, 26.47; H, 1.81; N, 0.13. 

Synthesis of η3-C4H7Ru(CO)3Br (4-1h) 

Ru3(CO)12 (0.1312 g, 0.2052 mmol) was added to 20 mL of 2,2,4-

trimethylpentane under nitrogen. Crotyl bromide (0.79 mL, 7.6 mmol) was added and 

the mixture was immediately refluxed. Upon heating, the Ru3(CO)12 dissolved turning 

the solution deep red. After 30 minutes of refluxing, the solution turned yellow and the 

solvent was removed in vacuo. The yellow crude product was sublimed at 25 °C and 

100 mTorr to obtain 4-1h as a white solid (0.1263 g, 64%). 1H NMR (CDCl3, 300 MHz): 

δ 2.01 (d, 3H, J = 6.2 Hz), 2.83 (d, 1H, J = 12.4 Hz), 3.83 (d, 1H, J = 7.9 Hz), 4.19 (dq, 

1H, J = 12.4, 6.2 Hz), 5.09 (td, 1H, J = 12.4, 7.9 Hz) ppm. 13C NMR (75 MHz, CDCl3) δ 

20.5, 52.9, 80.9, 107.8 ppm. Anal. Calcd for C7H7BrO3Ru: C, 30.50; H, 2.56; N, 0.00. 

Found: C, 31.88; H, 2.41; N, 0.02. 
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