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ABSTRACT 

Structure–Activity Relationships in Olefin Polymerization Catalysts. (August 2007) 

Craig Justin Price, B.S., North Carolina State University 

Chair of Advisory Committee:  Dr. Stephen A. Miller 

 

 The thermodynamic parameters associated with the copolymerization of ethylene 

and carbon dioxide were calculated using bond dissociation energies, the Benson 

additivity method and density functional theory calculations (DFT).  In all cases, the 

formation of an alternation copolymer was found to be endergonic at any reasonable 

polymerization temperatures (the ceiling temperature is calculated to be -159 °C).  

However, the polymerization was calculated to be exergonic at room temperature, as 

long as the incorporation of CO2 is less than 29.7 mol%.  Experiments failed to provide 

evidence of any CO2 incorporation, despite previously published reports claiming up to 

30 mol%. 

 Octamethyloctahydrodibenzofluorenyl (Oct) has profound steric consequences 

when incorporated into metallocene olefin polymerization catalysts – including 

increased catalytic activity and stereoselectivity.  However, the electronic effect of the 

ligand’s four electron-donating tertiary alkyl groups is less understood.  NMR and DFT 

calculations were used to study the electronic nature of the Oct moiety – both as a part of 

ansa-metallocene pre-catalysts and as an independent molecule.  The results show that 

Oct is more electron rich than other cyclopentadienyl analogues and that the electronics 

of the ligand are readily conveyed to the metal center.   
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 Upon activation, the steric bulk of the Oct moiety dominates the immediate 

environment around the metal center.  Evidence is presented that supports previous 

theories about Oct’s ability to influence the counteranion distance, thereby increasing the 

catalytic activity.  In addition, excess trimethyl aluminum (TMA) is known to be 

detrimental to catalytic activity and results uphold this belief – although the magnitude 

of the effect varies depending on the metallocene being studied.  However, UV-Vis data 

do not support the theory that TMA binds to the catalytically-active metal center, 

thereby decreasing the catalytic activity; but does not offer an alternate mechanism.   
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CHAPTER I
1
 

INTRODUCTION 

 In 1898, Hans von Pechmann stumbled upon polyethylene when he accidentally 

heated diazomethane, forming a white waxy solid.1  Upon characterization, he realized 

that the substance consisted of numerous –CH2– units and called the material 

polymethylene.  The first industrially-viable production of polyethylene from gaseous 

ethylene was discovered, also accidentally, in 1933 by Eric Fawcett and Reginald 

Gibson at Imperial Chemical Industries.2,3  While studying the effects of high pressures 

on chemical reactions, the pair subjected a mixture of ethylene and benzaldehyde to 

~1400 atmospheres at 175 °C.  They also produced a white waxy solid, and were able to 

recover the unreacted benzaldehyde; however these results were difficult to reproduce.  

In 1935, Michael Perrin, another chemist at Imperial, realized that the reaction observed 

by Fawcett and Gibson had been initiated by trace amounts of oxygen in the system – 

which explained the reproducibility problems.4,5  Further experiments led to the first 

reliable industrial process for the polymerization of ethylene.   

 In the 1950s, Karl Ziegler discovered that linear polyethylene could be produced 

at much lower temperatures and pressures with the addition of certain transition metals 

and organometallic species.6  Shortly after this publication, Giulio Natta reported that the 

catalyst system was capable of polymerizing α-olefins stereoselectivly.7  With the 

                                                 
This dissertation follows the style and format of the Journal of the American Chemical 

Society. 
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discovery of these systems (Figure 1.1), higher molecular weights and more linear 

polymer chains than were possible, compared with radical polymerization processes that 

were previously used.8  In 1963, Ziegler and Natta shared the Nobel Prize in Chemistry 

for these contributions to olefin polymerization.  This discovery caused an explosion in 

the research on transition metal mediated olefin polymerization.9-13  The research 

showed that two components are necessary for the catalysts systems to be highly active:  

a transition metal – usually from groups 4-8 – and an organometallic Lewis acid to 

activate the transition metal complex.   

 

 

Figure 1.1:  A typical Ziegler-type heterogeneous system for the polymerization of 

ethylene. 

 

 Later work showed that the most efficent activator was methylaluminoxane 

(MAO) – a partially hydrolyzed trimethyl aluminum compound.14  MAO activates a 

transition metal pre-catalyst by alkylating the metal, and then creates an open 

coordination site by abstracting a halide or an alkyl group.  Figure 1.2 shows an olefin 

binding to the metal at this open coordination site, where it is added to the growing 

polymer chain via a migratory insertion mechanism.15,16  Repetition of this process 

produces high polymer.   
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Figure 1.2:  The use of MAO to generate a coordinativly unsaturated metal center, and 

the subsequent catalytic cycle for the polymerization of ethylene (R =  alkyl or growing 

polymer chain).   

 

 However, heterogeneous systems such as this have several disadvantages.  One 

of the most important weaknesses of heterogeneous systems is the broad molecular 

weight distributions.  The most common explanation for this observation is the presence 

of several different active sites on the surface of the insoluble support – each with 

different relative rates of insertion and termination.  In addition, although heterogeneous 

systems can produce tactic polymers, generally they are not highly stereoselective, and it 

is often difficult to predict if a given system will produce atactic, isotactic, or 
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syndiotactic polymer.9,17  Heterogeneous systems are also generally incapable of 

producing highly syndiotactic polymers.18 

 The properties of polymers depend greatly on the type, and the density of regular 

stereocenters along the polymer backbone.  There is a great need for highly tactic 

polymers, as well as the need to produce polymers with specific properties (engineering 

plastics).  These needs fueled the explosion of research efforts directed towards discrete 

homogeneous catalysts for olefin polymerization based on α-diimine complexes of late 

transition metals19 and early transition metal metallocene complexes.20,21   

 These homogeneous catalysts have several advantages.  The homogenous nature 

of the catalyst provides for nearly every metal center to be catalytically active and 

explains their high activity compared to the heterogeneous systems mentioned above.  

The ability of homogeneous α-diimine catalysts to produce high molecular weigh 

polyethylene with a branched structure gives rise to unique properties.22-26  In addition, 

homogeneous metallocene and ansa-metallocene complexes, such as Me2C(η5-C5H4)(η
5-

C13H8)ZrCl2 discovered by Ewen,27 are capable of producing tactic polymers by 

discriminating between the two enantiofaces of α-olefins.28  Homogeneous olefin 

polymerization catalysts such as these are the focus of this dissertation. 

 Chapter II focuses on α-diimine and pyridine-diimine complexes of late 

transition metals for the attempted copolymerization of ethylene and CO2.  There is 

considerable interest in producing polymers that are derived partly, or in whole, from 

renewable resources since the vast majority of all synthetic polymers are derived from 

petroleum feedstocks.  This chapter focuses on the thermodynamic and kinetic aspects of 
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the copolymerization and provides a critical assessment of previous reports claiming up 

to 30 mol% CO2 incorporation in light of the fact that they are not reproducible in our 

hands. 

 Chapters III and IV focus on a series of sterically-expanded ligands for ansa-

metallocene olefin polymerization catalysts, especially those containing the 

octamethyloctahydrodibenzofluorenyl (Oct) moiety (Figure 1.3).  Oct has profound 

steric consequences when incorporated into olefin polymerization catalysts, but its 

electronic contributions are less understood.  The electronic nature of this ligand has 

been studied using NMR, IR, and UV-Visible spectroscopies as well as density 

functional theory (DFT) calculations.  In addition, the time-dependent activation of 

ansa-metallocenes has been followed with UV-Visible spectroscopy and correlated to 

catalytic activity.  The detrimental effect of excess trimethyl aluminum (TMA) on the 

catalyst systems has been studied and it has been determined that the magnitude of this 

effect varies depending on the catalyst employed.  In addition, evidence is presented that 

refutes the previous theory that excess TMA decreases catalytic activity by binding to 

the active metal center. 

 

 

Figure 1.3:  The octamethyloctahydrodibenzofluorenyl moiety. 
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CHAPTER II 

KINETIC AND THERMODYNAMIC CONSIDERATIONS IN THE 

COPOLYMERIZATION OF ETHYLENE AND CARBON DIOXIDE
* 

 

SYNOPSIS 

 The thermodynamics of ethylene and carbon dioxide copolymerization were 

evaluated using average bond dissociation energies (BDE), the Benson additivity 

method, and density functional theory (DFT) calculations (B3LYP/6-31G†).  According 

to the DFT calculations, the formation of an alternating copolymer is exothermic (∆H = -

4.31 kcal/mol per repeat unit), but endergonic at most temperatures (> -159°C, the 

ceiling temperature), and is therefore practically inaccessible because of entropic factors.  

However, these thermodynamic calculations show that at room temperature (25°C) the 

polymerization is favorable (exergonic) when the molar ratio of ethylene/carbon dioxide 

exceeds 2.37 (29.7 mol% CO2 or less).  Catalytic amounts of late transition metal 

complexes (Fe, Co, Ni, Cu), in combination with MAO (methylaluminoxane), produced 

polymers or oligomers which contain only ethylene under various copolymerization 

conditions.  The lack of ester functionality in the resulting products was confirmed by 

mass spectrometry and 13C NMR; and indicates the suspicious nature of previous reports 

claiming up to 30 mol% incorporation of carbon dioxide. 

                                                 
* Reproduced with permission from Price, C. J.; Reich, B. J. E.; Miller S. A.  Macromolecules 
2006, 39, 2751-2756.  Copyright 2006 American Chemical Society. 
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INTRODUCTION 

 The vast majority of synthetic polymers are derived from petroleum feedstocks.  

Given that these feedstocks are non-renewable, there is considerable interest in 

developing routes to synthetic polymers that are based, partly or completely, on 

renewable resources.  Carbon dioxide, which is present at 370 ppm in the Earth’s 

atmosphere,29 has received considerable attention in this regard.  Incorporating CO2 into 

useful polymers serves two important functions:  it takes advantage of a renewable, 

relatively inexpensive, and extremely abundant C1 building block; and it serves to 

remove a greenhouse gas from the atmosphere.  Since Inoue’s discovery of catalysts for 

the copolymerization of CO2 and epoxides in 196930, considerable research effort has 

been directed toward developing other catalytic systems that are capable of incorporating 

CO2 into polymer chains.  There have been multiple reports of copolymerizing CO2 with 

high-energy comonomers such as epoxides31 and aziridines32,33 to form polycarbonates 

and polyurethanes, respectively.  In addition, the copolymerization of CO2 with dienes 

and with vinyl ethers has been reported.34  Research in this group has focused on 

ethylene and propylene polymerizations, so we were intrigued when, in 2002, Zou and 

coworkers reported the copolymerization of ethylene and CO2 to form high molecular 

weight polyesters with a significant degree of CO2 incorporation (up to 30 mol%)35.  
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RESULTS AND DISCUSSION 

 Bond dissociation energy thermodynamics.  The copolymerization enthalpy 

for ethylene and CO2 can be calculated using several methods.  One approach employs 

average bond dissociation energies (BDE), such as those found in common organic 

chemistry textbooks.36  Scheme 2.1 shows a simplified copolymer chain that is used for 

these calculations.  This model avoids adjacent carbon dioxide monomers, an 

arrangement that is very thermodynamically unfavorable.37-39  The BDE calculations, as  

 

 

 

 

shown in Table 2.1, yields ∆Hpoly values of -14 kcal/mol for ethylene incorporation and -

10 kcal/mol for the incorporation of an isolated carbon dioxide unit.  Using these values, 

we arrive at Equation 2.1, in which E is defined as the number of ethylene units and C is 

defined as the number of carbon dioxide units, according to Figure 2.1.  Therefore, 

Equation 2.1 gives the polymerization enthalpy per monomer as a function of the 

Figure 2.1:  The copolymerization of ethylene and carbon dioxide to form a random 

copolyester.  This model avoids the thermodynamically unfavorable possibility of 

adjacent carbon dioxide monomer units. 
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ethylene/carbon dioxide quotient (E/C).  Equation 2.3 gives the value of ∆Gpoly (per 

monomer), which can be determined by substituting Equation 2.1 into the Gibbs free 

energy equation (Equation 2.2) and assuming that ∆S = -0.030 kcal/molK per monomer 

incorporated.40  This method predicts that the copolymerization will be exergonic for 

E/C ≥ 2.56.  This also suggests that the perfectly alternating copolymer is 

thermodynamically inaccessible.  According to Equation 2.3, its ceiling temperature 

(∆Gpoly = 0) would be approximately -106 °C and any polymerization carried out at this 

temperature would be kinetically unfeasible.  However, it is clear that average bond 

dissociation energies poorly estimate the enthalpy of ethylene homopolymerization, as 

this estimation suggests -14 kcal/mol, but the measured value is -22.348 kcal/mol.41 

 

 

 

 

Equation 2.1 

Equation 2.2 

Equation 2.3 
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Table 2.1:  Average bond dissociation energies (BDE) used to calculate the 
thermodynamics of ethylene/carbon dioxide copolymerizaion. 
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 Benson additivity thermodynamics.  Generally, a more reliable thermodynamic 

method employs Benson’s group additivity rules.42  In the thermodynamic analysis of 

polymers, the Benson method can be modified to account for supergroups instead of 

simple groups.  In the present case, the supergroups are taken to represent the insertion 

of ethylene (C–CH2CH2–C), and an isolated insertion of carbon dioxide (C–

CH2C(O)OCH2–C) (Scheme 2.1).  Table 2.2 shows the enthalpic Benson additivity 

values for these supergroups.  This method yields ∆Hpoly values of -22.5 for ethylene and 

-10.1 for an isolated carbon dioxide unit.  It is reassuring to note that, for the 

homopolymerization of ethylene, the -22.5 kcal/mol that is predicted by the Benson 

additivity method correlates extremely well to the experimental value of -22.348 

kcal/mol.41  These supergroups simplify the resulting enthalpic formula for 

Table 2.2:  Enthalpic Benson Additivity Calculations Based on Supergroupsa 

Supergroup 
Component 

Groups 

Group 
Additivity 
∆H 

Supergroup 
Additivity 
∆H 

Supergroup ∆Hpoly 

Calculationb 

C – (C)2(H)2 -5.0 

 C – (C)2(H)2 -5.0 
-10.0 -10 – (12.5) =  

-22.5 

C – (H)2(C)(CO) -5.2 
CO – (C)(O) -35.2 
O – (C)(CO) -43.1 

 C – (H)2(O)(C) -8.1 

-91.6 -91.6 – (12.5 + -94.0) =  
-10.1 

a In kcal/mol.  b The following experimental data43 are used for this calculation:  ∆H°f 

(ethylene) = 12.5 kcal/mol; ∆H°f (CO2) = -94.0 kcal/mol 
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copolymerization and predict the net enthalpy (in kcal/mol) per monomer incorporated 

as shown in Equation 2.4.  43) 

 

 

 

 Another advantage of Benson additivities over BDE is the ability to calculate 

values for the entropy of polymerization, as opposed to using the estimated value of -

0.030 kcal/(mol K), as was done above.  The calculation of ∆Spoly using entropic Benson 

additivity values is shown in Table 2.3.  This results in Equation 2.5, which predicts the 

net entropy (in kcal/(mol K) of polymerization per monomer incorporated. 

 

Equation 2.4 

Equation 2.5 

Table 2.3:  Entropic Benson Additivity Calculations Based on Supergroupsa 

Supergroup 
Component 

Groups 

Group 
Additivity 

S 

Supergroup 
Additivity 

S 

Supergroup ∆Spoly 

Calculationb 

C – (C)2(H)2 9.42 

 C – (C)2(H)2 9.42 
18.8400 

18.84 – (52.42) =  
-33.6 

C – (H)2(C)(CO) 9.60 
CO – (C)(O) 14.78 
O – (C)(CO) 8.39 

 C – (H)2(O)(C) 10.30 

43.0700 43.07 – (52.42 + 51.10) =  
-60.5 

a In cal/(mol K).  b The following experimental data43 are used for this calculation:  
∆S°(ethylene) = 52.42 cal/(mol K); ∆S°(CO2) = 51.10 cal/(mol K). 
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 The value of ∆Gpoly (per monomer) can be estimated by substituting Equations 

2.4 and 2.5 into Equation 2.2.  The result is Equation 2.6, and it shows that the formation 

of a perfectly alternating copolymer of ethylene and carbon dioxide is 

thermodynamically forbidden at room temperature.  The ceiling temperature is 

calculated to be -106 °C (agreeing with the BDE calculation), making the alternating 

copolymer unattainable due to kinetic reasons.  However, copolymers with greater E/C 

quotients are thermodynamically possible at room temperature (298.15 K).  The Benson 

additivity calculation predicts that the copolymerization is exergonic at room 

temperature for E/C ≥ 1.64.  Simply stated, the exergonic incorporation of ethylene into 

the polymer chain compensates for the endergonic incorporation of carbon dioxide, 

making the copolymerization of ethylene and carbon dioxide thermodynamically 

feasible. 

 Again, this model does not address the possibility of adjacent CO2 monomers.  

This exclusion is valid because of the considerable endothermicity known for this kind 

of enchainment.37-39  Using the Benson additivity method and the experimental value for 

the ∆H°f  of carbon dioxide43, we can calculate the thermodynamics for the formation of 

hypothetical poly(carbon dioxide).  These calculations show that the formation of 

Equation 2.6  
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poly(carbon dioxide) is endothermic by 18.6 kcal/mol (CO–(O)2 + O–(CO)2 - ∆H°f(CO2) 

= (-29.2) + (- 46.2) - (-94.0)). 

 DFT thermodynamics.  In order to assess the quality of the Benson additivity 

approach, Density Functional Theory (DFT) calculations (B3LYP 6-31G†) were 

performed on polyethylene and ethylene/carbon dioxide copolymers of varying chain 

lengths.  From these calculations, thermodynamic parameters were obtained for the 

insertion of one ethylene molecule or the insertion of one CO2 molecule into a 

polyethylene chain (Figure 2.2).  The results are summarized in Table 2.4 and Table 2.5, 

respectively.   

 

 

 

 

Figure 2.2: Reactions used in the DFT calculations of the thermodynamic parameters 

for the insertion of one ethylene (a) or one CO2 (b) monomer into polyethylene chains 

of varying lengths. 
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Table 2.4:  Summary of DFT Calculations for the Addition of One Ethylene Monomer. 

 

 Reactant Chain  Product Chain  Calculated Thermodynamic Parameters 

n 
H 

(kcal/mol) 
S 

(cal/(mol K)) 
 

H  

(kcal/mol) 
S  

(cal/(mol K)) 
 

∆H
a  

(kcal/mol) 
∆S

a
  

(cal/(mol K)) 
∆G

b
  

(kcal/mol) 

1 -99345.32 73.138  -148646.71 88.308  -22.51 -39.935 -10.60  
2 -197948.08 103.394  -247249.46 118.489  -22.51 -40.010 -10.58  
3 -296550.83 133.381  -345852.15 146.851  -22.44 -41.635 -10.03  
4 -395153.59 163.056  -444454.88 175.799  -22.42 -42.362 -9.79  
5 -493756.35 192.712  -543057.61 204.641  -22.39 -43.176 -9.52  
6 -592359.10 222.294  -641660.35 233.442  -22.38 -43.957 -9.27  
7 -690961.71 247.814  -740263.08 262.191  -22.49 -40.728 -10.35  
8 -789564.45 276.539  -838865.82 290.939  -22.49 -40.705 -10.36  
9 -888167.18 305.323  -937468.55 319.690  -22.49 -40.738 -10.35  
    Average for n = 1-9 -22.46 -41.472 -10.09  

a Ethylene was calculated to have the following values for enthalpy and entropy:  H = -492788 kcal/mol; S = 55.105 
cal/(mol K).  b At 298.15 K. 
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Table 2.5:  Summary of DFT Calculations for the Addition of One Carbon Dioxide Monomer. 

 
 
 

 Reactant Chain  Product Chain  Calculated Thermodynamic Parameters 

n 
H 

(kcal/mol) 
S 

(cal/(mol K)) 
 

H  

(kcal/mol) 
S  

(cal/(mol K)) 
 

∆H
a  

(kcal/mol) 
∆S

a
  

(cal/(mol K)) 
∆G

b
  

(kcal/mol) 

1 -99345.32 73.138  -217660.43 92.154  13.83 -32.122 23.41  
2 -197948.08 103.394  -316263.07 122.138  13.96 -32.394 23.61  
3 -296550.83 133.381  -414865.89 151.288  13.89 -33.231 23.80  
4 -395153.59 163.056  -513468.66 180.224  13.87 -33.970 24.00  
5 -493756.35 192.712  -612071.42 208.926  13.87 -34.924 24.28  
6 -592359.10 222.294  -710674.18 237.432  13.85 -36.000 24.59  
7 -690961.71 247.814  -809276.94 265.852  13.71 -33.100 23.58  
8 -789564.45 276.539  -907879.51 293.454  13.88 -34.223 24.09  
9 -888167.18 305.323  -1006482.46 322.468  13.66 -33.993 23.80  
    Average for n = 1-9 13.84 -33.773 23.91  

a Carbon dioxide was calculated to have the following values for enthalpy and entropy:  H = -118328.94 kcal/mol; S = 
51.138  cal/(mol K).  b At 298.15 K. 
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 The values in Table 2.4 provide an average ∆Hpoly for ethylene of -22.46 

kcal/mol, which correlates rather well to the published experimental value of -22.348 

kcal/mol.41  The calculated ∆Spoly for ethylene (-41.47 cal/mol K) is also a close match to 

the experimental value that includes the crystallization of the polyethylene chain (-41.6 

cal/mol K).44  This is expected, since the geometry optimized ethylene oligomers are all 

linear.  The calculated thermodynamic parameters allow us to write Equation 2.7 and 

Equation 2.8, which give ∆Hpoly and ∆Gpoly (per monomer) for the copolymerization of 

ethylene and carbon dioxide according to this DFT investigation.  It is important to note 

that the DFT calculations for the incorporation of carbon dioxide do not include one 

equivalent of ethylene as the BDE and Benson additivity methods do above.  Thus, it is 

necessary to incorporate the ∆Hpoly of ethylene into the first term of the equation, which 

represents the incorporation of C carbon dioxide monomers (-22.46 + 13.84 = -8.62). 

According to Equation 2.8, the copolymerization is expected to be exergonic for E/C ≥ 

2.37 at room temperature.  The ceiling temperature for the 1:1 copolymer is calculated to 

be -159°C.   

 

 

 

 

Equation 2.7 

Equation 2.8 
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 Figure 2.3 provides a graphical illustration of ∆Gpoly versus the E/C ratio for each 

of the three calculational methods employed:  bond dissociation energies, the Benson 

additivity method, and DFT.  While these vary somewhat, they all suggest that the 

copolymerization thermodynamics are feasible at room temperature so long as a modest 

E/C quotient (1.64 - 2.56) is surpassed. 

 

 

Figure 2.3:  ∆Gpoly per monomer (at 298.15 K) for varying ethylene/carbon dioxide 

ratios, as predicted by bond dissociation energy (BDE) calculations, the Benson 

additivity method and density functional theory (DFT) calculations. 

BDE 

DFT 

Benson 

-5.06 

-10.10 

-12.48 
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 Copolymerization results.  Pyridine-diimine complexes 1–3 (Figure 2.4) were 

synthesized and activated with MAO (methylaluminoxane, 450-2000 equivalents), to 

test their activity towards ethylene/carbon dioxide copolymerization.  Complexes of this 

type are known to be active for the homopolymerization of ethylene19,45 and are reported 

to be active for the copolymerization of ethylene and CO2.
35  Before attempting to repeat 

the ethylene/carbon dioxide copolymerization work of Zou et al., several successful 

control experiments were carried out, in which complexes were used to homopolymerize 

ethylene.  A gas cylinder was charged with equimolar amounts of ethylene and carbon 

dioxide, and this gas mixture was used for the copolymerization attempts.  Table 2.6 

(entries 1–10) outlines the many polymerization reactions that were performed with 

various polymerization times, temperatures, and pressures.  However, the resulting 

polymers contained only ethylene, as evidenced by the lack of a carbonyl peak in the 13C 

NMR spectra (Figure 2.5), despite the fact that identical and more pressing conditions 

were used than those previously reported.35 
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Figure 2.4:  The late transition metal complexes investigated for ethylene/carbon 

dioxide copolymerizations, upon activation with MAO. 
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Table 2.6:  Summary of Polymerization and Oligomerization Runs With 1-6/MAOa 

Entry 
Precatalyst 

(mg) 
Monomer(s)b Time (min) 

Temperature 
(°C) 

Pressure 
(psi) 

01  1 (5)  E + C 60 25 75 
02  1 (4)  E + C 60 25 65 
03  1 (7)  E 45 25 105 
04  2 (5)  E + C 360 25 60 
05c  2 (5)  E + C 55 25 60 
06  2 (5)  E + C 120 25 88 
07  2 (5)  E + C 90 25 100 
08  2 (9)  E + C 60 25 100 
09d  2 (5)  E 25 25 105 
10  3 (10)  E + C 60 25 150 
11e  4 (10)  E + C 60 25 150 
12c  4 (20)  E + C 60 70 100 
13  4 (5)  E + C 60 25 60 
14c  5 (5)  E + C 80 25 60 
15  5 (5)  E + C 60 25 70 
16  6 (5)  E + C 60 25 60 

a In 85 mL of toluene with 0.74 g MAO.  b E = ethylene, C = CO2, the E + C feed gas 
contained equimolar amounts of ethylene and CO2.  

c In 85 mL of dichloromethane.  d In 
25 mL of toluene.  e With 1.1 g of MAO. 
 

 

020406080100120140160180200

ppm

150155160165170

Figure 2.5:  13C NMR spectrum of the polymer made by 1/MAO (Table 2.6, entry 1) 
showing the absence of carbonyl peaks.  For 13C NMR spectra of all polymers 
produced, see Figures A.1 – A.10. 
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 In an attempt to simplify the characterization of the products formed from the 

copolymerization reactions, catalyst systems were employed that are known to produce 

ethylene oligomers.  It has been shown that by employing a less sterically-demanding 

ligand, the rate of chain transfer increases relative to the rate of propagation.46-48  As a 

result, oligomers and low molecular weight polymers are formed, thereby easing 

characterization because of increased solubility in organic solvents compared to high 

molecular weight materials.  We then synthesized complex 4, which bears only a single 

methyl group on each aryl ring.  After activation with MAO (450-1200 equivalents), 4 

only produced toluene-soluble oligomers under various polymerization conditions with a 

1:1 ethylene:carbon dioxide monomer feed (Table 2.6, entries 11-13).  These oligomers 

were subjected to GC-MS analysis in an attempt to detect any CO2 incorporation.  A 

typical chromatogram, along with the representative mass for each GC peak, is shown in 

Figure 2.6.  The masses correspond to the expected masses for C10 – C36 oligomers with 

unsaturated end groups.  No carbon dioxide incorporation was detected by GC-MS. 

 

 

 

 



23 

 

 

Figure 2.6:  GC–MS of the oligomers produced by 4/MAO (Table 2.6, entry 11) with 

the masses for each peak.  Found were unsaturated ethylene oligomers, no CO2 

incorporation is evident. 

 

 In addition, α-diimine complexes of late transition metal have been shown to be 

active for the polymerization and oligomerization of ethylene.49,50  Complexes 5 and 6 

were synthesized in order to test their ability to incorporate CO2 into a growing 

polyethylene chain.  Again, lower molecular weight products were desired because their 

increased solubility facilitates characterization.  After activation with MAO (1100-1300 

equivalents), complexes 5 and 6 produced waxy solids and toluene-soluble oligomers, 

respectively.  Neither high-temperature NMR nor GC-MS provided any evidence of CO2 

incorporation (see Appendix A).  
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CONCLUSIONS 

 The thermodynamic parameters for the incorporation of ethylene and the 

incorporation of carbon dioxide into a polyethylene chain were calculated using average 

bond dissociation energies, the Benson additivity method, and DFT calculations.  These 

calculations indicate that a perfectly alternating ethylene/CO2 copolymer is 

thermodynamically impossible above -167 °C, and is therefore inaccessible.  However, 

the favorable thermodynamics for ethylene can offset the unfavorable thermodynamics 

of carbon dioxide and polymers with ethylene/carbon dioxide quotients greater than 2.37 

(less than 29.7 mol% CO2) should be possible at room temperature (DFT analysis).  

There are two major implications of these thermodynamic results on small molecule 

catalysis:  1) the 1:1 coupling of olefins (or alkynes) with carbon dioxide should be 

thermodynamically restricted; and 2) the 1:1 coupling of dienes (or enynes or diynes) 

with carbon dioxide should be feasible – and in several cases, this has been 

demonstrated.51-55 

 All attempts to reproduce the copolymerization results by Zou et al. have failed.  

Using identical and similar catalysts under identical and more stringent conditions, we 

were unable to detect any CO2 incorporation into the polymeric and oligomeric products 

by 13C NMR or GC-MS.  These results are not surprising given that supercritical CO2 

can be used as the solvent in polymerizing olefins to the expected polyolefins using 

similar palladium complexes.56,57 
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Figure 2.7:  The normal (top) and inverse (bottom) insertion of CO2 in to a metal-carbon 

bond.   

 

 While the thermodynamics of ethylene and carbon dioxide copolymerization are 

feasible for sufficiently large ethylene/CO2 quotients, an effective kinetic pathway has 

yet to be found.  Given our current understanding of organometallic chemistry, it is 

difficult to envisage a mechanism that would allow such an enchainment process, as 

normal CO2 insertion would result in a metal-oxygen bond.  We propose a pathway that 

relies on the inverse insertion of carbon dioxide into a metal-carbon bond – thus 

allowing maintenance of a metal-carbon bond throughout the propagation (Figure 2.7) – 

as a possible mechanism for the copolymerization.  The motivations for achieving this 

copolymer are numerous and include the prospect of readily producing aliphatic 

polyesters that exhibit the mechanical properties of polyethylene, but are biodegradable 

because of the ester functionality located in the polymer backbone.  
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EXPERIMENTAL 

 General considerations.  All air-sensitive procedures were performed under a 

purified nitrogen atmosphere in a glove box or by using standard Schlenk line and 

vacuum line techniques.  Methylaluminoxane (MAO) (Albemarle, 30% in toluene) was 

concentrated to dryness and used as a solid.  When required, solvents were distilled from 

an appropriate drying agent into oven-dried Straus flasks:  ethanol and methanol from 

magnesium sulfate, tetrahydrofuran (THF) from sodium/benzophenone, and toluene 

from elemental sodium.  All other chemicals and solvents were used as received.  All 

compounds were prepared according to literature procedures.  The general procedures 

are as follows. 

 Theoretical calculations.  All calculations were performed using the Gaussian 

03 suite of programs.58  Geometry optimizations and frequency calculations were 

performed using Density Function Theory (DFT) employing Becke’s 3-parameter hybrid 

functional (B3)59 with the correlation functional of Lee, Yang and Parr (LYP)60,61 

starting from the extended chain conformation.  Pople-style, double-ζ split polarized 

basis sets with pure d orbitals (6-31G(d’) = 6-31G†) was used.62,63  All energies include 

zero-point energies.   

 Pyridyl-diimine ligand synthesis.  Method A:  To a solution of 2,6-

diacetylpyridine (3.00 g, 18.4 mmol) in 30 mL dry ethanol was added the appropriate 

amount (46 mmol, 2.5 eq.) of a substituted aniline and 5 drops of glacial acetic acid.  

The resulting solution was refluxed for 18 hours and then concentrated to approximately 

half the original volume.  The mixture was cooled to 0°C and then filtered to isolate the 
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solid product.  Method B:  To a solution of 2,6-diacetylpyridine (3.00 g, 18.4 mmol) in 

200 mL dry toluene was added the appropriate amount (46 mmol, 2.5 eq.) of a 

substituted aniline and 0.1 g p-toluene sulfonic acid.  The resulting solution was 

azeotropically distilled using a Dean-Stark trap until 90% of the calculated amount of 

water was collected.  The solution was poured into a separatory funnel and the organic 

layer was rinsed with 100 mL of a dilute aqueous sodium bicarbonate solution (3.0 g in 

100 mL water).  The aqueous layer was rinsed with diethyl ether (2 x 100 mL).  All 

organic layers were combined and concentrated to dryness.   

 αααα-diimine ligand synthesis.
 To a solution of 2,3-butanedione (43.05 g, 0.50 

mol) in 250 mL of dry methanol was added the appropriate amount of a substituted 

aniline (1.1 mol, 2.2 eq.).  The resulting solution was shaken at room temperature for 36 

hours, after which time a solid precipitate formed.  The reaction was heated until 

homogeneous, then slowly cooled to 0°C.  It was then filtered to isolate the solid 

product. 

 Precatalyst synthesis. Inside the glove box, 10 mmol of the ligand and 10 mmol 

of the metal dichloride were combined in a 100 mL round bottom flask and a swivel frit 

apparatus was attached.  The apparatus was brought out of the box and evacuated.  

Approximately 70 mL of an appropriate solvent (dry ethanol or THF) were condensed in 

at -196°C, and the reaction mixture was slowly warmed to room temperature.  The 

resulting slurry was either stirred at room temperature for 16 hours or refluxed for 30 

minutes.  The swivel frit apparatus was flipped and all soluble material was washed to 

the lower collection flask.  The solvent was reduced to approximately half its original 



28 

 

volume.  The swivel frit was flipped again and the solution was filtered to isolate the 

solid product. 

 General polymerization and oligomerization procedures.  CAUTION! All 

polymerizations should be carried out in a fume hood behind a blast shield.  

Polymerizations were carried out in an 85 mL glass Lab-Crest® (Andrews Glass Co.) 

cylindrical polymerization reactor equipped with a 2 inch cylindrical stir bar able to 

provide ample surface agitation while stirring.  In the glove box, the vessel was charged 

with the appropriate amount of precatalyst, MAO, and solvent.  The reactor was 

assembled and brought out of the box.  Rapid stirring was begun and the reactor was 

pressurized with ethylene or a 1:1 mixture of ethylene and CO2.  The reaction was 

quenched by slowly venting the vessel and adding ~5 mL of an acidic methanol solution 

(methanol plus 10% aqueous concentrated HCl).  The insoluble polymer was collected 

by filtration.  For oligomerizations, the quenched reaction mixture was poured into a 

separatory funnel and the aqueous layer was removed.  The organic layer was washed 

with a 10% sodium bicarbonate solution, dried over MgSO4, and subjected to GC-MS 

analysis.  
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CHAPTER III 

ELECTRONIC DIFFERENCES IN A SERIES OF STERICALLY-

EXPANDED CYCLOPENTADIENYL-BASED LIGANDS 

 

SYNOPSIS 

 The octamethyloctahydrodibenzofluorenyl ligand has profound steric 

consequences when incorporated into metallocene and constrained geometry olefin 

polymerization catalysts.  However, its electronic effects are less understood than the 

role played by the steric environment.  The electronic nature of this ligand has been 

compared to a series of cyclopentadienyl analogues via DFT calculations, as well as 

NMR, UV-visible, and IR spectroscopies.  Both metallocene and non-metallocene 

complexes of early- and mid-transition metals have been prepared and investigated.  The 

octamethyloctahydrodibenzofluorenyl ligand is measurably more electron-rich than 

fluorenyl and other cyclopentadienyl analogues.  These electronics are readily conveyed 

to the transition metal and perturb its static and catalytic behavior. 
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INTRODUCTION 

 Since their discovery, ansa-metallocenes have received considerable attention as 

olefin polymerization catalysts.20,64,65  In the early 1990s, a new type of catalyst was 

reported that contained a cyclopentadienyl-based bridged η1-amido ligand.66-71  These 

catalysts, termed “constrained geometry catalysts” (CGCs), have been extensively 

studied because their ability to produce high molecular weight polymers at high 

polymerization temperatures makes them ideally suited for industrial use.  Recent work 

in the areas of ansa-metallocenes72-75 and CGCs76 has utilized a sterically expanded 

ligand based on fluorene – 2,2,5,5,8,8,11,11-octamethyl-2,3,4,5,8,9,10,11-

octahydrodibenzo[b,e]fluorene (OctH) – as a component in a highly active catalyst for 

olefin polymerization.  OctH was first reported in 198077 and can now easily be 

synthesized in >200 g batches (92% yield).  Recently, there have been numerous reports 

focusing on how the steric environment of the ligand affects the polymerization 

catalyst.78-82  In particular, the addition of steric bulk to the fluorene plane – in the form 

of the Oct group – greatly increases the syndioselectivity of both ansa-metallocene75 and 

CGC83 propylene polymerization catalysts.  However, there are relatively few attempts 

to elucidate the electronic consequences of incorporating sterically expanded ligands 

into transition metal-based catalysts.84,85 

This chapter discusses explorations of the electronic differences in symmetric 

cyclopentadienyl-based ligands (Figure 3.1), via density functional theory (DFT) 

calculations, as well as NMR, UV-Vis and IR spectroscopies.  We have synthesized both 



31 

 

metallocene and non-metallocene transition metal complexes of these ligands using 

early-, and mid-transition metals to show that the trend is specific to the ligands only. 

 

Figure 3.1.  The series of sterically-expanded ligands explored. 

 

RESULTS AND DISCUSSION 

 NMR studies.  One simple indication of the electronic nature of molecules is 

their NMR chemical shifts.  As the electron density on an atom increases, it becomes 

more shielded.  As a result, its NMR resonance shifts upfield (to lower δ values).  Of 

particular interest is the doubly benzylic CH2 group of both FluH and OctH.  The 13C 

NMR spectra of OctH and FluH show a difference of 0.66 ppm for this carbon atom (δ 

36.17 for OctH versus 36.83 for FluH).  In addition, the proton NMR show the same 

effect.  In the 1H NMR spectra, the difference between OctH and FluH is nearly 0.1 ppm 

(δ 3.85 versus 3.94 for FluH).   

 In addition, the competitive deprotonation of OctH and FluH by tert-butyl 

lithium was followed by 1H NMR (Figure 3.2) and the results are outlined in Table 3.1.  

Starting from a 1:1 mixture of OctH and FluH in THF-d8, 1 µL aliquots of tert-butyl 
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lithium (1.5 M in pentane) were added.  NMR spectra were taken after each addition, 

and the deprotonation was followed by observing the benzylic protons for the four 

possible species.  The peaks colored blue correspond to Oct-based species (OctH at 3.75 

ppm and OctLi at 5.44 ppm), while the peaks attributed to Flu-based species are colored 

red (3.84 ppm for FluH and 5.90 ppm for FluLi).  After the fourth addition of base, all 

four species were observed in the 1H NMR spectrum (Table 3.1, entry 5).  The reaction 

was allowed to stand at room temperature for 150 minutes without adding additional 

aliquots of base in order to ensure that the reaction was at equilibrium.  Another NMR 

spectrum taken after this time showed almost identical integrations for the four species, 

indicating that the reaction was indeed at equilibrium (Table 3.1, entry 6).  Using 

Equation 3.1, we were able to calculate a Keq of 7500 for the reaction shown in Scheme 

1 from the integrations of these peaks.  We were also able to calculate that the pKa of 

OctH as 26.8, given a value of 23 for FluH (in DMSO) – an increase of almost 4 pKa 

units.  Since OctH contains four tertiary alkyl groups on the fluorene ring, this result 

correlates well with previous experiments that indicate that the addition of one t-butyl 

group to an aryl ring should increase the pKa of a benzylic proton by almost 1 unit.86   

 

 

 

 

Equation 3.1 
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Table 3.1:  Percent of Each Species Present in the Competitive 
Deprotonation of OctH and FluH.a 

Entry 
Total Volume 

of Base 
Added (µL)b 

FluH OctH FluLi OctLi 

1 0 49.85 50.15 0.00 0.00 
2 1 45.91 51.63 2.46 0.00 
3 2 43.35 52.60 4.04 0.00 
4 3 10.69 64.81 24.50 0.00 
5 4 0.23 66.19 32.35 1.22 
6 4 0.23 66.79 31.77 1.21 
7 5 0.00 53.86 35.15 10.99 
8 6 0.00 48.41 36.98 14.61 
9 7 0.00 41.91 38.57 19.52 

a By 1H NMR.  b Each addition is 1 µL of t-butyllithium (1.5 M in pentane). 

 

 

  

Figure 3.2.  The competitive deprotonation of FluH and OctH by tert-butyl lithium.  The 

small peak at 3.58 ppm is residual 2-proteo-solvent. 

 

Increasing 
volume of base 
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FluH OctH 
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Figure 3.3.  The isodesmic reaction studied by NMR and DFT calculations. 

 

 In addition to the NMR studies above, DFT calculations (B3LYP/6-31G†) were 

carried out on the isodesmic reaction shown in Figure 3.3.  From these calculations, we 

determined a ∆H of -2.6 kcal/mol and a ∆G of -2.65 kcal/mol (at 298.15 K) indicating 

that the reaction favors the products.  From this value for ∆G, we calculate a Keq of 87.5, 

compared to 7500 for the NMR experiment.  The discrepancy is likely due to the fact 

that the DFT calculations were carried out in the gas phase, without considering solvent 

effects.  This over-estimates the stability of the large OctLi species, thereby placing too 

much emphasis on the starting materials.  It is presumed that ∆H is actually more 

negative than these calculations predict.  

 Differences in ansa-metallocenes.  To assess the electronic ramifications of the 

sterically expanded Oct-based ligands on transition metal complexes, a series of ansa-

metallocenes were synthesized which utilize the Flu and Oct moieties (Figure 3.4).  UV-

Vis spectroscopy was employed to probe the ligand-to-metal charge transfer (LMCT) in 

these metallocene complexes, which is generally accepted to be responsible for the 

colors observed.87  As the ansa ligand becomes more electron rich, the LMCT should 

become more facile, thereby shifting the LMCT bands to higher wavelengths (lower 

energy).  Figure 3.5 shows the UV-Vis absorption spectra for a series of sterically 

expanded ansa-metallocenes.  The addition of steric bulk to the fluorene plane shifts the 
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λmax of the metallocene by approximately 22 nm.  For the isopropylidine-bridged 

metallocene, the λmax increases from 493 to 516 nm when Oct is substituted for Flu, 

which corresponds to a 2.59 kcal/mol decrease in energy for the LMCT.  The energy of 

the LMCT is decreased by 2.30 kcal/mol (500 to 521 nm) for the diphenylmethylidine 

bridge upon the same substitution.   

 

 

Figure 3.4:  ansa-metallocenes investigated via UV-Vis spectrophotometry. 

 



36 

 

 

Figure 3.5:  UV-Vis spectra of metallocenes 1-4. 

 

 In addition, density functional theory (DFT) calculations (B3LYP 6-

31G**/LanL2DZ) were performed on ansa-metallocenes 1 and 3.  From these 

calculations, pictures of the molecular orbitals were generated (Figure 3.6), and the 

HOMO-LUMO gaps were determined.  The HOMO-LUMO gaps are of interest because 

the LMCT occurs from the HOMO to the LUMO.  Our calculations show that the 

HOMOs of both metallocenes are largely ligand based, with approximately 64% on the 

fluorenyl portion of the ligand, and only a small contribution from the zirconium atom 

(Table 3.2).  However, for the LUMOs, our calculations shows that the contribution 

from the zirconium atom has increased significantly (to ~33%) while the contribution 

from the Flu/Oct system has decreased substantially to approximately 16%.  Flu-based 1 

and Oct-based 2 were calculated to have HOMO-LUMO gaps of 35.77 and 33.89 
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kcal/mol respectively.  This indicates that the LMCT is a lower energy transition for the 

Oct-based metallocene, 2 (by 1.88 kcal/mol), as the electron-rich Oct portion of the 

ligand facilitates the LMCT.  This calculated difference of 1.88 kcal/mol correlates 

rather well with the 2.58 kcal/mol difference observed in the λmax from the UV-Vis 

spectra of the two metallocenes.   

 

 

Table 3.2.  Breakdown of MO Distribution for 1 and 3.a 

Metallocene 1 Metallocene 3 

 
HOMO 
(%) 

LUMO 
(%) 

HOMO (%)b LUMO (%) 

Zr 16.6 33.6 18.3 33.5 
Flu/Oct ring system 64.8 15.6 63.4 16.8 

iPropylidene 0.4 6.7 0.4 6.6 
Cyclopentadienyl 10.9 39.8 10.0 38.7 

Chloride 7.3 4.3 8.0 4.4 
a DFT calculations (B3LYP 6-31G**/LanL2DZ).  b Values do not sum to 100% due to rounding. 
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Figure 3.6:  Calculated HOMO (bottom) and LUMO (top) for metallocenes 1 and 3. 

 

 Infrared studies.
88  Manganese tricarbonyl compounds of Cp, Cp*, Flu, and Oct 

were synthesized (Figure 3.7) in order to further quantify the electronic differences 

between the ligands and to show that these differences are specific to the ligands.  The 

electronic environment imparted by the organic ligands was assessed by infrared 

spectroscopy.  Representative spectra are shown in Figure 3.8, and all carbonyl 

stretching frequencies are outlined in Table 3.3.  Compared to the Cp analogue (5), the 

manganese center in 7 is slightly electron poor, owing to the electron withdrawing 

ability of the aryl rings.  However, of the four compounds studied, the Oct-based species 

(8) is the most electron rich, due to the four electron-donating alkyl groups.  Although 

the steric consequences of Oct likely prohibit the formation of a bis(Oct) zirconocene, 
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Parkin and coworkers have recently shown that the pentamethyl derived Cp is one of the 

most electron donating cyclopentadienes available in a large series of zirconocenes.89 

 

 

 

Figure 3.7:  Manganese tricarbonyl compounds investigated via IR spectroscopy. 

 

 

Table 3.3:  Manganese Carbonyl Stretching Frequencies.a 

 
νCO (cm-1)  

Compound Substituent Symmetric Asymmetric 
5

b
 Cp 2022 1933 

6
b
 Cp* 2001 1917 

7
b
 Flu 2016 1933 

8
b
 Oct 2009 1924 

a Recorded as a THF solution.  b Literature value,90 recorded in CH2Cl2. 
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CONCLUSIONS 

 Oct has been compared to several symmetric cyclopentadienyl-based ligands in 

both metallocene and non-metallocene complexes via DFT calculations, UV-Vis and IR.  

In addition, the free protonated ligand was compared to fluorene by NMR and DFT 

calculations.  In all cases, Oct is measurably more electron rich than the other ligands 

studied, as well as any other cyclopentadiene based ligands reported.   

 The competitive deprotonation of OctH and FluH was followed via 1H NMR.  

From this, the pKa of OctH was found to be 26.8, an increase of nearly one unit for each 

of the four tertiary alkyl groups attached to the fluorene ring.  In addition, metallocenes 

that contain Oct are more electron rich than those containing Flu, as evidenced by the 

relatively low energy required for the LMCT.  the molecular orbitals of metallocenes 

based on Oct and Flu were calculated using DFT.   

 

EXPERIMENTAL 

 General considerations.  All air-sensitive procedures were performed under a 

purified nitrogen atomsphere in a glovebox or by using standard Schlenk line and 

vacuum line techniques.  Solvents were sparged with nitrogen and dried over molecular 

sieves using an M. Braun MB-SPS solvent purification system, dispensed into oven-

dried and evacuated Straus flasks.  All other chemicals were used as received.  

Metallocenes 1-4 were synthesized according to literature procedures.  CpMn(CO)3 is 

commercially available from Strem.  Unless otherwise noted, compounds 5-7 were 

synthesized using procedures analogous to the previously published routes for the 
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synthesis of the Cp*,91 Flu,92 or Oct93 complexes.  Solution infrared spectra were 

recorded in THF on a Bruker Tensor 27 FTIR spectrometer using 0.1 mm NaCl sealed 

cells. 

 Theoretical calculations.  DFT calculations were carried out with the Gaussian 

03 suite of programs58 using the gradient-corrected Becke exchange functional59 and the 

correlation functional of Lee, Yang and Parr60,61 (B3LYP).  Full geometry optimization 

calculations were carried out on OctH, FluH, OctLi and FluLi using a 6-31G† basis set.63  

The reaction enthalpy (∆H) was derived from the energy of each molecule (from the 

single-point calculation) corrected to enthalpy by the “thermal correction to enthalpy 

term” obtained from the frequency calculation.  Single-point calculations were carried 

out on 7 and 9 using the geometries obtained from the crystal structures using a 

LanL2DZ basis set94,95 for the Zr atom and 6-31G** for all other atoms.96,97   

 2,5-dichloro-2,5-dimethylhexane.  A 3 L Erlenmeyer flask was charged with 

200.00 g of 2,5-dimethyl-2,5-hexanediol and 1.0 L of concentrated aqueous HCl.  The 

resulting slurry, which was periodically shaken by hand, sat at room temperature for 48 

hours.  Water was added (~800 mL) and the slurry was extracted with diethyl ether (3 x 

250 mL).  The combined ether layers were dried over MgSO4 and concentrated to ~200 

mL.  The flask was heated to redissolve the formed precipitate, then slowly cooled to 

recrystallize the product.  The white crystalline solid was isolated via vacuum filtration 

and dried overnight on the filter (237.6 g, 94.7%).  1H NMR (CDCl3):  δ, 1.98 (s, 4H, 

CH2) 1.58 (s, 12H, CH3).  
13C  NMR (CDCl3):  δ 70.4, 41.4, 32.9. 
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 Synthesis of OctH.  A nitrogen purged 1 L round bottom flask was charged with 

fluorene (22.65 g, 136.3 mmol) and 2,5-dichloro-2,5-dimethylhexane (50.00 g, 273.2 

mmol) and the solids were dissolved in ~450 mL of nitromethane.  A solution of AlCl3 

(22.30 g in 50 mL nitromethane) was added via syringe over 20 minutes.  The resulting 

dark blue solution was stirred at room temperature for 48 hours.  The reaction mixture 

was poured into 1 L of ice water and the resulting light green precipitate was collected 

via vacuum filtration.  The solid was triturated in dry ethanol for 24 hours, filtered and 

recrystalized from toluene to yield 48.3 g (92.1 %) of a white crystalline solid.  1H NMR 

(CDCl3):  δ 7.63 (s, 2H, CH1), 7.41 (s, 2H, CH1), 3.75 (s, 2H, Ar2CH2), 1.72 (apparent s, 

8H, CH2), 1.38 (s, 12H, CH3), 1.32 (s, 12H, CH3).  
13C {1H} NMR (C6D6):  δ 143.6, 

143.5, 141.2, 139.8, 123.2, 117.6, 36.6, 35.8, 35.7, 34.95, 34.93, 32.7, 32.6. 

 Synthesis of (C29H37)Li (OctLi).  In a nitrogen filled glove box, 

octamethyloctahydrodibenzofluorene (4.133 g, 10.69 mmol) was dissolved in toluene 

(50 mL) and n-butyllithium (5.13 mL of a 2.5 M solution in hexanes, 13 mmol) was 

added via syringe.  The flask was attached to a swivel frit and the apparatus was affixed 

to the vacuum line.  After heating to 75 ˚C for 14 hours, the precipitated solid was 

collected by filtration.  Drying in vacuo afforded the pink product in 97.0% yield (4.070 

g). 

 Synthesis of (C13H9)Li (FluLi).  In a nitrogen filled glove box, fluorene (45.050 

g, 271.03 mmol) was charged to a 500 mL round bottom flask and assembled to a swivel 

frit.  The frit was then evacuated on the vacuum line and diethyl ether (300 mL) 

condensed in at 77 K.  As the reaction was warming to room temperature, n-butyllithium 
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(120 mL of a 2.5 M solution in hexanes, 300 mmol) was then added via syringe.  After 

16 hr the solvent was removed in vacuo.  Heptane (250 mL) and diethyl ether (100 mL) 

are vacuum transferred in at 77 K.  The mixture is warmed to room temperature and 

stirred for 1 hr, at which time the solid product is collected by filtration.  The ether is 

then removed in vacuo and the product washed with heptane (2 x 25 mL).  Drying in 

vacuo afforded the yellow product in 95.3% yield (44.472 g). 

 Synthesis of (η
5
-C29H37)Mn(CO)3 (7).  In a nitrogen filled glove box, OctLi 

(0.786 g, 2.00 mmol) and BrMn(CO)5 (0.550 g, 2.00 mmol) were combined in a 100 mL 

receiving flask and sealed with a 180˚ needle valve.  The flask was then evacuated on the 

vacuum line and THF (50 mL) was condensed in at 77 K.  The reaction was slowly 

warmed to room temperature and stirred for 24 hours, at which time the solvent was 

removed in vacuo.  The resulting yellow solid was extracted into pentane (60 mL) and 

filtered through a pad of celite inside a swivel frit.  Concentration to 20 mL and stirring 

overnight afforded the title compound as a yellow powder. The precipitated solid was 

then collected by filtration, washed with pentane and dried in vacuo to yield 180 mg.  A 

second crop is obtained from subsequent concentration of the filtrate to 6 mL to yield 

0.319 g.  The yield for two crops is 0.499 g (47.6%).  Yellow needle-like crystals were 

grown from a saturated solution in pentane being slowly evaporated into a surrounding 

solution of toluene at -36 ˚C.  Crystals can also be grown by cooling a saturated solution 

in pentane to -36 ˚C.  1H NMR (C6D6):  δ 1.21 (s, 6H, Oct-CH3), 1.23 (s, 6H, Oct-CH3), 

1.29 (s, 6H, Oct-CH3), 1.30 (s, 6H, Oct-CH3), 1.52 (apparent s, 8H, Oct-CH2), 5.22 (s, 

1H, Oct-C9
H1), 7.33 (s, 2H, Oct-CH1), 8.09 (s, 2H, Oct-CH1).  

13C {1H} NMR (C6D6):  
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δ 227.1, 147.5, 144.0, 122.4, 121.6, 106.3, 95.5, 58.2, 35.5, 35.40, 35.36, 35.36, 33.0, 

32.94, 32.92, 32.7. 

 Synthesis of (η
5
-C13H9)Mn(CO)3 (6).  In a nitrogen filled glove box, FluLi 

(0.344 g, 2.00 mmol) and BrMn(CO)5 (0.550 g, 2.00 mmol) were combined in a 100 mL 

receiving flask and sealed with a 180˚ needle valve.  The flask was then evacuated on the 

vacuum line and THF (50 mL) was condensed in at 77 K.  The reaction was slowly 

warmed to room temperature and stirred for 23 hours, at which time the solvent was 

removed in vacuo.  The resulting yellow solid was extracted into pentane (60 mL) and 

filtered through a pad of celite inside a swivel frit.  Concentration to 5 mL afforded the 

title compound as a yellow powder.  The precipitated solid was then collected by 

filtration, washed with pentane and dried in vacuo to yield 0.258 g (42.4%).  1H NMR 

(C6D6):  δ 7.57 (d, 3JHH = 8.7 Hz, 2H, Ar-H), 7.04 (d, 3JHH = 8.4 Hz, 2H, Ar-H), 6.81 (td, 

3JHH = 6.6 Hz, 4JHH = 1.2 Hz, 2H, Ar-H), 6.74 (td, 3JHH = 6.6 Hz, 4JHH = 1.2 Hz, 2H, Ar-

H), 4.93 (s, 1H, Ar-H-Ar). 13C {1H} NMR (C6D6):  δ 22.62, 127.4, 125.3, 125.0, 124.8, 

106.7, 95.7, 60.4. 
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CHAPTER IV 

PROBING THE ACTIVATION OF METALLOCENES VIA  

UV-VISIBLE SPECTROSCOPY 

 

SYNOPSIS 

 Prior to activation with methylaluminoxane (MAO), the metallocenes studied 

exhibit a ligand-to-metal charge transfer (LMCT) proportional to the number of electron-

donating substituents attached to the fluorenyl ring.  However, upon activation with 

MAO, the steric bulk of the ligands dominate the LMCT by influencing the distance 

between the cationic zirconium center and the anionic MAO.  Time-dependent changes 

in the observed λmax and the catalytic activity are attributed to the changing distance 

between the zirconocenium cation and the MAO anion as the MAO changes structure in 

solution.  Evidence is presented that MAO slowly changes structure after activation so 

that it can form a closer-contact ion pair with the zirconocenium cation – likely through 

a bridging methyl group.  Polymerization and UV-Vis experiments run with increasing 

amounts of MAO show that the catalysts reach their maximum activity and maximum 

λmax with the same MAO:Zr ratio, and the activity decreases at greater MAO:Zr ratios – 

although the optimum ratio is not the same for all catalysts.  The decrease in activity at 

high MAO concentrations is likely due to excess trimethyl aluminum (TMA).  However, 

experiments contradict the generally-accepted belief that TMA binds to the catalytically-

active zirconocenium cation. 
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INTRODUCTION 

 In the recent past, ansa-metallocenes have received much attention as 

homogeneous catalysts for olefin polymerization.98-102  A great deal of the work in this 

area has focused on compounds based on the original (CH3)2C(η5-C5H4)(η
5-C13H8)MX2 

ansa-metallocenes of Ewen.27,103  The activity of these compounds is due to the 

generation of an electron-deficient cationic species with an open coordination site at the 

metal center.  This is usually accomplished through the use of a co-catalyst/activator 

such as methylaluminoxane (MAO) (for X = halogen), [C(Ph)3]
+[(B(ArF)4]

- or B(ArF)3 

(for X = alkyl).104  Once activated, the cationic metallocene and the anionic activator are 

in equilibrium between the close-contact ion pair and the solvent-separated ion pair, 

which is generally accepted to be the active catalytic species (Figure 4.1).  Fluorenyl-

based catalysts (1, Figure 4.2) are generally less active than the sterically-expanded 

homologues.75  It is believed that sterically expanded catalysts, such as 4, which is based 

on octamethyloctahydrodibenzofluorenyl (Oct), are more active because they make the 

close contact ion pair less favorable.75 
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Figure 4.1:  Equilibrium established upon activation of ansa-metallocenes, generating 

the catalytically active metallocenium cation.   

 

 

 

Figure 4.2:  The ansa-metallocenes precatalysts studied upon activation with MAO. 

 

 The intense absorption bands of these metallocenes strongly indicate that the 

observed colors are due to ligand to zirconium (IV) charge transfer transition.105  As the 

average metal center becomes more cationic in nature (that is, Keq increases for the 

equilibrium in Figure 4.1), the ligand-to-metal charge transfer (LMCT) should become 

more facile, thereby leading to a shift in the observed absorption spectra.87  It has been 
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suggested that UV-Vis spectrophotometry could be a powerful tool to probe the nature 

of the active structures in zirconocene-mediated olefin polymerization.106  To this end, 

we have used UV-Vis spectrophotometry to observe the LMCT for 1-4 – both in the pre-

catalyst and upon activation.  We have rationalized changes in the absorption spectra 

over time, and we have correlated these changes to changes in the catalytic activity for 

the production of polyethylene (PE).  

 

RESULTS AND DISCUSSION 

 Time-dependent activation.  The generally-accepted mechanism for the 

activation of metallocenes with MAO involves replacing one chloride with a methyl 

group and abstracting the other chloride to form a cationic metal center with an open 

coordination site.  Upon activation with MAO, metallocenes 1-4 exhibit an immediate 

bathachromic shift (red shift), indicating a lower barrier to the LMCT, which correlates 

to the formation of the cationic metal center.  In addition, sterically-expanded 

metallocenes 2-4 undergo a time-dependent hypsochromic shift (blue shift) following 

the initial activation.   

 Upon activation with MAO, metallocene 1 undergoes an immediate red shift 

from 500 nm to 552 nm (∆E = -4.26 kcal/mol).  This indicates that the LMCT has 

become more facile, which corresponds to the formation of the metallocenium cation.  

However, unlike metallocenes 2-4, the fluorenyl-based metallocene does not show a 

time-dependent blue shift after activation (Figure 4.3), instead exhibiting a constant λmax 

of 552 nm.  By comparison, 4 also exhibits an immediate red shift upon activation with 
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MAO.  Upon addition of MAO to a solution of 4 in toluene, the observed λmax shifts 

from 521 nm to 622 nm (∆E = -8.91 kcal/mol); again corresponding to the generation of 

the metallocenium cation (Figure 4.4).  The initial LMCT is measured to be more facile 

for 4 than for 1 (∆∆E = -4.65 kcal/mol).   
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Figure 4.3:  UV-Vis spectra of 1/MAO over three hours.  0.25 mM in toluene, activated 

with 5000 eq. MAO at t = 0 min.  ε0 = 3573, εi = εf = 2215 M-1cm-1.  All spectra taken 5-

170 minutes are identical in the range 400-700 nm. 
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Figure 4.4:  UV-Vis spectra of 4/MAO over three hours.  0.25 mM in toluene, activated 

with 5000 eq. MAO at t = 0 min.  ε0 = 2549, εi = 3194, εf = 3582 M-1cm-1. 

 

 These observations can be explained in two ways.  The energy required for the 

LMCT can be overcome more easily if the ligand is more electron rich, or if the metal is 

more electron poor.  With four electron-donating tertiary alkyl groups, the ligand for 

metallocene 4 is more electron rich, which explains the difference observed in the UV-

Vis spectra before activation.  Before the addition of MAO, 1 has a λmax of 500 nm 

compared to 521 nm for 4 – a difference of 2.3 kcal/mol.  Therefore, the electronic 

differences in the two metallocene ligands can account for some, but not all of the 4.65 

kcal/mol difference we observe in the λmax of the species after activation.  The remainder 

must be attributed to the zirconium center in metallocene 4 being more cationic than that 
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of 1 after activation.  This can be explained by examining the proposed structure of 

MAO, which calculations107-110 and NMR studies111 indicate has a complex cage-like 

structure consisting of approximately 10-30 [AlOMe] units.108,112,113  After activation, 

the added steric bulk of metallocene 4 is more efficient at holding the large counter 

anion away from the metallocenium cation as compared to the sterically-open 

metallocene 1.  As a result, the average metal center in 4 is more cationic than in 1, 

further decreasing the energy barrier for LMCT.  However, over the course of 3 hours, 

metallocene 4 undergoes a slow blue shift down to 587 nm.  This indicates that the 

LMCT is becoming more difficult over time.  Presumably, the electron-donating ability 

of the ligand does not change over this time period.  Therefore, the change must be 

attributed to the average zirconium center becoming less cationic.  This indicates that the 

MAO counter anion forms a closer contact ion pair with the zirconocenium cation (that 

is, Keq is decreasing for Figure 4.1).  Initially, the steric bulk imposed by the ligand of 4 

is able to hold the MAO counteranion at bay, leading to an average zirconium center 

with significant cationic character.  However, over time, the MAO anion is able to 

rearrange in order to come to a structure that is “pointier” and better able to form the 

close contact ion pair with the zirconium center.   

 For the metallocenes 2 and 3, which have intermediate amounts of steric bulk, 

intermediate energies are observed for the LMCT in the UV-Vis spectra, as well as 

intermediate times required to reach an equilibrium λmax (Figures 4.5 and 4.6, 

respectively).  Since both metallocenes have two electron donating tertiary alkyl groups, 

one might expect for the energies associated with the LMCT for these two metallocenes 
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to be between that observed for 1, which has no electron donating groups; and 4, which 

has four.  Indeed, before activation, both metallocenes have a λmax of 510 nm, which 

indicates that the energy barrier associated with the LMCT for these two metallocenes is 

1.12 kcal/mol lower than that observed for 1 and 1.18 kcal/mol higher than the barrier 

observed for the LMCT in 4 – putting metallocenes 2 and 3 directly in the middle.   
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Figure 4.5:  UV-Vis spectra of 2/MAO over 10 minutes.  0.25 mM in toluene, activated 

with 5000 eq. MAO at t = 0 min.  ε0 = 2677, εi = 2455, εf = 2384 M-1cm-1. 
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Figure 4.6:  UV-Vis spectra of 3/MAO over 5 minutes.  0.25 mM in toluene, activated 

with 5000 eq. MAO at t = 0 min.  ε0 = 2677, εi = 1836, εf = 1990 M-1cm-1. 

 

 Like 4, metallocenes 2 and 3 also undergo a time-dependent blue shift after 

activation, although the time required to reach the equilibrium λmax is much shorter.  This 

indicates that the MAO counteranion requires less time in order to rearrange into a 

geometry that can bind to the cationic zirconium center.  Since the ligands for these two 

metallocenes are much less sterically-demanding when compared to 4, the MAO 

counteranion has to undergo a less extensive geometry rearrangement in order to be able 

to reach the zirconocenium cation. 

 Previous theoretical studies on the activation of metallocenes have focused on 

methide abstraction from substituted bis(cyclopentadienyl) zirconocenes by B(C6F5)3.
114  

These studies indicated that in all cases, the enthalpy of activation of the pre-catalyst is 
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negative and the magnitude of ∆H is influenced by both the steric and electronic 

contributions of the ligand.  However, according to those reports, the electron-donating 

ability of the ligand was the predominating factor, with the steric environment of the 

ligand contributing to a much lesser extent.  This is contrary to what we have observed 

for the abstraction a chloride from ansa-metallocenes by MAO.  In particular, 2 and 3 

both have two tertiary alkyl groups attached to the fluorenyl portion of the ligand.  

Therefore, if they followed the model proposed by Ziegler, the two metallocenes should 

behave almost identically.  However, we observe a difference of several minutes in the 

amount of time required to reach their respective equilibrium λmax values, as well as a 

difference in the λmax values themselves.  This leads us to conclude that not only is the 

amount of steric bulk important in this series of metallocenes, but the location of the 

sterically-demanding groups is also very important. 

 Overall, the effect of time on the λmax of the various catalysts studied is 

summarized in Figure 4.7.  As the steric environment around the zirconium center 

increases in the order 1 < 2 ≈ 3 < 4, the effects are observed in the LMCT both before 

and after activation with MAO.  Before activation (time < 0 min.), the ease of the LMCT 

is controlled by the electronics of the metallocene.  With four tertiary alkyl groups, 4 is 

the most electron rich metallocene in the series.  As such, the absorption associated with 

the LMCT is observed at an energy lower than the other three metallocenes.  

Metallocene 1 has no electron donating groups on the ligand, making the metallocene 

relatively electron-poor.  Accordingly, the LMCT absorption is located at the highest 

energy of any of the metallocenes in this series.  Both 2 and 3 have two tertiary alkyl 
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groups attached to the fluorenyl portion of the ligand.  As expected, the energy 

associated with the LMCT for these two metallocenes is equally spaced between the 

energies observed for 1 and 4. 

 However, after activation (time > 0 minutes), the steric environment of the ligand 

dominates.  The four bulky tertiary alkyl groups of metallocene 4 are able to hold the 

MAO counteranion farther away from the cationic zirconium center.  As a result, the 

average zirconium center is more electron deficient, thereby decreasing the energy 

required for the LMCT.  However, over the course of three hours, the MAO is able to 

change geometries in order to “fit” into the zirconium center.  This results in a less 

electron deficient metal center and raises the energy required for the LMCT.  

Metallocene 1, which has no added steric bulk, does not exhibit any time-dependence in 

the energy barrier to LMCT.  Presumably, this means that the MAO counteranion does 

not need to undergo any geometry changes in order to form the close-contact ion pair.  

The two metallocenes with intermediate amounts of steric bulk, 2 and 3, exhibit a very 

rapid change to the equlibrium λmax values.  This is consistent with the MAO 

counteranion having to only slightly change its geometry in order to be able to form the 

close-contact ion pair. 
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Figure 4.7:  The effect of time on the observed λmax of metallocenes 1-4. 

 

 In order to further elucidate the cause of the time-dependent shifts observed in 

the UV-Vis spectra, dimethyl metallocenes 5 and 6 (Figure 4.8) were synthesized and 

their activation with MAO and with B(C6F5)3 was followed by UV-Vis 

spectrophotometry.  Upon activation with B(C6F5)3, 5 and 6 undergo immediate red 

shifts, with the newly observed λmax values remaining essentially constant for the next 

three hours (Figure 4.9).  This is expected since the discrete counteranion – 

[MeB(C6F5)3]
- – has a static structure and, unlike MAO, cannot change geometries in 

order to form a closer-contact ion.   
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Figure 4.8:  The dimethyl analogues studied upon activation with MAO or B(C6F5)3. 
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Figure 4.9:  The observed λmax values for 5 and 6 upon activation with B(C6F5)3.  0.25 

mM in toluene, activated with 1.0 eq. B(C6F5)3 at t = 0 min.   
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 However, 5 and 6 can also be activated using MAO, presumably forming the 

same methyl zirconocenium cations21 which result from the activation of 1 and 4 with 

MAO, respectively.  Upon activation of 6 with MAO, an immediate red shift is 

observed, as it was for the dichloride (4).  However, unlike the activation of 4 with 

MAO, 6/MAO showed no time-dependent blue shift following the initial red shift 

(Figure 4.10).  It is also noteworthy that the final λmax values observed upon activation 

with MAO are the same for both species (585 nm), with the only difference between 4 

and 6 being the time need to reach this λmax value.  In addition, upon activation of either 

the dicholoro (1) or dimethyl (5) metallocene with MAO, the same λmax value is 

observed (552 nm).  This indicates that the final species is similar when MAO is 

employed as an activator, regardless of the metallocene used– most likely the close-

contact ion pair between zirconium and MAO.  The only difference is the time required 

to reach such a structure for the sterically-expanded metallocenes.  This is most easily 

explained by rationalizing the structure of the final close-contact ion pair, which most 

likely contains bridging methyl groups,108 as depicted in Figure 4.11.  When a methyl 

group is abstracted from 6, this close-contact ion pair is formed almost immediately; 

whereas with the abstraction of a chloride from 4, the MAO must change geometries in 

order to have a methyl group protruding from the cage structure capable of binding to 

the metal. 
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Figure 4.10:  The activation of a zirconocene-dichloride (4) and -dimethide (6) with 

MAO, as followed by UV-Vis spectrophotometry.  0.25 mM in toluene, activated with 

5000 eq. MAO at t = 0 min.   

 

 

Figure 4.11:  Proposed structure of the close-contact ion pair between metallocenes and 

MAO.  The metallocene ligand and the cage structure of MAO have been simplified for 

clarity. 
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 Solvent-dependent activation.  The time-dependent activation studies described 

above were carried out on 4/MAO in several solvents of differing polarity in order to 

ascertain what effect this had on the activation of the metallocene.  In all cases, the 

length of time required to reach an equilibrium λmax was decreased significantly when 

polar solvents were used (Figure 4.12).  When non-polar solvents were used, the 

relaxation times were at least 120 minutes.  However, when polar solvents were used – 

such as dichloromethane or halogenated benzenes – the relaxation times were decreased 

to between 5 and 60 minutes.  This indicates that the reorganization of the MAO cage 

structure most likely involves a charge-separated transition state.  When a polar solvent 

is employed, this transition state is stabilized, which allows the MAO counteranion to 

undergo the geometry rearrangement much faster.  The faster the MAO counteranion can 

undergo this rearrangement, the faster it will bind to the zirconocenium cation and effect 

the observed blue shift.  When non-polar solvents are used, this transition state is not 

stabilized, leading to a slower reorganization. 
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Figure 4.12:  The time-dependent λmax of 4/MAO in solvents of different polarity.  0.25 

mM in various solvents, activated with 5000 eq. MAO at t = 0 min.   

 

 

 Activity/λmax correlation.  In the past, UV-Vis spectrophotometry has been used 

to correlate catalytic activity with the observed λmax for metallocenes,115,116 although it is 

most frequently used to study the catalyst’s dependence on Al:Zr ratios.117-122  There are 

a few reports of using UV-Vis to monitor olefin polymerization catalysts with respect to 

time.  However, these reports have focused on the monitoring the reaction of 

zirconocenes with trimethyl aluminum (TMA) prior to the polymerization reaction123 or 

have followed the decomposition of nickel (II) bisimine catalysts to Ni0.124  To the extent 
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that the red shift is proportional to the distance between the catalytically active 

zirconocenium cation and the MAO anion, one would expect the activity of the catalyst 

to be related to the observed color change.  This observation has been reported for 

similar ansa-metallocenes, although only the initial polymerization rate was 

considered.75  In order to help validate the hypothesis that the changes observed in the 

UV-Vis spectra for the above metallocenes are due to differences in the zirconocenium 

cation-MAO anion distances, polymerizations were performed with metallocenes 1-4 at 

various times following activation with MAO.  As explained above, the extremely facile 

LMCT observed for 4 immediately after activation is attributed to the fact that the MAO 

counteranion is separated from the active catalytic zirconocenium cation.  Over the 

course of three hours, the MAO anion is able to undergo changes in geometry that allow 

it to form a closer-contact ion pair, thereby increasing the energy required for the 

LMCT.  If this is the case, one would expect to observe a greater catalytic activity for 

polymerizations run at times when the solvent separated ion pair dominates (soon after 

activation with MAO), compared to polymerizations performed at times when the close-

contact ion pair is favored (after the MAO counter anion has had time to form a closer- 
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contact ion pair).  To this end, we have performed polymerizations with metallocenes 1-

4 after allowing them to stir with MAO for various amounts of time, thereby “aging” the 

active catalysts (see Experimental Section). 

 As expected, the activity of metallocenes 1-4 tracked extremely well with the 

observed λmax values (Figures 4.13-4.16) and the data are summarized in Table 4.1.  

Polymerizations performed with 1 exhibited a constant activity towards ethylene (350 kg 

PE/(mol Zr • hr)), regardless of how long the active catalyst was aged (Figure 4.13).  

This was expected since the λmax observed for 1/MAO does not change over the time 

periods studied, indicating a constant zirconium cation-MAO anion distance.  Although 

both 2 and 3 do exhibit a time-dependent blue shift following their initial red shift, the 

blue shift is mostly completed by the beginning of the earliest polymerization run (with 

an aging time of 5 minutes) and a constant λmax is observed during any of the times when 

polymerizations were carried out.  As a result, 2 and 3 also provided constant 

polymerization activities toward ethylene, regardless of aging time (Figures 4.14 and 

4.15 respectively), with 2 producing 2750 kg PE/(mol Zr • hr) and 3 producing 2250 kg 

PE/(mol Zr • hr).   



64 

 

Table 4.1:  Polymerization Results for 1-4 Aged with MAO.a 

Entry Precatalyst 
Aging Time 

(min.) 
Yield 
(g)b 

Activity c 

1 1 5 0.0147       352 ± 204 
2 1 35 0.0173       416 ± 113 
3 1 70 0.0127       304 ±   28 
4 1 110 0.0123       296 ±   37 
5 1 150 0.0160       384 ±   63 
6 2 5 0.0760     3040 ±   80 
7 2 35 0.0687 2747 ± 450 
8 2 70 0.0697 2786 ± 101 
9 2 110 0.0687 2747 ± 266 

10 2 150 0.0733 2933 ± 405 
11 3 5 0.0590 2360 ± 592 
12 3 35 0.0580 2320 ± 183 
13 3 70 0.0637 2546 ± 335 
14 3 110 0.0597 2387 ± 441 
15 3 150 0.0523 2093 ± 272 
16 4 5 0.0477 5720 ± 970 
17 4 35 0.0243 2920 ± 703 
18 4 70 0.0190 2280 ± 240 
19 4 110 0.0187 2240 ± 367 
20 4 150 0.0143 1720 ± 183 

a 40 psi ethylene, 0.5 µmol catalyst, and 1000 eq. MAO in 25.0 mL toluene at  
25.0 °C, 5 minute polymerization runs for 1, 3 minute polymerization runs for 2 
and 3, 1 minute polymerization runs for 4.  b Average of three runs.   
c In kg PE/(mol Zr • hr), ± one standard deviation. 
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Figure 4.13:  Activity/λmax correlation for 1 with various aging times.  Activities are an 

average of three runs, error bar is ±1 standard deviation. 
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Figure 4.14:  Activity/λmax correlation for 2 with various aging times.  Activities are an 

average of three runs, error bar is ±1 standard deviation. 
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Figure 4.15:  Activity/λmax correlation for 3 with various aging times.  Activities are an 

average of three runs, error bar is ±1 standard deviation. 

 

 

 However, when polymerizations are performed with 4/MAO after various aging 

times, changes in the activity of the catalyst are observed.  These changes in the activity 

track with the slow blue shift observed in the UV-Vis spectra of the 4/MAO (Figure 

4.16).  When polymerizations are run with short aging times (5 or 35 minutes), a greater 

catalytic activity is observed.  This is presumably due to the increased zirconium cation-

MAO anion distance, leaving the coordination sphere of the metal relatively open.  

However, for longer aging times we see a decrease in activity as well as a decrease in the 

observed λmax for the activated metallocene.  Both of these observations can be explained 
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by the slow rearrangement of MAO to form a closer-contact ion pair with the active 

zirconocenium cation – increasing the energy required for the LMCT and hindering the 

ability of the metal center to coordinate monomer. 
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Figure 4.16:  Activity/λmax correlation for 4 with various aging times.  Activities are an 

average of three runs, error bar is ±1 standard deviation. 

 

 

 In addition to studying the effect of aging time on the metallocenes, we also 

employed UV-Vis spectroscopy to study the activation of 1 and 4 with various amounts 

of MAO.  In doing so, we were able to observe the minimum amount of MAO required 
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to fully activate the catalysts – that is, the smallest Al:Zr ratio that provided for a 

complete red shift – and we were able to correlate these observations in the UV-Vis 

spectra to the catalytic activity.  Figures 4.17 and 4.18 show the observed λmax values 

and the catalytic activity for 1 and 4, respectively, with various amounts of MAO.  It is 

interesting to note that 1 and 4 reach their maximum activity with the same Al:Zr ratio 

that is required to reach the maximum red shift, and that 4 required much less MAO than 

1 to become fully activated.  That is, 1 requires 2500 equivalents of MAO to reach the 

maximum red shift and the maximum activity, while 4 requires 1000 equivalents. 
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Figure 4.17:  Observed λmax values and catalytic activity for 1/MAO at various Al:Zr 

ratios.  Activities are an average of three runs, error bar is ±1 standard deviation. 
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Figure 4.18:  Observed λmax values and catalytic activity for 4/MAO at various Al:Zr 

ratios.  Activities are an average of three runs, error bar is ±1 standard deviation. 

 

 For 4, there is a drastic reduction in catalytic activity for any MAO above 1000 

equivalents.  This is generally attributed to residual trimethyl aluminum (TMA) left over 

from the synthesis of MAO, which poisons the active catalyst.122,125-127  However, not all 

catalysts are affected by excess TMA, and there have been several reports of TMA 

having no effect on the catalytic activity,126,128 although it is thought that even in theses 

cases, TMA does alter the termination mechanism.128  This seems to be the case with 1, 

which shows only a slight decrease in catalytic activity, even at very high concentrations 

of MAO.  To test this hypothesis, we performed polymerizations near the catalysts’ 

optimal MAO concentrations (3000 eq. MAO for 1 and 1000 eq. for 4) and spiked the 

reaction with excess TMA.  The results are summarized in Table 4.2. 
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Table 4.2:  Polymerization Results for 1 and 4 with TMA Added.a 

Entry 
Pre-

catalyst 
MAO 
(eq.) 

TMA 
(eq.) 

Yield (g) Activityc % Change 

1b 1 3000 000 0.0367   0880 – 
2b 1 3000 440 0.0180   0432 -50% 
3b 4 1000 000 0.0477   5720 – 
4b 4 1000 440 0.0020   0240 -96% 

a 40 psi ethylene, 0.5 µmol catalyst, in 25.0 mL toluene at 25.0 °C, 5 minute 
polymerization runs for 1, 1 minute polymerization runs for 4.  b Average of three runs.   
c In units of kg PE/(mol Zr • hr). 

 

 

 It has been suggested that TMA is responsible for the methylation of zirconocene 

dichlorides, which corresponds to the first step of the activation process.129  TMA has 

been even considered as the actual zirconocene activator130 although this has been 

contradicted.131  In fact, it is reported that a mixture of TMA and zirconocene dichloride 

do not react with each other in solution.132  In the generally-accepted mechanism by 

which TMA poisons the catalyst, free TMA binds to the zirconium center,126,133-135 

usually through bridging methyl groups.  To this end, we have recorded the UV-Vis 

spectra of 4/MAO/TMA over the course of 3 hours and have observed very little change 

in the λmax of the species (Figure 4.19).  From the data in Table 4.2, it is clear that TMA 

adversely affects the catalytic activity of 4.  However, the UV-Vis data seems to 

contradict the previously held belief that the TMA binds to the metal, shutting down the 

catalytic activity.  If this were the case, the LMCT should increase in energy as the 

electronic nature of the zirconocenium cation changes.  Since there is very little 



72 

 

difference in the observed red shift, our results indicate that TMA shuts down the 

polymerization by some other mechanism. 
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Figure 4.19:  The time-dependent λmax values of 4/MAO with and without added TMA.  

0.25 mM in toluene, activated with 1000 eq. MAO or 1000 eq. MAO + 440 eq. TAM at  

t = 0 min.   
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CONCLUSIONS 

 Prior to activation with MAO, metallocenes 1-4 show a predictable trend in the 

energy required for the LMCT, with the required energy for those metallocenes 

containing two electron-donating tertiary alkyl groups equally spaced between the 

metallocene with no tertiary alkyl groups (1), and that with four groups (4).  After 

activation with MAO, an immediate red shift is observed, indicating that the metal has 

become more cationic as the active catalytic center is formed.  After activation, the steric 

environment of the ligand dominates the LMCT.  By physically holding the large MAO 

counteranion away from the zirconocenium center, ligands such as those employed in 4 

make the metal more cationic and lower the barrier for LMCT.  The subsequent time-

dependent blue shift observed for the sterically-expanded metallocenes correlates to an 

increase in the energy required for the LMCT.  Larger metallocenes, such as 4, are able 

to hold the MAO at bay until the MAO rearranges its geometry to be able to fit past the 

steric bulk and reach the cationic zirconium – a observation supported by the fact that 

the slow blue shift for 4 is solvent-dependent.  Smaller metallocenes, such as 1, are 

unable to hold the MAO at bay.  Therefore, MAO forms the close-contact ion pair 

almost immediately and there is no time-dependent blue shift observed in the UV-Vis 

spectra.  While comparing 2 and 3, it becomes apparent that the metallocenes are not 

only influenced by the steric bulk of the ligands, but also by the location of the sterically 

demanding tertiary alkyl groups.  This is evidenced by the differences in the UV-Vis 

spectra of the activated species as well as the activities of the catalysts.  In addition, the 

Zr-MAO distances observed in the UV-Vis spectra correlate very well with the catalytic 
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activities of 1-4, with the greatest catalytic activities corresponding to the greatest Zr-

MAO distance. 

 The activation of dimethyl metallocenes 5 and 6 with B(C6F5)3 provides an initial 

red shift as the zirconium center becomes more cationic.  As expected, there is no time-

dependent blue shift after activation as the discrete [MeB(C6F5)3]
- counteranion has a 

static structure which provides for a constant cation-anion distance.  Upon activation of 

5 or 6 with MAO, the UV-Vis spectra show absorbences equal to the equilibrium λmax 

values observed for 1 and 4 respectively (552 nm for 1, 587 nm for 2).  This indicates 

that the close-contact ion pair is formed almost immediately.   

 Polymerizations performed with varying amounts of MAO show that 

metallocenes 1 and 4 reach their maximum catalytic activity with the same MAO:Zr 

ratios required to effect a maximum red shift in the UV-Vis spectra.  Increasing the 

MAO:Zr ratio adversely affects both metallocenes, presumably by introducing more 

TMA into the polymerization reaction, although the effect is much more pronounced 

with metallocene 4.  UV-Vis data contradicts the generally-accepted belief that TMA 

poisons metallocene catalysts by binding to the active zirconocenium center – although 

it does not provide evidence for an alternate mechanism. 
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EXPERIMENTAL 

 General considerations.  All air-sensitive procedures were performed under a 

purified nitrogen atomsphere in a glovebox or by using standard Schlenk line and 

vacuum line techniques.  Methylaluminoxane (MAO) (Albemarle, 30% in toluene) was 

concentrated to dryness and used as a solid.  Solvents used for UV-Vis measurements 

and for polymerizations were dried before use:  toluene was distilled from 

sodium/benzophenone; dichloromethane, benzene, xylene, and halogenated benzenes 

were vacuum-transferred from calcium hydride and then degassed by three freeze-pump-

thaw cycles.  Solvents for the synthesis of ligands and precatalysts were sparged with 

nitrogen and dried over molecular sieves using an M. Braun MB-SPS solvent 

purification system, dispensed into oven-dried Straus flasks and degassed by stirring 

under reduced pressure for 20 minutes.  All other chemicals were used as received.  All 

UV-Vis spectra were recorded on an Agilent Technologies 8453 UV-Vis 

spectrophotometer using an airtight 1.0 cm cuvette equipped with a 100 mL round 

bottom flask and a magnetic stir bar.  All compounds were prepared according to 

literature procedure, and the characterization data matched that previously reported.  The 

general procedures are as follows. 

 Synthesis of 2,5-dichloro-2,5-dimethylhexane.  2,5-dimethyl-2,5-hexanediol 

(200.0 g) was charged to a 4 L Erlenmeyer flask and 1L of concentrated aqueous 

hydrochloric acid was added.  The resulting slurry was periodically shaken by hand.  

After 48 hours, 800 mL of water was added and the slurry was extracted with diethyl 

ether (4 x 200 mL).  The combined ether layers were dried over MgSO4, filtered and 
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concentrated to ~150 mL.  The reaction was heated to redissolve the formed precipitate, 

slowly cooled and filtered to isolate 237.6 g (94.7 %) of a white crystalline solid. 

 Synthesis of 2,2,5,5-tetramethyl-2,3,4,5-tetrahydro-benzo[b]fluorene 

(TetH).
136  Fluorene (100.00 g, 602.41 mmol), 2,5-dichloro-2,5-dimethylhexane (13.00 

g, 71.04 mmol) and ~400 mL of nitromethane were charged to a 1L round bottom flask 

that had been purged with nitrogen.  The reaction was heated to 60 °C until 

homogeneous.  To this, a solution of aluminum trichloride (5.0 g in ~50 mL 

nitromethane) was added dropwise via syringe over 10 minutes.  The reaction was 

stirred for an additional 15 minutes, and was quenched by slowly adding ~10 mL of 

water, followed by an additional 150 mL of water.  The mixture was cooled to room 

temperature and filtered to remove unreacted fluorene.  The filtrate was extracted with 

hexanes (4 x 100 mL) and the combined hexanes layers were dried over MgSO4 and 

evacuated to dryness.  The resulting solid (20:80 TetH:FluH by GC) was subjected to 

Kugelrohr distillation under dynamic vacuum at 100 °C to remove unreacted fluorene.  

The residue (58:42 TetH:FluH by GC) was taken up in hot ethanol, cooled and filtered to 

isolate a solid.  This solid (60:40 TetH:FluH by GC) was again subjected to Kugelrohr 

distillation as above.  The residue was again taken up in hot ethanol, cooled and filtered 

to isolate 6.98 g of pure TetH (35.6 %). 

 Synthesis of 2,7-ditertbutylfluorene.  Fluorene (50.0 g, 299.4 mmol) and 2-

chloro-2-methylpropane (48.24 g, 598.8 mmol) were charged to a 2 L round bottom 

flask and dissolved in 700 mL nitromethane.  A solution of AlCl3 (10.0 g in 60 mL of 

nitromethane) was slowly added via syringe.  Reaction stirred at room temperature for 
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two days, after which time it was poured into 1 L of ice water.  The green solid was 

collected via vacuum filtration, and triturated in ethanol.  The white solid was collected 

via vacuum filtration and recrystallized from toluene to yield 35.99 g (43.2%). 

 Synthesis of 2,2,5,5,8,8,11,11-octamethyl-2,3,4,5,8,9,10,11-octahydro-

dibenzo[b,e]fluorene (OctH).
77  Fluorene ( 22.65 g, 136.25 mmol) and 2,5-dichloro-

2,5-dimethylhexane (50.0 g, 273.22 mmol) were charged to a 1 L round bottom flask 

and dissolved in ~400 mL of nitromethane.  To this, a solution of aluminum trichloride 

(22.3 g in ~100 mL of nitromethane) was added via syringe over 20 minutes and the 

resulting blue slurry was stirred at room temperature.  After 48 hours, the reaction 

mixture was slowly poured into 1 L of ice water and the green precipitate was collected 

via vacuum filtration.  The solid was triturated in dry ethanol for 24 hours, filtered and 

recrystallized from toluene to yield 48.29 g of a white solid (92.1 %). 

 Synthesis of 6,6-diphenylfulvene.
137  Benzophenone (170.0 g, 0.933 mol) and 

sodium methoxide (55.8 g) were dissolved in ~700 mL of dry ethanol.  To this, was 

added 134 mL of freshly distilled cyclopentadiene.  The orange reaction stirred at room 

temperature overnight.  It was filtered to isolate a deep orange powder which was then 

triturated in methanol, filtered and dried to yield 198.1 g (92.2 %) of an orange powder 

 Synthesis of ansa-ligands.  On the benchtop, the desired fluorene (35.0 mmol) 

was charged to a round bottom flask equipped with a magnetic stir bar and a 180° needle 

valve.  Diethyl ether (~100 mL) was condensed in at 77 K.  As the reaction was slowly 

warming to room temperature, n-butyllithium was added via syringe (15.3 mL of a 2.77 

M solution in hexanes, 1.2 eq.).  The reaction stirred for 24 hours open to a mercury 
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bubbler.  The solvent was removed in vacuuo and brought into the glove box where 6,6-

dimethylfulvene was added (3.73 g, 35.0 mmol).  The flask was attached to the vacuum 

line and again, ~100 mL of diethyl ether were condensed in at 77 K.  The reaction was 

allowed to slowly warm to room temperature and stirred for four days.  Then, ~10 mL of 

a saturated aqueous solution of NH4Cl was slowly added, followed by an additional 50 

mL.  The aqueous layer was washed with diethyl ether (2 x 50 mL).  All organic layers 

were combined and washed with water (2 x 50 mL) and dried over MgSO4.  After 

filtering, the solvent was removed via rotary evaporation to afford a sold, and the desired 

product was recrystallized from diethyl ether or hexanes. 

 Synthesis of ansa-metallocene dichloride complexes.
  On the benchtop, 25 

mmol of the desired ligand was charged to a 100 mL recovery flask and a 180° needle 

valve was attached.  The apparatus was attached to the vacuum line and ~50 mL of dry 

diethyl ether were condensed in at -196 °C.  While the reaction was warming to room 

temperature, 18.2 mL of n-butyllithium (2.77 M in hexanes, 50.5 mmol) were added via 

syringe over 10 minutes.  The reaction mixture was stirred at room temperature for 24 

hours, then evacuated to dryness.  The flask was sealed and brought into the glovebox 

where ZrCl4 was added (5.83 g, 25 mmol) and the needle valve was replaced with a 

swivel frit apparatus.  The apparatus was attached to the vacuum line and ~50 mL of 

diethyl ether were condensed in at -196 °C.  The reaction was allowed to slowly warm to 

room temperature and was then stirred for 24 hours.  The solvent was removed on the 

vacuum line and ~50 mL of toluene were condensed in at -196 °C.  The frit was flipped 

to filter off LiCl and the cake was extracted until colorless by condensing toluene from 
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the lower collection flask.  The resulting metallocene solution was concentrated to ~10 

mL and placed in an ice-water bath to precipitate the product.  The frit was flipped again 

and the solid product collected via filtration. 

 Synthesis of ansa-metallocene dimethyl complex 5. In the box, 1 (0.331 g, 

0.595 mmol) was charged to a 50 mL recovery flask and dissolved in ~20 mL of diethyl 

ether.  Methylmagnesium chloride (0.43 mL of a 22 wt% solution, 2.2 eq.) was added 

via syringe and a swivel frit apparatus was assembled.  The reaction stirred at room 

temperature for 3 days, during which time the reaction changed from orange-red to 

yellow as a white precipitate formed.  The swivel frit was flipped and the reaction was 

filtered to remove the insoluble salt.  The filtrate was concentrated to ~5 mL and the frit 

was flipped again to collect 0.127 g (38.4%) of a bright yellow powder. 

 Synthesis ansa-metallocene dimethyl complex 6.  In the box, 4 (0.332 g, 0.427 

mmol) was charged to a 50 mL recovery flask and dissolved in ~20 mL of diethyl ether.  

Methylmagnesium chloride (0.31 mL of a 22 wt% solution, 2.2 eq.) was added via 

syringe and a swivel frit apparatus was assembled.  The reaction stirred at room 

temperature for 3 hours, during which time the reaction changed from pink to yellow as 

a white precipitate formed.  The swivel frit was flipped and the reaction was filtered to 

remove the insoluble salt.  The filtrate was concentrated to ~5 mL and the frit was 

flipped again to collect 0.182 g (57.8%) of a bright yellow powder. 

 General UV-Vis procedure.  For metallocenes 1 and 4-6:  Inside the glove box, 

the round bottom portion of the air-tight cuvette apparatus was charged with the 

appropriate amount of a toluene stock solution of the chosen activator (MAO or 
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B(C6F5)3), enough toluene to bring the volume to 7.0 mL, and 1.0 mL of a 2.0 mM stock 

solution of the chosen metallocene.  The apparatus was sealed with a teflon valve and 

brought out of the glovebox.  The spectrophotometer was blanked using toluene in a 

matched cuvette.  The apparatus was tipped to allow the activated catalyst solution to 

flow into the cuvette portion and UV-Vis spectra were recorded every 5 minutes for 180 

minutes. 

 For metallocenes 2 and 3:  Inside the glove box, the round bottom portion of the 

air-tight cuvette apparatus was charged with the appropriate amount of a MAO stock 

solution and enough toluene to bring the volume to 7.0 mL.  The openings were capped 

with septa and the apparatus was brought out of the glovebox.  The spectrophotometer 

was blanked using toluene in a matched cuvette.  Then, 1.0 mL of a 2.0 mM precatalyst 

stock solution was injected with rapid stirring.  The apparatus was tipped to allow the 

activated catalyst solution to flow into the cuvette portion and UV-Vis spectra were 

recorded every 15 seconds for 15 minutes, then every 5 minutes for the next 165 

minutes. 

 General polymerization procedure.  CAUTION!  All polymerizations should 

be carried out in a fume hood and behind a blast shield.  Polymerizations were carried 

out in an 85 mL glass Lab-Crest (Andrews Glass Company) cylindrical polymerization 

reactor equipped with a 2 in. octagonal stir bar able to provide ample surface agitation 

wile stirring.  In the glovebox, the vessel was charged with the appropriate amount of a 

1.0 M MAO stock solution, enough toluene to bring the total volume in the reactor to 

24.0 mL, and 1.0 mL of a 0.5 mM solution of the appropriate pre-catalyst.  The addition 
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of the precatalyst represents t = 0 minutes.  The reactor was assembled and was allowed 

to stir inside the glovebox until 5 minutes before the polymerization run was to begin (in 

the case of the polymerization runs beginning at t = 5 minutes, the reactor was brought 

out of the box immediately).  It was then taken out of the box, placed in a 25 °C 

thermostatic water bath and rapid stirring was begun.  At the appropriate time, the 

reactor was pressurized to 40 psi with a continuous supply of ethylene.  After the 

appropriate time (5 minutes for 1, 3 minutes for 2 and 3 and 1 minute for 4), the reaction 

was quenched by slowly venting the vessel and adding ~8 mL of an acidic methanol 

solution (methanol plus 10% aqueous concentrated HCl).  The insoluble polymer was 

collected by vacuum filtration. 



82 

 

CHAPTER V 

CONCLUSIONS 

 The ongoing desire to produce polymers from renewable feedstocks remains, despite 

our inability to reproduce previously published reports on the copolymerization of 

ethylene and carbon dioxide.  The thermodynamic parameters for the copolymerization 

show that an alternating copolymer is thermodynamically impossible at any reasonable 

polymerization temperatures.  However, the copolymer is thermodynamically feasible at 

room temperature as long as the molar ratio of ethylene/CO2 exceeds 2.37 (less than 29.7 

mol% CO2).  Despite the thermodynamic possibility of a copolymer between ethylene 

and CO2, it is difficult to imagine a suitable mechanism that would allow for a feasible 

kinetic pathway. 

 Octamethyloctahydrodibenzofluorenyl has profound steric consequences when 

incorporated into metallocene ligands for olefin polymerization – including increased 

activity and stereoselectivity.  However, its electronic contributions to the metallocene 

are less understood.  The electron-donating ability of the four tertiary alkyl groups on 

Oct has been studied by DFT calculations, and UV-Vis spectroscopy of the pre-catalysts.  

OctH was found to have a pKa of 26.8, an increase of nearly 4 pKa units compared to 

fluorene.   

 Data from UV-Vis and catalytic activity studies support the theory that the increased 

activity of Oct-containing metallocenes is due to the ability of the steric bulk to 

influence the counteranion distance.  In addition, it was found that TMA is detrimental 
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to the catalytic activity of the metallocenes studied.  However, the effect is varies 

depending on the metallocene.  UV-Vis data also contradicts the generally-accepted 

belief that TMA poisons metallocene catalysts by binding so the active zirconium center, 

although it does not provide evidence for an alternative mechanism. 
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APPENDIX A 

KINETIC AND THERMODYNAMIC CONSIDERATIONS IN THE 

COPOLYMERIZATION OF ETHYLENE AND CARBON DIOXIDE 

 

SPECTRA OF POLYMER AND OLIGOMER SAMPLES 

General Considerations and Instrumentation.  The insoluble polymer was 

collected by filtration.  Approximatly 100 mg of polymer was dissolved in ~1 mL of 

1,1,2,2-tetrachloroethane-d2. All 13C NMR spectra of polymer samples were recorded on 

an Inova-300 spectrometer (13C, 75.424 MHz) at 100°C using at least 6100 transients.  

The methylene peak was used as an internal standard (30.0 ppm).  After quenching with 

acidic methanol, reactions that produced only toluene-soluble oligomers were poured 

into a separatory funnel and the aqueous layer was removed.  The organic layer was 

washed with a 10% sodium bicarbonate solution then dried over MgSO4 and subjected to 

GC-MS analysis. 
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13
C Spectra of Polymer Samples. 
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Figure A.1:  Polymer produced by the homopolymerization of ethylene with 1/MAO 
(Table 2.6, entry 3) showing the necessary absence of carbonyl peaks. 

Figure A.2:  Polymer produced by 2/MAO (Table 2.6, entry 4) showing the absence 
of carbonyl peaks. 
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Figure A.3:  Polymer produced by 2/MAO (Table 2.6, entry 5) showing the absence 
of carbonyl peaks. 
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Figure A.4:  Polymer produced by 2/MAO (Table 2.6, entry 6) showing the absence 
of carbonyl peaks. 
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Figure A.5:  Polymer produced by 2/MAO (Table 2.6, entry 7) showing the absence 
of carbonyl peaks. 
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Figure A.6:  Polymer produced by 2/MAO (Table 2.6, entry 8) showing the absence 
of carbonyl peaks. 
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Figure A.7:  Polymer produced by the homopolymerization of ethylene with 2/MAO 
(Table 2.6, entry 9) showing the necessary absence of carbonyl peaks. 
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Figure A.8:  Polymer produced by 3/MAO (Table 2.6, entry 10) showing the absence 
of carbonyl peaks. 
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Figure A.9:  Polymer produced by 5/MAO (Table 2.6, entry 14) showing the absence 
of carbonyl peaks. 
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Figure A.10:  Polymer produced by 5/MAO (Table 2.6, entry 15) showing the 
absence of carbonyl peaks. 
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GC-MS Spectra. 

 
 

 
 
 
 

 

 
 
 

Figure A.11:  GC traces of oligomers produced with 4/MAO, (Table 2.6, entry 12), 
with the representative masses for each peak. 

Figure A.12:  GC traces of oligomers produced with 4/MAO, (Table 2.6, entry 13), 
with the representative masses for each peak. 
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Figure A.13:  GC traces of oligomers produced with 6/MAO, (Table 2.6, entry 16), 
with the representative masses for each peak. 
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QUANTUM CHEMICAL CALCULATIONS 

Computational methods.  All calculations were performed using the Gaussian 

03 suite of programs.58  Geometry optimizations and frequency calculations were 

performed using Density Function Theory (DFT) employing Becke’s 3-parameter hybrid 

functional (B3)59 with the correlation functional of Lee, Yang and Parr (LYP).60,61  

Pople-style, double-ζ split polarized basis sets with pure d orbitals (6-31G(d’) = 6-31G†) 

was used.62,63  All energies include zero-point energies.  The compounds are named in 

the following manner:  XchainY where X is the total number of monomer units in the 

chain and Y is the number of CO2 units in the chain.  

 

Geometry optomized structures and coordinates. 

Table A.1:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 2chain0. 

 
Atom x y z  Atom x y z 

C -0.7048 -1.8364 0.0000  H -1.2565 0.0640 0.8788  
C -0.7048 -0.3036 0.0000  H -1.2565 0.0640 -0.8788  
C 0.7048 0.3036 0.0000  H 1.2565 -0.0640 -0.8788  
C 0.7048 1.8364 0.0000  H 1.2565 -0.0640 0.8788  
H -1.7255 -2.2399 0.0000  H 1.7255 2.2399 0.0000  
H -0.1899 -2.2337 0.8854  H 0.1899 2.2337 0.8854  
H -0.1899 -2.2337 -0.8854  H 0.1899 2.2337 -0.8854  
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Table A.2:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 3chain0. 

 
Atom x y z  Atom x y z 

C -1.3953 -2.9156 0.0000  H -1.9608 -1.0195 -0.8785  
C -1.4059 -1.3827 0.0000  H 0.5556 -1.1316 -0.8789  
C 0.0000 -0.7672 0.0000  H 0.5556 -1.1316 0.8789  
C 0.0000 0.7672 0.0000  H -0.5556 1.1316 0.8789  
C 1.4059 1.3827 0.0000  H -0.5556 1.1316 -0.8789  
C 1.3953 2.9156 0.0000  H 1.9608 1.0195 -0.8785  
H -2.4136 -3.3253 0.0000  H 1.9608 1.0195 0.8785  
H -0.8779 -3.3094 0.8854  H 2.4136 3.3253 0.0000  
H -0.8779 -3.3094 -0.8854  H 0.8779 3.3094 0.8854  
H -1.9608 -1.0195 0.8785  H 0.8779 3.3094 -0.8854  

 
 
 
 

Table A.3:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 3chain1. 

 
Atom x y z  Atom x y z 

C 3.0159 -0.1625 0.0008  H 3.1498 0.4738 -0.8810  
C 1.6362 -0.8196 -0.0007  H 1.5011 -1.4735 0.8722  
C 0.5033 0.1912 -0.0003  H 1.5021 -1.4715 -0.8752  
O -0.6974 -0.4315 0.0001  H -1.8158 1.0798 -0.8835  
C -1.8571 0.4317 0.0002  H -1.8158 1.0797 0.8840  
C -3.0882 -0.4567 0.0002  H -3.9945 0.1613 0.0003  
O 0.6320 1.3935 -0.0004  H -3.1084 -1.0987 0.8886  
H 3.8039 -0.9248 0.0003  H -3.1085 -1.0985 -0.8883  
H 3.1489 0.4719 0.8840       
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Table A.4:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 4chain0. 

 
Atom x y z  Atom x y z 

C 2.8131 -3.5239 0.0000  H 1.9625 -1.0196 -0.8787  
C 1.4056 -2.9171 0.0000  H 1.9625 -1.0196 0.8787  
C 1.4056 -1.3825 0.0000  H -0.5563 -1.1310 0.8787  
C -0.0001 -0.7673 0.0000  H -0.5563 -1.1310 -0.8787  
C 0.0001 0.7673 0.0000  H 0.5563 1.1310 -0.8787  
C -1.4056 1.3825 0.0000  H 0.5563 1.1310 0.8787  
C -1.4056 2.9171 0.0000  H -1.9625 1.0196 0.8787  
C -2.8131 3.5239 0.0000  H -1.9625 1.0196 -0.8787  
H 2.7780 -4.6209 0.0000  H -0.8498 3.2795 -0.8784  
H 3.3822 -3.2092 0.8854  H -0.8498 3.2795 0.8784  
H 3.3822 -3.2092 -0.8854  H -2.7780 4.6209 0.0000  
H 0.8498 -3.2795 0.8784  H -3.3822 3.2092 0.8854  
H 0.8498 -3.2795 -0.8784  H -3.3822 3.2092 -0.8854  

 
 
 

Table A.5:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 5chain0. 

 
Atom x y z  Atom x y z 

C 2.8008 5.0651 0.0000  H 0.8504 3.2807 0.8788  
C 2.8118 3.5321 0.0000  H 1.9623 1.0181 0.8788  
C 1.4061 2.9164 0.0000  H 1.9623 1.0181 -0.8788  
C 1.4064 1.3817 0.0000  H -0.5559 1.1310 -0.8788  
C 0.0000 0.7673 0.0000  H -0.5559 1.1310 0.8788  
C 0.0002 -0.7675 0.0000  H 0.5561 -1.1312 0.8788  
C -1.4062 -1.3818 0.0000  H 0.5561 -1.1312 -0.8788  
C -1.4060 -2.9165 0.0000  H -1.9621 -1.0182 -0.8788  
C -2.8118 -3.5320 0.0000  H -1.9621 -1.0182 0.8788  
C -2.8011 -5.0649 0.0000  H -0.8503 -3.2808 0.8788  
H 3.8188 5.4753 0.0000  H -0.8503 -3.2808 -0.8788  
H 2.2831 5.4587 0.8854  H -3.3668 -3.1689 -0.8785  
H 2.2831 5.4587 -0.8854  H -3.3668 -3.1689 0.8785  
H 3.3669 3.1692 0.8785  H -3.8193 -5.4748 0.0000  
H 3.3669 3.1692 -0.8785  H -2.2836 -5.4587 0.8854  
H 0.8504 3.2807 -0.8788  H -2.2836 -5.4587 -0.8854  
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Table A.6:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 5chain1. 

 
Atom x y z  Atom x y z 

C -3.0480 0.1723 0.0001  H 1.8517 1.1609 0.8840  
C -1.6988 -0.5500 -0.0003  H 1.8518 1.1609 -0.8837  
C -0.5135 0.3986 -0.0001  H 2.9794 -1.0945 -0.8805  
O 0.6520 -0.2881 0.0001  H 2.9796 -1.0943 0.8810  
C 1.8565 0.5104 0.0001  H -4.1764 -1.4540 0.8780  
C 3.0449 -0.4396 0.0001  H -4.1767 -1.4531 -0.8792  
O -0.5761 1.6062 -0.0002  H -6.4264 -0.7858 -0.0001  
C -4.2398 -0.7930 -0.0002  H -5.7015 0.5689 -0.8845  
C -5.5926 -0.0723 0.0004  H -5.7013 0.5677 0.8862  
C 4.3865 0.3062 -0.0001  H 4.4383 0.9666 0.8786  
C 5.5927 -0.6396 0.0001  H 4.4382 0.9662 -0.8791  
H -3.1026 0.8347 -0.8748  H 6.5371 -0.0812 -0.0002  
H -3.1025 0.8340 0.8754  H 5.5885 -1.2891 -0.8854  
H -1.6004 -1.2103 -0.8743  H 5.5887 -1.2886 0.8859  
H -1.6003 -1.2110 0.8732       
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Table A.7:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 6chain0. 

 
Atom x y z  Atom x y z 

C -4.2201 5.6727 0.0000  H -0.8500 3.2808 0.8788  
C -2.8123 5.0664 0.0000  H -0.8500 3.2808 -0.8788  
C -2.8117 3.5318 0.0000  H -1.9618 1.0186 -0.8788  
C -1.4059 2.9170 0.0000  H -1.9618 1.0186 0.8788  
C -1.4059 1.3823 0.0000  H 0.5561 1.1310 0.8788  
C 0.0002 0.7674 0.0000  H 0.5561 1.1310 -0.8788  
C -0.0002 -0.7674 0.0000  H -0.5561 -1.1310 -0.8788  
C 1.4059 -1.3823 0.0000  H -0.5561 -1.1310 0.8788  
C 1.4059 -2.9170 0.0000  H 1.9618 -1.0186 0.8788  
C 2.8117 -3.5318 0.0000  H 1.9618 -1.0186 -0.8788  
C 2.8123 -5.0664 0.0000  H 0.8500 -3.2808 -0.8788  
C 4.2201 -5.6727 0.0000  H 0.8500 -3.2808 0.8788  
H -4.1853 6.7698 0.0000  H 3.3683 -3.1688 0.8788  
H -4.7891 5.3580 0.8854  H 3.3683 -3.1688 -0.8788  
H -4.7891 5.3580 -0.8854  H 2.2570 -5.4292 -0.8785  
H -2.2570 5.4292 0.8785  H 2.2570 -5.4292 0.8785  
H -2.2570 5.4292 -0.8785  H 4.1853 -6.7698 0.0000  
H -3.3683 3.1688 -0.8788  H 4.7891 -5.3580 0.8854  
H -3.3683 3.1688 0.8788  H 4.7891 -5.3580 -0.8854  
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Table A.8:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 7chain0. 

 
Atom x y z  Atom x y z 

C -8.3458 -0.3237 -0.0005  H -4.4811 1.1407 -0.8791  
C -7.0580 0.5077 -0.0005  H -3.2237 -1.0439 -0.8788  
C -5.7838 -0.3476 -0.0003  H -3.2238 -1.0438 0.8787  
C -4.4893 0.4765 -0.0003  H -1.9127 1.1090 0.8786  
C -3.2155 -0.3796 -0.0001  H -1.9126 1.1088 -0.8789  
C -1.9209 0.4446 -0.0001  H -0.6556 -1.0761 -0.8786  
C -0.6474 -0.4117 0.0000  H -0.6557 -1.0760 0.8788  
C 0.6474 0.4123 0.0000  H 0.6557 1.0766 0.8787  
C 1.9208 -0.4442 0.0002  H 0.6558 1.0765 -0.8788  
C 3.2156 0.3799 0.0001  H 1.9125 -1.1085 -0.8785  
C 4.4892 -0.4764 0.0003  H 1.9125 -1.1083 0.8790  
C 5.7839 0.3474 0.0003  H 3.2239 1.0443 0.8788  
C 7.0579 -0.5082 0.0004  H 3.2240 1.0441 -0.8786  
C 8.3459 0.3230 0.0004  H 4.4810 -1.1408 -0.8784  
H -9.2378 0.3159 -0.0006  H 4.4809 -1.1406 0.8791  
H -8.4008 -0.9715 0.8850  H 5.7931 1.0120 0.8790  
H -8.4007 -0.9717 -0.8858  H 5.7931 1.0118 -0.8786  
H -7.0494 1.1710 0.8780  H 7.0492 -1.1715 -0.8780  
H -7.0493 1.1709 -0.8790  H 7.0491 -1.1713 0.8789  
H -5.7928 -1.0121 -0.8790  H 9.2377 -0.3168 0.0005  
H -5.7929 -1.0120 0.8785  H 8.4010 0.9710 0.8857  
H -4.4812 1.1409 0.8784  H 8.4010 0.9708 -0.8851  
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Table A.9:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 7chain1. 

 
Atom x y z  Atom x y z 

C 3.0550 0.3428 0.0000  H -2.9600 -0.9832 0.8806  
C 1.7134 -0.3939 -0.0002  H -2.9601 -0.9831 -0.8808  
C 0.5186 0.5427 -0.0001  H 4.2016 -1.2719 -0.8792  
O -0.6402 -0.1554 -0.0001  H 4.2015 -1.2724 0.8785  
C -1.8523 0.6316 0.0000  H 5.6632 0.7808 0.8790  
C -3.0321 -0.3292 -0.0001  H 5.6633 0.7813 -0.8783  
O 0.5692 1.7509 0.0000  H -4.4370 1.0670 -0.8791  
C 4.2571 -0.6099 -0.0002  H -4.4369 1.0670 0.8790  
C 5.6073 0.1191 0.0001  H -5.5290 -1.2038 0.8791  
C -4.3795 0.4061 0.0000  H -5.5290 -1.2040 -0.8788  
C -5.5857 -0.5425 0.0001  H 6.7597 -1.4870 -0.8788  
C 6.8158 -0.8264 0.0000  H 6.7596 -1.4875 0.8783  
C 8.1604 -0.0903 0.0003  H 9.0031 -0.7934 0.0001  
C -6.9362 0.1859 0.0000  H 8.2624 0.5515 0.8859  
C -8.1368 -0.7670 0.0002  H 8.2625 0.5520 -0.8849  
H 3.1015 1.0052 0.8752  H -6.9919 0.8466 -0.8786  
H 3.1016 1.0055 -0.8749  H -6.9918 0.8468 0.8785  
H 1.6218 -1.0557 0.8734  H -9.0860 -0.2164 0.0001  
H 1.6219 -1.0554 -0.8740  H -8.1289 -1.4168 0.8858  
H -1.8536 1.2823 -0.8838  H -8.1289 -1.4171 -0.8852  
H -1.8535 1.2822 0.8838       
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Table A.10:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 8chain0. 

 
Atom x y z  Atom x y z 

C 5.6318 -7.8173 0.0000  H 3.3692 -3.1665 -0.8788  
C 4.2227 -7.2136 0.0000  H 3.3692 -3.1665 0.8788  
C 4.2209 -5.6788 0.0000  H 0.8511 -3.2803 0.8788  
C 2.8142 -5.0653 0.0000  H 0.8511 -3.2803 -0.8788  
C 2.8136 -3.5304 0.0000  H 1.9624 -1.0178 -0.8788  
C 1.4068 -2.9165 0.0000  H 1.9624 -1.0178 0.8788  
C 1.4067 -1.3816 0.0000  H -0.5557 -1.1312 0.8788  
C 0.0000 -0.7675 0.0000  H -0.5557 -1.1312 -0.8788  
C 0.0000 0.7675 0.0000  H 0.5557 1.1312 -0.8788  
C -1.4067 1.3816 0.0000  H 0.5557 1.1312 0.8788  
C -1.4068 2.9165 0.0000  H -1.9624 1.0178 0.8788  
C -2.8136 3.5304 0.0000  H -1.9624 1.0178 -0.8788  
C -2.8142 5.0653 0.0000  H -0.8511 3.2803 -0.8788  
C -4.2209 5.6788 0.0000  H -0.8511 3.2803 0.8788  
C -4.2227 7.2136 0.0000  H -3.3692 3.1665 0.8788  
C -5.6318 7.8173 0.0000  H -3.3692 3.1665 -0.8788  
H 5.5995 -8.9145 0.0000  H -2.2586 5.4293 -0.8788  
H 6.1998 -7.5009 0.8854  H -2.2586 5.4293 0.8788  
H 6.1998 -7.5009 -0.8854  H -4.7771 5.3154 0.8788  
H 3.6678 -7.5768 0.8785  H -4.7771 5.3154 -0.8788  
H 3.6678 -7.5768 -0.8785  H -3.6678 7.5768 -0.8785  
H 4.7771 -5.3154 -0.8788  H -3.6678 7.5768 0.8785  
H 4.7771 -5.3154 0.8788  H -5.5995 8.9145 0.0000  
H 2.2586 -5.4293 0.8788  H -6.1998 7.5009 0.8854  
H 2.2586 -5.4293 -0.8788  H -6.1998 7.5009 -0.8854  
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Table A.11:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 9chain0. 

 
Atom x y z  Atom x y z 

C 10.9125 -0.3458 -0.0001  H 5.7869 -1.0397 -0.8782  
C 9.6289 0.4922 0.0002  H 4.4865 1.1196 -0.8779  
C 8.3504 -0.3565 0.0003  H 4.4866 1.1194 0.8796  
C 7.0601 0.4741 0.0006  H 3.2189 -1.0592 0.8794  
C 5.7821 -0.3755 0.0006  H 3.2188 -1.0591 -0.8780  
C 4.4916 0.4552 0.0008  H 1.9180 1.1000 -0.8778  
C 3.2138 -0.3948 0.0008  H 1.9179 1.0997 0.8797  
C 1.9231 0.4355 0.0009  H 0.6505 -1.0792 0.8793  
C 0.6454 -0.4147 0.0007  H 0.6506 -1.0790 -0.8781  
C -0.6454 0.4155 0.0007  H -0.6505 1.0799 -0.8780  
C -1.9230 -0.4349 0.0004  H -0.6507 1.0796 0.8795  
C -3.2138 0.3954 0.0003  H -1.9180 -1.0993 0.8790  
C -4.4915 -0.4548 -0.0002  H -1.9177 -1.0991 -0.8784  
C -5.7821 0.3756 -0.0003  H -3.2188 1.0598 -0.8784  
C -7.0600 -0.4743 -0.0008  H -3.2191 1.0595 0.8791  
C -8.3505 0.3561 -0.0011  H -4.4866 -1.1193 0.8785  
C -9.6288 -0.4929 -0.0016  H -4.4862 -1.1190 -0.8790  
C -10.9126 0.3448 -0.0018  H -5.7869 1.0401 -0.8789  
H 11.8077 0.2892 -0.0001  H -5.7874 1.0398 0.8785  
H 10.9639 -0.9939 -0.8856  H -7.0553 -1.1387 0.8778  
H 10.9642 -0.9941 0.8853  H -7.0548 -1.1384 -0.8797  
H 9.6236 1.1556 -0.8782  H -8.3561 1.0208 -0.8797  
H 9.6239 1.1554 0.8788  H -8.3566 1.0205 0.8778  
H 8.3562 -1.0211 0.8790  H -9.6237 -1.1564 0.8768  
H 8.3560 -1.0209 -0.8785  H -9.6232 -1.1560 -0.8802  
H 7.0552 1.1386 -0.8781  H -11.8076 -0.2905 -0.0022  
H 7.0554 1.1384 0.8794  H -10.9641 0.9931 -0.8871  
H 5.7870 -1.0399 0.8793  H -10.9646 0.9928 0.8837  
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Table A.12:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 9chain1. 

 
Atom x y z  Atom x y z 

C 3.0587 0.4736 0.0001  H 4.2116 -1.1368 -0.8790  
C 1.7197 -0.2677 -0.0002  H 4.2116 -1.1371 0.8787  
C 0.5219 0.6651 -0.0002  H 5.6633 0.9228 0.8787  
O -0.6348 -0.0363 0.0000  H 5.6633 0.9229 -0.8785  
C -1.8490 0.7476 0.0001  H -4.4336 1.1785 -0.8787  
C -3.0268 -0.2157 0.0001  H -4.4337 1.1782 0.8793  
O 0.5689 1.8735 -0.0003  H -5.5222 -1.0940 0.8787  
C 4.2644 -0.4746 -0.0001  H -5.5223 -1.0935 -0.8792  
C 5.6115 0.2607 0.0001  H 6.7719 -1.3416 -0.8788  
C -4.3753 0.5176 0.0002  H 6.7719 -1.3416 0.8789  
C -5.5805 -0.4327 -0.0001  H 8.2241 0.7189 0.8787  
C 6.8243 -0.6794 0.0000  H 8.2241 0.7188 -0.8788  
C 8.1708 0.0565 0.0000  H -6.9875 0.9576 -0.8784  
C -6.9312 0.2955 0.0002  H -6.9875 0.9570 0.8793  
C -8.1389 -0.6510 -0.0001  H -8.0836 -1.3134 0.8785  
C 9.3847 -0.8822 0.0001  H -8.0837 -1.3127 -0.8792  
C 10.7256 -0.1393 0.0001  H 9.3320 -1.5435 -0.8784  
C -9.4897 0.0774 0.0002  H 9.3320 -1.5434 0.8786  
C -10.6911 -0.8745 -0.0001  H 11.5721 -0.8379 0.0002  
H 3.1028 1.1361 0.8752  H 10.8244 0.5033 0.8854  
H 3.1029 1.1365 -0.8748  H 10.8245 0.5032 -0.8854  
H 1.6301 -0.9299 0.8733  H -9.5451 0.7387 -0.8780  
H 1.6304 -0.9294 -0.8741  H -9.5450 0.7379 0.8790  
H -1.8518 1.3983 -0.8837  H -11.6403 -0.3236 0.0002  
H -1.8518 1.3982 0.8839  H -10.6835 -1.5250 0.8850  
H -2.9535 -0.8695 0.8808  H -10.6836 -1.5242 -0.8859  
H -2.9536 -0.8694 -0.8808       
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Table A.13:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 10chain0. 

 
Atom x y z  Atom x y z 

C 5.6279 -7.8280 0.0000  H 0.8501 -3.2808 -0.8785  
C 4.2214 -7.2146 0.0000  H 1.9623 -1.0184 -0.8785  
C 4.2198 -5.6799 0.0000  H 1.9623 -1.0184 0.8785  
C 2.8133 -5.0661 0.0000  H -0.5563 -1.1311 0.8785  
C 2.8125 -3.5314 0.0000  H -0.5563 -1.1311 -0.8785  
C 1.4063 -2.9169 0.0000  H 0.5563 1.1311 -0.8785  
C 1.4061 -1.3822 0.0000  H 0.5563 1.1311 0.8785  
C 0.0000 -0.7673 0.0000  H -1.9623 1.0184 0.8785  
C 0.0000 0.7673 0.0000  H -1.9623 1.0184 -0.8785  
C -1.4061 1.3822 0.0000  H -0.8501 3.2808 -0.8785  
C -1.4063 2.9169 0.0000  H -0.8501 3.2808 0.8785  
C -2.8125 3.5314 0.0000  H -3.3686 3.1674 0.8785  
C -2.8133 5.0661 0.0000  H -3.3686 3.1674 -0.8785  
C -4.2198 5.6799 0.0000  H -2.2573 5.4302 -0.8785  
C -4.2214 7.2146 0.0000  H -2.2573 5.4302 0.8785  
C -5.6279 7.8280 0.0000  H -4.7757 5.3156 0.8785  
C 5.6306 -9.3626 0.0000  H -4.7757 5.3156 -0.8785  
C 7.0395 -9.9663 0.0000  H -3.6656 7.5790 -0.8786  
C -5.6305 9.3626 0.0000  H -3.6656 7.5790 0.8786  
C -7.0395 9.9663 0.0000  H -6.1843 7.4642 0.8786  
H 6.1844 -7.4642 0.8786  H -6.1843 7.4642 -0.8786  
H 6.1844 -7.4642 -0.8786  H 5.0755 -9.7261 -0.8783  
H 3.6656 -7.5790 0.8786  H 5.0755 -9.7261 0.8783  
H 3.6656 -7.5790 -0.8786  H 7.0073 -11.0634 0.0000  
H 4.7757 -5.3156 -0.8785  H 7.6076 -9.6498 0.8854  
H 4.7757 -5.3156 0.8785  H 7.6076 -9.6498 -0.8854  
H 2.2573 -5.4302 0.8785  H -5.0755 9.7261 -0.8783  
H 2.2573 -5.4302 -0.8785  H -5.0755 9.7261 0.8783  
H 3.3686 -3.1674 -0.8785  H -7.0073 11.0634 0.0000  
H 3.3686 -3.1674 0.8785  H -7.6076 9.6498 0.8854  
H 0.8501 -3.2808 0.8785  H -7.6076 9.6498 -0.8854  
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Table A.14:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 11chain0. 

 
Atom x y z  Atom x y z 

C -13.4799 -0.3607 -0.0004  H -7.0579 1.1220 -0.8785  
C -12.1987 0.4808 -0.0002  H -5.7845 -1.0534 -0.8788  
C -10.9179 -0.3645 -0.0003  H -5.7846 -1.0536 0.8787  
C -9.6298 0.4697 0.0000  H -4.4892 1.1087 0.8790  
C -8.3495 -0.3765 -0.0001  H -4.4892 1.1089 -0.8785  
C -7.0612 0.4575 0.0001  H -3.2163 -1.0668 -0.8786  
C -5.7812 -0.3892 0.0001  H -3.2164 -1.0669 0.8789  
C -4.4927 0.4445 0.0002  H -1.9206 1.0951 0.8790  
C -3.2128 -0.4025 0.0002  H -1.9205 1.0952 -0.8785  
C -1.9241 0.4309 0.0003  H -0.6480 -1.0807 -0.8785  
C -0.6444 -0.4163 0.0002  H -0.6480 -1.0807 0.8790  
C 0.6444 0.4169 0.0002  H 0.6480 1.0813 0.8790  
C 1.9241 -0.4303 0.0003  H 0.6480 1.0813 -0.8785  
C 3.2129 0.4030 0.0002  H 1.9205 -1.0947 -0.8784  
C 4.4926 -0.4441 0.0002  H 1.9205 -1.0946 0.8790  
C 5.7813 0.3894 0.0001  H 3.2164 1.0674 0.8789  
C 7.0612 -0.4574 0.0001  H 3.2164 1.0673 -0.8786  
C 8.3496 0.3765 -0.0001  H 4.4891 -1.1085 -0.8784  
C 9.6298 -0.4699 0.0000  H 4.4892 -1.1083 0.8790  
C 10.9179 0.3640 -0.0003  H 5.7847 1.0539 0.8787  
C 12.1986 -0.4815 -0.0002  H 5.7847 1.0537 -0.8787  
C 13.4800 0.3598 -0.0005  H 7.0578 -1.1219 -0.8785  
H -14.3769 0.2718 -0.0004  H 7.0579 -1.1216 0.8790  
H -13.5298 -1.0092 0.8848  H 8.3529 1.0410 0.8786  
H -13.5297 -1.0089 -0.8860  H 8.3528 1.0407 -0.8789  
H -12.1954 1.1439 0.8784  H 9.6266 -1.1344 -0.8787  
H -12.1953 1.1443 -0.8786  H 9.6267 -1.1341 0.8789  
H -10.9217 -1.0288 -0.8792  H 10.9220 1.0287 0.8784  
H -10.9218 -1.0292 0.8784  H 10.9219 1.0284 -0.8792  
H -9.6269 1.1338 0.8789  H 12.1951 -1.1449 -0.8786  
H -9.6268 1.1341 -0.8787  H 12.1952 -1.1446 0.8784  
H -8.3526 -1.0407 -0.8789  H 14.3768 -0.2729 -0.0004  
H -8.3527 -1.0410 0.8785  H 13.5300 1.0083 0.8848  
H -7.0580 1.1217 0.8790  H 13.5299 1.0079 -0.8860  
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Table A.15:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 11chain1. 

 
Atom x y z  Atom x y z 

C -3.0611 0.5872 0.0000  H -5.6644 1.0418 -0.8782  
C -1.7231 -0.1558 -0.0006  H -5.6642 1.0412 0.8789  
C -0.5243 0.7756 -0.0002  H 4.4306 1.2864 0.8786  
O 0.6318 0.0731 -0.0013  H 4.4309 1.2865 -0.8794  
C 1.8465 0.8562 -0.0009  H 5.5202 -0.9852 -0.8792  
C 3.0239 -0.1076 -0.0007  H 5.5200 -0.9853 0.8786  
O -0.5701 1.9841 0.0011  H -6.7784 -1.2204 0.8786  
C -4.2685 -0.3588 -0.0003  H -6.7786 -1.2199 -0.8791  
C -5.6140 0.3792 0.0001  H -8.2237 0.8450 -0.8783  
C 4.3725 0.6256 -0.0004  H -8.2235 0.8446 0.8791  
C 5.5780 -0.3242 -0.0003  H 6.9838 1.0668 0.8788  
C -6.8291 -0.5579 -0.0001  H 6.9840 1.0669 -0.8788  
C -8.1735 0.1824 0.0002  H 8.0816 -1.2023 -0.8788  
C 6.9282 0.4050 0.0000  H 8.0813 -1.2024 0.8788  
C 8.1369 -0.5405 0.0001  H -9.3403 -1.4153 0.8788  
C -9.3903 -0.7527 0.0001  H -9.3404 -1.4149 -0.8788  
C -10.7343 -0.0120 0.0004  H -10.7854 0.6507 -0.8783  
C 9.4864 0.1903 0.0003  H -10.7852 0.6504 0.8792  
C 10.6968 -0.7527 0.0004  H 9.5410 0.8523 0.8791  
C -11.9516 -0.9463 0.0003  H 9.5412 0.8525 -0.8784  
C -13.2899 -0.1987 0.0005  H 10.6434 -1.4150 -0.8785  
C 12.0458 -0.0212 0.0006  H 10.6431 -1.4151 0.8791  
C 13.2497 -0.9700 0.0006  H -11.9012 -1.6078 0.8787  
H -3.1044 1.2505 -0.8747  H -11.9013 -1.6075 -0.8783  
H -3.1041 1.2497 0.8753  H -14.1389 -0.8942 0.0005  
H -1.6346 -0.8173 -0.8747  H -13.3865 0.4444 -0.8848  
H -1.6344 -0.8184 0.8727  H -13.3863 0.4442 0.8860  
H 1.8495 1.5068 0.8829  H 12.0995 0.6399 0.8791  
H 1.8500 1.5068 -0.8847  H 12.0997 0.6400 -0.8778  
H 2.9507 -0.7613 -0.8814  H 14.1977 -0.4169 0.0008  
H 2.9504 -0.7613 0.8801  H 13.2438 -1.6201 -0.8848  
H -4.2168 -1.0217 0.8783  H 13.2436 -1.6203 0.8860  
H -4.2170 -1.0209 -0.8794       
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Table A.16:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 12chain0. 

 
Atom x y z  Atom x y z 

C 7.0329 -9.9780 0.0000  H 3.3679 -3.1681 0.8787  
C 5.6264 -9.3644 0.0000  H 0.8497 -3.2807 0.8787  
C 5.6254 -7.8296 0.0000  H 0.8497 -3.2807 -0.8787  
C 4.2188 -7.2157 0.0000  H 1.9620 -1.0187 -0.8787  
C 4.2183 -5.6810 0.0000  H 1.9620 -1.0187 0.8787  
C 2.8119 -5.0666 0.0000  H -0.5562 -1.1310 0.8787  
C 2.8119 -3.5318 0.0000  H -0.5562 -1.1310 -0.8787  
C 1.4057 -2.9171 0.0000  H 0.5562 1.1310 -0.8787  
C 1.4060 -1.3823 0.0000  H 0.5562 1.1310 0.8787  
C -0.0002 -0.7674 0.0000  H -1.9620 1.0187 0.8787  
C 0.0002 0.7674 0.0000  H -1.9620 1.0187 -0.8787  
C -1.4060 1.3823 0.0000  H -0.8497 3.2807 -0.8787  
C -1.4057 2.9171 0.0000  H -0.8497 3.2807 0.8787  
C -2.8119 3.5318 0.0000  H -3.3679 3.1681 0.8787  
C -2.8119 5.0666 0.0000  H -3.3679 3.1681 -0.8787  
C -4.2183 5.6810 0.0000  H -2.2561 5.4303 -0.8787  
C 7.0349 -11.5126 0.0000  H -2.2561 5.4303 0.8787  
C 8.4439 -12.1166 0.0000  H -4.7742 5.3171 0.8787  
C -4.2188 7.2157 0.0000  H -4.7742 5.3171 -0.8787  
C -5.6254 7.8296 0.0000  H 6.4800 -11.8759 -0.8785  
C -5.6264 9.3644 0.0000  H 6.4800 -11.8759 0.8785  
C -7.0329 9.9780 0.0000  H 8.4114 -13.2137 0.0000  
C -7.0349 11.5126 0.0000  H 9.0120 -11.8004 0.8854  
C -8.4439 12.1166 0.0000  H 9.0120 -11.8004 -0.8854  
H 7.5892 -9.6145 0.8788  H -3.6630 7.5797 -0.8787  
H 7.5892 -9.6145 -0.8788  H -3.6630 7.5797 0.8787  
H 5.0708 -9.7285 0.8788  H -6.1811 7.4656 0.8787  
H 5.0708 -9.7285 -0.8788  H -6.1811 7.4656 -0.8787  
H 6.1811 -7.4656 -0.8787  H -5.0708 9.7285 -0.8788  
H 6.1811 -7.4656 0.8787  H -5.0708 9.7285 0.8788  
H 3.6630 -7.5797 0.8787  H -7.5892 9.6145 0.8788  
H 3.6630 -7.5797 -0.8787  H -7.5892 9.6145 -0.8788  
H 4.7742 -5.3171 -0.8787  H -6.4800 11.8759 -0.8785  
H 4.7742 -5.3171 0.8787  H -6.4800 11.8759 0.8785  
H 2.2561 -5.4303 0.8787  H -8.4114 13.2137 0.0000  
H 2.2561 -5.4303 -0.8787  H -9.0120 11.8004 0.8854  
H 3.3679 -3.1681 -0.8787  H -9.0120 11.8004 -0.8854  
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Table A.17:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 13chain0. 

 
Atom x y z  Atom x y z 

C -16.0478 -0.3717 0.0001  H -8.3514 -1.0516 0.8791  
C -14.7679 0.4721 -0.0003  H -7.0594 1.1127 0.8785  
C -13.4857 -0.3711 0.0001  H -7.0594 1.1123 -0.8790  
C -12.1991 0.4651 -0.0002  H -5.7832 -1.0614 -0.8784  
C -10.9174 -0.3790 0.0001  H -5.7833 -1.0610 0.8790  
C -9.6304 0.4572 -0.0002  H -4.4906 1.1029 0.8786  
C -8.3491 -0.3875 0.0001  H -4.4906 1.1026 -0.8789  
C -7.0618 0.4482 -0.0001  H -3.2150 -1.0714 -0.8785  
C -5.7807 -0.3969 0.0001  H -3.2150 -1.0712 0.8789  
C -4.4932 0.4384 0.0000  H -1.9220 1.0925 0.8787  
C -3.2123 -0.4070 0.0001  H -1.9220 1.0924 -0.8788  
C -1.9247 0.4281 0.0000  H -0.6466 -1.0817 -0.8787  
C -0.6439 -0.4174 0.0000  H -0.6466 -1.0817 0.8788  
C 0.6438 0.4176 0.0001  H 0.6466 1.0819 0.8788  
C 1.9246 -0.4279 0.0000  H 0.6465 1.0820 -0.8786  
C 3.2123 0.4071 0.0001  H 1.9220 -1.0922 -0.8788  
C 4.4932 -0.4382 -0.0001  H 1.9219 -1.0923 0.8787  
C 5.7807 0.3970 0.0001  H 3.2150 1.0713 0.8789  
C 7.0618 -0.4481 -0.0001  H 3.2149 1.0716 -0.8785  
C 8.3491 0.3875 0.0001  H 4.4906 -1.1024 -0.8789  
C 9.6304 -0.4572 -0.0002  H 4.4906 -1.1027 0.8786  
C 10.9174 0.3789 0.0001  H 5.7833 1.0612 0.8790  
C 12.1991 -0.4653 -0.0002  H 5.7832 1.0616 -0.8785  
C 13.4857 0.3710 0.0001  H 7.0593 -1.1122 -0.8790  
C 14.7679 -0.4723 -0.0002  H 7.0594 -1.1126 0.8785  
C 16.0478 0.3713 0.0002  H 8.3514 1.0516 0.8790  
H -16.9458 0.2594 -0.0002  H 8.3514 1.0521 -0.8784  
H -16.0965 -1.0196 0.8858  H 9.6282 -1.1212 -0.8791  
H -16.0965 -1.0204 -0.8850  H 9.6282 -1.1218 0.8784  
H -14.7657 1.1357 0.8779  H 10.9195 1.0430 0.8790  
H -14.7657 1.1349 -0.8790  H 10.9195 1.0435 -0.8784  
H -13.4885 -1.0360 -0.8784  H 12.1971 -1.1293 -0.8792  
H -13.4886 -1.0353 0.8792  H 12.1971 -1.1299 0.8783  
H -12.1972 1.1298 0.8783  H 13.4886 1.0351 0.8792  
H -12.1971 1.1291 -0.8793  H 13.4886 1.0358 -0.8784  
H -10.9194 -1.0437 -0.8783  H 14.7657 -1.1352 -0.8790  
H -10.9195 -1.0430 0.8791  H 14.7657 -1.1359 0.8780  
H -9.6282 1.1218 0.8784  H 16.9458 -0.2598 -0.0001  
H -9.6282 1.1212 -0.8791  H 16.0966 1.0193 0.8858  
H -8.3514 -1.0521 -0.8784  H 16.0966 1.0201 -0.8850  
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Table A.18:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 13chain1. 

 
Atom x y z  Atom x y z 

C -3.0628 0.6915 0.0000  H 4.4283 1.3895 0.8791  
C -1.7252 -0.0524 -0.0005  H 4.4285 1.3895 -0.8789  
C -0.5260 0.8785 -0.0003  H 5.5192 -0.8816 -0.8787  
O 0.6299 0.1757 -0.0004  H 5.5191 -0.8816 0.8791  
C 1.8447 0.9587 -0.0002  H -6.7825 -1.1122 0.8784  
C 3.0221 -0.0050 0.0000  H -6.7825 -1.1116 -0.8793  
O -0.5715 2.0870 0.0000  H -8.2242 0.9558 -0.8785  
C -4.2710 -0.2536 -0.0004  H -8.2241 0.9553 0.8789  
C -5.6157 0.4859 0.0000  H 6.9812 1.1717 0.8790  
C 4.3705 0.7286 0.0001  H 6.9812 1.1718 -0.8785  
C 5.5765 -0.2205 0.0002  H 8.0813 -1.0962 -0.8786  
C -6.8321 -0.4495 -0.0003  H 8.0813 -1.0962 0.8791  
C -8.1753 0.2930 0.0000  H -9.3454 -1.3024 0.8785  
C 6.9261 0.5099 0.0003  H -9.3454 -1.3020 -0.8791  
C 8.1359 -0.4343 0.0003  H -10.7844 0.7674 -0.8785  
C -9.3940 -0.6397 -0.0002  H -10.7843 0.7670 0.8789  
C -10.7362 0.1046 0.0001  H 9.5381 0.9607 0.8790  
C 9.4843 0.2985 0.0003  H 9.5380 0.9607 -0.8784  
C 10.6963 -0.6428 0.0002  H 10.6429 -1.3049 -0.8786  
C -11.9558 -0.8268 0.0000  H 10.6430 -1.3050 0.8789  
C -13.2977 -0.0824 0.0002  H -11.9076 -1.4896 0.8786  
C 12.0437 0.0919 0.0001  H -11.9077 -1.4892 -0.8790  
C 13.2569 -0.8475 0.0000  H -13.3470 0.5805 -0.8784  
C -14.5176 -1.0133 0.0002  H -13.3468 0.5801 0.8791  
C -15.8538 -0.2621 0.0004  H 12.0966 0.7542 0.8789  
C 14.6039 -0.1122 0.0000  H 12.0965 0.7543 -0.8786  
C 15.8105 -1.0575 -0.0002  H 13.2053 -1.5099 -0.8788  
H -3.1056 1.3548 -0.8747  H 13.2054 -1.5100 0.8788  
H -3.1055 1.3540 0.8753  H -14.4689 -1.6751 0.8785  
H -1.6371 -0.7141 -0.8746  H -14.4691 -1.6747 -0.8785  
H -1.6368 -0.7149 0.8729  H -16.7048 -0.9553 0.0004  
H 1.8478 1.6094 0.8835  H -15.9487 0.3813 -0.8848  
H 1.8481 1.6093 -0.8840  H -15.9485 0.3810 0.8860  
H 2.9491 -0.6588 -0.8807  H 14.6559 0.5491 0.8785  
H 2.9489 -0.6587 0.8808  H 14.6558 0.5492 -0.8784  
H -4.2200 -0.9165 0.8782  H 16.7570 -0.5018 -0.0002  
H -4.2201 -0.9158 -0.8795  H 15.8063 -1.7077 -0.8856  
H -5.6652 1.1486 -0.8783  H 15.8064 -1.7078 0.8852  
H -5.6651 1.1480 0.8788       
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Table A.19:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 14chain0. 

 
Atom x y z  Atom x y z 

C 0.4245 -14.7683 0.0000  H 1.0841 -9.6314 0.8787  
C -0.4171 -13.4852 0.0000  H -1.0854 -8.3480 0.8787  
C 0.4217 -12.2000 0.0000  H -1.0854 -8.3480 -0.8787  
C -0.4197 -10.9165 0.0000  H 1.0833 -7.0633 -0.8787  
C 0.4197 -9.6317 0.0000  H 1.0833 -7.0633 0.8787  
C -0.4211 -8.3478 0.0000  H -1.0857 -5.7791 0.8787  
C 0.4189 -7.0634 0.0000  H -1.0857 -5.7791 -0.8787  
C -0.4214 -5.7791 0.0000  H 1.0833 -4.4951 -0.8787  
C 0.4190 -4.4950 0.0000  H 1.0833 -4.4951 0.8787  
C -0.4211 -3.2105 0.0000  H -1.0854 -3.2104 0.8787  
C 0.4195 -1.9265 0.0000  H -1.0854 -3.2104 -0.8787  
C -0.4203 -0.6420 0.0000  H 1.0839 -1.9267 -0.8787  
C 0.4203 0.6420 0.0000  H 1.0839 -1.9267 0.8787  
C -0.4195 1.9265 0.0000  H -1.0847 -0.6418 0.8787  
C 0.4211 3.2105 0.0000  H -1.0847 -0.6418 -0.8787  
C -0.4190 4.4950 0.0000  H 1.0847 0.6418 -0.8787  
C -0.4132 -16.0541 0.0000  H 1.0847 0.6418 0.8787  
C 0.4359 -17.3304 0.0000  H -1.0839 1.9267 0.8787  
C 0.4214 5.7791 0.0000  H -1.0839 1.9267 -0.8787  
C -0.4189 7.0634 0.0000  H 1.0854 3.2104 -0.8787  
C 0.4211 8.3478 0.0000  H 1.0854 3.2104 0.8787  
C -0.4197 9.6317 0.0000  H -1.0833 4.4951 0.8787  
C 0.4197 10.9165 0.0000  H -1.0833 4.4951 -0.8787  
C -0.4217 12.2000 0.0000  H -1.0765 -16.0546 -0.8785  
C 0.4171 13.4852 0.0000  H -1.0765 -16.0546 0.8785  
C -0.4245 14.7683 0.0000  H -0.1913 -18.2311 0.0000  
C 0.4132 16.0541 0.0000  H 1.0845 -17.3763 0.8854  
C -0.4359 17.3304 0.0000  H 1.0845 -17.3763 -0.8854  
H 1.0891 -14.7684 0.8788  H 1.0857 5.7791 -0.8787  
H 1.0891 -14.7684 -0.8788  H 1.0857 5.7791 0.8787  
H -1.0815 -13.4860 0.8788  H -1.0833 7.0633 0.8787  
H -1.0815 -13.4860 -0.8788  H -1.0833 7.0633 -0.8787  
H 1.0860 -12.1993 -0.8787  H 1.0854 8.3480 -0.8787  
H 1.0860 -12.1993 0.8787  H 1.0854 8.3480 0.8787  
H -1.0840 -10.9170 0.8787  H -1.0841 9.6314 0.8787  
H -1.0840 -10.9170 -0.8787  H -1.0841 9.6314 -0.8787  
H 1.0841 -9.6314 -0.8787  H 1.0840 10.9170 -0.8787  
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Table A.19: Continued.  

 
Atom x y z  Atom x y z  

H 1.0840 10.9170 0.8787  H -1.0891 14.7684 -0.8788  
H -1.0860 12.1993 0.8787  H 1.0765 16.0546 -0.8785  
H -1.0860 12.1993 -0.8787  H 1.0765 16.0546 0.8785  
H 1.0815 13.4860 -0.8788  H 0.1913 18.2311 0.0000  
H 1.0815 13.4860 0.8788  H -1.0845 17.3763 0.8854  
H -1.0891 14.7684 0.8788  H -1.0845 17.3763 -0.8854  
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Table A.20:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 15chain0. 

 
Atom x y z  Atom x y z 

C 18.6158 -0.3819 -0.0005  H 17.3357 1.1268 -0.8790  
C 17.3371 0.4636 -0.0005  H 17.3358 1.1269 0.8780  
C 16.0537 -0.3778 -0.0003  H 16.0557 -1.0423 0.8785  
C 14.7682 0.4602 -0.0003  H 16.0556 -1.0424 -0.8791  
C 13.4854 -0.3822 -0.0001  H 14.7671 1.1245 -0.8791  
C 12.1995 0.4556 -0.0001  H 14.7672 1.1246 0.8785  
C 10.9171 -0.3874 0.0000  H 13.4866 -1.0465 0.8786  
C 9.6309 0.4498 0.0000  H 13.4865 -1.0466 -0.8788  
C 8.3488 -0.3937 0.0002  H 12.1981 1.1199 -0.8789  
C 7.0622 0.4430 0.0002  H 12.1983 1.1200 0.8786  
C 5.7804 -0.4010 0.0003  H 10.9187 -1.0517 0.8788  
C 4.4936 0.4354 0.0003  H 10.9185 -1.0518 -0.8787  
C 3.2120 -0.4089 0.0003  H 9.6292 1.1141 -0.8787  
C 1.9250 0.4273 0.0003  H 9.6293 1.1142 0.8788  
C 0.6435 -0.4172 0.0003  H 8.3506 -1.0580 0.8789  
C -0.6435 0.4188 0.0003  H 8.3505 -1.0581 -0.8785  
C -1.9250 -0.4257 0.0003  H 7.0603 1.1073 -0.8786  
C -3.2120 0.4104 0.0003  H 7.0604 1.1074 0.8789  
C -4.4935 -0.4341 0.0003  H 5.7824 -1.0652 0.8790  
C -5.7805 0.4021 0.0002  H 5.7823 -1.0653 -0.8784  
C -7.0621 -0.4421 0.0002  H 4.4915 1.0997 -0.8785  
C -8.3489 0.3944 0.0001  H 4.4916 1.0998 0.8790  
C -9.6307 -0.4495 0.0000  H 3.2141 -1.0732 0.8791  
C -10.9172 0.3874 0.0000  H 3.2141 -1.0732 -0.8784  
C -12.1994 -0.4560 -0.0001  H 1.9229 1.0916 -0.8784  
C -13.4855 0.3814 -0.0001  H 1.9229 1.0916 0.8790  
C -14.7681 -0.4614 -0.0003  H 0.6457 -1.0815 0.8791  
C -16.0539 0.3761 -0.0003  H 0.6457 -1.0815 -0.8784  
C -17.3369 -0.4658 -0.0005  H -0.6457 1.0832 -0.8784  
C -18.6160 0.3792 -0.0005  H -0.6457 1.0832 0.8791  
H 19.5147 0.2480 -0.0006  H -1.9228 -1.0900 0.8791  
H 18.6636 -1.0303 -0.8859  H -1.9228 -1.0900 -0.8784  
H 18.6637 -1.0302 0.8849  H -3.2141 1.0747 -0.8784  
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Table A.20: Continued.  

 
Atom x y z  Atom x y z  

H -3.2142 1.0747 0.8790  H -12.1979 -1.1204 0.8786  
H -4.4914 -1.0984 0.8790  H -12.1978 -1.1203 -0.8789  
H -4.4914 -1.0984 -0.8785  H -13.4869 1.0458 -0.8788  
H -5.7825 1.0665 -0.8785  H -13.4870 1.0457 0.8786  
H -5.7826 1.0665 0.8790  H -14.7668 -1.1258 0.8784  
H -7.0602 -1.1064 0.8789  H -14.7667 -1.1257 -0.8791  
H -7.0601 -1.1064 -0.8786  H -16.0560 1.0407 -0.8790  
H -8.3507 1.0588 -0.8786  H -16.0561 1.0406 0.8785  
H -8.3508 1.0587 0.8789  H -17.3354 -1.1291 0.8780  
H -9.6290 -1.1138 0.8787  H -17.3353 -1.1290 -0.8790  
H -9.6289 -1.1138 -0.8787  H -19.5146 -0.2510 -0.0006  
H -10.9188 1.0518 -0.8787  H -18.6640 1.0277 -0.8858  
H -10.9190 1.0517 0.8788  H -18.6641 1.0275 0.8850  
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Table A.21:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 15chain1. 

 
Atom x y z  Atom x y z 

C -3.0641 0.7901 0.0002  H -4.2219 -0.8168 -0.8793  
C -1.7267 0.0460 -0.0001  H -5.6660 1.2483 -0.8781  
C -0.5274 0.9769 -0.0001  H -5.6660 1.2476 0.8790  
O 0.6285 0.2741 0.0000  H 4.4266 1.4888 0.8790  
C 1.8433 1.0572 -0.0001  H 4.4266 1.4887 -0.8790  
C 3.0209 0.0937 0.0001  H 5.5185 -0.7818 -0.8788  
O -0.5728 2.1854 -0.0004  H 5.5185 -0.7817 0.8791  
C -4.2726 -0.1546 -0.0002  H -6.7849 -1.0118 0.8784  
C -5.6169 0.5856 0.0002  H -6.7850 -1.0110 -0.8793  
C 4.3690 0.8278 0.0000  H -8.2247 1.0577 -0.8782  
C 5.5755 -0.1206 0.0001  H -8.2246 1.0570 0.8791  
C -6.8340 -0.3490 -0.0002  H 6.9792 1.2726 0.8788  
C -8.1765 0.3947 0.0002  H 6.9792 1.2725 -0.8787  
C 6.9246 0.6106 0.0001  H 8.0812 -0.9945 -0.8786  
C 8.1352 -0.3325 0.0001  H 8.0812 -0.9944 0.8790  
C -9.3963 -0.5365 -0.0001  H -9.3485 -1.1994 0.8784  
C -10.7374 0.2096 0.0002  H -9.3486 -1.1987 -0.8792  
C 9.4829 0.4017 0.0001  H -10.7847 0.8726 -0.8782  
C 10.6960 -0.5382 0.0001  H -10.7846 0.8720 0.8791  
C -11.9586 -0.7198 -0.0001  H 9.5359 1.0640 0.8787  
C -13.2990 0.0276 0.0002  H 9.5359 1.0638 -0.8787  
C 12.0423 0.1985 0.0000  H 10.6435 -1.2005 -0.8785  
C 13.2570 -0.7393 0.0001  H 10.6436 -1.2003 0.8790  
C -14.5208 -0.9010 -0.0002  H -11.9116 -1.3828 0.8784  
C -15.8611 -0.1538 0.0001  H -11.9117 -1.3822 -0.8792  
C 14.6025 -0.0009 -0.0001  H -13.3458 0.6907 -0.8783  
C 15.8182 -0.9371 0.0000  H -13.3458 0.6900 0.8791  
C -17.0830 -1.0821 -0.0002  H 12.0942 0.8610 0.8786  
C -18.4176 -0.3280 0.0002  H 12.0941 0.8607 -0.8788  
C 17.1633 -0.1985 -0.0002  H 13.2056 -1.4018 -0.8785  
C 18.3723 -1.1408 -0.0001  H 13.2056 -1.4014 0.8790  
H -3.1067 1.4533 -0.8745  H -14.4741 -1.5641 0.8783  
H -3.1067 1.4526 0.8754  H -14.4742 -1.5634 -0.8792  
H -1.6386 -0.6159 -0.8740  H -15.9089 0.5094 -0.8784  
H -1.6383 -0.6162 0.8735  H -15.9089 0.5087 0.8792  
H 1.8464 1.7080 0.8834  H 14.6536 0.6617 0.8785  
H 1.8464 1.7076 -0.8840  H 14.6535 0.6613 -0.8790  
H 2.9480 -0.5603 -0.8805  H 15.7683 -1.6000 -0.8786  
H 2.9478 -0.5598 0.8810  H 15.7684 -1.5996 0.8790  
H -4.2219 -0.8175 0.8784  H -17.0357 -1.7441 0.8780  
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Table A.21: Continued.  

 
Atom x y z  Atom x y z  

H -17.0358 -1.7433 -0.8790  H 17.2136 0.4628 -0.8788  
H -19.2701 -1.0194 -0.0001  H 19.3174 -0.5828 -0.0002  
H -18.5111 0.3158 -0.8850  H 18.3696 -1.7912 -0.8853  
H -18.5110 0.3151 0.8859  H 18.3698 -1.7909 0.8854  
H 17.2137 0.4631 0.8782       
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Table A.22:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 16chain0. 

 
Atom x y z  Atom x y z 

C 0.4303 -17.3367 0.0000  H -1.0823 -10.9170 0.8787  
C -0.4118 -16.0539 0.0000  H -1.0823 -10.9170 -0.8787  
C 0.4265 -14.7683 0.0000  H 1.0858 -9.6313 -0.8787  
C -0.4155 -13.4852 0.0000  H 1.0858 -9.6313 0.8787  
C 0.4234 -12.2000 0.0000  H -1.0838 -8.3481 0.8787  
C -0.4180 -10.9165 0.0000  H -1.0838 -8.3481 -0.8787  
C 0.4214 -9.6317 0.0000  H 1.0847 -7.0631 -0.8787  
C -0.4195 -8.3479 0.0000  H 1.0847 -7.0631 0.8787  
C 0.4204 -7.0633 0.0000  H -1.0845 -5.7793 0.8787  
C -0.4202 -5.7792 0.0000  H -1.0845 -5.7793 -0.8787  
C 0.4199 -4.4949 0.0000  H 1.0843 -4.4948 -0.8787  
C -0.4204 -3.2106 0.0000  H 1.0843 -4.4948 0.8787  
C 0.4200 -1.9264 0.0000  H -1.0847 -3.2106 0.8787  
C -0.4202 -0.6421 0.0000  H -1.0847 -3.2106 -0.8787  
C 0.4202 0.6421 0.0000  H 1.0843 -1.9265 -0.8787  
C -0.4200 1.9264 0.0000  H 1.0843 -1.9265 0.8787  
C -0.4070 -18.6228 0.0000  H -1.0845 -0.6420 0.8787  
C 0.4426 -19.8987 0.0000  H -1.0845 -0.6420 -0.8787  
C 0.4204 3.2106 0.0000  H 1.0845 0.6420 -0.8787  
C -0.4199 4.4949 0.0000  H 1.0845 0.6420 0.8787  
C 0.4202 5.7792 0.0000  H -1.0843 1.9265 0.8787  
C -0.4204 7.0633 0.0000  H -1.0843 1.9265 -0.8787  
C 0.4195 8.3479 0.0000  H -1.0702 -18.6235 -0.8785  
C -0.4214 9.6317 0.0000  H -1.0702 -18.6235 0.8785  
C 0.4180 10.9165 0.0000  H -0.1844 -20.7996 0.0000  
C -0.4234 12.2000 0.0000  H 1.0912 -19.9445 0.8854  
C 0.4155 13.4852 0.0000  H 1.0912 -19.9445 -0.8854  
C -0.4265 14.7683 0.0000  H 1.0847 3.2106 -0.8787  
C 0.4118 16.0539 0.0000  H 1.0847 3.2106 0.8787  
C -0.4303 17.3367 0.0000  H -1.0843 4.4948 0.8787  
C 0.4070 18.6228 0.0000  H -1.0843 4.4948 -0.8787  
C -0.4426 19.8987 0.0000  H 1.0845 5.7793 -0.8787  
H 1.0949 -17.3365 0.8788  H 1.0845 5.7793 0.8787  
H 1.0949 -17.3365 -0.8788  H -1.0847 7.0631 0.8787  
H -1.0761 -16.0550 0.8788  H -1.0847 7.0631 -0.8787  
H -1.0761 -16.0550 -0.8788  H 1.0838 8.3481 -0.8787  
H 1.0908 -14.7674 -0.8787  H 1.0838 8.3481 0.8787  
H 1.0908 -14.7674 0.8787  H -1.0858 9.6313 0.8787  
H -1.0798 -13.4860 0.8787  H -1.0858 9.6313 -0.8787  
H -1.0798 -13.4860 -0.8787  H 1.0823 10.9170 -0.8787  
H 1.0878 -12.1994 -0.8787  H 1.0823 10.9170 0.8787  
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Table A.22: Continued.  

 
Atom x y z  Atom x y z  

H 1.0878 -12.1994 0.8787  H -1.0878 12.1994 0.8787  
H -1.0878 12.1994 -0.8787  H -1.0949 17.3365 0.8788  
H 1.0798 13.4860 -0.8787  H -1.0949 17.3365 -0.8788  
H 1.0798 13.4860 0.8787  H 1.0702 18.6235 -0.8785  
H -1.0908 14.7674 0.8787  H 1.0702 18.6235 0.8785  
H -1.0908 14.7674 -0.8787  H 0.1844 20.7996 0.0000  
H 1.0761 16.0550 -0.8788  H -1.0912 19.9445 0.8854  
H 1.0761 16.0550 0.8788  H -1.0912 19.9445 -0.8854  
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Table A.23:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain0. 

 
Atom x y z  Atom x y z 

C 21.1839 -0.3904 0.0000  H 18.6231 -1.0483 0.8788  
C 19.9060 0.4564 0.0000  H 18.6231 -1.0483 -0.8788  
C 18.6218 -0.3838 0.0000  H 17.3368 1.1199 -0.8788  
C 17.3371 0.4555 0.0000  H 17.3367 1.1199 0.8788  
C 16.0535 -0.3856 0.0000  H 16.0540 -1.0500 0.8787  
C 14.7684 0.4535 0.0000  H 16.0540 -1.0499 -0.8788  
C 13.4852 -0.3884 -0.0001  H 14.7677 1.1178 -0.8788  
C 12.1998 0.4501 -0.0001  H 14.7677 1.1178 0.8787  
C 10.9169 -0.3924 -0.0001  H 13.4861 -1.0527 0.8787  
C 9.6311 0.4455 0.0000  H 13.4861 -1.0527 -0.8788  
C 8.3486 -0.3974 0.0000  H 12.1987 1.1144 -0.8788  
C 7.0624 0.4400 0.0000  H 12.1987 1.1144 0.8787  
C 5.7802 -0.4034 0.0000  H 10.9181 -1.0567 0.8787  
C 4.4938 0.4337 0.0000  H 10.9181 -1.0567 -0.8788  
C 3.2118 -0.4100 0.0000  H 9.6298 1.1098 -0.8788  
C 1.9252 0.4268 0.0000  H 9.6298 1.1098 0.8787  
C 0.6433 -0.4170 0.0001  H 8.3500 -1.0618 0.8787  
C -0.6433 0.4196 0.0001  H 8.3500 -1.0618 -0.8788  
C -1.9252 -0.4242 0.0001  H 7.0609 1.1043 -0.8788  
C -3.2118 0.4124 0.0001  H 7.0609 1.1043 0.8787  
C -4.4937 -0.4314 0.0001  H 5.7818 -1.0677 0.8787  
C -5.7803 0.4054 0.0001  H 5.7818 -1.0677 -0.8787  
C -7.0623 -0.4382 0.0001  H 4.4921 1.0980 -0.8787  
C -8.3487 0.3988 0.0001  H 4.4921 1.0980 0.8787  
C -9.6309 -0.4445 0.0001  H 3.2135 -1.0743 0.8788  
C -10.9170 0.3929 0.0001  H 3.2135 -1.0743 -0.8787  
C -12.1996 -0.4500 0.0000  H 1.9234 1.0911 -0.8787  
C -13.4854 0.3879 0.0000  H 1.9234 1.0912 0.8788  
C -14.7683 -0.4545 0.0000  H 0.6452 -1.0813 0.8788  
C -16.0537 0.3840 0.0000  H 0.6452 -1.0814 -0.8787  
C -17.3369 -0.4578 -0.0001  H -0.6452 1.0840 -0.8787  
C -18.6220 0.3809 -0.0001  H -0.6452 1.0840 0.8788  
C -19.9058 -0.4599 -0.0001  H -1.9233 -1.0886 0.8788  
C -21.1841 0.3861 -0.0001  H -1.9233 -1.0886 -0.8787  
H 22.0834 0.2385 0.0000  H -3.2136 1.0768 -0.8787  
H 21.2311 -1.0389 -0.8854  H -3.2136 1.0768 0.8788  
H 21.2310 -1.0389 0.8854  H -4.4919 -1.0957 0.8788  
H 19.9054 1.1197 -0.8785  H -4.4919 -1.0957 -0.8786  
H 19.9054 1.1196 0.8785  H -5.7820 1.0697 -0.8786  
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Table A.23: Continued.  

 
Atom x y z  Atom x y z  

H -5.7820 1.0697 0.8788  H -14.7673 -1.1188 0.8787  
H -7.0606 -1.1026 0.8788  H -14.7672 -1.1188 -0.8788  
H -7.0606 -1.1026 -0.8787  H -16.0545 1.0483 -0.8787  
H -8.3503 1.0632 -0.8786  H -16.0546 1.0483 0.8787  
H -8.3503 1.0631 0.8788  H -17.3362 -1.1221 0.8787  
H -9.6294 -1.1088 0.8788  H -17.3362 -1.1221 -0.8789  
H -9.6294 -1.1088 -0.8787  H -18.6236 1.0454 -0.8788  
H -10.9185 1.0573 -0.8787  H -18.6236 1.0454 0.8787  
H -10.9185 1.0572 0.8788  H -19.9048 -1.1232 0.8784  
H -12.1983 -1.1143 0.8788  H -19.9048 -1.1232 -0.8786  
H -12.1983 -1.1143 -0.8787  H -22.0833 -0.2432 -0.0001  
H -13.4865 1.0523 -0.8787  H -21.2316 1.0346 -0.8855  
H -13.4866 1.0522 0.8788  H -21.2316 1.0346 0.8853  
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Table A.24:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain1. 

 
Atom x y z  Atom x y z 

C 20.8597 -1.5468 0.1619  H 19.7922 0.3358 0.1985  
C 19.6537 -0.6920 0.5674  H 19.6110 -0.6153 1.6647  
C 18.3183 -1.2405 0.0468  H 18.1807 -2.2696 0.4152  
C 17.1055 -0.3908 0.4488  H 18.3614 -1.3179 -1.0514  
C 15.7697 -0.9406 -0.0694  H 17.2436 0.6377 0.0791  
C 14.5576 -0.0899 0.3335  H 17.0647 -0.3123 1.5469  
C 13.2205 -0.6415 -0.1794  H 15.6315 -1.9689 0.3009  
C 12.0098 0.2103 0.2250  H 15.8101 -1.0196 -1.1674  
C 10.6704 -0.3444 -0.2786  H 14.6944 0.9376 -0.0394  
C 9.4617 0.5090 0.1288  H 14.5197 -0.0084 1.4314  
C 8.1191 -0.0512 -0.3599  H 13.0836 -1.6687 0.1943  
C 6.9131 0.8039 0.0521  H 13.2575 -0.7236 -1.2773  
C 5.5668 0.2338 -0.4139  H 12.1442 1.2362 -0.1531  
C 4.3647 1.0910 0.0051  H 11.9769 0.2968 1.3228  
C 3.0172 0.4995 -0.4313  H 10.5359 -1.3698 0.1008  
C 1.8428 1.3639 0.0032  H 10.7015 -0.4316 -1.3763  
O 0.6271 0.7026 -0.4137  H 9.5919 1.5322 -0.2578  
C -0.5284 1.3051 -0.0507  H 9.4371 0.6034 1.2261  
C -1.7281 0.5089 -0.5322  H 7.9891 -1.0739 0.0284  
C -3.0620 1.0806 -0.0460  H 8.1408 -0.1465 -1.4571  
C -4.2696 0.2586 -0.5138  H 7.0358 1.8230 -0.3475  
C -5.6093 0.8172 -0.0156  H 6.9012 0.9103 1.1484  
C -6.8241 -0.0094 -0.4578  H 5.4439 -0.7842 -0.0119  
C -8.1606 0.5469 0.0518  H 5.5737 0.1265 -1.5099  
C -9.3775 -0.2851 -0.3749  H 4.4763 2.1034 -0.4136  
C -10.7114 0.2703 0.1425  H 4.3716 1.2143 1.0994  
C -11.9297 -0.5647 -0.2742  H 2.8935 -0.5063 -0.0050  
C -13.2617 -0.0095 0.2483  H 2.9917 0.3805 -1.5238  
C -14.4810 -0.8459 -0.1624  H 1.8781 2.3630 -0.4498  
C -15.8117 -0.2905 0.3629  H 1.8164 1.5002 1.0916  
C -17.0318 -1.1275 -0.0447  H -1.5956 -0.5323 -0.2051  
C -18.3619 -0.5720 0.4815  H -1.6876 0.4739 -1.6311  
C -19.5825 -1.4087 0.0754  H -3.1565 2.1190 -0.3913  
C -20.9064 -0.8457 0.6046  H -3.0504 1.1341 1.0514  
O -0.5734 2.3394 0.5744  H -4.1598 -0.7824 -0.1698  
H 21.7975 -1.1289 0.5499  H -4.2803 0.2117 -1.6145  
H 20.9516 -1.6123 -0.9308  H -5.7248 1.8540 -0.3688  
H 20.7681 -2.5719 0.5461  H -5.5902 0.8751 1.0841  
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Table A.24: Continued.  

 
Atom x y z  Atom x y z  

H -6.7048 -1.0469 -0.1070  H -14.5231 -0.9130 -1.2612  
H -6.8477 -0.0647 -1.5578  H -15.9425 0.7423 0.0025  
H -8.2838 1.5817 -0.3050  H -15.7685 -0.2220 1.4615  
H -8.1315 0.6098 1.1511  H -16.9010 -2.1603 0.3157  
H -9.2525 -1.3204 -0.0198  H -17.0755 -1.1959 -1.1433  
H -9.4102 -0.3463 -1.4743  H -18.4940 0.4607 0.1209  
H -10.8388 1.3040 -0.2162  H -18.3189 -0.5030 1.5803  
H -10.6751 0.3362 1.2416  H -19.4518 -2.4401 0.4370  
H -11.8013 -1.5987 0.0835  H -19.6261 -1.4774 -1.0224  
H -11.9683 -0.6295 -1.3732  H -21.7586 -1.4656 0.2976  
H -13.3914 1.0236 -0.1115  H -21.0834 0.1720 0.2308  
H -13.2209 0.0581 1.3471  H -20.9080 -0.7978 1.7021  
H -14.3509 -1.8791 0.1969       
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Table A.25:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain2. 

 
Atom x y z  Atom x y z 

C 20.5442 2.1915 -0.1061  H 21.5454 1.7674 -0.2549  
C 19.4544 1.1239 -0.2551  H 20.5208 2.6470 0.8933  
C 18.0354 1.6733 -0.0557  H 20.4126 2.9992 -0.8389  
C 16.9378 0.6114 -0.2048  H 19.6341 0.3131 0.4673  
C 15.5193 1.1616 -0.0035  H 19.5276 0.6617 -1.2515  
C 14.4216 0.0998 -0.1540  H 17.8567 2.4862 -0.7775  
C 13.0043 0.6512 0.0512  H 17.9623 2.1357 0.9416  
C 11.9063 -0.4100 -0.1029  H 17.1181 -0.2018 0.5160  
C 10.4930 0.1498 0.1102  H 17.0110 0.1505 -1.2027  
C 9.4187 -0.9150 -0.0543  H 15.3393 1.9754 -0.7237  
O 8.1365 -0.2857 0.1687  H 15.4459 1.6217 0.9947  
C 7.0527 -1.0837 0.0348  H 14.6023 -0.7154 0.5643  
C 5.7754 -0.3074 0.3008  H 14.4928 -0.3582 -1.1533  
C 4.5087 -1.1314 0.0588  H 12.8232 1.4673 -0.6659  
C 3.2234 -0.3405 0.3332  H 12.9313 1.1068 1.0512  
C 1.9469 -1.1504 0.0701  H 12.0886 -1.2285 0.6109  
C 0.6557 -0.3637 0.3320  H 11.9755 -0.8616 -1.1049  
C -0.6194 -1.1717 0.0557  H 10.2995 0.9637 -0.6031  
C -1.9117 -0.3801 0.2961  H 10.4096 0.5891 1.1144  
C -3.1848 -1.1898 0.0147  H 9.5412 -1.7361 0.6635  
C -4.4729 -0.3820 0.2242  H 9.4284 -1.3554 -1.0593  
C -5.7221 -1.2053 -0.0532  H 5.7916 0.5960 -0.3254  
O -6.8679 -0.3433 0.1288  H 5.8181 0.0589 1.3374  
C -8.0772 -0.9120 -0.0818  H 4.5386 -2.0313 0.6879  
C -9.1906 0.1000 0.1200  H 4.5090 -1.4953 -0.9780  
C -10.5877 -0.4899 -0.0865  H 3.2115 0.5682 -0.2898  
C -11.7019 0.5491 0.0926  H 3.2235 0.0113 1.3774  
C -13.1095 -0.0290 -0.1069  H 1.9558 -2.0570 0.6954  
C -14.2269 1.0100 0.0571  H 1.9514 -1.5046 -0.9727  
C -15.6358 0.4337 -0.1379  H 0.6516 0.5453 -0.2904  
C -16.7520 1.4751 0.0191  H 0.6465 -0.0135 1.3763  
C -18.1617 0.8997 -0.1721  H -0.6221 -2.0752 0.6856  
C -19.2777 1.9418 -0.0190  H -0.6029 -1.5310 -0.9854  
C -20.6825 1.3578 -0.2073  H -1.9086 0.5220 -0.3358  
O 7.1186 -2.2559 -0.2553  H -1.9323 -0.0195 1.3365  
O -8.2243 -2.0716 -0.3913  H -3.1990 -2.0815 0.6608  
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Table A.25: Continued.  

 
Atom x y z  Atom x y z  

H -3.1538 -1.5666 -1.0196  H -14.0677 1.8312 -0.6598  
H -4.4748 0.4986 -0.4339  H -14.1559 1.4662 1.0573  
H -4.5167 -0.0011 1.2546  H -15.7969 -0.3842 0.5821  
H -5.8091 -2.0622 0.6267  H -15.7056 -0.0266 -1.1362  
H -5.7337 -1.5988 -1.0777  H -16.5917 2.2914 -0.7030  
H -9.0079 0.9385 -0.5680  H -16.6804 1.9376 1.0164  
H -9.0817 0.5255 1.1282  H -18.3241 0.0851 0.5517  
H -10.7346 -1.3229 0.6145  H -18.2339 0.4349 -1.1683  
H -10.6463 -0.9335 -1.0897  H -19.1179 2.7535 -0.7452  
H -11.5464 1.3787 -0.6156  H -19.2047 2.4081 0.9755  
H -11.6312 0.9951 1.0975  H -21.4564 2.1282 -0.0971  
H -13.2685 -0.8522 0.6072  H -20.8885 0.5710 0.5311  
H -13.1774 -0.4822 -1.1083  H -20.7971 0.9111 -1.2044  
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Table A.26:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain3. 

 
Atom x y z  Atom x y z 

C -20.2668 2.5662 0.2347  H -21.2931 2.1820 0.1740  
C -19.2366 1.4445 0.0615  H -20.1528 3.3349 -0.5417  
C -17.7852 1.9361 0.1431  H -20.1543 3.0626 1.2082  
C -16.7483 0.8181 -0.0283  H -19.3965 0.9453 -0.9064  
C -15.2966 1.3084 0.0552  H -19.4016 0.6733 0.8294  
C -14.2639 0.1852 -0.1100  H -17.6253 2.4364 1.1116  
C -12.8130 0.6796 -0.0276  H -17.6197 2.7085 -0.6250  
C -11.8115 -0.4556 -0.1799  H -16.9084 0.3185 -0.9968  
O -10.4831 0.1090 -0.0940  H -16.9157 0.0462 0.7396  
C -9.4604 -0.7713 -0.1770  H -15.1358 1.8103 1.0222  
C -8.1232 -0.0574 -0.0872  H -15.1256 2.0764 -0.7154  
C -6.9317 -1.0179 -0.0941  H -14.4257 -0.3183 -1.0759  
C -5.5815 -0.2928 -0.0361  H -14.4346 -0.5810 0.6624  
C -4.3850 -1.2539 -0.0349  H -12.6402 1.1814 0.9351  
C -3.0303 -0.5336 0.0066  H -12.6255 1.4299 -0.8089  
C -1.8633 -1.5098 0.0145  H -11.9169 -0.9683 -1.1444  
O -0.6403 -0.7392 0.0382  H -11.9268 -1.2121 0.6064  
C 0.5074 -1.4543 0.0532  H -8.1308 0.5667 0.8178  
C 1.7171 -0.5366 0.0656  H -8.0665 0.6512 -0.9269  
C 3.0440 -1.2984 0.1026  H -6.9821 -1.6459 -0.9937  
C 4.2646 -0.3699 0.0852  H -7.0218 -1.7097 0.7547  
C 5.5970 -1.1309 0.1209  H -5.5399 0.3408 0.8639  
C 6.8217 -0.2068 0.0807  H -5.4954 0.3943 -0.8928  
C 8.1290 -0.9845 0.1207  H -4.4334 -1.8938 -0.9295  
O 9.2131 -0.0316 0.0482  H -4.4672 -1.9336 0.8273  
C 10.4614 -0.5527 0.0805  H -2.9690 0.1045 0.8998  
C 11.5071 0.5423 -0.0291  H -2.9318 0.1338 -0.8614  
C 12.9404 0.0193 0.0919  H -1.8606 -2.1519 -0.8755  
C 13.9928 1.1231 -0.0723  H -1.8853 -2.1684 0.8918  
C 15.4334 0.6079 0.0474  H 1.6196 0.1404 0.9266  
C 16.4937 1.7027 -0.1316  H 1.6550 0.1117 -0.8207  
C 17.9341 1.1871 -0.0124  H 3.0858 -1.9878 -0.7515  
C 18.9958 2.2794 -0.1980  H 3.0694 -1.9348 0.9977  
C 20.4315 1.7556 -0.0788  H 4.2170 0.3206 0.9420  
O 0.5411 -2.6630 0.0534  H 4.2325 0.2639 -0.8151  
O 10.6870 -1.7368 0.1764  H 5.6370 -1.8304 -0.7283  
O -9.6138 -1.9634 -0.3097  H 5.6344 -1.7542 1.0278  
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Table A.26: Continued.  

 
Atom x y z  Atom x y z  

H 6.7954 0.4928 0.9283  H 15.5669 0.1276 1.0294  
H 6.8001 0.4067 -0.8313  H 16.3284 2.4959 0.6149  
H 8.2143 -1.6840 -0.7208  H 16.3593 2.1819 -1.1144  
H 8.2302 -1.5701 1.0431  H 18.0988 0.3911 -0.7560  
H 11.2890 1.2998 0.7372  H 18.0708 0.7113 0.9718  
H 11.3529 1.0526 -0.9916  H 18.8327 3.0743 0.5459  
H 13.0999 -0.7659 -0.6593  H 18.8590 2.7542 -1.1816  
H 13.0638 -0.4739 1.0660  H 21.1655 2.5600 -0.2157  
H 13.8236 1.9093 0.6807  H 20.6377 0.9848 -0.8338  
H 13.8616 1.6117 -1.0511  H 20.6103 1.3061 0.9074  
H 15.5981 -0.1844 -0.6996       
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Table A.27:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain4. 

 
Atom x y z  Atom x y z 

C 19.6759 3.5281 -0.0515  H 19.4977 4.1149 0.8598  
C 18.8269 2.2520 -0.0649  H 19.4397 4.1720 -0.9094  
C 17.3188 2.5293 -0.0057  H 19.1120 1.6124 0.7843  
C 16.4603 1.2574 -0.0210  H 19.0535 1.6699 -0.9711  
C 14.9541 1.5478 0.0377  H 17.0336 3.1707 -0.8545  
C 14.1181 0.2768 0.0146  H 17.0913 3.1110 0.9015  
O 12.7261 0.6655 0.0712  H 16.7445 0.6162 0.8280  
C 11.8261 -0.3412 0.0292  H 16.6873 0.6764 -0.9285  
C 10.4092 0.2006 0.1019  H 14.6602 2.1820 -0.8107  
C 9.3455 -0.8917 -0.0305  H 14.7155 2.1152 0.9486  
C 7.9208 -0.3291 0.0535  H 14.3389 -0.3763 0.8684  
C 6.8662 -1.4180 -0.0807  H 14.2858 -0.3090 -0.8978  
O 5.5710 -0.7823 -0.0002  H 10.2972 0.9655 -0.6795  
C 4.4999 -1.6036 -0.0887  H 10.3054 0.7409 1.0543  
C 3.2069 -0.8121 -0.0062  H 9.5039 -1.6447 0.7530  
C 1.9581 -1.6968 -0.0241  H 9.4879 -1.4195 -0.9832  
C 0.6587 -0.8840 0.0323  H 7.7609 0.4191 -0.7362  
C -0.6030 -1.7577 0.0169  H 7.7739 0.1923 1.0103  
C -1.8988 -0.9368 0.0699  H 6.9462 -2.1678 0.7162  
C -3.1422 -1.8135 0.0489  H 6.9444 -1.9483 -1.0381  
O -4.2937 -0.9408 0.1068  H 3.1990 -0.0994 -0.8441  
C -5.5014 -1.5463 0.0713  H 3.2457 -0.1918 0.9006  
C -6.6182 -0.5204 0.1493  H 1.9996 -2.3972 0.8214  
C -8.0119 -1.1424 0.0345  H 1.9724 -2.3214 -0.9273  
C -9.1247 -0.0907 0.1268  H 0.6256 -0.1847 -0.8180  
C -10.5112 -0.7063 0.0046  H 0.6547 -0.2571 0.9380  
O -11.4715 0.3693 0.0892  H -0.5729 -2.4549 0.8684  
C -12.7732 0.0158 -0.0238  H -0.5998 -2.3845 -0.8882  
C -13.6699 1.2371 0.0669  H -1.9391 -0.2425 -0.7815  
C -15.1601 0.9048 -0.0403  H -1.9148 -0.3176 0.9781  
C -16.0489 2.1533 0.0242  H -3.1746 -2.5014 0.9033  
C -17.5476 1.8407 -0.0812  H -3.2018 -2.4209 -0.8629  
C -18.4380 3.0892 -0.0267  H -6.4481 0.2277 -0.6378  
C -19.9341 2.7721 -0.1314  H -6.5051 0.0254 1.0975  
O 12.1289 -1.5090 -0.0524  H -8.1349 -1.8976 0.8222  
O 4.5862 -2.8022 -0.2204  H -8.0855 -1.6887 -0.9156  
O -5.6491 -2.7436 -0.0083  H -9.0015 0.6624 -0.6648  
O -13.1435 -1.1245 -0.1787  H -9.0585 0.4493 1.0823  
H 20.7478 3.2970 -0.0941  H -10.7119 -1.4295 0.8051  
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Table A.27: Continued.  

 
Atom x y z  Atom x y z  

H -10.6445 -1.2301 -0.9503  H -17.8344 1.1532 0.7301  
H -13.3615 1.9366 -0.7239  H -17.7409 1.2964 -1.0191  
H -13.4429 1.7522 1.0116  H -18.1510 3.7749 -0.8385  
H -15.4333 0.2068 0.7629  H -18.2433 3.6330 0.9104  
H -15.3416 0.3627 -0.9783  H -20.5420 3.6848 -0.0873  
H -15.7652 2.8465 -0.7838  H -20.2599 2.1153 0.6865  
H -15.8560 2.6938 0.9647  H -20.1677 2.2620 -1.0758  
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Table A.28:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain5. 

 
Atom x y z  Atom x y z 

C 19.4830 3.5751 -0.0090  O -15.4767 -0.2699 -0.2189  
C 18.6859 2.2661 -0.0258  H 20.5628 3.3840 -0.0425  
C 17.1682 2.4915 0.0211  H 19.2748 4.1561 0.8993  
C 16.3920 1.1833 -0.0021  H 19.2289 4.2065 -0.8709  
O 14.9821 1.5023 0.0458  H 18.9895 1.6411 0.8274  
C 14.1369 0.4492 0.0056  H 18.9428 1.6924 -0.9290  
C 12.6919 0.9125 0.0692  H 16.8537 3.1091 -0.8324  
C 11.6944 -0.2422 -0.0494  H 16.8994 3.0519 0.9280  
C 10.2373 0.2313 0.0284  H 16.6396 0.5441 0.8550  
C 9.2590 -0.9281 -0.0913  H 16.5930 0.6030 -0.9114  
O 7.9211 -0.3862 -0.0118  H 12.5382 1.6587 -0.7232  
C 6.9147 -1.2856 -0.0839  H 12.5555 1.4591 1.0138  
C 5.5651 -0.5948 0.0025  H 11.8978 -0.9745 0.7432  
C 4.3931 -1.5784 -0.0329  H 11.8691 -0.7726 -0.9952  
C 3.0331 -0.8720 0.0339  H 10.0295 0.9573 -0.7707  
C 1.8781 -1.8622 -0.0007  H 10.0570 0.7536 0.9789  
O 0.6477 -1.1052 0.0560  H 9.3939 -1.6628 0.7122  
C -0.4930 -1.8300 0.0272  H 9.3708 -1.4610 -1.0439  
C -1.7103 -0.9240 0.0849  H 5.5033 0.1270 -0.8250  
C -3.0289 -1.7006 0.0595  H 5.5515 0.0121 0.9190  
C -4.2527 -0.7767 0.1045  H 4.4928 -2.2868 0.8006  
C -5.5569 -1.5603 0.0717  H 4.4609 -2.1839 -0.9464  
O -6.6427 -0.6074 0.1194  H 2.9269 -0.1715 -0.8070  
C -7.8894 -1.1288 0.0774  H 2.9602 -0.2709 0.9516  
C -8.9360 -0.0307 0.1444  H 1.9082 -2.5569 0.8480  
C -10.3653 -0.5632 0.0185  H 1.8828 -2.4653 -0.9172  
C -11.4139 0.5529 0.1079  H -1.6468 -0.2194 -0.7568  
C -12.8316 0.0153 -0.0243  H -1.6291 -0.3043 0.9895  
O -13.7348 1.1397 0.0563  H -3.0507 -2.3998 0.9062  
C -15.0520 0.8510 -0.0620  H -3.0596 -2.3261 -0.8427  
C -15.8904 2.1132 0.0258  H -4.2347 -0.0803 -0.7461  
C -17.3933 1.8470 -0.0864  H -4.2305 -0.1590 1.0138  
C -18.2315 3.1298 -0.0201  H -5.6455 -2.2444 0.9250  
C -19.7374 2.8665 -0.1310  H -5.6504 -2.1618 -0.8409  
O 14.5022 -0.7011 -0.0682  H -8.7108 0.7031 -0.6424  
O 7.0879 -2.4760 -0.2043  H -8.7959 0.5081 1.0930  
O -0.5179 -3.0368 -0.0376  H -10.5396 -1.3122 0.8024  
O -8.1171 -2.3136 0.0009  H -10.4664 -1.1010 -0.9339  
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Table A.28: Continued.  

 
Atom x y z  Atom x y z  

H -11.2429 1.2996 -0.6809  H -11.3221 1.0851 1.0656  
H -13.0759 -0.6975 0.7733  H -17.9190 3.8131 -0.8248  
H -12.9866 -0.4992 -0.9809  H -18.0203 3.6578 0.9226  
H -15.5478 2.7979 -0.7640  H -20.3116 3.8002 -0.0792  
H -15.6434 2.6170 0.9716  H -20.0875 2.2139 0.6800  
H -17.6987 1.1587 0.7137  H -19.9859 2.3740 -1.0806  
H -17.5958 1.3157 -1.0265       
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Table A.29:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain6. 

 
Atom x y z  Atom x y z 

C -18.8367 4.3547 -0.1879  O -2.0282 -3.3223 -0.1736  
C -18.2060 2.9584 -0.1492  O 3.0390 -3.1927 -0.1346  
C -16.6727 3.0006 -0.0861  O 10.5466 -1.7807 -0.2183  
C -16.0577 1.6100 -0.0498  O 15.2692 0.0516 -0.1280  
O -14.6193 1.7665 0.0076  H -19.9312 4.2956 -0.2333  
C -13.9004 0.6270 0.0329  H -18.4962 4.9206 -1.0653  
C -12.4148 0.9267 0.0935  H -18.5704 4.9364 0.7046  
C -11.5847 -0.3483 0.0774  H -18.5207 2.3894 -1.0369  
O -10.2021 0.0642 0.1378  H -18.5933 2.4050 0.7194  
C -9.2869 -0.9321 0.0991  H -16.3486 3.5580 0.8043  
C -7.8780 -0.3711 0.1753  H -16.2762 3.5437 -0.9559  
C -6.8023 -1.4516 0.0421  H -16.3134 1.0228 -0.9405  
C -5.3832 -0.8749 0.1289  H -16.3856 1.0370 0.8266  
C -4.3215 -1.9560 -0.0092  H -12.2085 1.5120 0.9992  
O -3.0281 -1.3117 0.0740  H -12.1478 1.5748 -0.7512  
C -1.9567 -2.1241 -0.0268  H -11.7540 -0.9347 -0.8314  
C -0.6663 -1.3324 0.0656  H -11.8136 -0.9954 0.9302  
C 0.5527 -2.2393 -0.0156  H -7.7825 0.1678 1.1293  
O 1.7093 -1.3788 0.0682  H -7.7742 0.3965 -0.6044  
C 2.9104 -1.9985 -0.0069  H -6.9381 -1.9786 -0.9120  
C 4.0426 -0.9918 0.0919  H -6.9539 -2.2079 0.8236  
C 5.4235 -1.6408 -0.0274  H -5.2412 -0.3562 1.0878  
C 6.5609 -0.6157 0.0673  H -5.2295 -0.1231 -0.6584  
C 7.9279 -1.2724 -0.0567  H -4.3941 -2.4827 -0.9687  
O 8.9253 -0.2278 0.0312  H -4.3947 -2.7087 0.7854  
C 10.2093 -0.6289 -0.0699  H -0.6653 -0.7604 1.0025  
C 11.1551 0.5527 0.0235  H -0.6493 -0.5884 -0.7417  
C 12.6097 0.1142 -0.0615  H 0.5799 -2.8028 -0.9537  
O 13.4043 1.3163 0.0105  H 0.5755 -2.9670 0.8021  
C 14.7473 1.1373 -0.0380  H 3.9352 -0.4562 1.0463  
C 15.4716 2.4691 0.0316  H 3.8896 -0.2314 -0.6872  
C 16.9951 2.3247 0.0226  H 5.4835 -2.1849 -0.9796  
C 17.7217 3.6745 0.0717  H 5.5318 -2.4018 0.7569  
C 19.2477 3.5313 0.0641  H 6.5096 -0.0766 1.0241  
O -14.3858 -0.4808 0.0108  H 6.4573 0.1412 -0.7234  
O -9.5755 -2.1021 0.0175  H 8.0463 -1.7961 -1.0133  
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Table A.29: Continued.  

 
Atom x y z  Atom x y z  

H 8.1071 -2.0029 0.7418  H 17.2986 1.7685 -0.8748  
H 10.9636 1.0894 0.9618  H 17.3036 1.7028 0.8743  
H 10.9167 1.2602 -0.7817  H 17.4095 4.2269 0.9715  
H 12.8213 -0.4128 -0.9975  H 17.4071 4.2909 -0.7847  
H 12.8820 -0.5581 0.7585  H 19.7419 4.5104 0.0971  
H 15.1246 2.9963 0.9321  H 19.5932 3.0130 -0.8404  
H 15.1254 3.0821 -0.8136  H 19.5967 2.9518 0.9293  
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Table A.30:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 17chain7. 

 
Atom x y z  Atom x y z 

C 18.1362 5.0927 -0.3997  O 14.1175 -0.0745 0.1800  
C 17.6220 3.6589 -0.2290  O 9.4918 -2.1472 0.2543  
C 16.0893 3.5730 -0.2237  O 4.5726 -3.3989 0.1211  
C 15.5955 2.1442 -0.0557  O -0.4920 -3.7458 -0.1598  
O 14.1472 2.1716 -0.0628  O -5.5384 -3.1783 -0.3747  
C 13.5344 0.9791 0.0650  O -10.4104 -1.7348 -0.4159  
C 12.0259 1.1399 0.0466  O -14.9469 0.5499 -0.3163  
C 11.3229 -0.2052 0.1495  H 19.2328 5.1244 -0.4002  
O 9.9036 0.0711 0.1330  H 17.7838 5.7412 0.4134  
C 9.0948 -1.0075 0.1933  H 17.7891 5.5295 -1.3455  
C 7.6366 -0.5911 0.1770  H 18.0155 3.2374 0.7082  
C 6.7133 -1.8005 0.1817  H 18.0211 3.0278 -1.0372  
O 5.3634 -1.2832 0.1846  H 15.6869 3.9829 -1.1610  
C 4.3793 -2.2067 0.1545  H 15.6810 4.1909 0.5887  
C 3.0163 -1.5423 0.1719  H 15.9348 1.7002 0.8885  
C 1.8954 -2.5655 0.0639  H 15.9393 1.4916 -0.8678  
O 0.6580 -1.8200 0.1138  H 11.7341 1.6632 -0.8731  
C -0.4729 -2.5470 -0.0104  H 11.7295 1.7969 0.8749  
C -1.6971 -1.6554 0.0659  H 11.5825 -0.7324 1.0729  
C -2.9802 -2.4511 -0.1218  H 11.5768 -0.8651 -0.6860  
O -4.0658 -1.5030 -0.0138  H 7.4532 0.0363 -0.7047  
C -5.3081 -2.0115 -0.1618  H 7.4414 0.0476 1.0485  
C -6.3551 -0.9237 -0.0232  H 6.8677 -2.4284 1.0648  
C -7.7620 -1.4759 -0.1990  H 6.8619 -2.4326 -0.6994  
O -8.6607 -0.3559 -0.0404  H 2.9617 -0.8157 -0.6488  
C -9.9764 -0.6332 -0.1759  H 2.9196 -0.9601 1.0979  
C -10.8121 0.6169 0.0150  H 1.9218 -3.2884 0.8854  
C -12.2978 0.3323 -0.1509  H 1.9453 -3.1313 -0.8717  
O -12.9773 1.5865 0.0629  H -1.6125 -0.8672 -0.6932  
C -14.3282 1.5529 -0.0520  H -1.6996 -1.1411 1.0361  
C -14.9227 2.9269 0.1947  H -3.0943 -3.2287 0.6400  
C -16.4492 2.9502 0.0875  H -3.0183 -2.9427 -1.0991  
C -17.0412 4.3426 0.3393  H -6.1514 -0.1375 -0.7618  
C -18.5701 4.3701 0.2336  H -6.2451 -0.4490 0.9606  
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Table A.30: Continued.  

 
Atom x y z  Atom x y z  

H -7.9960 -2.2432 0.5459  H -16.8718 2.2292 0.8006  
H -7.9049 -1.9252 -1.1869  H -16.7465 2.5912 -0.9074  
H -10.4804 1.3791 -0.7021  H -16.6112 5.0588 -0.3778  
H -10.6064 1.0312 1.0108  H -16.7365 4.6951 1.3368  
H -12.6540 -0.4093 0.5717  H -18.9660 5.3762 0.4208  
H -12.5312 -0.0493 -1.1503  H -19.0308 3.6891 0.9616  
H -14.4623 3.6251 -0.5197  H -18.9050 4.0600 -0.7652  
H -14.5874 3.2654 1.1859       
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Table A.31:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 18chain0. 

 
Atom x y z  Atom x y z 

C -0.4192 19.9056 0.0000  H -1.0838 19.9055 0.8788  
C 0.4227 18.6227 0.0000  H -1.0838 19.9055 -0.8788  
C -0.4158 17.3372 0.0000  H 1.0870 18.6236 0.8788  
C 0.4258 16.0539 0.0000  H 1.0870 18.6236 -0.8788  
C -0.4135 14.7689 0.0000  H -1.0802 17.3365 -0.8787  
C 0.4274 13.4851 0.0000  H -1.0802 17.3365 0.8787  
C -0.4125 12.2006 0.0000  H 1.0901 16.0545 0.8787  
C 0.4278 10.9163 0.0000  H 1.0901 16.0545 -0.8787  
C -0.4127 9.6322 0.0000  H -1.0778 14.7685 -0.8787  
C 0.4271 8.3476 0.0000  H -1.0778 14.7685 0.8787  
C -0.4139 7.0638 0.0000  H 1.0917 13.4853 0.8787  
C 0.4255 5.7789 0.0000  H 1.0917 13.4853 -0.8787  
C -0.4158 4.4953 0.0000  H -1.0769 12.2005 -0.8787  
C 0.4233 3.2103 0.0000  H -1.0769 12.2005 0.8787  
C -0.4182 1.9268 0.0000  H 1.0921 10.9163 0.8787  
C 0.4208 0.6417 0.0000  H 1.0921 10.9163 -0.8787  
C 0.4182 21.1916 0.0000  H -1.0771 9.6324 -0.8787  
C -0.4313 22.4677 0.0000  H -1.0771 9.6324 0.8787  
C -0.4208 -0.6417 0.0000  H 1.0914 8.3473 0.8787  
C 0.4182 -1.9268 0.0000  H 1.0914 8.3473 -0.8787  
C -0.4233 -3.2103 0.0000  H -1.0782 7.0642 -0.8787  
C 0.4158 -4.4953 0.0000  H -1.0782 7.0642 0.8787  
C -0.4255 -5.7789 0.0000  H 1.0898 5.7784 0.8787  
C 0.4139 -7.0638 0.0000  H 1.0898 5.7784 -0.8787  
C -0.4271 -8.3476 0.0000  H -1.0802 4.4959 -0.8787  
C 0.4127 -9.6322 0.0000  H -1.0802 4.4959 0.8787  
C -0.4278 -10.9163 0.0000  H 1.0876 3.2097 0.8787  
C 0.4125 -12.2006 0.0000  H 1.0876 3.2097 -0.8787  
C -0.4274 -13.4851 0.0000  H -1.0825 1.9275 -0.8787  
C 0.4135 -14.7689 0.0000  H -1.0825 1.9275 0.8787  
C -0.4258 -16.0539 0.0000  H 1.0851 0.6410 0.8787  
C 0.4158 -17.3372 0.0000  H 1.0851 0.6410 -0.8787  
C -0.4227 -18.6227 0.0000  H 1.0815 21.1923 -0.8785  
C 0.4192 -19.9056 0.0000  H 1.0815 21.1923 0.8785  
C -0.4182 -21.1916 0.0000  H 0.1957 23.3686 0.0000  
C 0.4313 -22.4677 0.0000  H -1.0799 22.5134 0.8854  
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Table A.31: Continued.  

 
Atom x y z  Atom x y z  

H -1.0799 22.5134 -0.8854  H 1.0769 -12.2005 0.8787  
H -1.0851 -0.6410 -0.8787  H 1.0769 -12.2005 -0.8787  
H -1.0851 -0.6410 0.8787  H -1.0917 -13.4853 -0.8787  
H 1.0825 -1.9275 0.8787  H -1.0917 -13.4853 0.8787  
H 1.0825 -1.9275 -0.8787  H 1.0778 -14.7685 0.8787  
H -1.0876 -3.2097 -0.8787  H 1.0778 -14.7685 -0.8787  
H -1.0876 -3.2097 0.8787  H -1.0901 -16.0545 -0.8787  
H 1.0802 -4.4959 0.8787  H -1.0901 -16.0545 0.8787  
H 1.0802 -4.4959 -0.8787  H 1.0802 -17.3365 0.8787  
H -1.0898 -5.7784 -0.8787  H 1.0802 -17.3365 -0.8787  
H -1.0898 -5.7784 0.8787  H -1.0870 -18.6236 -0.8788  
H 1.0782 -7.0642 0.8787  H -1.0870 -18.6236 0.8788  
H 1.0782 -7.0642 -0.8787  H 1.0838 -19.9055 0.8788  
H -1.0914 -8.3473 -0.8787  H 1.0838 -19.9055 -0.8788  
H -1.0914 -8.3473 0.8787  H -1.0815 -21.1923 -0.8785  
H 1.0771 -9.6324 0.8787  H -1.0815 -21.1923 0.8785  
H 1.0771 -9.6324 -0.8787  H -0.1957 -23.3686 0.0000  
H -1.0921 -10.9163 -0.8787  H 1.0799 -22.5134 0.8854  
H -1.0921 -10.9163 0.8787  H 1.0799 -22.5134 -0.8854  
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Table A.32:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 19chain0. 

 
Atom x y z  Atom x y z 

C 23.7522 0.3947 -0.0001  H 12.1988 -1.1107 -0.8783  
C 22.4748 -0.4526 -0.0001  H 10.9180 1.0603 -0.8783  
C 21.1902 0.3870 0.0000  H 10.9181 1.0603 0.8791  
C 19.9059 -0.4529 0.0000  H 9.6299 -1.1063 0.8793  
C 18.6218 0.3876 0.0001  H 9.6299 -1.1063 -0.8782  
C 17.3372 -0.4520 0.0001  H 8.3499 1.0651 -0.8783  
C 16.0536 0.3892 0.0002  H 8.3499 1.0652 0.8792  
C 14.7685 -0.4498 0.0003  H 7.0611 -1.1010 0.8793  
C 13.4853 0.3921 0.0003  H 7.0611 -1.1011 -0.8782  
C 12.1998 -0.4464 0.0004  H 5.7816 1.0707 -0.8783  
C 10.9169 0.3960 0.0004  H 5.7816 1.0708 0.8792  
C 9.6311 -0.4420 0.0005  H 4.4923 -1.0952 0.8793  
C 8.3485 0.4008 0.0005  H 4.4924 -1.0953 -0.8781  
C 7.0625 -0.4367 0.0005  H 3.2133 1.0767 -0.8783  
C 5.7801 0.4064 0.0005  H 3.2133 1.0769 0.8792  
C 4.4939 -0.4309 0.0005  H 1.9237 -1.0889 0.8793  
C 3.2117 0.4125 0.0005  H 1.9237 -1.0891 -0.8782  
C 1.9253 -0.4246 0.0005  H 0.6449 1.0831 -0.8784  
C 0.6432 0.4188 0.0004  H 0.6448 1.0832 0.8791  
C -0.6432 -0.4183 0.0004  H -0.6449 -1.0825 0.8792  
C -1.9253 0.4252 0.0003  H -0.6448 -1.0827 -0.8783  
C -3.2117 -0.4119 0.0002  H -1.9237 1.0895 -0.8785  
C -4.4939 0.4314 0.0001  H -1.9238 1.0896 0.8790  
C -5.7801 -0.4059 0.0001  H -3.2133 -1.0762 0.8790  
C -7.0625 0.4371 0.0000  H -3.2132 -1.0763 -0.8785  
C -8.3485 -0.4005 -0.0001  H -4.4923 1.0957 -0.8787  
C -9.6312 0.4422 -0.0002  H -4.4924 1.0957 0.8788  
C -10.9169 -0.3958 -0.0003  H -5.7816 -1.0703 0.8788  
C -12.1998 0.4465 -0.0003  H -5.7815 -1.0703 -0.8786  
C -13.4852 -0.3920 -0.0004  H -7.0611 1.1014 -0.8788  
C -14.7685 0.4497 -0.0004  H -7.0612 1.1015 0.8787  
C -16.0535 -0.3894 -0.0005  H -8.3499 -1.0648 0.8786  
C -17.3372 0.4517 -0.0006  H -8.3498 -1.0649 -0.8788  
C -18.6218 -0.3880 -0.0007  H -9.6299 1.1065 -0.8789  
C -19.9059 0.4524 -0.0007  H -9.6300 1.1066 0.8785  
C -21.1901 -0.3876 -0.0008  H -10.9180 -1.0601 0.8785  
C -22.4748 0.4519 -0.0008  H -10.9179 -1.0601 -0.8790  
C -23.7522 -0.3956 -0.0009  H -12.1988 1.1108 -0.8790  
H 24.6520 -0.2338 -0.0001  H -12.1989 1.1108 0.8784  
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Table A.32: Continued.  

 
Atom x y z  Atom x y z  

H 23.7992 1.0432 0.8854  H -13.4861 -1.0564 0.8783  
H 23.7991 1.0433 -0.8854  H -13.4860 -1.0564 -0.8791  
H 22.4745 -1.1159 0.8784  H -14.7678 1.1140 -0.8791  
H 22.4744 -1.1158 -0.8786  H -14.7679 1.1140 0.8783  
H 21.1911 1.0515 -0.8787  H -16.0541 -1.0538 0.8782  
H 21.1912 1.0514 0.8788  H -16.0540 -1.0537 -0.8793  
H 19.9058 -1.1173 0.8788  H -17.3368 1.1161 -0.8793  
H 19.9058 -1.1172 -0.8788  H -17.3369 1.1160 0.8782  
H 18.6221 1.0520 -0.8786  H -18.6221 -1.0524 0.8780  
H 18.6221 1.0519 0.8789  H -18.6220 -1.0523 -0.8794  
H 17.3368 -1.1164 0.8789  H -19.9059 1.1168 -0.8794  
H 17.3367 -1.1163 -0.8786  H -19.9059 1.1167 0.8781  
H 16.0541 1.0536 -0.8785  H -21.1911 -1.0521 0.8780  
H 16.0542 1.0535 0.8790  H -21.1910 -1.0521 -0.8796  
H 14.7678 -1.1141 0.8790  H -22.4745 1.1152 -0.8793  
H 14.7677 -1.1141 -0.8785  H -22.4746 1.1151 0.8777  
H 13.4861 1.0564 -0.8784  H -24.6521 0.2329 -0.0009  
H 13.4862 1.0564 0.8791  H -23.7991 -1.0441 0.8845  
H 12.1988 -1.1107 0.8791  H -23.7990 -1.0440 -0.8864  
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Table A.33:  DFT Geometry Optimized Coordinates (B3LYP/6-31G(d’)) for 19chain1. 

 
Atom x y z  Atom x y z 

C -18.3814 -0.9169 -0.0003  H -18.3332 -1.5792 0.8787  
C -17.1619 0.0148 -0.0005  H -18.3331 -1.5797 -0.8788  
C -15.8194 -0.7288 -0.0001  H -17.2105 0.6778 0.8780  
C -14.6010 0.2042 -0.0003  H -17.2104 0.6772 -0.8794  
C -13.2575 -0.5377 0.0001  H -15.7705 -1.3916 -0.8787  
C -12.0406 0.3973 0.0000  H -15.7707 -1.3911 0.8788  
C -10.6958 -0.3422 0.0004  H -14.6504 0.8670 0.8782  
C -9.4810 0.5956 0.0004  H -14.6502 0.8665 -0.8792  
C -8.1344 -0.1407 0.0007  H -13.2075 -1.2004 -0.8785  
C -6.9226 0.8009 0.0006  H -13.2078 -1.1999 0.8791  
C -5.5743 0.0681 0.0009  H -12.0911 1.0600 0.8785  
C -4.3668 1.0154 0.0007  H -12.0909 1.0595 -0.8789  
C -3.0194 0.2802 0.0009  H -10.6444 -1.0047 -0.8783  
C -1.8411 1.2429 0.0007  H -10.6447 -1.0043 0.8793  
O -0.6267 0.4592 0.0008  H -9.5330 1.2581 0.8789  
C 0.5294 1.1616 -0.0002  H -9.5328 1.2577 -0.8785  
C 1.7285 0.2305 -0.0002  H -8.0812 -0.8029 -0.8781  
C 3.0660 0.9746 -0.0002  H -8.0814 -0.8026 0.8796  
C 4.2746 0.0301 -0.0001  H -6.9764 1.4630 0.8793  
C 5.6187 0.7709 -0.0001  H -6.9763 1.4628 -0.8782  
C 6.8364 -0.1629 -0.0001  H -5.5179 -0.5933 -0.8779  
C 8.1782 0.5821 -0.0002  H -5.5180 -0.5929 0.8800  
C 9.3991 -0.3476 -0.0002  H -4.4239 1.6766 0.8796  
C 10.7391 0.4006 -0.0003  H -4.4239 1.6762 -0.8784  
C 11.9620 -0.5265 -0.0003  H -2.9468 -0.3738 -0.8797  
C 13.3008 0.2239 -0.0004  H -2.9468 -0.3734 0.8819  
C 14.5250 -0.7016 -0.0003  H -1.8438 1.8937 0.8843  
C 15.8630 0.0502 -0.0004  H -1.8439 1.8934 -0.8831  
C 17.0880 -0.8742 -0.0002  H 1.6402 -0.4315 -0.8740  
C 18.4256 -0.1218 -0.0002  H 1.6402 -0.4316 0.8735  
O 0.5752 2.3701 -0.0011  H 3.1084 1.6376 0.8747  
C -19.7233 -0.1721 -0.0006  H 3.1085 1.6375 -0.8752  
C -20.9434 -1.1027 -0.0002  H 4.2242 -0.6325 -0.8789  
C 19.6508 -1.0459 0.0000  H 4.2241 -0.6323 0.8788  
C 20.9884 -0.2939 0.0001  H 5.6674 1.4334 0.8784  
C -22.2852 -0.3580 -0.0005  H 5.6674 1.4333 -0.8786  
C -23.4984 -1.2948 -0.0001  H 6.7878 -0.8253 -0.8789  
C 22.2135 -1.2180 0.0004  H 6.7878 -0.8252 0.8788  
C 23.5455 -0.4593 0.0004  H 8.2257 1.2449 0.8784  
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Table A.33: Continued.  

 
Atom x y z  Atom x y z  

H 8.2256 1.2448 -0.8789  H -19.7713 0.4908 0.8780  
H 9.3522 -1.0103 -0.8789  H -20.8965 -1.7653 0.8788  
H 9.3523 -1.0102 0.8787  H -20.8965 -1.7659 -0.8788  
H 10.7852 1.0635 0.8783  H 19.6065 -1.7090 -0.8786  
H 10.7852 1.0633 -0.8791  H 19.6063 -1.7087 0.8789  
H 11.9164 -1.1894 -0.8790  H 21.0338 0.3692 0.8787  
H 11.9165 -1.1892 0.8785  H 21.0340 0.3689 -0.8788  
H 13.3460 0.8868 0.8782  H -22.3325 0.3034 -0.8792  
H 13.3459 0.8866 -0.8792  H -22.3325 0.3040 0.8778  
H 14.4803 -1.3645 -0.8790  H -24.4410 -0.7326 -0.0003  
H 14.4803 -1.3643 0.8785  H -23.4987 -1.9448 0.8855  
H 15.9076 0.7133 0.8782  H -23.4987 -1.9454 -0.8853  
H 15.9076 0.7130 -0.8792  H 22.1687 -1.8799 -0.8780  
H 17.0437 -1.5372 -0.8789  H 22.1685 -1.8797 0.8789  
H 17.0436 -1.5370 0.8786  H 24.4004 -1.1476 0.0006  
H 18.4698 0.5412 0.8784  H 23.6366 0.1846 0.8858  
H 18.4700 0.5410 -0.8791  H 23.6368 0.1844 -0.8851  
H -19.7713 0.4902 -0.8795       
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APPENDIX B 

ELECTRONIC DIFFERENCES IN A SERIES OF STERICALLY-

EXPANDED CYCLOPENTADIENYL-BASED LIGANDS 

 

Generation of Figure 3.2 and determination of Keq for Figure 3.3.  Inside the 

box, OctH (0.027 g, 7.57 µmol) and FluH (0.012 g, 7.57 µmol) were charged to a J. 

Young tube and dissolved in THF-d8.  The NMR spectrum was recorded, using 64 

transients (entry 1).  The tube was taken into the box and 1 µL of a tert-butyl lithium 

solution (1.5 M in pentane) was added.  Again, the NMR spectrum was recorded (entry 

2).  This process was repeated until, in entry 5, peaks were observed for all four species.  

The reaction was allowed to stand at room temperature for 150 minutes to ensure 

equilibrium had been reached.  Another spectrum (entry 6) showed nearly identical 

intensities to those observed in entry 5.  Several more additions of tBuLi were made to 

ensure that the remaining FluH completely reacted. 

 

Table B.1:  Characteristic Chemical Shifts Used in 
the Generation of Figure 3.2 and Table 3.1. 

Species 
Atom 
Used 

Chemical Shift a (ppm) 

FluH H2C-Ar2 3.84 
OctH H2C-Ar2 3.75 
FluLi HC-Ar2 5.90 
OctLi HC-Ar2 5.44 

a Referenced to residual 2-proteo THF at 3.58 ppm. 
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Table B.2:  Percent of Each Species Present in the 
Competitive Deprotonation of OctH and FluH. 

Entry 

Total 
Volume of 

Base 
Added (µL) 

FluH OctH FluLi OctLi 

1 0 49.85 50.15 0.00 0.00 
2 1 45.91 51.63 2.46 0.00 
3 2 43.35 52.60 4.04 0.00 
4 3 10.69 64.81 24.50 0.00 
5 4 0.23 66.19 32.35 1.22 
6 4 0.23 66.79 31.77 1.21 
7 5 0.00 53.86 35.15 10.99 
8 6 0.00 48.41 36.98 14.61 
9 7 0.00 41.91 38.57 19.52 
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1
H NMR spectra for Table B.2, entries 1-9.   

 

Figure B.1:  1H NMR spectrum for Table B.2, Entry 1. 

 

 

Figure B.2:  1H NMR spectrum for Table B.2, Entry 2. 
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Figure B.3:  1H NMR spectrum for Table B.2, Entry 3. 

 

 

Figure B.4:  1H NMR spectrum for Table B.2, Entry 4. 
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Figure B.5:  1H NMR spectrum for Table B.2, Entry 5. 

 

 

Figure B.6:  1H NMR spectrum for Table B.2, Entry 6. 
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Figure B.7:  1H NMR spectrum for Table B.2, Entry 7. 

 

 

Figure B.8:  1H NMR spectrum for Table B.2, Entry 8. 
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Figure B.9:  1H NMR spectrum for Table B.2, Entry 9. 
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1
H NMR spectra. 

Figure B.10:  1H NMR spectrum for 2,5-dichloro-2,5-dimethylhexane. 

 

 
Figure B.11:  1H NMR spectrum for 2,2,5,5,8,8,11,11-octamethyl-2,3,4,5,8,9,10,11-

octahydrodibenzo[b,e]fluorene (OctH). 
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Figure B.12:  1H NMR spectrum for Mn(η5-Flu)(CO)3 (7). 

 

 

Figure B.13:  1H NMR spectrum for Mn(η5-Oct)(CO)3 (8). 
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13
C NMR spectra. 

Figure B.14:  13C NMR spectrum for 2,5-dichloro-2,5-dimethylhexane 

 

Figure B.15:  13C NMR spectrum for 2,2,5,5,8,8,11,11-octamethyl-2,3,4,5,8,9,10,11-

octahydrodibenzo[b,e]fluorene (OctH). 
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Figure B.16:  13C NMR spectrum for Mn(η5-Flu)(CO)3 (7). 

 

 

 

Figure B.17:  13C NMR spectrum for Mn(η5-Oct)(CO)3 (8). 
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IR spectra. 
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Figure B.18:  The IR spectrum of 5. 
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Figure B.19:  The IR spectrum of 7. 
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Figure B.19:  The IR spectrum of 8. 
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Computational methods.  DFT calculations were carried out with the Gaussian 

03 suite of programs58 using the gradient-corrected Becke exchange functional59 and the 

correlation functional of Lee, Yang and Parr60,61 (B3LYP).  Full geometry optimization 

calculations were carried out on OctH, FluH, OctLi and FluLi using a 6-31G† basis set,63 

followed by single point frequency calculations using a 6-311+G(2d,p) basis set.96,97  

The reaction enthalpy (∆H) was derived from the energy of each molecule (from the 

single-point calculation) corrected to enthalpy by the “thermal correction to enthalpy 

term” obtained from the frequency calculation.  Single-point calculations were carried 

out on 7 and 9 using the geometries obtained from the crystal structures using a 

LanL2DZ basis set94,95 for the Zr atom and 6-31+G(2d,p) for all other atoms.96,97   



164 

 

DFT structures and coordinates.  Geometry optimized structures and 

coordinates used for single point calculations are as follows. 

 

Table B.3:  Coordinates Used for 1 (B3LYP 6-31G**/LanL2DZ). 

 
Atom x y z  Atom x y z 

C 1.7456 -2.6209 -0.7259  H -1.1608 -3.7245 -0.7731  
C 0.7580 -1.6613 -0.9980  H -3.5240 -3.6196 -0.9301  
C -0.6664 -1.7736 -1.1027  H -4.5092 -1.2549 -1.3828  
C -1.5285 -2.8685 -0.9545  H -2.9711 0.4820 -1.6931  
C -2.8906 -2.7354 -1.0670  H 1.8228 2.4531 -1.4249  
C -3.4301 -1.4429 -1.3423  H 0.9195 3.7245 -1.7836  
C -0.0903 0.4796 -1.4307  H 1.1590 2.5785 -2.8737  
C -2.5886 -0.3661 -1.5043  H -2.2180 2.1050 -1.9542  
C -1.1817 -0.4628 -1.4002  H -1.2357 2.3772 -3.1882  
C 1.1161 -0.2932 -1.2179  H -1.4806 3.5189 -2.0945  
C -0.2110 2.0180 -1.4121  H 1.5905 2.4336 0.8740  
C 1.0356 2.7605 -1.9205  H 0.5445 1.9918 3.1882  
C -1.3939 2.5527 -2.2372  H -1.9747 1.7709 2.9073  
C -0.4053 2.2287 0.0855  H -2.5397 2.0536 0.3929  
C 0.6378 2.1804 1.0409  H 2.7483 0.9371 -1.2975  
C 0.0563 1.9654 2.3156  H 4.5092 -0.5935 -0.9324  
C -1.3109 1.8532 2.1655  H 3.8067 -3.0562 -0.4370  
C -1.6207 1.9812 0.7813  H -0.2901 1.1234 -0.4591  
C 2.4857 0.0336 -1.1647  Cl -2.0839 -1.2721 1.9484  
C 3.4621 -0.9165 -0.9276  Cl 1.5692 -0.9180 2.2134  
C 3.0782 -2.2723 -0.6756  Zr -0.2720 -0.0681 0.8925  
H 1.4917 -3.5236 -0.5748       
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Table B.4:  Coordinates Used for 3 (B3LYP 6-31G**/LanL2DZ). 

 
Atom x y z  Atom x y z 

C -1.6446 1.7077 -0.2106  H -4.9875 -0.2953 -2.8895  
C -0.7124 0.7179 -0.5590  H -6.1891 -1.0930 -2.1948  
C 0.7198 0.7369 -0.5913  H -4.7119 -1.7084 -2.1902  
C 1.6461 1.7397 -0.2742  H -5.1546 -0.6389 1.2051  
C 2.9998 1.5213 -0.3471  H -4.8129 -1.9194 0.3070  
C 3.9578 2.6580 0.0322  H -6.2897 -1.3041 0.2937  
C 5.3533 2.1266 0.2867  H -4.1458 3.8810 1.7763  
C 5.8112 1.1639 -0.7295  H -2.6212 3.5363 1.4348  
C 4.9459 -0.1279 -0.7851  H -3.5329 2.4647 2.1979  
C 3.4630 0.2352 -0.7580  H -4.5562 4.3846 -0.6235  
C 0.0085 -1.4119 -1.2183  H -4.2336 3.2896 -1.7453  
C 2.5592 -0.7494 -1.0857  H -3.0374 4.0234 -0.9735  
C 1.1587 -0.5628 -1.0274  H 4.2275 3.9410 1.6426  
C -5.2344 -0.8809 -2.1432  H 3.6841 2.5023 2.0835  
C -5.3353 -1.0913 0.3549  H 2.6906 3.5590 1.4087  
C -3.5262 3.1698 1.5159  H 4.0609 3.4593 -1.8542  
C -3.9458 3.6653 -0.8858  H 4.4516 4.5076 -0.7099  
C 3.6087 3.2145 1.4160  H 2.9179 4.1272 -0.9553  
C 3.8363 3.7863 -0.9582  H 5.1964 -0.0148 -2.8301  
C 5.3546 -0.6883 -2.1361  H 4.8247 -1.4888 -2.3301  
C 5.2104 -1.1918 0.2661  H 6.3060 -0.9237 -2.1183  
C -1.1515 -0.5837 -0.9604  H 4.6337 -1.9672 0.0986  
C 0.0232 -2.9460 -1.3851  H 5.0178 -0.8283 1.1555  
C -1.2445 -3.5282 -2.0313  H 6.1494 -1.4682 0.2229  
C 1.2061 -3.4630 -2.2214  H -2.0323 -3.2257 -1.5337  
C 0.1290 -3.3491 0.0817  H -1.2011 -4.5076 -2.0101  
C -0.9542 -3.3397 0.9928  H -1.3083 -3.2242 -2.9589  
C -0.4227 -3.3230 2.3067  H 2.0439 -3.1145 -1.8521  
C 0.9547 -3.2945 2.2271  H 1.1071 -3.1632 -3.1490  
C 1.3227 -3.2773 0.8514  H 1.2197 -4.4431 -2.1958  
C -2.5411 -0.8130 -1.0036  H -1.9125 -3.5002 0.7575  
C -3.4611 0.1709 -0.6906  H -0.9539 -3.4183 3.1490  
C -4.9404 -0.1658 -0.8120  H 1.5853 -3.3511 2.9997  
C -5.7864 1.1151 -0.7933  H 2.2525 -3.3698 0.4945  
C -5.3880 2.0374 0.3407  H -2.8578 -1.6721 -1.2576  
C -3.9602 2.5803 0.1693  H -5.6773 1.5912 -1.6546  
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Table B.4:  Continued.  

 

 

Atom x y z  Atom x y z  
C -2.9987 1.4546 -0.2578  H -6.7410 0.8733 -0.6974  
H -1.3377 2.5646 0.0611  H -5.4486 1.5459 1.1968  
H 1.3289 2.5923 -0.0035  H -6.0223 2.7972 0.3807  
H 5.3264 1.6194 1.1015  H 0.1161 -2.1808 -0.3265  
H 5.9685 2.8525 0.4039  Cl 1.9482 -0.2311 2.4294  
H 6.7410 0.9440 -0.6312  Cl -1.7291 -0.3450 2.5006  
H 5.6933 1.6197 -1.5657  Zr 0.1127 -1.1627 1.1603  
H 2.8919 -1.5944 -1.3622       
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Table B.5:  Geometry Optimized Coordinates (B3LYP 6-31G**) for OctH. 

 
Atom x y z  Atom x y z 

C 0.0000 0.0000 0.0000  H -1.2016 3.1843 -0.0115  
C 0.0000 1.4080 0.0000  H 5.5055 4.6754 1.4447  
C 1.3931 1.8760 0.0000  H 5.7635 5.8299 0.1471  
C 2.2431 0.7534 -0.0067  H 7.2345 3.8787 -0.2016  
C 1.4242 -0.5244 -0.0057  H 6.0338 3.9301 -1.4828  
C 1.9410 3.1545 0.0124  H -4.9372 0.2372 1.4856  
C 3.3348 3.3516 0.0156  H -5.8657 -0.5225 0.2023  
C 4.1890 2.2213 -0.0268  H -5.8713 1.9228 -0.1346  
C 3.6160 0.9320 -0.0214  H -4.9710 1.1644 -1.4375  
C -1.2023 -0.6865 0.0134  H -4.6170 -2.4808 1.1796  
C -2.4374 -0.0046 0.0242  H -3.4059 -1.5616 2.0974  
C -2.4388 1.4125 -0.0115  H -2.8977 -2.7289 0.8631  
C -1.2086 2.0966 -0.0071  H -4.8402 -2.1241 -1.3428  
C 3.8600 4.7999 0.0362  H -3.0853 -2.1354 -1.6097  
C 5.3692 4.8268 0.3642  H -4.0430 -0.7480 -2.1356  
C 6.1589 3.7708 -0.4020  H -4.6360 3.8740 -1.1649  
C 5.7251 2.3306 -0.0513  H -3.4379 2.9432 -2.0883  
C -3.7281 -0.8448 0.0468  H -2.9119 4.1239 -0.8749  
C -4.9426 0.0398 0.4038  H -4.8260 3.5414 1.3670  
C -4.9518 1.3621 -0.3560  H -3.0672 3.5580 1.6081  
C -3.7318 2.2502 -0.0259  H -4.0146 2.1743 2.1612  
C -3.6481 -1.9680 1.1073  H 3.6023 6.6348 1.1846  
C -3.9370 -1.4977 -1.3425  H 3.2105 5.1650 2.1014  
C -3.6665 3.3611 -1.0997  H 2.0766 5.7946 0.8928  
C -3.9218 2.9167 1.3596  H 3.9509 6.4966 -1.3486  
C 3.1389 5.6410 1.1153  H 2.5381 5.4495 -1.5925  
C 3.6070 5.4527 -1.3457  H 4.1278 4.9207 -2.1507  
C 6.3376 1.3920 -1.1175  H 7.4196 1.5683 -1.1906  
C 6.2881 1.9294 1.3351  H 5.8977 1.5748 -2.1060  
H 1.6318 -1.1496 -0.8874  H 6.1989 0.3312 -0.8783  
H 1.6375 -1.1523 0.8727  H 7.3862 1.9751 1.3338  
H 1.2789 4.0174 0.0219  H 5.9943 0.9056 1.5979  
H 4.2666 0.0599 -0.0323  H 5.9214 2.5873 2.1320  
H -1.1945 -1.7745 0.0190       
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Table B.6:  Geometry Optimized Coordinates (B3LYP 6-31G†) for OctLi. 

 
Atom x y z  Atom x y z 

C 0.0000 0.0000 0.0000  H -5.1591 -5.6340 -0.3103  
C 0.0000 2.4532 0.0000  H -4.0791 -5.0721 -1.5762  
C 1.3909 2.4706 0.0000  H 3.6878 3.5531 1.4197  
C 2.1206 1.2284 -0.0170  H 4.1079 4.6384 0.1045  
C 1.4089 0.0318 0.0012  H 5.3414 2.5232 -0.1773  
C -1.7550 -4.8377 -0.0549  H 4.1746 2.6813 -1.4801  
C -3.0689 -5.5863 0.2596  H 2.0572 5.7542 1.0205  
C -4.2665 -5.0185 -0.4941  H 1.4768 4.3957 2.0053  
C -4.5795 -3.5561 -0.1082  H 0.4422 5.0948 0.7455  
C 2.0970 3.8424 -0.0271  H 2.4436 5.4418 -1.4875  
C 3.5916 3.6949 0.3333  H 0.8987 4.5922 -1.7056  
C -0.9724 -1.0774 -0.0078  H 2.4026 3.8203 -2.2133  
C 4.2633 2.5352 -0.3941  H 5.2806 0.1862 -1.1044  
C 3.6611 1.1636 -0.0179  H 3.7833 0.3409 -2.0488  
C 1.4746 4.8229 0.9940  H 3.9220 -0.8962 -0.7872  
C 1.9547 4.4581 -1.4421  H 5.2563 0.6685 1.4079  
C 4.1842 0.1359 -1.0483  H 3.7530 -0.2407 1.6652  
C 4.1593 0.7399 1.3871  H 3.8523 1.4526 2.1624  
C -5.5824 -3.0118 -1.1520  H -6.4410 -3.6926 -1.2344  
C -5.2556 -3.5132 1.2855  H -5.1172 -2.9311 -2.1423  
C -0.7126 -5.2801 0.9981  H -5.9773 -2.0246 -0.8857  
C -1.2368 -5.2522 -1.4554  H -6.1878 -4.0960 1.2833  
C -2.2853 -0.4705 -0.0277  H -5.5035 -2.4823 1.5673  
C -2.1430 0.9562 0.0294  H -4.6053 -3.9197 2.0697  
C -0.7381 1.2441 -0.0121  H -0.6418 -6.3765 1.0186  
C -0.8602 -2.4823 -0.0016  H -0.9974 -4.9420 2.0030  
C -1.9778 -3.3124 -0.0257  H 0.2922 -4.8961 0.7862  
C -3.2872 -2.7132 -0.0718  H -1.0605 -6.3366 -1.5012  
C -3.4124 -1.3280 -0.0512  H -0.2917 -4.7459 -1.6875  
Li -1.2701 0.1570 1.7599  H -1.9472 -4.9894 -2.2482  
H -0.5490 3.3926 -0.0128  H -2.9472 1.6825 -0.0293  
H 1.9497 -0.9129 -0.0016  H 0.1349 -2.9239 0.0019  
H -3.2600 -5.5413 1.3417  H -4.4024 -0.8775 -0.0763  
H -2.9387 -6.6516 0.0200       
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Table B.7:  Geometry Optimized Coordinates (B3LYP 6-31G†) for FluH. 

 
Atom x y z  Atom x y z 

C 0.0000 0.0000 0.0000  C -1.0549 -0.9169 0.0000  
C 0.0000 1.4700 0.0000  H 2.9442 0.7350 0.8801  
C 1.3374 1.9202 0.0000  H 2.9443 0.7350 -0.8800  
C 2.2834 0.7350 0.0000  H -2.0890 2.0470 0.0000  
C 1.3374 -0.4502 0.0000  H -1.5742 4.4780 0.0000  
C -1.0549 2.3869 0.0000  H 0.7763 5.2664 0.0000  
C -0.7623 3.7533 0.0000  H 2.6538 3.6341 0.0000  
C 0.5651 4.1990 0.0000  H 2.6537 -2.1641 0.0000  
C 1.6233 3.2816 0.0000  H 0.7762 -3.7964 0.0000  
C 1.6233 -1.8116 0.0000  H -1.5742 -3.0079 0.0000  
C 0.5650 -2.7289 0.0000  H -2.0891 -0.5769 0.0000  
C -0.7624 -2.2833 0.0000       

 
 
 
Table B.8:  Geometry Optimized Coordinates (B3LYP 6-31G†) for FluLi. 

 
Atom x y z  Atom x y z 

C 0.0000 0.0000 0.0000  C -1.0411 -0.9598 -0.0014  
C 0.0000 1.4487 0.0000  Li 1.0234 0.7243 1.7771  
C 1.3880 1.8805 0.0000  H 3.3166 0.7243 0.0161  
C 2.2319 0.7243 0.0526  H -2.0814 2.0849 -0.0154  
C 1.3880 -0.4319 0.0000  H -1.5234 4.4984 -0.0210  
C -1.0411 2.4084 -0.0014  H 0.8461 5.2493 -0.0216  
C -0.7283 3.7561 -0.0083  H 2.7026 3.6206 -0.0099  
C 0.6271 4.1829 -0.0081  H 2.7026 -2.1720 -0.0099  
C 1.6695 3.2757 0.0018  H 0.8461 -3.8006 -0.0216  
C 1.6695 -1.8270 0.0018  H -1.5234 -3.0497 -0.0210  
C 0.6271 -2.7342 -0.0081  H -2.0814 -0.6363 -0.0154  
C -0.7283 -2.3074 -0.0083       
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